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Institute of Inorganic Chemistry

Winterthurerstrasse 190

8057 Zürich
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1

Medicinal Inorganic Chemistry: State of the Art, New Trends,

and a Vision of the Future

Nicola J. Farrer and Peter J. Sadler

1.1

Introduction

Inorganic chemistry is an essential part of life. It is not just the chemistry of dead

or inanimate things. It was probably even inorganic chemistry that started it all off.

For example, iron sulfides may have been the energy sources for early forms of life

[1]. There is currently emerging interest in the medicinal chemistry of the ele-

ments of the periodic table (Table 1.1).

Currently 24 elements are thought to be essential for mammalian biochemistry

(H, C, N, O, F, Na, Mg, Si, P, S, Cl, K, Ca, V, Mn, Fe, Co, Ni, Cu, Zn, Se, Mo, Sn,

and I). However the biochemistry of some elements, particularly F, Si, V, Ni, and

Sn is poorly understood. It has even been suggested that the biological require-

ment for Si is merely to protect against Al toxicity [2]. Interestingly, aluminum

compounds are widely used as adjuvants in human and veterinary vaccines

(helping and enhancing the pharmacological effect) although the chemical basis of

the mechanism for this effect is not understood [3].

This situation with aluminum serves to illustrate the problem we face with

inorganic medicines. They are often used on a mass scale, but with little rational

basis and limited understanding of their molecular mechanism of action. Often

we find this is because the methods and techniques available for the study of

inorganic agents are either inadequate or are not fully exploited. In particular,

determining the speciation of inorganic compounds under biological conditions

remains a major challenge. Inorganic and metal compounds are often prodrugs that

may not only be transformed on the way to target sites but also when attempts are

made to extract the biologically active form from biological media.

This list of essential elements is probably not complete; for example, Cr and B

may prove to be essential but the current evidence is unclear. Importantly,

essentiality is not just about the element itself, but particular compounds of that

element. For example, we need cobalt, but probably only in the form of the vitamin

B12. Similarly, toxicity (often used as an argument against using metal compounds

Bioinorganic Medicinal Chemistry. Edited by Enzo Alessio
Copyright r 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32631-0
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Table 1.1 Some areas of medical interest in the elements of the periodic table. Entries are

restricted to a few comments about each element and no attempt is made to be

comprehensive. Elements thought to be essential for man are in italics.

Z Symbol Element Some medically-relevant uses

1 H Hydrogen pH tightly controlled but variable: blood B7.4, lysosomes

4–5, tumor tissue 6–7, endosomes (transferrin) 5.5;

duodenum 6–6.5, large intestine 5.5–7, stomach 1–3; 2H for

kinetic control of organic drugs

2 He Helium He-O2; for treatment of chronic obstructive pulmonary

disease; hyperpolarized 3He for MRI

3 Li Lithium Li2CO3: drug for treatment of bipolar disorders

4 Be Beryllium Compounds can provoke severe immune response (chronic

beryllium disease)

5 B Boron Boromycin: bacteriocidal polyether-macrolide antibiotic. Is

B essential? B associated with Ca and steroid metabolism?

Neutron capture therapy

6 C Carbon Carbon nanotubes for drug delivery; body produces 3–6 ml

CO per day – suppresses organ rejection,

‘‘neurotransmitter’’

7 N Nitrogen NO is a muscle relaxant, vasodilator, hypotensive,

‘‘neurotransmitter’’

8 O Oxygen Reactive oxygen species (ROS) (e.g., 1O2, O2
�, H2O2, O3,

ONO2
�)

9 F Fluorine Toughens tooth enamel as component of (fluoro)apatite

10 Ne Neon 20Ne ion therapy

11 Na Sodium About 0.14 M in blood; excessive NaCl intake increases

arterial hypertension

12 Mg Magnesium MgII is a laxative (sulfate, Epsom salts); Mg(OH)2 (milk of

magnesia) antacid; MgII(aspartate)2 dietary supplement

13 Al Aluminum Added to some vaccines as an adjuvant; Al(OH)3 antacid

14 Si Silicon Role in connective tissue? Silicates essential to prevent Al

toxicity? Contained in some types asbestos (polysilicate

mineral fibers containing Naþ/Mg2þ/Fe2þ/3þ) that are
hazardous to health; intake from plant-based foods (e.g.,

rice) about 10 mg d�1? Silatranes stimulate hair growth?

15 P Phosphorus Polyphosphate abundant in all cells; oral sodium phosphate

for bowel cleansing; phytate (inositol hexaphosphate) in

plants can control metal uptake (e.g., Zn2þ)
16 S Sulfur H2S as signaling molecule (vasodilator and regulator of

blood pressure); SO2 signaling? Sulfite as food preservative

17 Cl Chlorine Defect in membrane Cl� transport in cystic fibrosis (CFTR

gene); HOCl/OCl�, generated by myeloperoxidase in

neutrophils, disinfectant, also ClO2 for water treatment

18 Ar Argon Argon plasma coagulation to control bleeding from lesions

in gastrointestinal tract

19 K Potassium 110–140 g in body; 40K 0.012% b emitter, t1/2 1.3 � 109 y;

5000 40K atoms disintegrate in body every second; KCl

supplements
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20 Ca Calcium CaCO3 antacid; Ca oxalate/phosphate/carbonate kidney

stones

21 Sc Scandium 47Sc therapeutic radionuclide

22 Ti Titanium Budotitane and Cp2TiCl2 clinical anticancer trials

abandoned; new Cp derivatives in development

23 V Vanadium Insulin-enhancing drugs, VIV bis(2-ethyl-3-hydroxy-4-

pyronato) complexes in clinical trials for type-2 diabetes;

vanadate as phosphate mimic

24 Cr Chromium CrIII tris(picolinate) sold as nutritional supplement;

essentiality of Cr unclear

25 Mn Manganese SOD mimetics (e.g., MnIII salen chloride), MnII

macrocycles for treatment of pain, neuroprotection; MnII

dipyridoxyl diphosphate (MnDPDP) clinical MRI contrast

agent

26 Fe Iron FeII compounds for Fe deficiency (succinate, fumarate),

also FeIII with Eo o –324 mV at pH 7 (dextran, dextrin);

ferroquine antimalarial; superparamagnetic iron oxide MRI

contrast agent; Na2[Fe
II(CN)5NO] hypotensive

27 Co Cobalt Coenzyme vitamin B12 essential (2–3 mg d–1); treatment of

pernicious anemia; CTC-96 CoIII bis(2-methylimidazole)

acacen derivative (Doxovir) shows antiviral activity

28 Ni Nickel Potential allergen (ear rings); used in trace mineral

supplements; role in body poorly understood

29 Cu Copper CuII bis(histidine) for Menke’s disease; 64Cu PET

30 Zn Zinc ZnII(gluconate)2 dietary supplement; ZnO skin ointment;

ZnII citrate anti-plaque (toothpastes)

31 Ga Gallium 67Ga g-ray radio-imaging; 66/68Ga PET; [GaIII(malolate)3]

and [Ga(hydroxyquinolinate)3] in anticancer clinical trials

32 Ge Germanium Ge nanoparticles as radiosensitizers; GeO2 as dietary

supplement (despite no evidence of medical benefit) –

absorbed orally and through skin (mitochondria-mediated

apoptosis?)

33 As Arsenic As2O3 approved drug for treatment of leukemia;

arsenobetaine in marine organisms; Roxarsone (3-nitro-4-

hydroxyphenyl arsonic acid) growth promoter in poultry

34 Se Selenium Human selenoproteome consists of 25 selenoproteins;

selenocysteine tRNA; SeIV sulfide active ingredient in some

anti-dandruff shampoos (antifungal)

35 Br Bromine Daily dietary intake of bromide about 2–8 mg (fish, grains,

and nuts). Concentration in blood 10–100 mM; substrate for

eosinophil peroxidase Br/H2O2 - HOBr

36 Kr Krypton Hyperpolarized 83Kr for MR imaging of airways

37 Rb Rubidium 82Rb PET

38 Sr Strontium SrCl2 in toothpastes (for sensitive teeth); 89Sr therapeutic

radionuclide

39 Y Yttrium 90Y therapeutic radionuclide; 86Y PET

40 Zr Zirconium ‘‘Aluminum zirconium tetrachlorohydrex gly’’ (Zr4þ/Al3þ

OH/Cl/glycine complexes) used in antiperspirants;

zirconia (ZrO2) ceramics for orthopedic surgery;

functionalized Cp ZrIV compounds potential anticancer

41 Nb Niobium Heteropolyniobates [SiNb12O40]
16� can immobilize viruses

(Continued)
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42 Mo Molybdenum MoO4
2� transport pathways; tetrathiomolybdate, [MoS4]

2�:
copper chelator for overload (e.g., Wilson’s) diseases

43 Tc Technetium 99mTc g-ray radio-imaging

44 Ru Ruthenium Two tetrachlorido bis(N-heterocycle) RuIII complexes in

clinical trials as anticancer and antimetastatic agents

45 Rh Rhodium 105Rh therapeutic radionuclide; dinuclear RhII anticancer;

photochemotherapeutic complexes

46 Pd Palladium 103Pd radiotherapy

47 Ag Silver Antimicrobial; treatment of burn wounds; sulfadiazine,

carbene complexes, nanoparticles

48 Cd Cadmium Induces metallothionein synthesis (detoxification);

cadmium carbonic anhydrase active in marine diatoms

49 In Indium 111In g-ray radio-imaging

50 Sn Tin Little known about biochemistry as essential element; SnIV

ethyl etiopurpurin (Purlytin) photosensitizer for

photodynamic therapy of psoriasis and restenosis (Phase II)

51 Sb Antimony Antileishmanial SbV drugs: meglumine antimoniate

(Glucantime) and sodium stibogluconate (Pentostam)

52 Te Tellurium Ammonium trichloro(dioxoethylene-O,Ou) tellurate is an

immunomodulator

53 I Iodine Thyroid hormones; iodo-organics as X-ray contrast agents;
123I, 125I radio-imaging; 131I radiotherapy

54 Xe Xenon ‘‘Ideal’’ anesthetic; 133Xe scintigraphy (SPECT; imaging

heart, lungs, brain); hyperpolarized 129Xe as MRI contrast

agent

55 Cs Cesium 131Cs prostate brachytherapy

56 Ba Barium BaSO4 (barium sulfate meal) for radiographs of esophagus,

stomach, and duodenum

57 La Lanthanum La2CO3 approved drug Oct 2004 (Fosrenol) for

hyperphosphatemia

58 Ce Cerium Flammacerium [cerium(III) nitrate-silver sulfadiazine] for

treatment of burn wounds; CeIV sulfate antiseptic; 141Ce,

cerebral blood flow

59 Pr Praseodymium Is PrIII anti-inflammatory? (and other LnIII?)

60 Nd Neodymium

61 Pm Promethium 149Pm therapeutic radionuclide

62 Sm Samarium 153Sm therapeutic radionuclide

63 Eu Europium PARACEST MRI contrast agent

64 Gd Gadolinium Chelated GdIII complexes as contrast agents for MRI (e.g.,

DTPA, DOTA); 157Gd for neutron capture therapy; GdIII

texaphyrin clinical trials for brain tumors. GdCl3 for

treatment of liver fibrosis?

65 Tb Terbium

66 Dy Dysprosium

67 Ho Holmium 166Ho therapeutic radiopharmaceutical

68 Er Erbium

69 Tm Thulium 167Tm for bone scanning (density)

Table 1.1 (Continued)

Z Symbol Element Some medically-relevant uses
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as drugs) is typically related not just to the metal itself but also to the ligands and to

the type of complex.

Whilst a given metal does exhibit recurring features peculiar to itself (e.g., a

preference for particular oxidation states and ligand geometries) the ligand en-

vironment can have a marked effect on the overall reactivity of the complex.

Furthermore, the behavior of a metal complex is dependent on both its compo-

sition and the environment in which it finds itself. Predicting and controlling that

behavior is one of the challenges for advancing the rational design of inorganic

pharmaceuticals.

70 Yb Ytterbium 90Y therapeutic radionuclide

71 Lu Lutetium 177Lu therapeutic radionuclide; LuIII texaphyrin

photosensitizer Phase II trials for breast cancer, malignant

melanomas atherosclerotic plaque in coronary heart disease

72 Hf Hafnium

73 Ta Tantalum 178Ta short lived radionuclide (half-life ¼ 9.3 min) for blood

pool, imaging

74 W Tungsten Tungstate, [WO4]
2�: antidiabetic; antiviral

polyoxotungstates

75 Re Rhenium b-Emitters 186Re, 188Re for radiotherapy

76 Os Osmium OsO4 injection into knee joints for synovectomy

(Scandinavia); OsII arene anticancer complexes

77 Ir Iridium 192Ir g emitter used clinically for vascular brachytherapy

78 Pt Platinum Clinically established anticancer drugs: cisplatin,

carboplatin, oxaliplatin, etc.

79 Au Gold Aurothiomalate (injectable) and auranofin (oral) anti-

rheumatoid arthritic drugs; [Au(CN)2]
� has anti-HIV activity

80 Hg Mercury Declining use in diuretics; antimicrobial (thiomersal);

vaccine preservative

81 Tl Thallium TlI often toxic, can substitute for KI; 201Tl used for

radiodiagnostic imaging (SPECT)

82 Pb Lead Can inhibit heme synthesis and cause anemia,

neurotoxicity

83 Bi Bismuth BiIII subsalicylate, subgallate, subcitrate used for

gastrointestinal disorders; Ranitidine bismuth citrate for

antibacterial applications; 212Bi for radiotherapy, a and b�

emitter (generated in vivo from 212Pb by b� decay, t½¼ 10.6 h)

84 Po Polonium

85 At Astatine 211At (t½ ¼ 7.2 h, a-particle emitter) used in labeled agents

for targeted radiotherapy

86 Rn Radon About 150 atoms in each ml of air; may accumulate in

basements of dwellings; second major cause of lung cancer

after smoking; most stable isotope 222Rn (t½ 3.8 d, a-particle
emitter) used in radiotherapy

87 Fr Francium

88 Ra Radium 223Ra (t½ ¼ 11.4 d, a-particle emitter), is a bone-seeking

radionuclide used for the treatment of skeletal metastases

89 Ac Actinium 225Ac (t½ ¼ 10.0 d, a-particle emitter) used for tagging

antibodies in radioimmunotherapy
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In this chapter we discuss transformations of metallodrugs by ligand exchange

and/or redox processes, drawing on a wide range of examples. We attempt to relate

these transformations to mechanisms of action with the aim of introducing rational

design concepts to as many areas of medicinal inorganic chemistry as possible.

1.1.1

Metals in the Body: Essential Elements and Diseases of Metabolism

The homeostasis and control of metal ions in the body is an area of research in

itself [4, 5]. Evolution has incorporated many metals into essential biological

functions, using the variable oxidation states exhibited by the metal center (e.g.,

FeII/FeIII in heme) to control reversible binding of small molecules (e.g., O2) and

implement structural changes. The ligand binding in a typical coordination M–L

bond (50–150 kJ mol�1) is much weaker than covalent bonding (the energy of a

single C-C bond is 300–400 kJmol�1) [6]; for hemes and vitamin B12, for example, this

allows much more flexibility in small molecule binding and dissociation (signaling)

under biological conditions; the energies involved are much smaller. Other, even

weaker, interactions such as hydrogen bonding (20–60 kJ mol�1) and van der Waal’s

interactions (o50 kJ mol�1) are crucial for correct structure and functioning of biolo-

gical systems. For metallodrugs such non-covalent interactions can play vital roles in

target recognition.

A knowledge of the transport of metals and their complexes in vivo (particularly
cell uptake and efflux) is important for understanding the metabolism of inorganic

(and organic) drugs, and also for understanding the nature of diseases caused by

erroneous metal transport.

1.1.2

Metals as Therapeutic Agents

Medicinal inorganic chemistry is a relatively young, interdisciplinary research area

that has grown primarily due to the success of cisplatin, a Pt-based anticancer drug

developed in the late 1960s. In addition to metal-centered therapies, metals may

also be used to enhance the efficacy of organic drugs (such as the cyclams, e.g.,

AMD3100) and as small-molecule delivery vehicles (e.g., for NO, CO).

Organic compounds used in medicine may be activated by metal ions or

metalloenzymes, and others can have a direct or indirect effect on metal ion

metabolism. Since many organic drugs follow conventional design rules (e.g.,

Lipinski’s rule of 5), they typically incorporate groups with the ability to act as

electron donors (H-bond acceptors), endowing them with potential metal-binding

sites. This bioinorganic reactivity needs to be considered when new organic drugs

are designed. The rational design of metal-based drugs is a relatively new concept,

bolstered by improvements in characterization and imaging techniques. In

general a metal complex that is administered is likely to be a ‘‘prodrug’’ that

undergoes a transformation in vivo before reaching its target site. Such
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transformations can include reduction or oxidation of the metal ion, ligand sub-

stitution, or reactions of the ligands at sites remote from the metal. Elucidating the

precise mechanisms of action of these new drugs is perhaps the most challenging

and complicated aspect of the research; it requires drawing together knowledge

concerning the reactivity of themetal complex (outlined in Figure 1.1 and Table 1.2)

Figure 1.1 Some features of metal coordination complexes

that can play a role in biological activity. Control of these

characteristics is important in rational design.

Table 1.2 Features of metals and metal complexes that can be used in the design

of therapeutic and diagnostic agents.

Feature Comments (examples)

Coordination

number

Full range 2–10; transition metals typically 4–6, can be more variable for

main group metals (e.g., Bi) and larger for Ln (e.g., 9)

Geometry Examples; linear (AuI), square-planar (PtII), tetrahedral (e.g., TiIV in

TiCp2Cl2, distorted), trigonal bipyramidal, octahedral (TiIV, RuIII, PtIV),

possible metal-centered chirality (CoIII, RhIII)

Oxidation state Wide range (typically 0–7 in biological media), with different oxidation

states favoring different coordination numbers and rates of exchange (e.g.,

PtIV vs. PtII)

Ligand type Wide range of donors, e.g., C, N, O, halides, P, S, Se. Chelating ligands;

denticity, e.g., (k2) 1,2-diaminoethane, (k6), EDTA; hapticity, e.g., Z6 and Z4

binding for benzene

Thermodynamic

stability

Wide range of M–L bond strengths (typically 50–150 kJ mol�1)

Kinetic stability Lifetimes of M–L bonds cover wide range (ns–years). Highly dependent on

metal oxidation state and other ligands, can be stereospecific, e.g., trans
effect in PtII

Properties of

ligands

Outer sphere interactions, e.g., H-bonding, hydrophobic interactions (o50

kJ mol�1) for receptor recognition (including use of chirality); may undergo

transformation in vivo, e.g., by redox, hydrolysis, enzymatic reactions (e.g.,

by P450 in the liver).

Nuclear stability Radioactive nuclides can be used to track metabolism of drugs, e.g., 195mPt

(t½ ¼ 4 d) and 99mTc (t½ ¼ 6 h). Appropriate nuclide depends on decay

pathway (a, b, g) and half-life
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to control features such as biochemical stability, coupled with an appreciation of the

biochemical pathways governing cell uptake, metabolism, and excretion. By ap-

propriate choice of the ligands and metal oxidation state, it is possible to control the

thermodynamic and kinetic properties of metal complexes and to attempt to control

their biological activity [7].

The use of metals in medicine is varied [8–12] (Figure 1.2). Fundamental wide-

reaching medical problems such as bacterial, viral (particularly HIV), and parasitic

infections such as malaria are being addressed by research on metal-based med-

icines. There are also promising developments for tackling the main diseases

affecting an affluent, aging western population: cardiovascular, age-related in-

flammatory diseases, neurological diseases (e.g., Parkinson’s, Alzheimer’s), cancer

(Chapters 3–5) [13–15], diabetes, and arthritis (Chapter 7). Bipolar and gastro-

intestinal disorders are addressed by metal-based medicines and metal-based di-

agnostic agents for MRI and X-ray are in routine clinical use; for example,

gadolinium MRI contrast agents have now been administered to B50 million

patients worldwide (Chapter 8).

In the following sections, using selected examples, we provide an overview of the

uses of metal-based drugs in these aforementioned diverse medical fields and,

where appropriate, we guide the reader to chapters that provide a more in-depth

analysis.

1.2

Antimicrobial Agents

Many metal compounds show appreciable antimicrobial activity, some established

examples are based on silver, bismuth, mercury, and antimony.

Figure 1.2 Some key areas of medicinal inorganic chemistry.
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Under an inert atmosphere, silver has no effect on microorganisms; however, in

the presence of oxygen it exhibits a broad spectrum of antimicrobial activities.

Several different mechanisms are thought to be responsible: (i) Agþ interacts with

thiol groups of L-cysteine residues of proteins, inactivating their enzymatic func-

tions; (ii) Agþ causes potassium release [16]; (iii) Agþ binds to nucleic acids [17];

and (iv) Agþ generates superoxide (O
��
2 ) intracellularly [18]. This interaction with

bacterial proteins and nucleic acids causes structural changes in membranes

(blocking respiration), and nucleic acids (blocking transcription). Morphologically,

treatment of Escherichia coli and Staphylococcus aureus (model strains for Gram-

negative and Gram-positive bacteria, respectively) with AgNO3 has been shown to

cause detachment of the bacterial membrane from the cell wall, condensation of

the nuclear DNA, and deposition of S- and Ag-rich granules both around the cell

wall and within the cytoplasm [19]. The same effects are not seen in mammalian

systems.

Simple compounds of silver (e.g., AgNO3) have long been used as antibacterial

agents, with particular efficacy in the treatment of burn wounds. Although the use

of silver diminished in the 1940s following the development of penicillin, there

has been a recent resurgence of interest due to the emergence of strains of bacteria

resistant to the current organic-based drugs [20]. The combination of silver with a

sulfonamide antibiotic in 1968 produced silver sulfadiazine (SSD) cream (an in-

soluble polymeric Agþ compound, see Figure 1.3a), a broad spectrum silver-based

antibacterial that also exhibits antiviral and antifungal properties. Wound dres-

sings and materials for medical devices such as catheters are often manufactured

with the incorporation of silver to improve sterility.

Since silver acts biologically as ‘‘Agþ,’’ the main role of the ligands is to tailor the

solubility and pharmacokinetic profile (i.e., release and distribution of Agþ). Re-
cent developments in silver-based antimicrobials have focused on the use of so-

phisticated ligands (e.g., imidazolium N-heterocyclic carbenes, NHC) and also on

the potential offered by silver nanoparticles.

Figure 1.3 Structures of polymeric silver sulfadiazine (a) and

(1,3-dimethyl-4,5-dichloroimidazole-2-ylidene)silver(I) acetate (b).

The latter shows bacteriostatic and bacteriocidal properties

against a panel of pathogens associated with cystic fibrosis and

chronic lung infections.
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Silver complexes of NHC with electron-withdrawing groups in the 4- and 5-

positions [such as (1,3-dimethyl-4,5-dichloroimidazole-2-ylidene)silver(I) acetate,

see Figure 1.3b] have demonstrated activity against bacterial strains associated

with cystic fibrosis and chronic lung infections [21]. Typically, NHC-Ag complexes

decompose rapidly in aqueous solution, but incorporation of Cl in the 4,5 positions

of the imidazole ring withdraws electron density from the carbene carbon, making

it less susceptible to attack and slowing the rate of hydrolysis. Silver nanoparticles

appear to possess greater antimicrobial activity (nM vs. mM) than conventional

forms of silver [22, 23]. Although the mammalian response to silver nanoparticles

is not well-characterized, they have been shown to be toxic towards a mouse

spermatogonial stem cell line [24].

Development of bacterial resistance to silver is thought to be due to increased

use of efflux pumps [25]. Silver toxicity in humans is seen in the form of argyria

(a permanent blue-tinting of the skin) following administration of particularly

high doses.

Bismuth is regarded as a borderline metal and typically exists as BiIII in vivo.
Bismuth exhibits variable coordination numbers (3–10) with irregular geometries,

the structure of the aqua complex [Bi(H2O)9]
3þ is similar to those of LnIII com-

plexes. Bismuth compounds show low toxicity towards mammalian cells (probably

due to the protection afforded by the thiol-rich proteins, metallothioneins) and

have been in use for over 200 years as antimicrobial agents, for treating syphilis

and other infections, including colitis, gastritis, and diarrhea [26–30]. Various Bi

compounds – colloidal bismuth sub-citrate, ranitidine bismuth citrate, bismuth

sub-salicyclate (Pepto-Bismol), and ammoniumpotassiumBiIII citrate (De-NolTM) –

are used, often in combination therapy with other antibiotics, for the treatment of

gastrointestinal disorders caused by Helicobacter pylori. This bacterium causes

inflammation of the stomach lining and is linked to the development of

duodenal and gastric ulcers [31]. Bismuth salts also show activity against several

other gastrointestinal tract pathogens, including Escherichia coli, Vibrio cholerae,
Campylobacter jejuni, and those of the Yersinia, Salmonella, and Shigella genera [32].
The major biological targets for BiIII are proteins; BiIII is known to bind to both

FeIII- and ZnII-coordination sites of proteins [33] and, in particular, is thought to

inhibit the nickel-binding protein urease and bind to the histidine-rich and

cysteine-rich metal-binding domains of heat-shock protein A, which are both

crucial to the survival of H. pylori in the gut [34]. In addition to the antibacterial

action shown by BiIII, the derivatives formed in the acid environment of the

stomach bind strongly to the proteins in ulcerated tissue to form a protective layer,

allowing it to heal. They also cause an increase in local prostaglandin levels, which

stimulates the production of bicarbonate and mucin thereby protecting the

stomach [32].

Bismuth complexes have shown inhibition of HIV-1 virus production and

activity against SARS coronavirus [35]. In other applications, the radioactive

nuclide 212Bi (a-emitter, t½ E 1 h) is used in targeted radiotherapy through

complexation to monoclonal antibodies. A long unsolved mystery in bismuth

10 | 1 Medicinal Inorganic Chemistry



pharmacology is the nature of so-called bismuth inclusion bodies found in the

nuclei of kidney tubular proximal cells, hepatocytes, and pneumocytes, usually

assumed to be associated with toxic side-effects of Bi therapy [36].

Compounds of mercury show significant variation in bioavailability, bioaccu-

mulation, and metabolism in humans and as such can be divided into three

groups: elemental mercury (Hg), organometallic complexes (i.e., containing at

least one Hg—C bond), and non-organometallic (often called ‘‘inorganic’’ com-

plexes, e.g., sulfides). Here we focus on the latter two groups, discussing their use

in medicine and briefly exploring the suggested mechanisms of toxicity towards

both humans and microorganisms.

The antibacterial and antifungal properties of organometallic mercurials have

resulted in their application as topical disinfectants (thiomersal and merbromin),

preservatives in vaccines (thiomersal), and grain products (methyl and ethyl

mercurials). Despite several high-profile fatalities (Iraq and China in 1970s,

Minamata Bay, Japan in 1950s and 1960s) organometallic mercurial compounds

are still in widespread use; thiomersal (sodium ethylmercurithiosalicylate)

(Scheme 1.1) is contained in GlaxoSmithKline’s recently released influenza pan-

demic (swine flu) vaccines Pandemrix and Arepanrix. In Pandemrix, thiomersal is

present at 5 mg per 0.5 ml dose [37], falling well within the World Health Orga-

nization (WHO) recommended maximum limit for the similar but more toxic

organometallic mercurial compound, methyl mercury (1.6 mg per kg body weight

per week) [38]. After injection, thiomersal rapidly dissociates to produce ethyl

mercury, which binds to the available thiol ligands present in tissue proteins – a

mechanism that is corroborated by the fact that the nature of the ligand attached to

the ethyl mercury group (thiosalicyclate in the case of thiomersal) makes little

difference to the ultimate bodily distribution of mercury. Merbromin (Mercur-

ochrome) (Figure 1.4) is thought to react in a similar fashion. The toxicology of

methyl mercury is better understood than that of ethyl mercury; methyl mercury is

generated in nature by microorganisms in aquatic environments from mercury

salts, and its bioaccumulation up the food chain has long been known; the mean

level of Hg in tinned white tuna in one US study was found to be 0.407 mg per g of

Scheme 1.1 Thiomersal is degraded rapidly in vivo to ethyl

mercury, which in turn is slowly metabolized to non-

organometallic mercurial compounds and excreted in the

feces.
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tuna [39]. In the body, methyl mercury is typically found attached to the sulfur

of thiolate ligands, entering the endothelial cells of the blood–brain barrier com-

plexed to L-cysteine. It is removed from mammalian cells as a complex of reduced

glutathione, but is then recycled in vivo to the L-cysteine complex. If any is con-

verted into inorganic complexes of mercury (which are typically insoluble in bio-

logical fluids) it can be accumulated in the CNS in the inert form of mercury

selenide, or excreted in the feces. The precise mechanism of damage to the brain is

still unclear but it appears to involve inhibition of protein synthesis with specific

damage to the granule cells in the cerebellum, which have a critical absence of

protective mechanisms exhibited by neighboring cell types. Thiomersal has been

demonstrated to cause oxidative stress in leukemia cells, leading to the activation

of execution caspases and apoptotic cell death [40]. Organometallic mercurials are

slowly metabolized to inorganic complexes of mercury mainly by microflora in the

intestines, although some demethylation also occurs in phagocytic cells.

Several thiol-containing complexing agents, including the orally-available

N-acetyl-L-cysteine (Figure 1.5), have shown promise in enhancing methyl mer-

cury excretion [41]. There is evidence that administration of selenium compounds

can delay the onset of the toxic effects of methyl mercury in animals.

Mercurous chloride (calomel, Cl-HgI-HgI-Cl) has been used for centuries as a

diuretic, laxative, antiseptic, skin ointment, and to treat vitiligo, although its use

has largely been superseded by modern medicines [42]. The traditional Chinese

medicine Cinnabar, which is used to achieve sedative and hypnotic effects, con-

tains mercury sulfide (HgS). Since purified mercury sulfide shows poor bioavail-

ability and low absorption from the gastrointestinal tract, it is postulated that the

major medicinal benefit of cinnabar might be due to its interactions with other

Figure 1.4 Structure of merbromin.

Figure 1.5 Structure of N-acetyl-L-cysteine.
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components of traditional Chinese medicines. Once absorbed into the blood,

mercury disposition from cinnabar follows the pattern for other inorganic mercury

complexes and it is preferentially distributed to the kidneys, with a small portion to

the brain [43].

Aquaporins (first reported by Benga and co-workers in 1985) are attractive targets

for the development of novel drug therapies for disorders that involve aberrant water

movement, such as edema and kidney disease. Compounds such as mercurous

chloride are known inhibitors of aquaporins, sterically blocking the water transport

pore by binding to a cysteine thiolate sulfur (Cys189 in CHIP28/AQP1) [44–46].

As with silver, the antibacterial action of mercury is attributed largely, but not

exclusively, to the strong affinity of the metal for thiol groups of proteins. Evidence

suggests that mercurials cause structural and functional changes of bacterial cell

walls and inhibit membrane bound proteins, interfering with respiration, ATP

synthesis, and transport processes [47]. Bacterial resistance to mercury anti-

microbial agents involves induction of enzymes (such as mucuric reductase) that

are capable of converting HgII in the cytoplasm into the less toxic and more volatile

Hg [48].

Antimony (SbV) compounds such as sodium stibogluconate (Pentostam) and

meglumine antimonite (Glucantime) are used to treat leishmaniasis, a disease

caused by a parasite that is transmitted by the bite of a certain species of sand fly.

The parasites replicate within mammalian macrophage phagolysosomes, initially

causing skin sores, although some forms of the disease exhibit graver effects such

as anemia and damage to the spleen and liver, which can be fatal. The precise

mechanism of action of these SbV drugs, which have been in use for 60 years, is

still unclear. Several effects have been noted: inhibition of glycolysis and fatty acid

oxidation, fragmentation of parasitic DNA, and externalization of phosphati-

dylserine on the outer surface of membranes via a caspase-independent pathway

[49]. In the parasite, reduced trypanothione T(SH)2 rapidly reduces SbV to SbIII,

which is thought to be the active form. New insights into the molecular basis for

the antiparasitic activity of SbIII come from the recent X-ray crystal structures of

reduced trypanothione reductase (TR) from Leishmania infantum with NADPH

and SbIII. TR is essential for parasite survival and virulence and is absent from

mammalian cells. SbIII is coordinated by the two redox-active catalytic cysteine

residues, a threonine residue, and a histidine, and has been shown to strongly

inhibit TR activity, blocking trypanothione reduction [50]. Toxicity of the drugs, as

well as increasing resistance, are leading to more research into their mechanism of

action [51]. In one study, resistance towards sodium stibogluconate has been

attributed to the upregulation of multidrug resistance-associated protein 1 (MRP1)

and permeability glycoprotein (P-gp) in host cells, resulting in a non-accumulation

of intracellular Sb and favoring parasite replication. Co-administration of the drug

lovastatin (Figure 1.6) has been shown to inhibit this resistance in vivo, restoring
the curative properties of the Sb agent [52]. The exact formulation of the antimony

drugs is not well defined; sodium stibogluconate is a mixture of SbV and carbo-

hydrate. Improvement of efficacy of SbV-based antiparasitic agents is anticipated to

focus on controlling the activation-by-reduction step of SbV to SbIII.
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The arsenic-based antimicrobial agent Salvarsan ({RAs}n, R ¼ 3-amino-4-

hydroxyphenyl, Figure 1.7) was used historically to treat syphilis and trypa-

nosomiasis, although in recent times it has been superseded by penicillin. It is

suggested that oxidation in vivo generates the active form of the drug, such that

Salvarsan serves as a slow-release source of RAs(OH)2 [53].

Malaria is caused by a protozoan parasite of the genus Plasmodium and is re-

sponsible for about 2 million deaths per year [54]. The most commonly used an-

timalarial drug is chloroquine (CQ), which accumulates within the parasite and

interferes with the function of its digestive vacuole (where the host hemoglobin is

digested). Cases of malaria are on the increase, and it is as yet unclear whether

climatic changes may [55] or may not [56] be responsible. These increases may also

be attributed to increased resistance towards established antimalarials [54].

Metal complexation of established antimalarials shows promise in over-

coming resistance. The ferrocene derivative Ferroquine (FQ, see Figure 1.8b),

a 4-aminoquinoline antimalarial that contains a quinoline nucleus similar to

Figure 1.6 Structure of lovastatin.

Figure 1.7 Structure of 3-amino-4-hydroxyphenylarsenic(III)

(Salvarsan). This has been the subject of much debate, but in

solution it is now thought to consist of cyclic species (AsR)n
(R ¼ 3-amino-4-hydroxyphenyl) where n ¼ 3 and n ¼ 5 are

the most abundant species.
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chloroquine (for structure of CQ see Figure 1.8a), is being developed by Sanofi-

Aventis and has recently entered phase II clinical trials (2007), showing excellent

activity against CQ-resistant Plasmodium falciparum, both in vitro and in vivo. Its
mechanism of action is probably similar to that of chloroquine itself, involving

hematin as the target and inhibition of hemozoin formation [57]. The metal

fragment in the RuII chloroquine complex [RuCl2(CQ)]2 has been shown to

alter the structure, the basicity, and most importantly the lipophilicity of CQ, to

make it less recognizable to the parasite’s defense mechanism [58]. Metal com-

plexes of the form [M(madd)]þ (M ¼ Al, Ga, FeIII; madd ¼ 1,12-bis(2-hydroxy-

3-methoxybenzyl)-1,5,8,12-tetraazadodecane) show high activity against CQ-

resistant P. falciparum (the strain that accounts for most instances of morbidity

and mortality) and inhibit heme polymerization in the digestive vacuole of

the parasite [59].

1.3

Antiviral Agents

Polynuclear, early-transition metal oxyanions (polyoxometalates or POMs [60] have

demonstrated antiviral, anticancer, and antibacterial activity [61]. The anti-HIV

activity stems from the binding of the anionic POM to the viral envelope glyco-

protein (gp120); the negative charge on the POM shields positively-charged sites

on the glycoprotein that are necessary for viral attachment to a cell surface gly-

copolysaccharide, heparan sulfate. Because POMs prevent viral entry to cells, it is

suggested that their main role in the management of HIV infections may reside in

the prevention of sexual transmission of HIV infection, blocking HIV infection

through both virus-to-cell and cell-to-cell contact [62]. Furthermore, Nb-containing

POMs a1-K7[P2W17(NbO2)O61], a2-K7[P2W17(NbO2)O61], a1-K7[P2W17NbO62],

and a2-K7[P2W17NbO62] selectively inhibit HIV-1 protease (HIV-1P) with IC50

values of 1–2 mM and display high activity in cell culture against HIV-1 (EC50 ¼
0.17–0.83 mM) [63]. The heteropolyoxotungstate K7[PTi2W10O40].6H2O (PM-19)

(Figure 1.9) inhibits the replication of herpes simplex virus (HSV) strain 169

both in vitro and in vivo [64].

Figure 1.8 (a) Structure of the antimalarials chloroquine

(CQ), a component of [RuCl2(CQ)]2, and (b) ferroquine.
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Polyoxotungstates such as PM-19 also have been shown to enhance the effect of

b-lactam antibiotics on methicillin-resistant S. aureus (MRSA) by depressing the

formation of a protein (PBP2u) that is selectively expressed in the resistant strain,

and which is essential for cell wall construction. They also suppress the production

of b-lactamase which hydrolyzes the b-lactam antibiotics.

Cyclams are 14-membered tetraamine macrocycles that bind strongly to a wide

range of metal ions [65]. Medical interest has centered on clinical trials of a bi-

cyclam for the treatment of AIDS and for stem cell mobilization, and on adducts

with Tc and Cu radionuclides for diagnosis and therapy. Other potential appli-

cations, particularly for Cr, Mn, Zn, and Ru cyclams, are also emerging. Macro-

cyclic bicyclams ligands such as AMD3100 (Figure 1.10) are amongst the most

potent inhibitors of HIV ever described. AMD3100 targets the early stages of

the retrovirus replicative cycle and blocks HIV-1 cell entry by interacting with the

seven-helix transmembrane, G-protein coupled, coreceptor protein CXCR4 [66].

Although clinical trials of AMD3100 for the treatment of AIDS were halted due

to adverse side-effects, it has been clinically approved (as the drug Plerixafor,

Mozobil) for mobilization of stem cells and stem cell transplantation in cancer

patients [67]. The same coreceptor CXCR4 that mediates cell entry of HIV-1 also

Figure 1.9 POMs: (a) structure of [NH3Pr
i]6[Mo7O24] � 3H2O

(PM-8), which shows potent antitumor activity, and (b)

K7[PTi2W10O40] � 6H2O (PM-19), which shows both antiviral

and antibacterial activity.

Figure reproduced with permission from Reference [61].

Figure 1.10 Structure of AMD3100 (previously

also known as JM3100).
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anchors stem cells in the bone marrow. It is possible that a metalated form of the

drug is the active species in vivo, constraining the macrocycle configuration, which

is important in receptor recognition. Configurationally-restricted metallomacro-

cycles can be even more potent anti-HIV agents than AMD3100 [68, 69]. Both zinc

and nickel cyclams can also interact with carboxylates to give unusual folded cis
configurations [70].

The CXCR4 transmembrane receptor protein is widely expressed on cells of the

immune, central nervous, and gastrointestinal systems, and also on many dif-

ferent types of cancer cells, besides playing a central role on the anchorage of

CD34þ stem cells in bone marrow. Thus, cyclam derivatives may find use in the

treatment of various pathogenic disorders, including HIV infections, rheumatoid,

allergic and malignant diseases, and in other diseases that can benefit from stem-

cell mobilization.

The CoIII bis(2-methylimidazole) acacen complex [acacen ¼ bis(acetylacetone)

ethylenediimine] CTC-96 (Doxovir, Figure 1.11) has been shown to be a potent

topical microbicide and has successfully completed phase II clinical trials for

treatment of herpes simplex virus (HSV) [71]. It has also shown activity against

epithelial herpetic keratitis, adenovirus keratoconjunctivitis, and HIV [71, 72].

A range of CTC-96 analogs has been shown to inhibit human a-thrombin by

substitution of an axial ligand at the CoIII centre with an active site histidine re-

sidue in the protein [73]. Interestingly, [CoIII(NH3)6]
3þ also possesses antiviral

activity [74].

Figure 1.11 Cobalt(III) Schiff base complexes that have

been shown to inhibit human a-thrombin by substitution

of an axial ligand for an active site histidine residue. Doxovir

(CTC-96) has groups X ¼ 2-methylimidazole, Y ¼ H.
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1.4

Systemic and Metabolic Diseases Including Inflammation

In this section we discuss treatments for diabetes, obesity, Alzheimer’s, Parkin-

son’s, arthritis, and bipolar disorder. Passivation and removal of aberrant metal

ions in disease, including Parkinson’s, Friedreich’s Ataxia, iron overload, and

Wilson’s disease, have recently been reviewed [75]. Metabolic disorders related to

essential metals are also discussed later in this book (Chapter 11).

1.4.1

Diabetes and Obesity

Orally-available vanadium complexes can be used to mitigate insufficient insulin re-

sponse in diabetes. Although they cannot entirely substitute for lack of insulin (a

feature of type 1 diabetes), they can reduce reliance on injected insulin. They can also

substitute for oral hypoglycaemicagents that are currentlyused to treat type2diabetes,

a condition that is characterized by resistance to insulin. Early investigations of purely

inorganic vanadyl salts such as vanadyl sulfate (VOSO4) were hampered by gastro-

intestinal distress and low absorptive efficiency [76]. The five-coordinate complex bis

(2-ethyl-3-hydroxy-4-pyronato)oxovanadium(IV) (BEOV, see Figure 1.12) has been

developed specifically to overcome these problems; inclusion of ionizable ligands al-

lowed formationof aneutral complex,with theuseofoxygen-rich ligands contributing

to enhanced water solubility. BEOV is currently in Phase IIa clinical trials as an in-

sulin-enhancingagent for treatmentofdiabetes. Ithasan intermediate stability in vivo,
dissociating within hours after ingestion, but is stable enough to avoid potential gas-

trointestinal intolerance and demonstrates a bioavailability two to three times higher

than vanadyl sulfate. It is suggested that the oxidation state of the administereddrug is

crucial; VIV compounds, as a group, have been found to be more potent than com-

plexes of VIII and VV. Eventual ligand dissociation is necessary for the activity of the

complex, and so non-toxic ligands are essential. BEOV has been suggested to be a

multifactorial insulin sensitizer, inhibitingphosphotyrosinephosphatase 1B (PTP1B)

within the insulin signaling cascade, and affecting insulin signaling to regulate glu-

cose homeostasis favorably [77]. Other VIV complexes such as bis(allixinato)ox-

ovanadium(IV) are also being investigated. [78].

Sodium tungstate (Na2WO4 � 2H2O) is a novel agent in the treatment of obesity.

Oral administration of tungstate significantly decreases body weight gain and

Figure 1.12 Structure of bis(2-ethyl-3-hydroxy-4-pyronato)

oxovanadium(IV) (BEOV) which is in Phase II trials for

treating diabetes.
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adiposity without modifying caloric intake, intestinal fat absorption, or growth rate

in obese rats [79]. Sodium tungstate reduces glycemia and reverts the diabetic

phenotype in several induced and genetic animal models of diabetes. Importantly,

tungstate has also shown promise as an effective treatment for diabetes. Tungstate

appears to mimic most of the metabolic effects of insulin and exerts insulin-like

actions in primary cultured rat hepatocytes by increasing glycogen deposition [80].

The in vivo transport of tungstate is thought to be mediated by plasma proteins

such as human serum albumin [81].

1.4.2

Metal Homeostasis and Related Diseases

Several neurological disorders may result from errors in the distribution of metal

ions in the brain, including Zn, Cu, Fe, and Mn (see Chapter 11 for more detail).

Zinc is a cofactor for many proteins involved in cellular processes such as dif-

ferentiation, proliferation, and apoptosis. Zinc homeostasis is tightly regulated;

one mechanism of control includes storage in, and retrieval from, vesicles, so-

called zincosomes [82]. Disturbance of zinc homeostasis due to genetic defects or

dietary availability influences the development of diseases such as diabetes (in-

sulin is stored as a zinc complex), cirrhosis of the liver, cancer, asthma, bowel

diseases, and rheumatoid arthritis. Because zinc is important in cell division, zinc

deprivation during the development of T-lymphocytes impairs their polarization

into effector cells, and their function, leading to a reduction in T-cell numbers. As

a consequence, zinc deficiency can also affect the immune system, increasing

susceptibility to bacterial infections [83]. Zinc homeostasis in the brain is integral

for normal brain function. Alterations in zinc levels can have devastating results

with zinc becoming a pathogenic agent that mediates neuronal death in conditions

such as Alzheimer’s disease, amyotrophic lateral sclerosis, and ischemia (a

shortage of blood supply). Although zinc-chelating agents are being investigated to

treat these neurological disorders, zinc homeostasis needs to be better understood

to aid rational intervention [84].

Copper, Zn and Fe are known to promote the aggregation of amyloid beta (Ab)

deposits that cause Alzheimer’s disease. [85]. Furthermore, copper binds to both

the prion protein, the amyloid precursor protein and alpha-synuclein [86]. In ad-

dition, vanadium compounds have been shown to have interesting properties for

treatment of Alzheimer’s [87].

1.5

Metal Chelating Agents

Chelating agents can be used either to deliver metal ions for medical applications

or for the removal of unwanted metals from the body. In diagnostic applications,

the metal ions can be radioactive (g-emitter), paramagnetic, or luminescent,

whereas therapeutic applications generally require metals that either emit ionizing
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radiation (a- or b-emitter) or are chemically active. The stability of the chelate in
vivo is crucial for the metal ion to be delivered safely and effectively to its target.

(See later section on diagnostic agents and Chapters 8 and 9.) The use of mac-

robicyclic caged metal complexes (clathrochelates) is one avenue that is currently

being explored [88].

It is useful to be able to reduce the levels of unwanted forms of metals in the

human body; for example, long-term exposure to manganese particulates through

inhalation can be neurotoxic, with deficits in neuromotor and cognitive domains

[89]. Chelating agents vary widely according to metal-binding properties: dithio-

carbamate derivatives have shown promise in polonium chelation in vivo [90],

whereas catechol-3,6-bis(methyliminodiacetic acid) (CBMIDA) has been used to

chelate and increase excretion of uranium [91]. Iron chelators such as Desferal

(Desferrioxamine mesylate) are neuroprotective against iron-overload. However,

since Desferal is not able to cross the blood–brain barrier (BBB), there is a need for

further development if chelating agents such as these are to be used to treat cases

of abnormal iron accumulation in the brain, such as Parkinson’s disease [92].

A potential therapy for Alzheimer’s involves targeting Cu and Zn in the brain

with chelators. The antifungal drug and antiprotozoal drug clioquinol (5-chloro-7-

iodo-quinolin-8-ol, Figure 1.13) has been on clinical trial for treatment of Alz-

heimer’s disease but is likely to be replaced soon by a related 8-hydroxy quinoline,

PBT2, which lacks the iodine (structure not explicitly reported) [93], a once per day,

orally bioavailable, second-generation derivative of clioquinol [94]. Phase IIa stu-

dies of PBT2 [95] have established a favorable safety profile for the drug and

suggest a central effect on Ab metabolism. PBT2 may not act as a metal chelator,

but rather as an ionophore that makes copper and zinc more available for normal

neuronal function [96].

Tetrathiomolybdate ([MoS4]
2�) has anticancer and anti-angiogenic activities, and

acts through copper chelation and NF-kappa-B inhibition. Phase I and II clinical

trials in solid tumors have demonstrated efficacy with a favorable toxicity profile

[97]. Although initially used for treatment of neurologically-presenting Wilson’s

disease [98], [MoS4]
2� has efficacy in animal models of fibrotic [99], metastatic

colorectal cancer [100], inflammatory, autoimmune, and neoplastic diseases, as

well as Alzheimer’s disease. A CuI ion can bind strongly to a pair of MoS4
2�

sulfurs. Additional coordination of CuI to sulfur of glutathione may facilitate

transport from the liver to the kidney [101].

Figure 1.13 Structure of clioquinol.
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1.6

Antiarthritic Drugs and Inflammation

Gold-based drugs, including the injectable thiolate polymer aurothiomalate and

oral triethylphosphine complex auranofin (Figure 1.14), are widely used to treat

rheumatoid arthritis (see Chapter 7 for more detail). In the blood, AuI is trans-

ported by albumin on Cys34, and inside cells binds to the thiol of glutathione. It is

thought that the pharmacologic effect may be achieved through inhibition of the

selenoenzyme thioredoxin reductase [102]. The use of thiol-reactive probes and

photocrosslinking methods for detecting gold binding sites on proteins has re-

cently been proposed [103]. The finding that [Au(CN)2]
� is excreted not only by

patients receiving gold therapy who are smokers (about 35 mg HCN/cigarette) but

also by non-smokers, emphasizes that strong small ligands such as cyanide can

play a role in the metabolism of metallodrugs. [Au(CN)2]
� is readily taken up by

cells (and also has anti-HIV activity). Whitehouse et al. have recently reported

that colloidal (purple) gold exhibits potent antiarthritic activity in rats, approxi-

mately ten-times that of the clinically-used drug sodium aurothiomalate (Myo-

crisin) [104].

Metaphore Pharmaceuticals Inc. has investigated M-40403 (Figure 1.15) [105], a

Mn-based superoxide dismutase (SOD) mimetic, for the potential treatment of

post-operative ileus, oral mucositis [106], pain, dermatological disease, in-

flammation [107], and arthritis [108]. M-40403 is said to improve the effectiveness

Figure 1.14 Structure of triethylphosphine gold-2,3,4,6-tetra-

o-acetyl-L-thio-D-glucopyranoside (auranofin).

Figure 1.15 Structure of the pentagonal bipyramidal complex

M-40403, which shows potential as a superoxide dismutase

(SOD) mimetic.
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and predictability of morphine. A potential target indication for M-40403 is the

treatment of cancer pain and post-operative pain in patients in acute care settings

who are on, or are candidates for, opioid therapy. In Metaphore’s earlier Phase II

trial (completed May 2003) the company found that 20 mg of M-40403 as a single

agent was significantly superior to placebo for up to one hour (po 0.05) following

molar tooth extraction. No serious adverse events were reported. Results from the

trial provided clinical proof of concept that SOD mimetics are well-tolerated and

have therapeutic potential [109]. It is suggested that M-40403 removes superoxide

anions without interfering with other reactive species known to be involved in

inflammatory responses, for example, nitric oxide (NO) and peroxynitrite (ONOO�).
M-40403 treatment prevents activation of poly (ADP-ribose) polymerase – having an

anti-inflammatory effect – in the gingivomucosal tissue during ligature-induced

periodontitis [110]. Other Mn complexes such as MnIII salen chloride [salen ¼ N,Nu
bis(salicylidene)ethylenediamine] also show SOD and catalase mimetic fun-

ctionality [111].

1.7

Bipolar Disorder

Lithium salts such as Li2CO3 have been widely used for treating bipolar disorder

since the early 1950s, and are administered in near-gram quantities on a daily

basis. Millimolar levels of Liþ build up in the blood significantly reducing in-

tracellular sodium concentration in electrically activated cells, a marker that is

typically elevated (two to five times higher) in bipolar patients as compared to

control subjects [112]. Lithium may also modify monoamine neurotransmitter

concentrations in the CNS, inducing changes in neurotransmitter signaling

and attenuating fluctuations of cAMP levels (by raising the lowest basal levels and

decreasing the highest stimulated increases), stabilizing the activity of this sig-

naling system [113]. Response to lithium appears to cluster in families and can be

used to predict the recurrence of bipolar disorder symptoms [114]. Liþ is similar in

size to Mg2þ and can therefore inhibit Mg-activated enzymes such as myo-inositol
monophosphatase. As a consequence it can also interfere with calcium signaling,

since Ca2þ is mobilized by inositol phosphates [115].

1.8

Anticancer Agents

The discovery of the anticancer activity of cisplatin (cis-[PtII(NH3)2Cl2]) by Ro-

senberg and coworkers some 40 years ago and its subsequent approval for clinical

use ten years later has done more for the advancement of inorganic medicinal

chemistry than almost any other development in the field. It is worth considering

what has happened since and where platinum drugs are heading in the future (see

also Chapters 3 and 4).
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1.8.1

PtII Cytotoxic Agents

Both the thermodynamics (ligand arrangement, trans influences) and kinetics

(rates of ligand substitution, trans effects) are crucial for the rational design of

platinum anticancer drugs. Clearly, both the metal and the ligands determine the

biological activity, not just the metal (Pt). Platinum occupies a unique place in

the recent development of inorganicmedicinal chemistry due to the clinical success

of cisplatin, subsequently carboplatin, and more recently oxaliplatin (Figure 1.16a).

The latter is currently a billion-dollar (‘‘blockbuster’’) drug, even though it is used

mainly only for colorectal cancer in combination with organic drugs [116]. These

successes have provided enormous incentive for exploration of the chemistry of

platinum, which has uncovered new and interesting findings, both thermodynamic

and kinetic. The ligands on PtII play important roles not only in determining the

activation of the administered complex (e.g., by hydrolysis) but also in the re-

cognition of the drugs and their DNA adducts by proteins and repair enzymes, and

hence the ligands play a pivotal role in the development of resistance mechanisms.

The precise mechanism of cell uptake of platinum complexes remains a topic of

great curiosity. The copper transporter Ctr1 has been implicated in the transport

of cisplatin, (carboplatin and oxaliplatin) across the cell membrane [117] and

Ctr2 has been shown to regulate the cellular accumulation and cytotoxicity of

cisplatin and carboplatin [118]. In general, copper transporters appear to regulate

the cellular pharmacology and sensitivity to Pt drugs [119]. However, reactions of

Figure 1.16 Structures of (a) cisplatin, carboplatin, and

oxaliplatin; (b) BBR3464; and (c) trans,trans,trans-[Pt

(N3)2(OH)2(py)(NH3)].
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cisplatin with the extracellular methionine-rich N-terminal domain of Ctr1 can

lead to the release of the ammine ligands, thus deactivating the drug [120]. This

has precedent, stemming from the high trans effect of sulfur (L-methionine) [121]

and such reactions have also been detected in cancer cell extracts [122]. The hy-

pothesis put forward by Arnesano and Natile [123] – that interaction of cisplatin

with Ctr1 leads to pinocytosis and delivery of cisplatin into the cell in vesicles,

helping to shield it from reactions with nucleophiles such as glutathione and

metallothionein, which lead to drug inactivation – is therefore an attractive one.

Not only does protein recognition appear to be important in cell entry of plati-

num drugs, but also in the processing of platinated DNA lesions and excision-

repair resistance mechanisms. For example, platinated intra-strand crosslinks are

recognized by high mobility group (HMG) proteins, which shield them from re-

pair, whereas interstrand crosslinks are recognized by the mismatch repair (MMR)

family [124].

An early design rule for platinum drugs was that they should be neutral in

charge to allow uptake by cells. Now there are several exceptions to this rule,

notable examples being the 1þ complex cis-[Pt(NH3)2(pyridine)Cl]
þ [125] and the

4þ trinuclear complex [{trans-PtCl(NH3)2}2(m-trans-Pt(NH3)2{NH2(CH2)6NH2}2)]

(NO3)4 (BBR3464) (Figure 1.16b) [126], both of which contain only monofunc-

tional Pt centers. Both examples also break one of the early rules that complexes

should be bifunctional or potentially bifunctional after loss of two cismonodentate

ligands or a weakly chelated (e.g., oxygen donor) bidentate ligand. The belief that

the am(m)ines in square-planar PtII complexes need to be of cis geometry for

activity is also no longer valid [127, 128]. It is apparent that the inactivity of

transplatin is not a feature of trans diamine PtII complexes in general, and several

trans-PtII complexes are being developed that rival, or improve upon, the cyto-

toxicity of cisplatin [127].

Recent advances in formulation of platinum drugs and means for delivery and

for targeting have included attaching PtIV prodrugs to single-walled carbon

nanotubes [129] and platinum–polymer conjugates, dendrimers, micelles, and

microparticulates [130], including PtIV-encapsulated prostate-specific membrane

antigen (PSMA) targeted nanoparticles [131].

1.8.2

PtIV Prodrugs

Several PtIV prodrugs have been on clinical trials but none has been successful

enough to date to gain widespread approval. Clinical trials of tetraplatin ([Pt

(DACH)Cl4]) and iproplatin ([cis,trans,cis-[Pt(i-PrNH2)(OH)2Cl2]) were abandoned

some years ago although satraplatin (JM216, cis,trans,cis-[Pt(cyclohexylamine)

(NH3)(acetate)2Cl2]), which is orally active, is in Phase III trials for hormone-

refractory prostate cancer. One of the difficulties perhaps is the requirement for in
vivo activation by reduction at the tumor; the levels of reductants such as ascorbate

and thiols may be too variable for the activation to occur in a controlled and

predictable way in patients.
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1.8.3

Photoactivatable PtIV Complexes

Adverse side effects and development of acquired resistance to platinum

diam(m)ine (PtII) complexes pose a serious problem; improved targeting is crucial

for the clinical success of new anticancer agents. Octahedral PtIV complexes are

typically more inert to reaction than square-planar PtII complexes; PtIV complexes

that can be specifically activated only at a tumor site provide a route to a better

targeted treatment. Sadler et al. have developed PtIV azido complexes that are non-

toxic in the dark but which become highly toxic to cells following irradiation [132].

For example, trans,trans,trans-[Pt(N3)2(OH)2(py)(NH3)] (Figure 1.16c) has little or

no dark toxicity and is an order of magnitude more potent towards human ovarian

cancer cells (A2780) when photoactivated than cisplatin under similar conditions

[133]. Moreover, recent work has shown that the trans bis-pyridine adduct can be

activated in cells by visible light [133b]. The mechanism of action of these com-

plexes is postulated to involve platination of nuclear DNA, but such excited state

drugs can undergo unusual reactions [134] and other targets (proteins) may be

involved. The use of light in this way provides a degree of spatial and temporal

control over drug activation [135].

1.8.4

Ruthenium

Soon after the discovery of the anticancer properties of platinum complexes, ru-

thenium compounds were investigated. They often have similarly slow kinetics of

substitution reactions as platinum. NAMI-A (Figure 1.17a) is a tetrachlorido

imidazole/dmso RuIII compound that inhibits matrix metalloproteinases and

prevents tumor invasion of nearby tissues [136]. The related bis-indazole complex

RuIII (KP1019) (Figure 1.17a) showed no dose-limiting toxicity in Phase I studies

[137]. It has been demonstrated to be largely protein bound in blood (to albumin

and transferrin) and is found on DNA in peripheral leukocytes. The results of

Phase II colorectal trials are anticipated with interest. The kinetically-inert orga-

nometallic RuII complex, DW1/2 (Figure 1.17b) (Table 1.3), which mimics

staurosporine, targets a signal transduction pathway; its action involves inhibition

of the beta form of glycogen synthase kinase-3 (binding to its ATP site), activation of

p53, and apoptosis via the mitochondrial pathway [138].

1.8.4.1

Interaction with Plasma Proteins

Binding to plasma proteins causes a drastic decrease of NAMI-A bioavailability

and a subsequent reduction of its biological activity, implying that association with

plasma proteins essentially represents a mechanism of drug inactivation [139].

Contrastingly, an important step in the mode of action of KP1019 is thought to

be binding to the serum protein transferrin and transport into the cell via the

transferrin pathway [163]. In the blood, transferrin is only one-third saturated with

its natural metal ion FeIII and cancer cells have a higher density of transferrin
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receptors than normal cells; so hijacking this route into the cell with therapeutic

agents such as KP1019 provides a potentially selective uptake mechanism.

1.8.4.2

Ruthenium Arenes

Half-sandwich organometallic RuII complexes of the type [(arene)Ru(XY)Z] pro-

vide a versatile platform for anticancer drug design (Figure 1.17c, for example).

Some structure–activity relationships have been described [164–166]. If X, Y, and Z

Figure 1.17 (a) KP1019, NAMI-A; (b) DW1/2; and (c) half-

sandwich organometallic RuII complexes of the type [(arene)

Ru(X)(Y)(Z)]; inclusion of a chelating ligand (1,2-

diaminoethane, en) can improve aqueous stability.
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Table 1.3 Some examples of the dependence of the biological activity of ruthenium,

platinum, and gold complexes on oxidation state and coordinated ligands.

Complex Activity Reference

Ruthenium

DW1/2 [CpRuII(pyridocarbazole)CO)] Inert ATP-competitive protein

kinase inhibitors

Figure 1.17b

(Meggers) [140]

NAMI-A trans-[RuIIICl4(DMSO)(Im)]

(ImH)

Antimetastatic Figure 1.17a

(Alessio, Sava)

[141]

KP1019 trans-[RuIIICl4(Ind)2](IndH) Cancer cell cytotoxic Figure 1.17a

(Keppler) [137]

[(Z6-biphenyl)Ru(en)Cl]þ Organometallic anticancer complex Figure 1.17c

(Sadler) [142]

[RuII(CO)3Cl(glycinate)] CO delivery; cytoprotectant (Mann) [143]

[RuII(bpy)2(dipyridophenazine)]
2þ Luminescent DNA intercalator,

oxidative damage

(Barton) [144]

[RuIII(HEDTA)Cl]� NO scavenger (alleviation of NO-

mediated disease states)

(Review by

Fricker) [145]

Ruthenium red

[Ru3Cl8(OH)3(NH3)12(OH2)3]

Blocker of mitochondrial calcium

uptake/efflux: potential application

for prevention of ischemia

reperfusion injury in liver

transplantation.

Crystal structure

[146]

Medical

application [147]

Platinum

[PtCl4]
2�, [PtCl6]

2� Potent immunogens (allergens,

skin sensitizers), but not

[Pt(NH3)4]
2þ

(General review)

[148]

Cisplatin cis-[PtCl2(NH3)2] Cytotoxic anticancer drug;

bifunctional, crosslinks, and kinks

DNA

Figure 1.16a

(Review)

[123], [149]

trans-[PtCl2(NH3)2] Inactive as anticancer agent

cis-[Pt(NH3)2(py)Cl]
þ Monofunctional anticancer agent;

substrate for organic cation

transporters SLC22A1 and

SLC22A2

(Lippard) [125]

trans-[PtCl2(iminoether)2] where

iminoether is HN¼C(OR)Ru
Active trans anticancer complex (Natile) [128]

cis-[PtII(H2N(CH2)2PPh2)2]Cl2 Cytotoxic, reversible chelate ring-

opening, and binding to G

(Sadler) [150]

[PtII(en)Cl(S-thiourea-acridine)] DNA intercalator; inactive in vivo (Bierbach)[151]

[PtII(en)Cl(N-amidine-acridine)] DNA intercalator; active in vivo
(lung cancer)

PtIV prodrugs On reduction can release active

agents, e.g., estrogen or enzyme

inhibitors

(Lippard) [152]

(Dyson) [153]

(Continued)
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are monodentate ligands, the complexes demonstrate low cytotoxicity on account

of rapid hydrolysis and weak binding to DNA [167], although some 1,3,5-triaza-7-

phosphaadamantane adducts have interesting antimetastatic activity (RAPTA-C,

Figure 1.17c) [168].

Activity tends to increase with the size of the arene, and extended arenes can

intercalate between DNA bases [169, 170]. For XY ¼ ethane-1,2-diamine (en, an N-

chelating ligand), and Z ¼ halide, activation occurs via aquation and the aqua

adduct selectively binds to guanine (G) residues in DNA, at the N7 ring position.

This is accompanied by C6O (G) hydrogen bonding to an NH group of the en

ligand. Chelated ligands with X and/or Y ¼ O (H-bond acceptor) can also bind to

adenine (H-bond donor).

The half-sandwich Ru complex [(Z6-biphenyl)Ru(en)Cl]Cl (ONCO4417, Figure

1.17c) exerts antiproliferative effects in H460 lung cancer cells by inducing

apoptosis, with levels of DNA damage comparable to those produced by cisplatin.

Cell death appears to occur prior to entry into the G2/M phase [171]. The complex

t,t,t-[PtIV(N3)2(OH)2(NH3)(py)] Photoactivatable anticancer

complex; only cytotoxic following

irradiation

See Figure 1.16c

(Sadler) [133]

TriplatinNC [{trans-PtII-
(NH3)2(NH2(CH2)6(NH3

þ)}2-m-
{trans-PtII(NH3)2(NH2(CH2)6NH2)2}]

Trinuclear; cytotoxic; trinuclear

phosphate clamp, electrostatic

binding to DNA backbone

(Farrell) [154]

BBR3464 [{trans-PtIICl(NH3)2}2-m-
{trans-PtII(NH3)2(NH2(CH2)6NH2)2}]

(NO3)4

Trinuclear; cytotoxic;

monofunctional centers, long-range

DNA crosslinking

Figure 1.16b

(Farrell) [155]

[PtII(S,S-dach)(phen)]2þ DNA intercalator; leukemia, non-

toxic in vivo, and reduces tumor

growth

(Aldrich-Wright)

[156]

[(cis-{PtII(NH3)2})2(m-OH)(m-
pyrazolate)]2þ

Potent cytotoxic; DNA GG

crosslinks but little distortion

(Reedijk) [157]

Gold

Et3PAu
ISR (Auranofin) and

[AuI-S-CH(CO2Na)(CH2CO2Na)]n,

(sodium aurothiomalate,

Myochrysine)

Oral antiarthritic and injectable

antiarthritic

Figure 1.14

(Review) [158]

[AuI(CN)2]
� Stable metabolite of gold

antiarthritic drugs

(Graham) [159]

[AuI(diphosphine)2]
þ; [AuI

(N-heterocyclic carbene)2]
þ

Anticancer; antimitochondrial;

thioredoxin and thioredoxin

reductase inhibitor

Figure 1.20b

(Berners-Price)

[160, 161]

[AuIII(dithiocarbamate-R)X2] Anticancer; proteasome inhibitor Figure 1.20c

(Fregona) [162]

Table 1.3 (Continued )

Complex Activity Reference
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is currently in preclinical development. Such complexes are non-cross-resistant

with cisplatin in line with the different lesions produced on DNA. The loss of

cytotoxicity in complexes of this type when XY ¼ phenanthroline or bipyridine,

both strong p-acceptor ligands, is intriguing; in the case of bipyridine activity can

be restored by 3,3u-hydroxylation of the rings [172]. Use of another strong p-ac-
ceptor chelating ligand hydroxy- or N,N-dimethyl-phenylazopyridine, Z ¼ iodide,

leads to hydrolytically inert complexes that appear to kill cancer cells by a different

mechanism: catalysis of glutathione oxidation and production of reactive oxygen

species (ROS) in cells [173].

Ligand oxidation appears to provide a route to activation of Z ¼ thiolato com-

plexes, a route that may be important when the intracellular thiol glutathione

binds to these ruthenium arene complexes. Mono- and bis-oxygenation appear to

be facile but surprisingly do not weaken the Ru–S bond [174] even though this

provides a route to nucleobase binding [175]. Protonation of the sulfenate oxygen

on the other hand does labilize this bond [176].

1.8.5

Osmium

Organometallic half-sandwich OsII complexes that are isostructural with their RuII

counterparts have been synthesized [166, 177]. Although structurally similar, their

properties differ in some important ways, influencing their biological activity. For

example, Z ¼ Cl complexes hydrolyze about 100 times more slowly, and the re-

sultant bound water is about 1.5 pKa units more acidic. The latter feature favors

formation of hydroxo adducts that readily associate to give very stable hydroxo-

bridged dimers, even in cell culture media, for example, for the OsII complex

where XY ¼ acetylacetonate (Figure 1.18). Picolinate (XY ¼ N,O) ligands give rise

to complexes with promising cancer cell cytotoxicity [178] and cause significant

DNA unwinding but little DNA bending, in contrast to Ru [179]. It is possible to

switch off the cytotoxic activity of these complexes, by use of substituents on the

pyridine ring. Intriguingly, the activity of picolinamido complexes is switched off

by conversion from N,O into N,N coordination. This switch is accompanied by

more rapid hydrolysis and a greater extent of nucleobase (G) binding [180].

In general, osmium arene chemistry has been little studied in comparison with

the related ruthenium arene chemistry, especially in aqueous solution, but in the

anticancer field is now attracting increasing attention [181, 182].

1.8.6

Titanium

Two TiIV complexes entered clinical trials as anticancer drugs in the 1990s, a

tris-acetylacetonate derivative complex (Budotitane) and titanocene dichloride

[Cp2TiCl2] (Figure 1.19). Both contain two labile cis coordination positions, as does

cisplatin. However, hydrolysis is not only faster for these Ti complexes but also

bound water is more acidic, leading to ready formation of hydroxo-bridged species
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and eventually TiO2. It is perhaps not surprising therefore that Budotitane did not

progress beyond Phase I due to formulation problems and titanocene dichloride

did not progress beyond Phase II.

Curiously, Jaouen et al. have discovered that [Cp2TiCl2] has strong estrogenic ac-

tivity and a proliferative effect on hormone-dependent cell lines [183]. It seems

Figure 1.19 Structures of anticancer agents based

on titanium: budotitane, titanocene dichloride, and

oxali-titanocene Y.

Figure 1.18 (a) Complexes such as [OsII(acac)(biphenyl)Cl]

(acac ¼ acetylacetonate) give rise to oxo-bridged dimers,

which are inactive in cancer cell lines, while (b) those

including picolinate derivatives show significant activity

(IC50 E 5 mM against A2780 cancer cells).
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unlikely thatDNAbases are the target for TiIV anticancer complexes. It is possible that

TiIV is delivered to cancer cells by the serum FeIII transport protein transferrin [184].

Tinoco et al. have shown that TiIV2 -transferrin binds to the transferrin receptor very

strongly [185].

Attempts are now being made to design new titanocene dichloride analogs that

are more stable to hydrolytic reactions [186]. For example, ring-substituted cationic

titanocene dichloride derivatives are more active than the parent [Cp2TiCl2] [187].

Bis[(p-methoxybenzyl)cyclopentadienyl] titanium dichloride (Titanocene Y) ex-

hibits significant activity against renal cell cancer both in vitro and also in xeno-

grafted tumors in mice [188]. Bis[(p-methoxybenzyl)cyclopentadienyl]titanium(IV)

oxalate (oxali-titanocene Y; Figure 1.19) is twice as potent as cisplatin towards pig

kidney epithelial (LLC-PK) cells [189]. In view of these results, exploration of the

activity of other derivatized metallocenes, for example, of Zr and Hf might now be

worthwhile.

1.8.7

Gold

The anticancer activity of tetrahedral AuI tetraphosphine complexes such as [Au

(dppe)2]
þ (dppe ¼ diphenylphosphinoethane) (Figure 1.20a) [190] is intriguing

not only because the stereochemistry is unusual for gold(I) complexes (usually

linear) but also because of its proposed mechanism of action; positively charged

lipophilic complexes such as this can destroy the membrane potentials of mi-

tochondria. The attraction of AuI for anticancer therapy is that it is unlikely to

cause DNA mutations (unlike cisplatin) since it binds only weakly to DNA

bases. Berners-Price et al. have successfully optimized the lipophilicity (partition

coefficients) of this class of complexes to achieve selective cell uptake [191] (see

also Chapter 7).

Lipophilic, cationic AuI complexes of N-heterocyclic carbenes (Figure 1.20b) can

also act as mitochondria-targeted antitumor agents causing cell death through a

mitochondrial apoptotic pathway and inhibiting the activity of selenoprotein

thioredoxin reductase (TrxR), but not Se-free enzyme glutathione reductase [192].

The isoelectronic and isostructural nature of AuIII complexes with those of PtII pre-

sents a challenge for anticancer drug design since, in general, AuIII reacts (e.g., to-

wards hydrolysis) more quickly and is readily reduced. Notable success has been

obtained recently with AuIII dithiocarbamates (Figure 1.20c) by Fregona et al. that
target the proteasomeand are candidates for clinical trials [193]. Porphyrin ligands can

also stabilize AuIII. In vivo, intraperitoneal injections of AuIII meso-tetraarylporphyrin

(gold TPP, Figure 1.20d) can significantly inhibit tumor cell proliferation, induce

apoptosis, and suppress colon cancer tumor growth [194]. Gold TPP is stable towards

demetallation under physiological conditions and has been shown to bind to calf

thymusDNAwith a binding constant ofKb¼ 2.797 0.34 � 106 dm3mol�1 at 293 K;

fragmentation of genomic DNAwas observed after treatingHeLa cells with gold TPP

for 15 h [195].
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1.8.8

Tin

A wide range of organometallic SnIV complexes have long been known to be

cytotoxic to cancer cells but few have activity in vivo. Interesting are recent

findings for the tributyl complex tri-n-butyltin(IV)lupinylsulfide hydrogen fu-

marate (IST-FS 35, Figure 1.21) which inhibits both P388 myelomonocytic

leukemia and the B16-F10 melanoma, implanted subcutaneously in BDF1 mice,

by 96% in tumor volume at day 11 following a single intravenous injection. The

mechanism is not understood [196]. Triorganotin carboxylates may exist in

monomeric or polymeric forms, while diorganotin derivatives may exist as true

dicarboxylates or as distannooxane salts [(R2SnO-CORu)2O] and may further

aggregate in several ways that influence both solubility and bioavailability. In-

hibition of macromolecular synthesis, mitochondrial energy metabolism, and

reduction of DNA synthesis, as well as direct interaction with the cell membrane

(increase in cytosolic Ca2þ concentration), have been implicated in organotin-

induced cytotoxicity. Promotion of DNA damage in vivo has been detected.

Oxidative damage and increased concentration of intracellular calcium ions

seem to be the major factors contributing to triorganotin-induced apoptosis in

Figure 1.20 Structures of (a) [Au(dppe)2]
þ; (b) cationic AuI

complexes of N-heterocyclic carbenes; (c) dithiocarbamates;

and (d) gold TPP a AuIII meso-tetraarylporphyrin complex.

32 | 1 Medicinal Inorganic Chemistry



many cell lines [197]. More work on the molecular basis for the activity of tin

complexes is needed.

1.8.9

Gallium

Ganites (which contains GaIII nitrate and citrate in a 1 : 1 mol ratio at pH 6–7) is

used to treat cancer-related hypercalcemia, so far a unique FDA-approved gallium

drug [198]. However, it has poor bioavailability [199]. The orally bioavailable gal-

lium complex KP46 [tris(8-quinolinolato)gallium(III)] has been in Phase I clinical

trials for treatment of solid tumors. In melanoma cells the complex causes S-phase

cell cycle arrest and apoptosis [200]. Gallium maltolate, tris(3-hydroxy-2-methyl-

4H-pyran-4-onato)gallium (GaM), is also an orally-active gallium compound.

Gallium complexes can act as potent proteasome inhibitors in prostate cancer cells

[201]. Gallium(III) has similar chemistry to FeIII although it is not redox-active and

is transported to cells bound to the serum protein transferrin. Cancer cells have a

high density of transferrin receptors. In cells it may interfere with iron metabo-

lism, for example, by binding to ribonucleotide reductase [202].

1.8.10

Arsenic

The drug Trisenox as a 1 mg ml�1 solution of arsenic trioxide (As2O3) is given by

infusion to adult patients with relapsed/refractory acute promyelocytic leukemia

(APL) at a dose of 0.15 mg kg�1 per day for several weeks [203]. There is also

activity in multiple myeloma (MM). In aqueous solution it exists as neutral

As(OH)3 (often mistakenly referred to as arsenite; pKa values 9.3, 13.5, and 14.0)

[204, 205], and is transported into cells by the membrane protein aquaglyceroporin

[206], which normally transports water and glycerol. Oxidative methylation of AsIII

to AsV can occur in vivo to give [(CH3)As
V(O)(OH)2] and [(CH3)2As

V(O)(OH)],

primarily in the liver. These methylation products are then excreted, with half-lives

of 32–70 h.

Figure 1.21 Structure of the tributyl SnIV complex tri-n-

butyltin(IV)lupinylsulfide hydrogen fumarate (IST-FS 35).
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Attempts to improve the targeting and delivery of arsenic anticancer compounds

include those of Boise et al. with darinaparsin (ZIO-101, S-dimethylarsino-

glutathione) [207]. Like As2O3 this induces up-regulation of BH3-only proteins

(members of the Bcl-2 protein family containing only one of the Bcl-2 homology

regions, essential initiators of programmed cell death, required for apoptosis). It is

in Phase II trials in patients with primary liver cancer, advanced myeloma and

lymphomas, and a Phase I oral trial is in progress. O’Halloran et al. [208] have
shown that liposomal encapsulated (100 nm-scale) nanoparticles of, for example,

CoII or NiII arsenite allow pH-controlled release of active drug. Folate-targeted

liposomes potentiate As2O3 efficacy in relatively insensitive solid tumor-derived

cells [209].

1.8.11

Copper

The potential for use of copper complexes as anticancer agents has yet to be fully

exploited [210–212]. Mixed chelate copper(II) complexes (known as Casiopeı́nas)

with general formulae [Cu(N-N)(a-L-amino acidato)](NO3) and [Cu(N-N)(O-O)](NO3),

where the N-N donor is an aromatic substituted diimine [1,10-phenanthroline (phen)

or 2,2u-bipyridine (bpy)] and the O-O donor is acetylacetonate (acac) or salicylalde-

hydate (salal), are in preclinical development as antineoplastic agents. The central

fused aromatic ring in the phen-containing complexes is necessary for the anti-

proliferative activity [213].

There are many possible targets for copper complexes in cells, complicated by

the natural pathways involved in copper chaperoning. Copper 2,4-diiodo-6-[(pyr-

idine-2-ylmethylamino)methyl]phenol complexes are proteasome inhibitors in

prostate cancer cells [214].

1.8.12

Zinc

Zinc complexes of 1-hydroxypyridine-2-thione derivatives inhibit the growth of

A549 lung and PC3 prostate cancer cells in xenograft models. Zinc bis-pyrithione

itself is a widely-used antidandruff compound. Gene expression profiles of A549

cultures treated with one of these complexes revealed activation of stress response

pathways under the control of metal-responsive transcription factor 1 (MTF-1),

hypoxia-inducible transcription factor 1 (HIF-1), and heat shock transcription

factors [215].

1.8.13

Bismuth

Anticancer activity is demonstrated by thioguanine, 6-mercaptopurine complexes of

Bi and, more recently, dithiocarbamate complexes of general formula Bi(S2CNR2)3
have shown the ability to reduce the rate of tumor growth in animal models [216].
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1.8.14

Molybdenum

Polyoxomolybdates such as [NH3Pr
i]6[Mo7O24] � 3H2O (PM-8) (Figure 1.9a) exhibit

potent antitumor activity against a range of cancer cell lines. The mechanism

appears to involve preferential uptake of PM-8 into tumor cells, and conversion

into tenfold more toxic species through biological reduction (in the mitochondria),

resulting in inhibition of ATP generation and apoptosis [61]. Polyoxomolybdates

have also shown promising anticancer activity in vivo [217].

1.8.15

Photosensitizers: Porphyrins

Photodynamic therapy (PDT) involves the delivery of a photosensitizing agent to

tumor cells, followed by activation with light, which generates cytotoxic singlet

oxygen. Porphyrins, used in PDT treatment of cancer, are strong metal chelators,

and there is evidence to suggest that the first-generation PDT photosensitizer

haematoporphyrin derivative (HpD) (commercialized as Photofrin, a mixture of

monomeric and oligomeric porphyrins) may form ZnII complexes in vivo [218].

Such complexation is thought to lead to enhanced solubility in aqueous media,

and, through interfering with p–p stacking of the porphyrins, to de-aggregation

and improved PDT activity [219]. Intentional metal chelation can be used to influence

the tumor-localizing properties of the photosensitizer and to tune the photophysical

properties. The presence of a metal can increase the efficiency of singlet oxygen gen-

eration owing to the enhancement of spin–orbit coupling and intersystem crossing by

the metal ion [220]. Expanded porphyrins (texaphyrins) form stable 1 : 1 complexes

with a range of larger metal ions, such as LnIII [221]. These complexes exhibit strong

absorptions at longer wavelengths than conventional porphyrins (600–900 nm) with

high quantum yields, making them attractive for PDT applications. Lutetium tex-

aphyrin (Motexafin Lutetium, Lutrin, Lu-Tex) is in Phase IIb clinical trials for treat-

ment of recurrent breast cancer and shows promise for treating cervical, prostate, and

brain tumors. Other metal-containing photosensitizers for cancer treatment are

beginning to enter clinical trials [222]. Iron(III) complexes incorporating ligands

such as dipyridoquinoxaline and 2,2-bis(3,5-di-tert-butyl-2-hydroxybenzyl)amino-

acetate showDNAphotocleavagewhen irradiatedwith light of wavelengthZ630nm

but this work has not yet been extended to cytotoxicity studies [223].

1.9

Small Molecule Delivery and Control

1.9.1

Nitric Oxide (NO)

Peroxynitrite (ONOO�), the product of the interaction between O2
� and NO, can

act as a signaling mediator. Peroxynitrite decomposition catalysts may have
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therapeutic potential as adjuncts to opiates in relieving suffering from chronic

pain [224, 225].

NO is recognized to be an important signaling molecule with a wide range of

functions in the cardiovascular, nervous, and immune systems [226]. The inter-

actions of NO with metal complexes in vivo – heme and non-heme Fe in particular

– are of prime importance to its physiological role. Metal complexes show promise

for both controlled release and scavenging of NO [227].

Sodium nitroprusside, Na2[Fe(CN)5NO] � 2H2O, is used clinically to treat cardio-

vascular disorders and lower blood pressure through release of NO. The hypotensive

effect is rapid and controls blood pressure within minutes; however, toxicity invol-

ving cyanide accumulation limits its application. Photoactive Fe complexes in-

corporating large photon-capturing ‘‘antenna’’ ligands attached to an iron nitroso

center are being investigated as photoactivatable NO-releasing agents [228], and Ru

agents have been developed that can release [229] or scavenge [230] NO.

1.9.2

Carbon Monoxide (CO)

Metal carbonyls have been extensively investigated as potential CO-donating

pharmaceuticals [231, 232]. In vivo, CO appears to have a role as a messenger. It

also demonstrates anti-inflammatory properties and has been investigated for its

ability to suppress organ graft rejection. The design of metal complexes that can

release CO at a predicable rate is therefore valuable as a relatively non-toxic source of

CO. [Ru(CO)3Cl(glycinate)] has been investigated in some detail and, interestingly,

[Fe(bpy)(SPh)2(CO)2] appears to liberate CO only intracellularly. Cell viability studies

of HT29 colon cancer cells treated with the CO-releasing compound [Mn

(CO)3(tpm)]PF6, where tpm ¼ tris(pyrazolyl)methane, revealed a significant photo-

induced cytotoxicity, comparable to that of the established anticancer agent 5-fluo-

rouracil, whilst controls kept in the dark were unaffected at up to 100 mM [233].

1.10

Diagnostic Agents

Both diagnostic (g-emitting, e.g., 99mTc, 67Ga, 111In), and therapeutic (a-emitting,

e.g., 211At, 212Bi and b-emitting, e.g., 90Y, 188Re) radiopharmaceuticals are clini-

cally important (Chapter 9). The synthesis of Tc complexes from [TcO4]
� requires

careful control of the Tc oxidation state by the ligands, which also play a major role

in determining the distribution of the complex in the body (e.g., extra- vs. intra-

cellular, heart, brain, kidneys, etc.). These compounds have the advantage of a

rapid passage from the laboratory into the clinic, since very small doses are usually

administered, posing a negligible toxicity hazard.

Recent advances include the targeting of Tc complexes to specific cellular re-

ceptors. The stable TcI fragment {Tc(CO)3}
þ used by Alberto et al. [234] is very

useful for labeling purposes.
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For imaging purposes, the relatively insoluble BaSO4 is widely used as an X-ray

contrast agent. For contrast enhancement in magnetic resonance imaging (MRI)

there are four GdIII complexes currently in clinical use, and manganese dipyr-

idoxyl-diphosphate (MnDPDP) [235] and superparamagnetic iron oxide nano-

particles [236] show promise in this regard (Chapter 8). The nature of the ligands is

very important in the GdIII complexes for controlling the access of water to the

paramagnetic center, the rotational correlation time of the complex, and its bio-

distribution and toxicity. Recent toxic side-effects have arisen from some newer

GdIII complexes which have less-tightly bound chelating ligands. In this respect

the highly stable hydroxypyridinone complexes of Raymond et al. (Figure 1.22)

appear to be especially promising [237]. Future advances will be concerned espe-

cially with combined imaging and therapeutic agents (dual modality).

1.11

Veterinary Medicinal Inorganic Chemistry

An important area of study is that of therapeutic inorganic agents for farm and other

animals. For example, the carboxylate-bridged dimer copper(II) indomethacin is

used (as Cu-Algesic) as a non-steroidal anti-inflammatory and analgesic for treat-

ment of acute and sub-acute musculoskeletal/locomotor inflammatory conditions

in horses [238]. Arsenic-based compounds such as Roxarsone (2-nitrophenol-4-

arsonic acid, Figure 1.23) [239] are widely used as growth factors for poultry, which

has implications for both the environment and public health [240].

1.12

Conclusions and Vision

The application of inorganic chemistry to medicine and in particular the design of

inorganic therapeutic and diagnostic agents is in its infancy, despite the use of a

Figure 1.22 An example of a promising Gd-

hydroxypyridinone (HOPO) complex: Gd-TREN-bis-6-CH3-3,2-

HOPO-TAM-TRI.
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few such compounds for several centuries. These older uses were usually based on

empirical observations (a valid drug discovery route) and there is often little un-

derstanding of their mechanism of action, especially at the molecular level. Such

problems still exist today and need to be tackled in the future so that we enter an

age where inorganic drugs can be said to be rationally designed.

Our discussions have largely been on an element-by-element (mostly metal-by-

metal) basis with the aim of highlighting the enormous differences between

metals and the need for advances in technology that will allow both thermo-

dynamic and kinetic speciation of metals to be carried out under biologically-

relevant conditions, and preferably in intact cells and tissues. Metal complexes

may be transformed by ligand substitution or redox reactions before they reach

their target sites (Figure 1.24). This includes in vitro tests and transformations in

cell culture media.

Most importantly, the biological properties of metal complexes depend not only

on the metal and its oxidation state but also on the ligands. Ligands can render

either the whole complex inert to ligand substitution reactions or can activate other

coordination positions stereospecifically. Besides the metal itself, the ligands can

also be the centers of redox reactions, or hydrolytic and other reactions.

The rational design of metal complexes as drugs requires a greater under-

standing of their effect on cell signaling pathways. An interaction of the metal

complex with a constituent (e.g., protein) in one pathway may have consequences

for a seemingly unrelated target for which the metal has little affinity. Drugs based

on the essential elements need to take into account the pathways programmed by

genomes for the uptake, transport, and excretion of those elements (homeostasis).

We need to make use of metallomics in therapy: corrective procedures are needed

when there are metals in the wrong place at the wrong time, or indeed are not

present in the right place at the right time. Clearly, the biochemistry of essential

metals is carefully controlled both in terms of thermodynamics (distribution

amongst available binding sites) and kinetics (rates of transfer).

We can expect to see new developments relating to the use of radionuclides for

diagnosis and therapy, including dual modality, as procedures for their production

and handling improve. In addition, radiolabeling is particularly effective for stu-

dies of biodistribution.

Figure 1.23 Structure of 3-nitro-4-hydroxyphenylarsonic acid

(Roxarsone), which is used in veterinary medicine.
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As methods for preparing, derivatizing, and characterizing nanoparticles be-

come more advanced we can expect to see them used more extensively as vehicles

for drug delivery or as agents themselves. In general the key to the wider use of

metal complexes in medicine will depend on the development of new transport,

delivery, and targeting methods and on gaining deeper insights into their mole-

cular mechanisms of action. Inorganic chemistry and metal coordination chem-

istry in particular offers the exciting prospect of novel drugs with novel

mechanisms of action.
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Figure 1.24 Most metallodrugs are prodrugs that undergo ligand

exchange and redox reactions before they reach the target site. The

challenge is to control these processes so as to achieve the required

uptake and distribution of the drug followed by activation in the right

place at the right time. Some examples of these processes are shown

in the figure and are discussed in the text.
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80 Miró-Queralt, M., Guinovart, J.J., and

Planas, J.M. (2008) Am. J. Physiol.
Gastrointest. Liver Physiol., 295,
G479–G484.
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2

Targeting Strategies for Metal-Based Therapeutics
Julia F. Norman and Trevor W. Hambley

2.1

Introduction

With the notable exception of platinum anticancer drugs, metal-based therapeutics

occupy a relatively minor place in the organic dominated history of drug devel-

opment. Despite platinum chemotherapeutics being used in more treatment

regimes than any other class of anticancer drugs [1], there still exists a stigma

surrounding the toxicity of metal-based drugs. To this end, medicinal inorganic

chemistry has shifted focus away from the cytotoxic ‘‘shotgun’’ therapeutics and

towards the targeted ‘‘magic bullet’’ paradigm. In theory, targeting physiological

and molecular signatures of a disease should result in higher selectivity and fewer

toxic side effects than conventional broad spectrum and cytotoxic drugs. However,

one drawback of designing therapeutics with a single target and mechanism of

action is the increased likelihood of acquired resistance to the drug developing as

influx mechanisms are switched off or exhausted and efflux mechanisms are

promoted. Combinative therapy with other agents is therefore likely to emerge as a

more prominent therapeutic strategy in the future.

This chapter will address the various targeting strategies employed in the design

of metal-based drugs, ranging from established paradigms based on the physical

features of diseases to newer concepts that have emerged as knowledge about the

molecular signatures of diseases are elucidated.

2.2

Physiological Targeting

Exploiting the physical differences between the morphology of diseased and

healthy cells, tissues, and structures is a well established therapeutic strategy.

There are essentially three levels of physical targeting considered in the design of

therapeutic agents: the first involves the localization of the drug to the desired site

within the body, followed by targeting the tissues and cells of interest, then

transport across the cell membrane and direction to agent’s site of action within

Bioinorganic Medicinal Chemistry. Edited by Enzo Alessio
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the cell. Metal complexes, with their ability to coordinate a number of ligands with

complementary structures and functions, offer the potential to change the phy-

sicochemical properties of the drug to optimize all three stages of targeting.

Chemotherapeutic agents used in the treatment of solid tumors are perhaps the

most compelling and most thoroughly investigated examples of physiologically

targeted agents and for this reason they are the focus of this section.

2.2.1

Antitumor Drugs Targeting Tumor Hypoxia

Tumor hypoxia refers to the state of diminished oxygen concentration (typically

o3 mM) found within solid tumors. The dominating factors contributing to

chronic tumor hypoxia are the poor and irregular development of vascular tissue

and the increased interstitial pressure within the tumor. Transient hypoxia can

also result from temporary shutdown of blood vessels [2]. The irregular vascular

structure observed in tumors results in a significant proportion of cells being

located W100 mm from any blood vessels [3, 4], causing heterogeneous delivery of

oxygen and other nutrients within the tumor and localized regions of anoxia and

necrosis [5]. Increased interstitial pressure within tumors can be attributed to

vascular leakiness, interstitial fibrosis, and increased contractility of the interstitial

space mediated by stromal fibroblasts [6] and contributes to limited diffusion of

oxygen and other nutrients to some regions of the tumor. Figure 2.1 shows these

features of solid tumors.

Hypoxic cells in tumors tend to be inherently resistant to chemotherapy

due to the upregulation of genes implicated in drug resistance, including the

Figure 2.1 Physiology of hypoxia in a solid tumor.

Figure adapted from Reference [7].
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transcription factor hypoxia inducible factor (HIF)-1 [8]. HIFs in general are

involved in the regulation of proliferation, angiogenesis, and metastasis and

specifically HIF-1 regulates the multidrug resistance transporter p-glycoprotein

[9]. HIF-1 also regulates apoptosis, reducing the effectiveness of therapeutic agents

that act by inducing apoptosis [8]. In addition, the decreasing ratio of proliferating

to non-proliferating cells in increasingly hypoxic areas of a tumor limits the

effectiveness of antitumor drugs that are mainly effective against rapidly pro-

liferating cells [10]. Drugs that generate DNA-damaging free radicals only when in

the presence of oxygen are also less effective in hypoxic regions where the cells

survive. Oxygen-deprived cells also exhibit resistance to radiotherapy, which is

similarly reliant on the generation of oxygen radicals. In normoxic environments,

DNA free radicals generated by ionizing radiation are fixed by reaction with oxygen

resulting in double strand breaks and cell death. However, in hypoxic cells, the

lack of O2 allows the DNA free radicals to return to their original form via

reduction by thiol containing compounds [11].

Targeting the normoxic-hypoxic dichotomy in cancer therapy has the potential

to select for tumor tissue over healthy tissue and as such minimize problems

regarding systemic toxicity and acquired resistance. Metal-based drugs have the

potential to select for hypoxic tissue through administration as an inert, oxidized

complex that is activated upon reduction in the oxygen deprived environment.

Figure 2.2 shows the possible mechanisms by which this occurs. In normal cells,

reduction by endogenous reductases or another reducing agent would be

reversible due to reoxidation by transfer of the free electron to available O2.

However, in a hypoxic environment reoxidation is less likely and the labilized form

of the drug accumulates. In the case of metal complexes, this manifests as the

reduction of the metal center from a higher oxidation state to a lower one, which

can involve the release of at least one attached ligand. There are two groups of

Figure 2.2 Example of reduction in vivo by

endogenous single electron reductases. (a)

The Pt(IV) complex is reduced to Pt(II) and

loses the two axial ligands (X). The Pt(II)

complex is typically cytotoxic through its

reaction with DNA. (b) The metal center

(oxidation state nþ ) is reduced to release a

single cytotoxic ligand (Z). Here (where M ¼
Co, Ru, etc.) the metal complex acts as a

chaperone by deactivating the cytotoxic ligand

until it is released.
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hypoxia activated metal complexes as shown above: those that lose ligands to yield

an active complex or metal ion (i) and those that act as chaperones for delivery of

active ligand upon reduction, known as tumor activated prodrugs (TAPs) (ii).

There are various ways in which the leaving ligands can modify the physico-

chemical properties of the metal complex. The first is that they can modify the

lipophilicity of the complex to control cell membrane permeability and uptake via

passive diffusion. Following influx of the compound it is reduced in the hypoxic

intracellular environment and the active drug is released. This mechanism of drug

uptake has the potential to circumvent drug resistance as it removes reliance on

energy dependent drug uptake which is depleted in drug resistant cell lines.

Despite being sound in theory, this hypothesis has not been supported by in vitro
studies, with poor correlation between lipophilicity and cellular accumulation ob-

served across platinum [12–14] and gold [15] complexes. This is with the exception

of Kelland and coworkers, who achieved high in vitro cytotoxicity of the butyrate

analogs of the Pt(IV) prodrug JM221, which was attributed to the highly lipophilic

nature of the compounds [16]. Figure 2.3a shows the structure of JM221.

The leaving ligand(s) can also be exploited to alter the redox potential and the

rate of reduction of the metal complex. There has been extensive research into

the correlation between reduction potential and rate of reduction for platinum(IV)

prodrugs, and to a lesser degree Co(III) [17] and Ru(III) complexes. Hambley and

coworkers have demonstrated that, in the case of Pt(IV), complexes with halide

ions in the axial positions are most readily reduced, followed by those with car-

boxylato and hydroxido ligands respectively [18, 19]. They have also demonstrated

the stabilizing effect of polyfluoroaryl equatorial ligands [20] and concluded that

complexes that are very difficult to reduce can achieve toxicities similar to that of

the parent Pt(II) compound. It has been established that a correlation between Ep
and reduction rate is dependent on the electron-withdrawing power of the

co-ligand(s) but there is only minimal evidence of a relationship between Ep and

cytotoxicity, as shown in several studies [20–22].

In the case of TAPs, the leaving ligand(s) exert their own cytotoxic effects on

tumor cells following reduction and employ the metal center merely as a carrier

and deactivator [23]. These metal chaperones tether biologically active molecules and

as a result can alter the pharmacokinetics, biodistribution, and biotransformation

Figure 2.3 Hypoxia selective metal complexes: (a) JM22; (b) [Co(mmst)(tpa)].
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[23] of the original compounds. Some successful examples of this strategy include

the synthesis of Co(III) complexes of nitrogen mustards by Ware and coworkers

[24]. Coordinating the mustard ligand to the Co(III) center through the electron lone

pair on the nitrogen atom mutes the toxicity of the mustard as the nucleophilic

lone pair is unavailable, and gives rise to hypoxia selective toxicity. As a result, the

Co(III) mustard complexes were up to 20 times more toxic in hypoxic cells than

healthy normoxic cells.

The localized ligand release and cellular uptake of Co(III) complexes has been

monitored via confocalmicroscopy of complexes labeledwith fluorescent compounds

[25]. [Co(c343)2-(cyclam)]ClO4 and [Co(c343ha)(tpa)]ClO4 – where c343 ¼ coumarin-

343, c343ha ¼ deprotonated coumarin-343 hydroxamic acid, cyclam ¼ 1,4,8,11-

tetraazacyclotetradecane, and tpa ¼ tris(methylpyridyl)amine – complexes were

administered to cells that were also treated with the nuclear acid stain SYTO21. The

results are shown in Figure 2.4. [Co(c343)2(cyclam)]ClO4 was found to bemuchmore

cytotoxic than both [Co(c343ha)(tpa)]ClO4 and free c343haH2. This corresponded

with the degree and localization of observed fluorescence. The ligand release of c343

was believed to have occurred not by a redox cycling mechanism, but rather ligand

displacement by reducing species such as cysteine and ascorbate.

Selective delivery of the matrix metalloproteinase (MMP) inhibitor marimastat

(mmst), through chelation to chaperone Co(III)-tpa and Fe(III)-salen complexes

(where salen ¼ N,N-bis(salicylidene)-ethane-1,2-diimine), has been investigated

by Failes et al. [26–28]. The mechanistic principle behind these complexes is that

the hydroxamate moiety on mmst is protected by chelation with the metal center,

and liberation of mmst upon hypoxic reduction yields the active MMP inhibitor.

The Co(mmst)(tpa) system, depicted in Figure 2.3b, displayed a higher degree of

tumor growth inhibition than lone mmst, whereas the Fe(mmst)(salen) system is

yet to undergo biological testing.

Figure 2.4 Images of A2780 ovarian cancer cells following incubation for 4–5 h. Blue ¼
fluorescence from complex or ligand (405 nm excitation), green ¼ fluorescence from SYTO21

(excitation 488 nm). Co-localization of the complex/ligand with the nucleus appears aqua in

color. Scale bar represents 20 mm. (a) Cells treated with [Co(c343)2(cyclam)]ClO4: co-

localization is apparent; (b) cells treated with c343haH2; (c) cells treated with [Co(c343ha)

(tpa)]ClO4.

Reproduced with kind permission from Springer Science þ Business Media.
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2.2.2

Antitumor Drugs Targeting Vascular Structure

There are marked differences in the vascular structure and physiology in tumor

tissue compared to healthy tissue. The processes of angiogenesis and vasculogenesis

in healthy tissue give rise to hierarchically structured vessels [11] capable of deli-

vering oxygen and micronutrients to all cells. Contrastingly, the vascular network in

solid tumors is arranged erratically and has arteriovenous shunts, blind ends, a lack

of smooth muscle or enervation, and incomplete endothelial linings and basement

membranes [2]. This manifests as languid and variable blood flow and localized

leakiness of the blood vessels through widening of the fenestrae in the range of 100

to 600 mm [29]. These features may be exploited for targeting solid tumors by taking

advantage of size-selective accumulation. Molecules such as serum albumin [30] and

liposomes [31–33] have been exploited as carriers for antitumor agents as they are

dimensionally similar to macromolecules. Depending on size, extravasation of drug

molecules can occur via convective transport through the defective endothelial cells,

resulting in selective delivery of the drug to the tumor interstitium. The poor, and in

some cases non-existent, lymphatic system in tumors also contributes in part to

the extracellular accumulation of the drug [32], resulting in what is known as the

enhanced permeability and retention (EPR) effect.

Encapsulation of cisplatin in liposomal carriers has had some success, with the

100 nm diameter SPI-077 formulation by Newman and coworkers exhibiting high

drug-tumor efficacy, reduced systemic toxicity, and prolonged circulation in the

bloodstream [34, 35], but showed no antitumor activity in humans [36–38]. More

recently, a liposomal encapsulation of cisplatin with a diameter of 17 mm showed

increased therapeutic efficacy in vivo compared to cisplatin alone [39]. These

results, amongst others not detailed here, have supported the viability of exploiting

the EPR effect for targeted tumor therapy using nanocarriers to transport metal-

based cytotoxics.

2.2.3

Antitumor Drugs Targeting Tumor pH

The extracellular pH of tumor tissue is significantly lower than that of sur-

rounding healthy tissue, with a pH range of 5.4–7.4 [40–46]. The morphological

characteristics of pH levels in mice brains have been recently imaged using 13C

magnetic resonance imaging [47], revealing a marked difference between the

interstitial pHs of healthy and solid tumor tissue, with pHs of 7.3 and 6.0 respec-

tively. The acidic environment was originally attributed to the accumulation of

lactic acid as a product of glycolytic respiration in hypoxic regions. However, more

recent work has demonstrated that the hydrolysis of ATP in oxidative respiration

has a significant effect on interstitial pH level due to the build up of CO2 and

carbonic acid by-products [40, 48, 49], which are not removed efficiently due to the

poor vascular and lymphatic networks and increased interstitial pressure. The

intracellular pH of tumor cells is known to be slightly above neutral, which is
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consistent with normal healthy cells [42]. The interstitial pH gradient existing

between healthy and tumor tissue can be exploited by metal complexes that are

inert at an interstitial pH of 7.4 but become cytotoxic, by various mechanisms,

following protonation in acidic surroundings. These complexes can potentially

improve the specificity of treatment by becoming more labile at the tumor site.

Investigations into pH dependent Pt(II) N-hydroxyalkyl prodrugs [50–54] have

revealed limited success in terms of cytotoxicity. The activity of these complexes is

reliant on their protonation, subsequent ring opening and exposure of the plati-

num center to react with external ligands, in this case those present on DNA. This

will occur readily in the acidic extracellular pH but not in the slightly alkaline

intracellular environment, meaning that they may have been delivered to the

nucleus in their inactive form, justifying why minimal cytotoxicity was observed.

2.2.4

Light Activated Prodrugs

The development of light dependent metal therapeutics is one of the more con-

temporary therapeutic targeting strategies being explored. This mode of treatment

aims at achieving localized activation of a drug or diagnostic agent by point irra-

diation with light of optimal wavelength and intensity.

Metal complexes, and in particular those of d-block transition metals, are well

suited to photochemically activated therapeutics as their electronic structure allows

for the generation of excited states under relatively moderate conditions [55].

Electrons bonded in coordination complexes have multiple unoccupied orbitals

available for electronic transitions during photochemical excitation and decay. The

excited complex may then decay via the following pathways: physical, radiative

(fluorescence, phosphorescence), non-radiative (internal conversion, intersystem

crossing), and chemical reaction. The resultant chemical reactions can involve

ligand liberation yielding either an active ligand or metal center, reactions with

endogenous molecules, or the transfer of energy or electrons to species such as

ground state O2 in photodynamic therapy. As a result, the reaction product is

characteristic of irradiation with light of a discrete wavelength.

Nitric oxide (NO) donors are one of the most extensively investigated examples

of this class of metal therapeutic. Clinical administration of exogenous NO may

be beneficial in a diverse range of physiological and pathological conditions,

including cardiovascular related diseases and as a mediator in tumor-induced

angiogenesis [56].

Ruthenium complexes have demonstrated potential for photodynamic therapy

[57–61] due to ruthenium’s high affinity for the linear NOþ ligand. Amongst the

first investigated were the ruthenium nitrosyl chlorides [Ru(NO)(Cl5)]
2� and [Ru

(NO)Cl3]. Despite promising results following localized irradiation in animal

models, these complexes exhibited toxic side effects due to substitutive aquation at

the chloride ion sites and subsequent affinity for DNA, in particular guanine [62].

Future studies in ruthenium nitrosyls will likely focus on the complexation of

amine and polydentate ligands to minimize further speciation of the drug with
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the aimof reducing toxic side effects. Recentwork by Eroy-Reveles and coworkers [63]

into non-porphyrin polydentate ligands in manganese nitroysl complexes demon-

strated a high NO donating capacity for the complex [Mn(PaPy2Q)(NO]]ClO4,

wherePaPy2Q ¼ N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-quinoline-2-carboxamide)

(Figure 2.5). This was following irradiation with low intensity near infrared light (800–

900 nm), which has the greatest tissue penetration [64].

Photoactivated metal drugs have another compelling application in the treat-

ment of solid tumors but are fundamentally limited by accessibility of the tumor

for irradiation. Porphyrin–metal complexes have been investigated for their pho-

tosensitizing potential; that is, their ability to act as catalysts for further reactions

in vivo, the most common of those being the excitation of triplet oxygen (O2) to its

cytotoxic singlet state. Although porphyrin complexes are seemingly ideal ther-

apeutics due to a high tendency to accumulate in cancer cells, hypoxia and limited

access to the poorly vascularized regions can result in inefficient photodynamic

excitation of triplet oxygen, aggregation of porphyrin bases, and eventual hepa-

totoxicity as a result of porphyrin conversion into bilirubin [65].

Photoactivated tumor therapy is also capable of targeting DNA through binding

or cleavage to induce cell apoptosis. Administration of non-labile, lipophilic metal

prodrugs facilitates accumulation within tumor cells and point irradiation of the

tumor allows for site-specific activation. Platinum(IV) prodrugs are of great

interest due to their kinetic inertness and G-G cross-linking potential in DNA

strands upon photocatalyzed reductive elimination of two axial ligands. Studies by

Bednarski et al. [66–70] have demonstrated the photolability of Pt(IV) azide com-

plexes and their similar nucleotide platination profiles to cisplatin, whereas pho-

tolabile Pt(IV) iodo analogs are susceptible to reduction by endogenous reducing

agents such as glutathione, which would limit tumor selectivity in vivo.
Further work by Sadler and coworkers [71] found that both trans,trans,trans-

[Pt(N3)2(OH)2(NH3)2] (a) and cis,trans,cis-[Pt(N3)2(OH)2(NH3)2] (b) complexes (Fig-

ure 2.6) displayed photoactivity and were nontoxic in the dark. When irradiated with

UVA light, their cytotoxicities were greater than transplatin and less than cisplatin.

The improved cytotoxicity observed for (a) over transplatin was attributed to its

ability to form a bis(5u-guanosine monophosphate) (5u-GMP) adduct, which trans-

platin cannot.

Figure 2.5 [Mn(PaPy2Q)(NO)]ClO4 complex synthesized by Eroy-Reveles et al. [63].

56 | 2 Targeting Strategies for Metal-Based Therapeutics



To maximize the selectivity of photochemotherapeutics in the future, it is likely

that design and synthetic strategies will attempt to incorporate more than one tar-

geting tactic, such as those mentioned elsewhere in this section. Although rational

design dictates that this should correlate with increased toxicity towards the targeted

tissue and reduced systemic effects, evidence thus far suggests that these assump-

tions cannot be relied upon, and rigorous testing of all new complexes will become

even more crucial.

2.3

Molecular Targeting

Molecularly targeted drug development strategies focus on structure-based design,

where the metal center serves as an inert scaffold for various organic and bioor-

ganic ligands. The ability of metals to exhibit multiple oxidation states and

coordination geometries not only increases the structural diversity of metal com-

plexes, but allows for conformational modifications that can maximize ligand–

target site interactions. This feature of metal complexes is particularly relevant in

the targeting of biomolecules where site-binding is expected to be stereospecific.

The potential of these drugs is dependent on knowledge of ligand–target

interactions and as such will be augmented by advances in the fields of genomics,

proteomics, and metallomics. In addition, the ability of metal centers to coordinate

multiple ligands of varying identities means that there is potential for several

targeting issues to be addressed by a single compound. For example, future

therapeutics may emerge where one ligand is responsible for optimizing redox

characteristics, another for physically directing the compound to the desired tissue

or intracellular location, and the remaining ligands may exert a therapeutic effect

upon release from the metal center.

2.3.1

Protein and Peptide Targeting

2.3.1.1 Protein Receptor Binding

Metallotherapeutics offer immense potential for improving selectivity, specificity,

and efficacy of drug action based on selective protein receptor binding. The biology

Figure 2.6 Photoactivated Pt(IV) complexes:

(a) trans,trans,trans-[Pt(N3)2(OH)2(NH3)2];

(b) cis,trans,cis-[Pt(N3)2(OH)2(NH3)2].

Molecular Targeting | 57



of various disease states involves discrete cellular process, including the up- and

down-regulation of specific genes; the over- and under-expression of peptides,

proteins and enzymes, and the stimulation or inhibition of metabolic processes.

The degree of exclusivity provided by targeting one or more of these processes

means that there is great potential for synthesizing highly specific therapeutic

agents that can minimize systemic toxicity and limit drug resistance. However, by

paring down the number of targets with which a particular drug can interact,

resistance can develop more rapidly and more easily than for a drug with a greater

number of molecular targets.

Target-oriented drug design of these complexes typically follows one or a

combination of the following three strategies: optimizing amino acid coordination,

exploiting structural selectivity of receptor binding sites, and tethering known

protein binders to metal centers.

Amino Acid Coordination The premise of this targeting strategy is that the metal

center is not just employed as a structural stabilizer, but can itself undergo

coordination to particular amino acid residues as well as coordination through

tethered ligands. Rational design of complexes intended to behave according to

this principle must take into consideration the intended receptor target and the

amino acid expression on the surface or within the active site. Cysteine, histidine,

and tyrosine residues contain the major metal binding thiol, imidazole, and

hydroxyl groups, respectively, and as such are apt targets for metal complexes with

vacant coordination sites [72]. The metal center, its oxidation state, and possible

geometries as well as the coordination sphere can be altered for fine tuning of the

kinetic properties of the complex and variations in the ancillary ligands can lead to

increased binding site recognition by the complex.

Fricker and coworkers have synthesized ‘‘3 þ 1’’ mixed-ligand oxoRe(V) com-

plexes that act as cathepsin B inhibitors and may have clinical application in the

treatment of some tumors, rheumatoid arthritis, and muscular dystrophy [73]. In

cathepsin B, the presence of a unique structural occluding loop containing two

histidine residues (His110 and His111) is capable of directing the C-terminal

carboxylates within endogenous enzymes towards the active site cysteine. Of the

mixed-ligand oxoRe(V) complexes studied, those containing smaller chelating

ligands demonstrated greater potency [74, 75] than those containing bulkier

groups, most likely due to easier access to the active site. The mechanism of

binding to the active site was determined to be nucelophilic attack of the metal

center by the cysteine thiolate, resulting in the displacement of the monodentate

ligand. A W90-fold increase in vitro activity was observed upon changing the

monodentate leaving ligand (L) of analogs of [ReO(SSS-2,2)(L)] (where SSS ¼
SCH2CH2SCH2CH2S) from L ¼ (SPhOMe-p) to Cl� as shown in Figure 2.7. This

binding was also found to be reversible, which is critical given the tendency of

other thiol-containing biomolecules such as glutathione and free cysteine to also

bind to the rhenium center, leading to toxic side effects.

Metal complexation of the highly specific CXCR4 receptor (the fourth receptor

for natural chemokine proteins containing a conserved Cys-X-Cys disulfide bond
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[76]) antagonist AMD3100 has shown considerable potential as an anti-HIV

therapeutic agent. The CXCR4 receptor facilitates entry of HIV into the cell via a

complex multistep process. This is dependent on the binding of the gp120 subunit

of HIV-1 to modified sulfated tyrosines as well as acidic amino acid residues in the

N-terminus of both CCR5 and CXCR4 [77], resulting in the insertion of viral DNA

into the cell via a fusion peptide [78]. AMD3100 (Figure 2.8) is a bicyclam com-

pound composed of two cyclam moieties connected by a structurally constraining

p-phenylenebis(methylene) linker. Studies have shown that complexation to me-

tals enhances the affinity of AMD3100 for the CXCR4 receptor by factors of 50, 36,

and 7 for Ni2þ , Zn2þ , and Cu2þ , respectively [79] as well as having a more

complex mode of interaction with the receptor compared to free AMD3100.

Modeling studies by Sadler et al. [76, 80] have shown that amino acid residue

interactions are largely dependent on the chiral conformation adopted by the two

respective cyclam groups around the bound nitrogen atoms. Further work by this

group has also shown that at the physiological pH of 7.4 it is likely that the binding

of free cyclam anti-HIV drugs to Zn2þ is both thermodynamically and kinetically

favorable [81]. This may have extensive implications in the development of novel

cyclam-based therapeutics as the coordination to endogenous Zn(II) may enhance

receptor binding strength.

Figure 2.7 Cathepsin B inhibitors developed by Fricker and coworkers:

(a) [ReO(SSS-2,2)(Cl)] and (b) [ReO(SSS-2,2)(SPhOMe-p)].

Figure 2.8 CXCR4 receptor antagonist AMD3100, where M2þ ¼ Ni2þ , Zn2þ , and Cu2þ .
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Exploiting Structural Selectivity Inorganic metal complexes have an inherent

constitutional advantage over small organic molecules due to their ability to exist

in various oxidation states and various structural conformations. Whereas organic

molecules are restricted by the three potential binding geometries of carbon –

linear (sp-hybridization), trigonal planar (sp2-hybridization), and tetrahedral (sp3-

hybridization) – metal centers can additionally exist as trigonal bipyramidal, square

pyramidal, and octahedral geometries with five, five, and six coordination sites,

respectively [82].

The stereochemistry of these complexes is also important, with a metal center

coordinated octahedrally to six different ligands capable of at least 30 stereo-

isomers, compared to a tetrahedral carbon’s equivalent of two. The metal center

can provide a degree of structural stability or rigidity, depending on the mode of

ligand coordination as well as the non-covalent interactions between moieties on

the ligands. By making the complex more rigid, the number of conformations that

can be adopted by the overall structure is minimized. Interaction with receptors

other than the intended target will be limited by the inflexibility of the molecule

and, as a result, the complex will be highly selective (Figure 2.9). This property of

metal complexes makes them suitable for high-throughput screening of combi-

natorial libraries of compounds following the identification of a lead compound.

The first experimental evidence indicative of the role played by structure in

metal complex–protein interactions came from Dwyer and coworkers. Investiga-

tions into the biological activity of tris(1,10-phenanthroline) Ru(II) perchlorate

demonstrated a high level of cholinesterase inhibition that correlated with a high

chemical stability in both acid and alkali solutions [83]. As such it was concluded

that the level of dissociation of the metal complex was negligible, and that the

observed biological activity was attributable to the intact complex cation and not to

the metal or ligand independently [83–85]. To this end, recent work into this area

has focused on complexes with high kinetic stability contributed to by either an

inert metal center or polydentate ligands.

Figure 2.9 Structural advantages of metal-based

therapeutics. The additional coordination geometries allow for

maximum ligand–receptor interactions, which improves

drug–receptor affinity.
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One example of maximizing the kinetic stability of complexes is the development

of Ru(III) organometallics as protein kinase inhibitors byMeggers et al. [86–93], who
envisioned the metal center as a sort of ‘‘hypervalent carbon.’’ Protein kinases

possess highly selective binding sides for ATP, and the preliminary compounds

were based on indolocarbazole alkaloids known to be competitive with ATP. The

robust geometry of the compounds was attributable to the inert metal center such as

in the Ru(II) octahedral inhibitorL-FL172 (Figure 2.10). This stability contributed to
a high degree of active site–coordination sphere matching and subsequent max-

imizing of the number of hydrogen bonds between enzyme and inhibitor [94] as

shown in cocrystal studies [95]. These structural mimics have already shown high

levels of efficacy in tumor cell lines and spheroid models [96] with the ability to

induce apoptosis through activation of the p53 tumor suppressor gene.

It can also be advantageous to use compounds that mimic the structure of

endogenous biomolecules in terms of both dimensionality and chemical func-

tionality. Katzenellenbogen et al. have had some success using this approach,

exploring metals conjugated with the intact androgen [97–99] as well as complexes

that imitate the androgenic structure through inclusion of a metal chelate system

within the compound [100, 101]. 188Re complexes of 5a-dihydrotestosterone
mimics demonstrated extraordinary structural and stereochemical similarity to the

endogenous androgen but were limited in vitro by poor lipophilicity and stability

due to competitive ligand exchange with water [100]. Later studies into proges-

terone mimic complexes resulted in increased lipophilicity to improve cellular

uptake. However, the low binding affinity towards estrogen receptors lead to the au-

thors concluding thatmetal complexesmust exhibit an electronic complementarity to

the receptor ligands in addition to size and shape complementarity to achieve high

receptor–ligand affinity [101].

Known Protein Binders The metallocomplexation of established protein and

peptide targeting therapeutic molecules offers various benefits, including the

ability to tailor complexes to target particular biological attributes of the disease

state with greater specificity and reduced systemic toxicity compared to the original

Figure 2.10 L-FL172.
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organic compound. One of the advantages of modifying drugs with an already

established mode of action is that a greater proportion of resources can be spent on

improving the drug selectivity, rather than developing therapeutically active

compounds from scratch.

Ferrocynal derivatives (ferrocifens) of the anticancer compound tamoxifen

(TAM) have been developed over the past decade with the intention of broadening

the spectrum of action of the original drug. These compounds are shown in Figure

2.11. Whereas TAM is widely known as a selective estrogen receptor modulator

(SERM) capable of inducing apoptosis in hormone-dependent breast cancer cells

Figure 2.11 Tamoxifen (a) is metabolized to the more

hydrophilic hydroxyl-tamoxifen (b), which has a higher ER

binding affinity [102]. Ferrocynal derivatives mimic this

metabolite by inclusion of a hydroxyl moiety on the a phenyl

group, as in ferrocifen (c).
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that express the estrogen receptor-a (ER-a(þ )), its action is precluded in breast

cancer cells that have acquired resistance to TAM or are hormone-independent

and are ER-a/b(�). Ferrocifens are globular shape mimics of the original organic

drug, where the b phenyl ring has been replaced by a metallocene moiety con-

taining iron [103–106] and, more recently, ruthenium [107].

It is widely understood that the activity of ferrocifen mimics that of TAM and

metabolites, binding competitively to ER-a via stabilizing interactions between the

basic amino side chain of the TAM molecules and the aspartate 351 residue in

the ligand binding domain of the receptor. The ER/bioligand complex can then

undergo dimerization to interact directly with DNA at the ‘‘estrogen response

element’’ (ERE) or participate in the activated protein pathway (AP1), where it

interacts with two proteins (Jun and Fos) to form a DNA binding complex [108].

These respective pathways essentially lead to the inhibition of normal estradiol-

mediated DNA transcription. As TAM can function as an estrogen-like ligand, a

significant side effect of prolonged TAM use is the development of cancer in

uterine tissue [109] and, as such, the development of various structural analogs is

of interest. It has been suggested that there are varying mechanisms of action for

ferrocifen, depending on ER expression, leading to its activity across hormone

dependent and independent cancer cells: TAM-like antiproliferation in ER-a(þ )

cells, and redox-based cytotoxicity in ER-a(�) and ER-b(þ ) cells due to the in situ
oxidation of the ferrocene moiety. Jaouen and coworkers proposed that the single

electron facile oxidation of the ferrocene species affords, via Fenton-type chemistry, a

quinone methide species in the presence of basic species such as DNA and nucleo-

bases [103]. It is this species that is thought to be responsible for causing cell death in

hormone independent breast cancer. Ruthenocene derivatives of TAM showed a

higher binding affinity for the ER in ER-a(þ ) cells over hydroxy-TAM (W53% and

38.5% respectively) but displayed no antiproliferative effect in ER-a(�) cells, lending

support to the redox-dependent cytotoxicity of ferrocifen.

2.3.2

Peptide Tethering

The attachment of peptides and peptide motifs to metallochaperones is a rapidly

increasing area of interest in medicinal inorganic chemistry. Optimized drug

delivery to specific targets is necessary for two main reasons: to minimize

undesirable side effects in non-diseased tissue and to maximize drug delivery to the

site of action to minimize dosage requirements. The bioconjugation of metals and

metal complexes to peptides and peptide motifs has the potential to address both

these issues as, from a probabilistic perspective, the more specific the tethered

peptide is the less side-reactions should occur en route to the target location. This is

the case, providing that the rest of the metal complex is inert and non reactive. This

concept applies to various extracellular locations within the body but more im-

portantly to the intracellular localization of therapeutic agents. This is because a

large proportion of drugs exert their action on specific organelles within the cell – for

example, the antitumor drug cisplatin exerts its action on DNA in the cell nucleus.
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2.3.2.1 Directing Effects

The most extensively investigated application of peptide tethered metal complexes

is in tumor therapy and more specifically the delivery of DNA modifying agents to

the cell nucleus. The efficient delivery of these agents to the nucleus of cancer cells

requires three stages of localization: targeting to the cancerous tissue, accumula-

tion in the cancer cells, and intracellular localization in the nucleus [110, 111].

Various physiological targeting strategies, as mentioned elsewhere in this

chapter, have been employed to cover the first two stages of delivery, while more

recent work into the attachment of nuclear localization signal (NLS) peptide

sequences has attempted to achieve the third stage of delivery. NLS peptides

are short positively charged basic peptides that actively transport large proteins

across the nuclear membrane from the cytosol to the cell nucleus [111, 112].

Kirin and coworkers achieved bioconjugation of the chelating bis(picolyl)amine

(bpa) ligand with a heptapeptide derivative of the SV 40 virus antigen NLS [113,

114] with Cu2þ , Zn2þ , and more recently Co2þ complexes. In the latest case, the

bpa ligand was also conjugated to a peptide nucleic acid (PNA) oligomer sequence

prior to the NLS and showed increased cellular accumulation as a result, which

was solely attributable to the inclusion of PNA. Cells treated with Co-bpa-NLS and

Co-bpa-PNA-NLS (Figure 2.12a) favored nuclear localization of the respective

complexes compared to unconjugated Co-bpa [114].

In similar work, Noor et al. [115] have synthesized cobaltocenium–peptide bio-

conjugates containing the same SV 40 antigen NLS. A Co metallocene was chosen

over ferrocene due to its higher kinetic stability and redox potential. Nuclear

localization was visualized by attaching fluorescent labels to the various

Figure 2.12 Examples of metal complexes containing peptide sequences for improved

directing effects: (a) Co-bpa-PNA-NLS complex synthesized by Kirin et al. [113, 114]; (b) Pt(IV)

complex containing RGD peptide motifs; and (c) NGR peptide motifs synthesized by

Mukhopadhyay et al. [116].
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cobaltocenium compounds and free NLS. It was observed that free NLS was un-

able to traverse the cell membrane, whereas the cobaltocenium-NLS species

showed intracellular accumulation and co-localization with the Hoechst 3342

nuclear stain in HepG2 cells. This study indicated the importance of the orga-

nometallic moiety for endocytosis into the cell, and as such the potential for metal-

based therapeutics for improving on current ideas and strategies.

NLSs have also been exploited for improving the nuclear localization of estab-

lished chemotherapeutic compounds, such as carboplatin and its analogs [111].

This study also involved the attachment of a poly(ethylene glycol) (PEG) moiety to

modify the lipophilicity and size of the conjugate. Increased levels of nuclear

localization and cellular accumulation were observed for the Pt-PEG-NLS con-

jugates, but fewer intracellular DNA-adducts were found compared to the Pt-PEG

compounds. It was therefore recommended that this method of conjugation with

NLS alone was not suitable for carboplatin, oxaliplatin, and analogs as it was not

able to deliver the cytotoxic agent in a bioavailable form.

Mukhopadhyay et al. have tethered peptide motifs to the axially coordinated

succinato ligands of a Pt(IV) cisplatin analog via amide linkages. The peptide

motifs RGD (Arg-Gly-Asp) and NGR (Asn-Gly-Arg) were employed as ‘‘tumor

homing devices’’ intended to recognize the upregulated avb3 and avb5 integrins on
the membranes of metastatic tumor cells. It was found that both RGD and NGR

motif containing complexes had a potent inhibitory effect of cell proliferation, and

upregulated integrins were likely mediators in the internalization of the Pt(IV)-

peptide complex into the tumor cells [116]. These complexes are shown in Figure

2.12b, c.

2.3.3

Selective Activation

The localized activation of prodrugs can be achieved by targeting pathophysiolo-

gical molecules indigenous to specific sites or disease phenotypes. The creation of

organic prodrugs that are selectively activated at therapeutically significant loca-

tions has been widely considered in drug development in the past. However, the

application of this more sophisticated design archetype has scarcely been con-

sidered in inorganic therapeutic design. Site-specific activation of metal-based

prodrugs is a concept that will likely gather interest and momentum in the future

as the molecular pathologies of disease states is revealed through work in the fields

of proteomics, genomics, and metallomics. Cleavage at a recognized substrate by

endogenous enzymes may liberate an active drug complex, ligand, or metal center

depending on the position of the substrate, thereby enabling a tailored approach to

designing the prodrug.

Tauro and coworkers have used this approach in the design of antitumor

therapeutics delivered in hydrogel matrixes. Figure 2.13 depicts the mechanism by

which cisplatin is believed to be released in close proximity to the tumor tissue

[117–120]. Progressive fine tuning resulted in a hexapeptide substrate for tumor

specificMMP-2 andMMP-9, which resulted in improved selectivity for tumor tissue
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and decreased systemic release. Prior to this study, literature on the selective acti-

vation of metal-based drugs is scarce.

Kageyama et al. have investigated the activation of cisplatin-like complexes fol-

lowing stereoselective ester hydrolysis by intracellular hydrolase enzymes as a

means of selective targeting. Alkyl chains were attached via ester, ether, and amide

linkages to various cisplatin derivatives to improve the lipophilicity of the com-

plexes for cell entry via passive diffusion. The greatest cytotoxicity was observed for

the complexes with the longest hydrophobic alkyl chains tethered by an ester

linkage. Comparison of the growth inhibition observed in rat liver cancer cells

(Anr4) and rat hepatoma cells (H4-II-E), which exhibit high and low stereo-

selectivity for acyl group hydrolysis respectively, suggested that enzyme specificity

contributed to stereoselective activation of the Pt(II) complexes [121].

2.3.4

DNA Targeting

The number of therapeutic agents that target nucleic acids is rapidly increasing,

and can be divided into two classes – those that exert their action on RNA (ribose

nucleic acid) and those that exert their action on DNA (deoxyribose nucleic acid).

The latter, and more specifically only those that undergo non-coordinative inter-

actions with DNA, will be discussed here. DNA targeting allows for the potential

disruption of the replication, and transcription processes of homeostatic cell

functioning. Metal complexes traditionally interact with DNA in one of three ways:

themost commonly encounteredmetallo-intercalators, and groove binders; and the

more novel metallo-inserters (Table 2.1).

2.3.4.1 Duplex DNA Sequence Selectivity

The ability to target DNA at specific sequences is relevant to the formulation of

new diagnostics and chemotherapeutics, particularly as the molecular basis for

diseases is elucidated. Transition metal complexes can achieve explicit DNA site

specificity through manipulation of the complex as a modular system – the metal

center and the ancillary ligand scaffold. The inherent kinetic inertness of some

metal complexes and the expanded possibility for chiral discrimination are

Figure 2.13 Cisplatin molecules are tethered to the peptide (through the oxygen atoms of

aspartic acid), which is attached to the hydrogel via poly(ethylene glycol) acrylate spacers.

Upon cleavage by the extracellular MMPs, which are overexpressed in tumor tissue, cisplatin

and cisplatin–peptide conjugates are released and can form DNA adducts.

Figure adapted from Reference [117].
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contributors to the immense potential for increasing the complexity of the non-

covalent DNA binding mechanisms and thereby selectivity for specific DNA sites.

This selectivity may be based on the shape of the complex or on the functionality of

the ligands themselves.

DNA targeting metallo-compounds of the general formula [M(chel)3]
2þ (where

M ¼ the metal center and chel ¼ bidentate chelating ligand) are structurally rigid

– a result of their strict coordination geometries – and as such the steric bulk and

stereochemistry of the attached ligands contributes chiefly to the overall shape of

the complex and, in principle, to DNA sequence discrimination. Intercalating

ligands with larger aromatic surface spans have a greater p stacking potential than

smaller ligands and therefore a potentially greater degree of enantioselectivity. The

strength and nature of the non-covalent interactions holding the non-intercalating

ligands in position against the adjacent DNA base pairs essentially determines the

binding affinity of the entire complex. By varying the appended ligand moieties

and their orientation it has proven possible to vary the site selectivity.

Studies into the enantioselectivity exhibited between 9,10-phenanthrenequinone

diimine (phi) complexes of Rh(III) and duplex DNA [122, 123] have shown that in

the case of B-DNA the D enantiomer of [Rh(phi)(DPB)2]
3þ (where DPB ¼ 4,4u-

diphenylbipyridine) readily cleaves the 5u-CTCTAGAG-3u base pair sequence, but

the L enantiomer does not. This is because the D enantiomer matches the helical

symmetry of B-DNA and also undergoes dimerization and simultaneous inter-

calation at the central 5u-CT-3u site. This promotes non-covalent interactions

between the phenyl and bipyridyl rings of adjacent complexes and steric con-

straints increase the binding affinity of the second intercalator complex [124].

DNA sequence selectivity can also be based on the functionality of the ligands

tethered to the metal center. Rational design of complexes of this type seeks to

optimize non-covalent interactions such as hydrogen bonding and van der Waals

interactions between the ancillary ligands and DNA bases to achieve high site

Table 2.1 Properties of DNA targeting therapeutic molecules.

Site of action Mode of action

Metallo-

intercalators

Major groove of

DNA double helix

The intercalator unwinds the DNA double helix and acts

as a new base pair. It undergoes p stacking between

adjacent base pairs. The intercalator increases the height

of the major groove by opening of the phosphate angles

Groove

binders

Minor groove of

DNA double helix

The groove binding agent is hydrophobically transferred

from solution to the minor groove. The subsequent

interactions are dependent on the functionality of binder

Metallo-

inserters

Minor groove of

DNA double helix

The metallo-inserters is a planar ligand that extends and

inserts into the base-stack. The ligand ejects bases of

single base pairs and replaces them in the p stacking

arrangement
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specificity and affinity. Investigations into a group of Rh(III) polyamine complexes

[125–127] have demonstrated the success of this strategy. These are shown in Figure

2.14. Hydrogen bonding between the axial amines of the complexes and the O6 of

guanine resulted in recognition and ultimately cleavage at the 5uGC-3u site. This was
confirmed by alternative binding sites being observed for the control complex [Rh[12]

aneS4(phi)]
3þ (where [12]aneS4 ¼ 1,4,7,10-tetrathiacyclododecane), which cannot

undergo hydrogen bonding, as well as the replacement of guanine with O6-methyl

guanine, which disrupted site binding [126].

This strategywas expanded onwithD-a-[Rh(Me2trien)(phi)]
3þ (whereMe2trien ¼

2,9-diamino-4,7-diazadecane), which was designed to recognize the 5u-TGCA-3u
sequence through hydrogen bonding between the axial amines and O6 of guanine.

This was also intended to be in combinationwith van derWaals interactions between

the pendant methyl groups on the complex and the methyl groups on the bordering

thymine bases [128].

2.3.4.2 Telomeric Targeting

Telomeres are the regions of highly conserved 5u-TTAGGG repeats located at the

ends of eukaryotic chromosomes [129]. They are vital protectors of chromosomes

during mitotic cell division, preventing homologous recombination and non-

homologous end joining, and become progressively shortened over rounds of cell

replication with their eventual depletion leading to apoptosis. As such, telomeres

have been investigated as indicators of cell senescence [130]. The enzyme telo-

merase, which counteracts this shortening by adding base pair repeats to the 3u
end of DNA strands, is largely absent in healthy cells, but is expressed in 85–90%

of tumor cells [131]. This facilitates rapid and infinite proliferation of the tumor

cells. Telomeric DNA exists in a G-quadruplex structure, which is the result of

hydrogen bonding between tetrads of guanine bases which consequently undergo

stacking and eliminate the 3u DNA overhang. Further stabilization of this tetrad

Figure 2.14 Rhodium(III) polyamine complexes designed for

DNA sequence selectivity: (a) D-[Rh(en)2(phi)]
3þ ; (b) [Rh[12]

aneN4(phi)]
3þ ; and (c) D-a-[Rh(Me2trien)(phi)]

3þ (where [12]

aneN4 ¼ 1,4,7,10-tetraaminecyclododecane).
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structure occurs due to electrostatic interactions between the guanine carbonyl

groups and a central metal cation.

Chemotherapeutics that selectively recognize and stabilize the G-quadruplex

structure of telomeric DNA and inhibit telomerase are of great interest for selec-

tively targeting malignant cells. Until recently, stabilization of these structures was

mainly attempted with small organic molecules. However, planar ligands with

p-delocalized electrons, such as in chromophores, tethered to a positively charged

metal center have appeared to offer some improvements.

Vilar et al. have investigated the ability of Ni(II), Cu(II), Pt(II), and V(IV) complexes

to stabilize G-quadruplex structures based on geometry and functionality [132–137].

Their general structure is shown in Figure 2.15. By measuring the increase in melting

temperature induced by binding with the metal complexes, it was concluded that

square-planar metal complexes possess the optimal geometry to maximize p–p
stacking between the complex and G-tetrad compared to complexes with square-based

pyramidal geometries [133]. The ability of metal complexes to have these geometries is

one of the inherent advantages held over small organic molecules and is why there

has been such success in targeting DNA with metal complexes.

One of the difficulties in targeting telomeric DNA is the extremely high level of

selectivity required by the administered therapeutic given the length of telomeres

compared to the remaining chromosome – 6–8 kb pairs compared to W50 million

base pairs, respectively. It is likely that, unless the therapeutic agent is entirely

specific for the G-quadruplex structure, binding will occur at multiple locations

along the chromosome and cause undesirable side effects. As such, in vitro testing
of telomere binding agents will have to be rigorous and extensive.

2.4

Immunological Targeting

The last decade of the nineteenth century saw the pioneering work of Paul Ehrlich

develop the ‘‘magic bullet’’ paradigm of immunological targeting, which is still

Figure 2.15 General structure of the compounds prepared by

Vilar et al., where M ¼ Ni2þ , Cu2þ , Pt2þ , and V4þ .
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pursued today. Ehrlich’s postulates led to the idea that by targeting receptors that

are present on the causative agent but are absent in host cells, a more efficacious

therapy could be achieved. In the context of this chapter, the term antigen refers to

a molecule capable of binding an antibody and invoking an immune response.

Although antigen targeting and antibody (Ab) tethering are mutually inclusive facets

of immunological targeting, they have been discussed here as separate therapeutic

strategies.

2.4.1

Antigen Targeting

Disease states often result in the selective expression or overexpression of parti-

cular antigens on the affected cell’s surface, establishing a discrepancy between

healthy and diseased cells that can be exploited for selective targeting. Employing a

molecule that binds the antigen with high selectivity and affinity and can activate

a therapeutic agent requires a two-step approach, which in the case of cancer

therapy is known as antibody-directed enzyme prodrug therapy (ADEPT) (Figure

2.16) [138]. This form of therapy could also fall fittingly under Section 2.3.

This method of achieving targeted therapy depends upon: the localized

expression of disease-specific antigens, minimal binding to healthy cells, the

antibody–epitope binding affinity, the catalytic properties of the enzyme compared

to endogenous enzymes, and the subsequent drug uptake into the cell [139]. So far,

ADEPT has primarily focused on the release of organic cytotoxic agents and only a

handful of studies concerning metal-based therapeutics have been published.

Work by Hanessian et al. demonstrated that the cleavage of two cephalosporin-

carboplatinum based prodrugs by b-lactamase generated the cytotoxic Pt(II)

complexes [140], but further in vitro studies with an Ab-b-lactamase conjugate to

Figure 2.16 ADEPT: The antibody–enzyme conjugate is administered and selectively binds to

antigens expressed on the surface of tumor cells. A prodrug is administered and the

conjugated enzyme cleaves the prodrug to generate the active drug in the vicinity of the

tumor for cellular uptake by endocytosis or other transport mechanisms.
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confirm ADEPT success were not conducted. Similar work by Tromp et al.
explored the cleavage of a glucuronyl-[Pt(NO3)2 (chxn)] (where chxn ¼ cyclohex-

ane-1,2-diamine) conjugate by b-glucuronidase [141]. NMR studies showed that

cleavage of the compound into glucuronide and [Pt(NO3)2(chxn)] was virtually

instantaneous. In vitro studies of an appropriate immunoconjugate were also not

performed in this instance. b-Glucuronidase is, however, an endogenous enzyme

that is commonly present in regions of necrosis and as such this specific ther-

apeutic mechanism is not strictly ADEPT.

The success of these two attempts is indicative of the potential for metal ther-

apeutics to be employed in ADEPT and administration in prodrug form allows for

opportunities to address some of the problems associated with currently used

drugs such as poor solubility, acquired resistance, and systemic toxicity.

Not all antigen targeting therapies follow the ADEPT principles, and of parti-

cular interest is the attachment of directing aptamers to ‘‘drug containers’’ [142]

capable of delivering a large volume of cytotoxic agent from a single container.

Dhar and coworkers have synthesized poly(D,L-lactic-co-glycolic acid) (PLGA)–poly

(ethylene glycol) (PEG) nanoparticles encapsulating c,t,c-[Pt(caproate)2Cl2(NH3)2]

and functionalized them with prostate-specific membrane antigen (PSMA) A10

aptamers [143] for targeted delivery to prostate cancer cells. This strategy attempts

to deliver the drug into the cell in a ‘‘parcel’’ form. PMSA has a high level of

expression in both metastatic and hormone-refractory forms of prostate cancer

[144, 145] and as such it was expected that the Pt(IV) prodrug would remain

encapsulated until localized binding to the antigen occurred at the tumor site.

Subsequent endocytosis of the capsules was observed via fluorescence microscopy.

The Pt(IV) complex was then released and reduced in the intracellular environ-

ment to generate cisplatin and this was confirmed by immunofluorescence studies

of the 1,2-d(GpG) intrastrand crosslink adducts.

2.4.2

Antibody Tethering

The use of antibodies to selectively target cells and tissues has been established for

some time. Radio-immunoconjugates are the most prominent examples of anti-

body bound metals and can be used both therapeutically (a and b emitters) or for

imaging (g emitters). These compounds can either involve a bifunctional chelator

molecule, which is conjugated to the antibody and coordinated to the metal, or

direct attachment of the metal to the antibody [146]. These applications are dis-

cussed in more depth in Chapter 9. Antibody–drug conjugates, where the drug is a

small organic molecule, have been widely explored as a means of targeting par-

ticular cell and tissue types. However, the immunoconjugation of metal-based

drugs remains relatively uncharted territory. As with radioimmunoconjugates,

tethering of highly specific monoclonal antibodies (mAb) to drug compounds

requires that the antibody immunoreactivity is preserved such that the antibody–

antigen binding affinity is retained. It is also important that the potency of the

drug is not reduced by conjugation; however, inactivation upon conjugation can be
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desirable, providing that the drug can be reactivated upon entering cells as it limits

toxicity to non-targeted cells. Furthermore, the ratio of drug to antibody in the

immunoconjugate should ideally be as high as possible, to maximize potency by

delivering a greater number of drug molecules per immunoconjugate [147].

Based on these principles, Gao and coworkers have synthesized Herceptin-Pt

(II) binding complexes for targeted breast cancer therapy [148] as shown in

Figure 2.17.

Herceptin is a humanized monoclonal antibody that binds to the Her2/neu

protein, and is overexpressed in 15–30% of breast cancer cases according to the

American Cancer Society [149]. In vitro studies showed that the Herceptin-Pt(II)

compounds displayed a high degree of selectivity for Her2/neu overexpressing

cancer cells over normal cells. The apoptotic potential of the antibody–drug com-

pounds was found to be limited by the level of receptor expression, as doubling the

dose of Herceptin-10[PtCl2(L)], where L ¼ 2,2u-(1R,2R)-cyclohexane-1,2-diylbis
(azanediyl)bis(methylene)bis(4-methylphenol), resulted in only a minor increase in

the proportion of apoptotic cells from 31.1% to 33.04% in the Her2/neu over-

expressing SK-BR-3 cell line [148]. This study is indicative of the potential of an-

tibody–metal complex therapeutic strategies, as the inherent selectivity of the

antibody is coupled to metal complexes with various mechanisms of action.

Figure 2.17 Herceptin-10[PtCl2(L)]. The Herceptin antibody (left) is loaded with ten Pt(II)

complex units via non-covalent interactions. In principle, this allows for the delivery of ten

cytotoxic agents per single antibody in an attempt to improve therapeutic potency, particularly

in cases where receptor expression is low.
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This type of targeting is likely to become increasingly pursued as the human

proteome and molecular hallmarks of diseases are elucidated.

2.5

Concluding Remarks

Progress in the treatment of cancer and other diseases requires targeting of the

therapy to the intended site of action by one or more methods. The work described

in this chapter shows that metals can play a wide variety of roles in achieving this

goal: as part of the targeting system or as the therapeutic agent. Exploitation of the

flexibility and control offered by metal-based systems can make a serious con-

tribution to the development of new therapeutics in the coming years.
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3

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
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enhanced permeability and retention (EPR) effect [44] plays an important role. Low

molecular weight platinum complexes that can attack a molecular pathway specific

for cancer cells can also be targeted. We discuss different approaches of targeting

to overcome resistance exhibited by conventional platinum drugs. The delivery of

platinum-based compounds using nano-dimensional carriers of 100–150 nm,

which include SWNTs [45], polymeric NPs [46], and gold NPs [47], makes it

possible to reduce the general toxicity of chemotherapeutic drugs by decreasing

free drug concentration in blood flow and by increasing passive transport and

accumulation of nanocarriers in tumors due to enhanced permeability of defective

capillary vessel walls. Platinum(IV) complexes provide an attractive alternative

to Pt(II) compounds due to their inertness, which results in fewer side effects.

Platinum(II)-based anticancer drugs are highly reactive, which leads to lower

biological stability. Platinum(IV) complexes, also known as Pt(IV) prodrugs, are

reduced in the intracellular environment to yield cytotoxic levels of Pt(II) species

through reductive elimination of the axial ligands. In the current discussion, we

focus on the use of Pt(IV) complexes as an attractive alternative to the existing

portfolio of Pt(II) drugs.

3.4.1

Functionalized Single-Walled Carbon Nanotubes (SWNTs) as Vehicles

for Delivery of Pt(IV)-Prodrugs

SWNTs [48–52] offer one of the most promising approaches as drug delivery systems

because their physical dimensions mimic those of nucleic acids. Water-solubilized

SWNTs have the ability to cross cell membranes by receptor-mediated endocytosis

[51]. The surface of SWNTs can be easily modified by introducing several func-

tionalities to attach therapeutic agents for delivery [48]. Well functionalized water

soluble SWNTs with high hydrophilicity are non-toxic, even at high concentrations.

The clearance of SWNTs from the blood compartment through a renal excretion

route follows a first-order dependence without toxic side effects in animals. We have

developed an efficient synthetic route to synthesize Pt(IV) compounds containing

carboxylic acid functionalities from c,c,t-[Pt(NH3)2Cl2(OH)2] by reaction with acid

anhydrides. Platinum(IV) compounds provide the opportunity to introduce ligands at

the axial sites. We recently developed such an asymmetric Pt(IV) compound con-

taining an alkoxy and a succinate group at the axial positions. We used non-covalently

functionalized SWNTs having phospholipid tethered amines on their surface with a

poly(ethylene glycol) (PEG) chain between the amine and phospholipid groups.

This asymmetric Pt(IV) compound was tethered to SWNTs by coupling the car-

boxylate group from the succinate moiety via EDC/NHS promoted amide formation.

This construct allowed us to successfully deliver cisplatin attached to SWNTs as a

prodrug to human testicular cancer NTera-2 cells by endocytosis [53]. This method

was extended by attaching cell-targeting moieties to the platinated SWNTs as

‘‘longboat’’ passengers to achieve high selectivity for cancer cells. In particular, we

were able to successfully introduce a folic acid (FA) containing ligand at the axial site

of a Pt(IV) center (Figure 3.6) [54]. Folic acid has the potential to target several types
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of cancer cells because of its ability to interact with folate receptor (a-FR), a high-

affinity membrane-anchored protein, through the a carboxylate group [55, 56].

The a-FR is overexpressed on a wide variety of human tumors, including those

of ovarian, endometrial, breast, lung, renal, and colon origin. The highest fre-

quency of a-FR overexpression (W90%) occurs in ovarian carcinomas [56]. Our

new construct was specifically delivered to folate receptor overexpressing KB and

JAR cell lines by the folate receptor mediated endocytosis (FRME) pathway using

SWNTs as longboat delivery system. Figure 3.6 displays this delivery as revealed by

co-tethering a green fluorescent dye that subsequently appeared in the cytosol of

FR-overexpressing KB cells. Most significantly, a cell-based MTT assay showed

that the SWNT-Pt(IV)-folate construct was 8.6 times more efficient in killing

FR(þ ) KB cells than cisplatin. The cytotoxicity of SWNT-tethered Pt(IV) against

FR(þ ) vs. FR(-) cells demonstrated its ability to target tumor cells that overexpress

the FR on their surface. Once inside the cell, cisplatin, formed upon reductive

release from the longboat, enters the nucleus and reacts with its target nuclear

DNA, as determined by platinum atomic absorption spectroscopic analysis of cell

extracts. Formation of the major cisplatin 1,2-d(GpG) intrastrand crosslinks on the

nuclear DNA was demonstrated by use of a fluorescent antibody specific for this

adduct (Figure 3.6) [57].

3.4.2

Targeted Nanoparticles for Delivery of Cisplatin for Prostate Cancer

Controlled release polymeric nanoparticles (NPs) are effective nanocarriers [58–60].

Targeted uptake of therapeutic NPs in a cell, tissue, or disease-specific manner

Figure 3.6 Folate receptor targeting Pt(IV) cargo for SWNT delivery vehicle.
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represents a potentially powerful technology. These NPs can encapsulate drugs and

release them through surface or bulk erosion of the particles, diffusion of the drug,

or swelling followed by diffusion of the drug. Surface engineering of the NPs offers

the potential for functionalization with ligands such as peptides, antibodies, and

nucleic acid aptamers, which can target their delivery. Patients with prostate cancer

are clinically resistant to cisplatin-based chemotherapy. Targeted delivery of plati-

num drugs to prostate may offer a new treatment option to overcome this obstacle.

Wedeveloped anew technology by targeting the prostate specificmembrane antigen

(PSMA) [61–63] overexpressed on the prostate cancer cells and used NPs as delivery

vehicle to increase the effective dose of cisplatin to prostate cancer by means of a

nontoxic platinum(IV) prodrug that is activated by intracellular reduction to release

cytotoxic cisplatin [64]. We used poly(D,L-lactic-co-glycolic acid) (PLGA)–poly(ethy-

lene glycol) (PEG) NPs with PSMA targeting aptamers (Apt) on the surface as a

vehicle for the platinum(IV) compound c,t,c-[Pt(NH3)2(O2CCH2CH2CH2CH2-

CH3)2Cl2] [65]. Use of the hydrophobic Pt(IV) compound (Figure 3.7) as the prodrug

facilitated its encapsulation into pegylated PLGA NPs. Surface engineering with a

PSMA targeting aptamer (Apt) allowed us to successfully target prostate cancer with

an enormous boost in efficacy over that of free cisplatin, which was released as the

cytotoxic warhead upon intracellular reduction [65].

3.4.3

Gold Nanoparticles as Delivery Vehicles for Platinum Compounds

We have devised a method of attaching and delivering platinum compounds using

gold nanoparticles. Nanoparticles based on gold cores are promising candidates that

providemany desirable features for drug-delivery systems [66–69]. Inherent features

of gold nanoparticles are their core size, monodispersity, low toxicity, large surface-

to-volume ratio, ease of fabrication, and ease of multifunctionalization. Drug load-

ing can be achieved either by non-covalent interactions, such as with DNA through

electrostatic interactions, or by covalent chemical conjugation. Human cells can

Figure 3.7 Delivery of hydrophobic Pt(IV) prodrug by

encapsulation into pegylated PLGA NP with surface modified

with a PSMA targeting aptamer for prostate cancer

application.
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take up gold nanoparticles without any adverse effects. In particular, we employed

gold nanoparticles stabilized and labeled with oligonucleotides (DNA-Au NP) as a

potential delivery system for platinum(IV) prodrugmolecules [70]. We incorporated

c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H)] (Figure 3.8), a platinum(IV) com-

pound capable of being tethered to an amine-functionalized DNA-Au NP surface via

amide linkages (Pt-DNA-Au NP). The use of this compound as the cargo allowed

us to release a cytotoxic dose of cisplatin upon intracellular reduction. The Au NPs

of 137 1 nm used in this study were functionalized with thiolated oligonucleotides

containing an 18-base recognition element of a specific RNA transcript via gold thiol

bond formation. These particles are targeted to mRNA sequences coding for

enhanced green fluorescent protein (EGFP) expressed in C166, a mouse endothelial

cell line. Treatment of c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H)] with EDC and

NHS afforded the N-succinimidyl ester, which readily formed amide linkages with

the amines on the DNA-Au-NP surface (Figure 3.8).

We demonstrated that this Pt(IV) complex, which is otherwise inactive, can be

made active against several cancer cell lines when attached to gold nanoparticles as

delivery vehicles. The platinum-tethered gold nanoparticles are internalized

through endocytosis. Pt-DNA-Au NPs are more active in several cell lines than

cisplatin. Upon intracellular reduction, Pt-DNA-Au NP forms cisplatin 1,2-d(GpG)

intrastrand crosslinks with nuclear DNA, as demonstrated by a monoclonal anti-

body assay.

3.4.4

Delivery of Pt(IV) Compounds Targeting Cancer Cell Metabolism

We have developed a Pt(IV) compound, c,t,c-[Pt(NH3)2(O2CCHCl2)2Cl2] (mitapla-

tin) (Figure 3.9), in which two dichloroacetate (DCA) units are appended to the

axial sites of a six-coordinate Pt(IV) center [71]. The dichloroacetate ion is a kinase

inhibitor [72]. It stimulates the activity of the mitochondrial enzyme pyruvate

Figure 3.8 Attachment of a platinum(IV) compound to an

amine-functionalized DNA-Au NP surface via amide linkages

(Pt-DNA-Au NP).
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dehydrogenase (PDH) by inhibiting pyruvate dehydrogenase kinase (PDK). DCA

thus shifts the cellular metabolism from glycolysis to glucose oxidation, which

decreases the mitochondrial membrane potential, or Dcm. This activity helps to

open mitochondrial transition pores (MTPs), thus facilitating translocation of

proapoptotic mediators like cytochrome c (cyt c) and apoptosis inducing factor

(AIF), which stimulates apoptosis. Lactic acidosis is the common state of meta-

bolism in cancer cells, which rely on glycolysis rather than glucose oxidation for

their energy requirements. Healthy cells that become damaged are typically killed

by apoptosis, which involves mitochondria, but this mechanism fails in cancer.

Apoptotic resistance arises by hyperpolarization of the mitochondrial membrane,

which prevents release of pro-apoptotic mediators from mitochondria to the cy-

toplasm. With the ability to decrease the Dcm, DCA drives cancer cells to commit

cellular suicide, or apoptosis. Unlike most other anticancer agents, DCA does not

appear to have any deleterious effect on normal cells. Once inside the cell, DCA is

released as the Pt(IV) center in mitaplatin is reduced to Pt(II) in the form of

cisplatin. Thus mitaplatin attacks mitochondria as well as the nuclear DNA

selectively in cancer cells. We established that the cytotoxicity of mitaplatin is

comparable to that of cisplatin in several cancer cell lines. We investigated the in
vitro selective killing of cancer cells by mitaplatin in a co-culture with normal

fibroblasts and demonstrated that mitaplatin is also active against cisplatin

Figure 3.9 Dual targeted action of mitaplatin on cancer cells.
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resistant cancer cells. In the co-culture study, a mixture of one equivalent of cis-

platin and two equivalents of DCA, the stoichiometric composition released upon

intracellular mitaplatin reduction, killed both the normal fibroblasts and cancer

cells. The reason for the inability of this mixture to selectively kill cancer cells,

which differs from the results with mitaplatin, bears further investigation.

3.5

Concluding Remarks

The long trail leading from the discovery of the cytostatic properties of cisplatin to

its activity as an anticancer drug to the development of new platinum constructs

and incorporation into delivery vehicles demonstrates how fundamental know-

ledge of platinum chemistry and the molecular mechanism of a drug can even-

tually generate attractive new candidates for platinum-based cancer therapy. The

goal of developing new platinum compounds with improved efficacy and toler-

ability is challenging. Efforts to find platinum complexes with improved profile

will continue. Options under investigation include a focus on improving delivery

mechanisms of existing platinum drugs. A valuable strategy for cancer therapy will

be to link existing platinum compounds to targeting moieties to boost their uptake

to cancer cells. Finally, the marriage of the inherent potency of cisplatin with

factors that take advantage of specific cancer cell metabolic pathways, exemplified

by mitaplatin, offers an additional powerful strategy that is only in its infancy.
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4

New Trends and Future Developments of Platinum-Based

Antitumor Drugs

Xiaoyong Wang and Zijian Guo

4.1

Introduction

Platinum-based antitumor drugs have a strong impact on cancer chemotherapy

and constitute a cornerstone for the treatment of various solid tumors such as

genitourinary, colorectal, and non-small cell lung cancers [1–5]. One of the leading

antitumor drugs, cisplatin, has been used for more than three decades in standard

chemotherapy regimens either as single drug or in combination with other cyto-

toxic agents or radiotherapy [6]. The efficacy of cisplatin, however, has been greatly

hampered by drug resistance and severe side effects [7]. Many tumors display

inherent resistance to cisplatin while others develop acquired resistance after in-

itial treatment [8], and metastasis cancers lack response to it [9]. In addition, high

systemic toxicities of cisplatin like nephrotoxicity, neurotoxicity, ototoxicity,

and emetogenesis compel the patients to suffer from serious disorders or injuries

[10–12].

The imperfection of cisplatin produced a forceful impetus to develop novel

platinum-based antitumor drugs. Over the last 30 years, thousands of platinum

compounds have been prepared and screened as potential antitumor drugs [13].

Among these candidates, five new drugs, that is, carboplatin, oxaliplatin, neda-

platin, lobaplatin, and heptaplatin, have entered the clinical treatment (Figure 4.1),

and about ten other complexes are undergoing clinical trials [14, 15]. Each of them

possesses some properties that are not evinced by cisplatin. For example, neda-

platin has a chelating leaving ligand and the mechanism of action is similar to that

of cisplatin [16], but the agent appears to be less nephrotoxic and neurotoxic than

cisplatin and carboplatin [17]. Oxaliplatin forms much lower levels of total DNA

adducts and crosslinks, but its cytotoxicity is no less than that of cisplatin; in ad-

dition, oxaliplatin can overcome cisplatin resistance in murine L1210 cells and

colorectal cancer cells [18]. However, since most of these newcomers are structural

congeners of cisplatin, with two ammine or amine donor groups and two anionic

leaving groups in a cis geometry, some defects of cisplatin are inherited [19].
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To overcome the resistance and improve the pharmacological properties of the

currently used platinum drugs, continuing research for new platinum complexes

is inevitable. Platinum complexes with totally different structures from those of

cisplatin and its analogs provide many opportunities for finding antitumor drugs

with different mechanisms of action [20, 21]. Such complexes may exhibit favor-

able properties like broader antitumor spectrum and distinctive cytotoxic profiles;

they may also overcome the resistance pathways that have evolved to eliminate the

cisplatin-like drugs. In view of these potential merits, platinum complexes that

bind to DNA in a fundamentally different mode than cisplatin have evoked a

particular interest in recent years [22, 23].

Since drug resistance is a major limitation to the clinical efficacy of platinum

drugs, the most important feature of nonconventional platinum drugs should be

the capability of overcoming cellular resistance. In fact, many newly designed

platinum complexes exhibit a narrower range of resistance and improved anti-

tumor properties in comparison to existing platinum drugs [24]. The antitumor

mechanisms of platinum complexes, especially the information on DNA binding

modes and DNA damage repair, are of great importance for the rational design of

new compounds. For this reason, considerable attention has been paid to the

cellular reactions associated with platinum drugs and molecular mechanisms

underlying the resistance and sensitivity of different tumors. The knowledge

Figure 4.1 Platinum-based antitumor drugs used globally

(cisplatin, carboplatin, oxaliplatin) or regionally (nedaplatin,

lobaplatin, heptaplatin) in chemotherapy.
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acquired from these studies offers the prerequisite for the design and modification

of platinum-based antitumor drugs.

This chapter focuses on the recent development of novel platinum complexes

that may contribute to improve the efficacy of platinum-based chemotherapy.

Special emphasis is given to the development of monofunctional platinum(II)

complexes, multinuclear platinum(II) complexes, trans-platinum(II) complexes,

and platinum(IV) complexes. The structure and mode of action of these complexes

are fundamentally different from those of cisplatin. Since the pharmacological

properties are crucial factors germane to the multifactorial nature of clinical re-

sistance, drug delivery strategies and approaches aimed at optimizing the current

platinum-based therapy are also included in this chapter. To help readers ap-

preciate the originality behind the development, molecular alterations of tumor

cells that are associated with resistance to platinum drugs will also be discussed

briefly before the main theme. Since many valuable reviews and books on this

topic have appeared over the years, the materials of this chapter have been sourced

exclusively from the literatures after 2003.

4.2

Mechanisms of Action and Resistance

4.2.1

Mechanism of Action

The major mechanism of action for cisplatin involves intracellular activation

through aquation to monoaqua species, and subsequent covalent binding to DNA

purine bases, forming DNA adducts [25]. These adducts cause distortions in

DNA, including unwinding and bending, which are recognized by several cellular

proteins such as the DNA mismatch recognition protein hMSH2 and the DNA

damage recognition protein HMG1 [26]. The DNA adducts impede cellular pro-

cesses such as replication and transcription and, in some cases, trigger prolonged

G2 phase cell cycle arrest; they also activate several signal transduction pathways

that control cell growth, differentiation, and stress responses, involving proteins

such as ATR (ataxia telangiectasia mutated and RAD3-related protein), p53, p73,

JUN amino-terminal kinase (MAPK8), and p38 mitogen activated protein kinase

(MAPK14) [27, 28]. The final cellular outcome is generally apoptotic cell death [29].

Most platinum–DNA bindings occur on the same DNA strand and involve bases

adjacent to one another, namely, 1,2-d(GpG) (60–65%) and 1,2-d(ApG) (20–25%)

intrastrand adducts or crosslinks. Other less frequently produced adducts are

1,3-d(GpNpG) intrastrand crosslinks (about 2%) and monofunctional adducts

on guanines (about 2%). In addition, around 2% of adducts involve guanines on

opposite DNA strands, that is, G–G interstrand crosslinks [14]. Nuclear proteins

that uniquely recognize such interstrand crosslinks have been identified recently

[30]. More information about the cellular uptake of platinum complexes and the

interactions of cellular proteins with platinum–DNA adducts as well as the effects
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of these adducts on proteins that are involved in various DNA-related processes

have been discussed comprehensively in the literature and elsewhere in this book

[6, 9, 31, 32]. However, the pathways from platinum–DNA binding to apoptosis

remain unclear; and the questions about how platinum drugs enter cells and how

platinum–DNA damage initiates various cellular signaling pathways remain un-

settled [33, 34].

4.2.2

Mechanism of Resistance

Multiple mechanisms have been proposed to elucidate the cellular resistance to

cisplatin and its analogs in preclinical models. There are four representative me-

chanisms: (i) decreased drug accumulation or increased drug efflux; (ii) increased

detoxification of the drug by thiol-containing molecules within the cells; (iii) en-

hanced repair and increased tolerance to DNA damage; and (iv) changes in mo-

lecular pathways involved in the regulation of cell survival or cell death [7, 35, 36].

These mechanisms are schematically shown in Figure 4.2 and will be expounded

in the following sections.

4.2.2.1 Decreased Drug Accumulation

In tumor cells with acquired resistance to cisplatin, reduced platinum accumulation

in comparison to the parental cells is a frequent observation. Thus, resistance to

cisplatin is partly related to the cellular influx and efflux mechanisms of the drug.

Figure 4.2 Key events of cellular resistance to platinum-

based antitumor drugs; see text for details.
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In principle, the influx and efflux of platinum drugs can regulate the accessibility to

the target DNA and affect the pattern of cytotoxicity. In recent years, the copper

transporter-1 (CTR1), a major plasma membrane transporter involved in copper

homeostasis, has been shown to play a role in the influx of platinum drugs [37–39].

However, studies on drug-CTR1 interactions using model peptides show that cis-

platin and its analogs lose all the ligands when bound to the Met rich sequences of

the peptides [40, 41]; therefore, it is debatable whether platinum drugs are

transported through such a pathway. Efflux proteins that are involved in copper

transport, that is, the ATPases ATP7A and ATP7B, have also been shown to

modulate the efflux of these drugs [42]. Nevertheless, as noted above, the under-

lying molecular mechanism by which platinum drugs enter cells remains poorly

defined. Although different platinum drugs share some of the influx/efflux

transporters, the molecular determinants of uptake and export are only in part

overlapping. For example, contrary to cisplatin and carboplatin, the accumulation

of oxaliplatin is not dependent on CTR1 at high concentrations [37]. In addition,

cisplatin can enter cells through passive diffusion and facilitated diffusion. In

cisplatin-resistant cells, platinum accumulation seems dependent on the lipo-

philicity of the drug, and an increased lipophilicity appears to favor the accumu-

lation [43]. Therefore, the lipophilicity of a platinum drug may be a key factor to

bypass the resistance.

4.2.2.2 Increased Detoxification

Plentiful evidence implies that increased cytoplasmic thiol-containing species are

causative factors of resistance to cisplatin or carboplatin. Sulfur-containing bio-

molecules such as glutathione (GSH), metallothionein (MT), cysteine (Cys), and

methionine (Met) are closely associated with the mechanism of resistance because

of their high affinity for the Pt(II) ion. Platinum–sulfur interactions can sig-

nificantly influence the cellular fate of platinum drugs [44]. The principal reaction

products of platinum drugs with GSH have been identified as either mono-

coordinated Pt-GS or bridged Pt-GS-Pt complexes (GS ¼ deprotonated GSH)

[45–48]. Formation of these complexes would reduce the amount of intracellular

platinum available for interaction with DNA and protect dividing cells from cis-

platin toxicity. The conjugation of cisplatin with GSH might be catalyzed by

glutathione S-transferases (GSTs). This process makes cisplatin more readily

exported from cells by an ATP-dependent glutathione S-conjugate export (GS-X)

pump [49]. In cell nucleus, GSH can quench platinum–DNA monoadducts before

the formation of intrastrand crosslinks. In addition, some studies involving tumor

biopsies from patients show that the GSH metabolic pathway is directly involved

in the detoxification or inactivation of platinum drugs, and thus plays a role in

the acquired and inherited resistance to these drugs [50]. Increased levels of the

Cys-rich MTs have also been shown to induce resistance to cisplatin [51, 52].

4.2.2.3 Enhanced Repair and Increased Tolerance to DNA Damage

Enhanced DNA repair is another factor that may contribute to resistance to

platinum drugs [27]. Many cisplatin-resistant cell lines from various tumor types
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have shown increased DNA-repair capacity in comparison to their sensitive

counterparts [53]. Nucleotide excision repair (NER) is the major pathway to remove

cisplatin lesions from DNA. In particular, the expression of the excision repair

cross complementing-group 1 (ERCC1) protein has been correlated with re-

sistance to platinum drugs [54]. For example, the suppression of ERCC1 expres-

sion by small interfering RNAs can decrease NER of cisplatin-induced DNA

lesions and enhance cellular sensitivity to cisplatin [55]. In some cases, a poly-

morphism of ERCC1 might occur; this is associated with reduced translation of

the gene and improved response to platinum-based chemotherapy [56].

Increased tolerance to DNA damage also plays a central role in platinum drug

resistance, which can occur through loss of function of the mismatch repair

(MMR) pathway [57]. Platinum drugs interfere with normal MMR activity and

prevent a repair from being completed, and thereby lead to an apoptotic response.

In this framework, the MLH1 and MSH2 genes seem to be particularly important.

When MMR is deficient, cells can continue to proliferate despite DNA damage

caused by platinum drugs, and consequently result in drug resistance [58]. Loss of

this repair pathway leads to low-level resistance to cisplatin and carboplatin [28]. A

clinical study shows that dysfunction of the MMR pathway through methylation of

the hMLH1 gene after chemotherapy predicts poor survival for ovarian cancer

patients [59]; while other data show no correlation with intrinsic resistance [60].

Another tolerance mechanism to platinum drugs involves enhanced replicative

bypass, where cisplatin–DNA adducts can be bypassed by DNA polymerases b and

Z during a process termed translesion synthesis [61]. Oxaliplatin–GG adducts can

be more efficiently bypassed by polymerases b and Z than cisplatin–GG adducts

[62]. Experiments indicate that inhibition of DNA polymerase Z could increase the

anticancer efficiency of cisplatin [63].

4.2.2.4 Reduced Apoptotic Response and Activation of Survival Pathways

Reduced apoptotic response has been accepted as a feature of tumor cells

exhibiting intrinsic or acquired drug resistance. This feature is frequently asso-

ciated with the tumor suppressor protein p53, which is a nuclear phosphoprotein

involved in the control of cell cycle, DNA repair, and apoptosis [64]. The re-

cognition of cisplatin–DNA adducts by the components of the NER system might

mediate the signal transduction processes and hence activate the p53 pathway and

cell cycle arrest, which allow DNA repair enhancing resistance to cisplatin [65, 66].

Nevertheless, the role of p53 in tumor cells response to cisplatin is yet ambiguous

and depends on the tumor type or circumstance. A dual role may be seen for p53

after exposure to platinum-based treatment, either activating mechanisms that

lead to apoptosis or launching processes directing to DNA repair and cell survival

[67]. The tumor suppressors BRCA1 and BRCA2 may also be associated with ac-

quired resistance to platinum-based chemotherapy. Recently, it has been shown

that acquired resistance to cisplatin in BRCA1- or BRCA2-mutated tumors can be

mediated by secondary intragenic mutations in BRCA1 or BRCA2 that restore the

wild-type BRCA1 or BRCA2 reading frame. The results suggest that such sec-

ondary mutations can mediate resistance to platinum drugs [68, 69]. Apoptosis is
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activated mainly through the ‘‘intrinsic’’ pathway involving depolarization of the

mitochondrial membrane potential. The Bcl-2 protein family consists of several

key regulators of this process and includes pro- and antiapoptotic members [70].

Impaired apoptosis based on overexpression of Bcl-2 and Bcl-xL was shown to

hamper the efficacy of clinically used platinum drugs [71]. Accordingly, the Bcl-2/

Bcl-xL inhibitor ABT-737 can sensitize cancer cells to carboplatin [72].

What we have discussed above mainly belongs to the ‘‘classical’’ resistance

mechanisms. There are also several new molecular factors that have been linked to

platinum resistance; however, their effect on platinum efficacy has been assessed

only in vitro [73, 74]. Despite that, these potential resistance factors are of great

interest since inhibitors of them are currently under development and may

eventually prove useful as a means of reversing platinum resistance.

Overall, the mechanisms of tumor resistance to platinum drugs provide valuable

insights for the rational design of platinum complexes to circumvent the re-

sistance in patients. The development of novel platinum drugs has been pushed

forward by the studies on cellular systems and the search for non-cross-resistant

agents. In practice, the development of lead compounds to bypass any possible

mechanism of resistance is regarded as a major advance. At this point, we turn to

the major theme of this chapter and explain, when possible, how platinum

complexes have been designed to overcome the problems associated with different

mechanisms, based on the above knowledge.

4.3

Monofunctional Platinum(II) Complexes

Monofunctional platinum(II) complexes such as [PtCl(dien)]Cl (dien ¼ diethyle-

netriamine) and [PtCl(NH3)3]Cl were considered to be biologically inactive in early

studies. Furthermore, monodentate binding of such complexes to DNA was be-

lieved to be biologically insignificant because DNA conformation and downstream

cellular processes are hardly affected. However, more recent studies show that some

monofunctional Pt(II) complexes indeed exhibit potent antitumor effects. Interest-

ingly, these active monofunctional complexes share a common feature with one or

two considerably bulky amine ligands, as shown in the following examples.

Cationic monofunctional Pt(II) complex 1 was established long ago to possess

significant antitumor activity in mouse tumor models. Recently it has been found

that this compound is an excellent substrate for organic cation transporters

SLC22A1 and SLC22A2, which are plentifully expressed in human colorectal

cancers and are associated with the uptake of oxaliplatin. Unlike cisplatin or ox-

aliplatin, 1 binds to DNA monofunctionally, but blocks transcription nearly as

efficiently as cisplatin. Although the DNA adducts of 1 can be removed by the NER

apparatus, the process is significantly reduced relative to repair of cisplatin or

oxaliplatin damage. These properties indicate that 1 merits consideration as a

therapeutic option for treating colorectal and other cancers bearing appropriate

cation transporters [75].
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A series of monofunctional Pt(II) complexes of 8-aminoquinoline derivatives

have been synthesized and tested against a wide range of tumor cell lines, in-

cluding human liver (BEL-7402), colon (HCT-116), lung (SPC-A4), non-small-cell

lung (A549), stomach (SGC-7901, MKN-28), epithelial ovary (HO-8910) cancer cell

lines, and human or murine leukemia cell lines (MOLT-4, HL-60, P-388). Complex

2 is the most cytotoxic compound that exhibits significant activity against most of

the cell lines. The IC50 value of 2 in HCT-116, SPC-A4, BEL-7402, and MOLT-4 cell

lines is 0.38, 0.43, 0.43, 0.61 mM, respectively. Even at 6.6 � 10�7 mol L�1, the

inhibition rate to BEL-7402 can reach 75.1%, which is nearly six times higher than

that of cisplatin [76, 77]. High lipophilicity can facilitate the passive uptake of drug

molecules across the lipidic cell membrane and affect the activity of the drugs. In

these complexes, the most cytotoxic compound (2) is also the most lipophilic

complex. It has been shown that the introduction of bulky planar ligands main-

tains the cytotoxicity of Pt(II) complexes while significantly reducing the rate of

deactivation by sulfur-containing molecules. For instance, sterically hindered

complex 3 (ZD0473, picoplatin), a clinical developing candidate aimed at over-

coming resistance mechanisms, has reduced susceptibility to inactivation by thiols

as compared with cisplatin [78]. Therefore, a decrease in reactivity towards GSH is

expected when a bulky 8-aminoquinolyl is introduced into the above complexes.

Indeed, these complexes hardly react with GSH and hence they are likely to cir-

cumvent the resistance caused by detoxification mechanism. Although the exact

mechanism of action remains to be elucidated, our preliminary studies show that

the DNA binding mode of these complexes is radically different from that of

existing platinum drugs because of the monofunctional nature.

Monofunctional complex 4 is characterized by a potent growth inhibitory activity

with mean IC50 of 1.1 mM in human lung (NCI-H460, A549/ATCC), breast (MCF-

7, MDA), colon (HCT-116, KM12, COLO205), and ovary (A2780, 41M, OVCAR-8,

SKOV-3) cancer cell lines, whereas the mean IC50 of cisplatin in this panel is 3.8

mM. In particular, 4 is markedly more effective than cisplatin towards COLO205,

HCT-116, KM12, MDA, and SKOV-3 cancer cells. Beside its remarkable activity

towards the intrinsic cisplatin-resistant SKOV-3 cancer cells, 4 also exhibits

inhibitory activity towards A2780cisR and 41McisR ovarian cancer cells with
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acquired resistance to cisplatin. The resistance factors (IC50 resistant line/IC50

parent line) in A2780cisR/A2780 and 41McisR/41M pairs are 0.6 and 0.7, re-

spectively; by contrast, those for cisplatin are 16 and 4.5, respectively. The results

indicate that the growth inhibitory profile of 4 is different from that of cisplatin

and characterized by a major activity towards cisplatin-resistant tumor cells, thus

pointing to a mechanism of action distinct from that of cisplatin [79].

Platinum–intercalator conjugates are hybrid complexes that interact with DNA

through a dual binding mode, that is, intercalation plus platination [80]. Platinum

–acridinylthiourea conjugates, represented by the prototype 5, are examples [81].

Unlike cisplatin derivatives, 5 damages DNA by a unique mechanism involving

monofunctional platinum binding to guanine (80%) or adenine (20%) and inter-

calation of the acridine moiety into the base pair step adjacent to the site of

platination, instead of forming crosslinks [82–84]. More importantly, 5 appears to

be the first monofunctional platinum-based agent that targets the minor groove of

B-form DNA and leads to the platination of adenine-N3 situated there [85]. The

structural perturbations in DNA produced by these adducts do not mimic those

induced by cisplatin [86]. Furthermore, these DNA minor groove adducts can

inhibit the association of human TATA binding protein (hTBP), which may be

critical for transcription initiation [87]. Compound 5 shows a strong in vitro cy-

totoxicity against a broad range of tumor cell lines similar or superior to that of

cisplatin, particularly against non-small-cell lung cancer (NSCLC) cell lines of

different genetic backgrounds [88–90]. Unfortunately, the in vitro cytotoxicity did

not translate into the in vivo inhibition of tumor growth. Hence, different mod-

ifications were made to seek more applicable candidates from the derivatives [91,

92]. Recently, it was found that the substitution of the thiourea with an amidine

group could dramatically affect the chemical reactivity and biological activity

of this type of conjugates. Complex 6 proved to be a more efficient DNA binder

than 5 and induces adducts in sequences not targeted by the prototype. Complexes

6 and 7 inhibit NSCLC (H460) cells with IC50 values of 28 and 26 nM, respectively,

and 7 slows tumor growth in a H460 mouse xenograft study by 40% when ad-

ministered at a dose of 0.5 mg kg–1 [93]. By far, 7 is the first non-crosslinking

platinum agent able to slow progression of NSCLC in vivo. Moreover, the reactivity

of 6 with N-acetylcysteine is considerably reduced as compared to that of 5, which
may contribute to its superior potency in vitro and in vivo [94]. Nevertheless, the
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toxicity of these new hybrid agents is relatively high in animals, and therefore

additional structural modifications are still needed.

Another group of platinum–intercalator conjugates is exemplified by complexes 8
and 9. These monofunctional Pt(II) complexes, like 5�7, possess only one ex-

changeable chloride ligand, and display enhanced cytotoxicity as compared with

cisplatin in human breast (MCF-7), human lung (A549), murine leukemia (P388),

cisplatin-sensitive human ovarian (A2780), and cisplatin-resistant human ovarian

(A2780cisR) cancer cell lines. In the MCF-7, A549 and P388 cell lines, the percentage

of cell growth inhibition at 10 mM is in the order: cisplatino 8o 9, indicating that the
integration of the intercalator into a polyaza macrocyclic ligand helps to improve

the efficiency of the complex. In addition, 8 and 9 are more potent against A2780cisR

cells, and more effective in penetrating cell membranes than cisplatin [95].

The above examples demonstrate that monofunctional Pt(II) complexes re-

present a new class of antitumor agents that do not comply with the classic

structure–activity relationships of platinum complexes but still possess high cy-

totoxic activity against tumor cells. A recent study performed in cell-free media

indicated that enhancement of the bulkiness of the dien ligand in monofunctional

[Pt(NO3)(dien)]
þ by multiple methylation dramatically influences the biophysical

properties and biochemical processes of DNA. This finding strongly supports the

hypothesis that monodentate DNA binding of Pt(II) complexes could considerably
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affect the properties of DNA and consequently downstream cellular processes as a

result of a large increase in the bulkiness of the non-leaving ligands [96]. In short,

monofunctional Pt(II) complexes merit more intensive research, which may

provide new opportunities to obtain promising antitumor drugs.

4.4

Trans-Platinum(II) Complexes

Platinum complexes of trans geometry were believed to be inactive previously be-

cause they are not able to form 1,2-intrastrand crosslinks, and thereby are unable to

inhibit DNA replication and transcription effectively [97]. Moreover, trans-
[PtCl2(NH3)2] (transplatin) is kinetically more reactive than cisplatin, which may

contribute to its deactivation by sulfur-containing molecules [98, 99]. However, later

evidence revealed that different types of adducts such as 1,3-intrastrand and inter-

strand crosslinks can also be cytotoxic. Accordingly, in the last decade, large num-

bers of trans-platinum complexes have been prepared and many have shown

significant antitumor activity in preclinical models [100]. Transplatin induces

monoadducts that may be repaired or undergo further rearrangements to form

DNA–DNA crosslinks as well as DNA–protein crosslinks; and it also forms inter-

strand crosslinks between guanine and cytosine of double-stranded DNA, but such

crosslinks do not change the stability and structure of DNA significantly [101]. In-

terestingly, recent results indicate that transplatin is almost as cytotoxic as cisplatin

toward HaCaT keratinocytes and A2780 ovarian cancer cells after irradiation by

UVA light. Irradiation can activate both chloride ligands of transplatin, and greatly

enhance formation of DNA interstrand crosslinks and DNA–protein crosslinks,

which may largely account for the cytotoxicity of photoactivated transplatin [102].

Substitution of NH3 in transplatin by a range of amines markedly enhances the

cytotoxicity of this complex to a level equal to or better than that of cisplatin in

many cases. The nature of the amine is a determinant for the properties of the

bifunctional intrastrand and interstrand DNA adducts formed by transplatin de-

rivatives. In fact, DNA adducts and cellular events induced by antitumor-active

trans-platinum complexes are different from those of cisplatin and transplatin

[103, 104]. The cytotoxicity for various series of trans-platinum complexes has been

well summarized recently [105, 106]. In general, most complexes display cyto-

toxicity in the micromolar (1�20 mM) range and consistently display cytotoxicity in

cisplatin-resistant cells. Enhancement of cytotoxicity by replacement of NH3 is a

general phenomenon. In this part, we discuss three different classes of mono-

nuclear trans-platinum(II) complexes: those with imino ligands, aromatic amine

ligands, and aliphatic amine ligands.

The replacement of ammine ligands by iminoether in transplatin potentiates

significantly the cytotoxic activity, including activity against cisplatin-resistant tu-

mor cells. For instance, complex 10 shows cytotoxicity comparable to that of cis-

platin, and can circumvent the cisplatin resistance of A2780/cp8 cells. This

complex forms mainly monofunctional adducts at guanine residues on DNA,
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which are not recognized by HMGB1 proteins and are readily removed from DNA

by the NER system. These monofunctional adducts readily form crosslinks with

proteins, which promote the termination of DNA polymerization by DNA poly-

merases in vitro and inhibit the removal of adducts from DNA by NER. The DNA–

platinum–protein ternary crosslinks could persist longer than the non-crosslinked

monofunctional adducts, which may potentiate the toxicity of 10 toward tumor

cells. Thus, such ternary crosslinks may represent a unique feature of the me-

chanism underlying the antitumor effects of 10 [107].

For platinum–iminoether complexes, the antitumor activity could be affected by

the ligand configuration. To avoid the isomerization between (Z)- and (E)-con-
figurations of the iminoether ligands, cyclic ligands mimicking the stereo-

chemistry of (Z)- and (E)-iminoethers were used to modify the structure of

transplatin. In a panel of human tumor cell lines (ovary, colon, lung, and breast),

11 and 12 exhibit much higher cytotoxicity than transplatin and the corresponding

platinum–iminoether complexes. More importantly, these complexes partially

circumvent the cisplatin resistance of A2780cisR cells, and largely overcome the

resistance of 41McisR cells. The interaction of DNA with 11 or 12 appears to be

characterized by the formation of persistent monoadducts [108].

Substitution of acetonimine for one or two ammine ligands dramatically in-

creases the antitumor activity of transplatin. For example, trans complexes 13 and

14 are more active than transplatin in a panel of human tumor cell lines re-

presentative of ovarian, colon, lung, and breast cancers; moreover, they are able to

circumvent, at least partially, the cisplatin resistance of ovarian cell lines

A2780cisR and 41McisR [109].

Mechanistic studies show that the cellular uptake of trans-platinum complexes

containing at least one aromatic N-donor heterocycle is greater than that of

transplatin, and these complexes are less reactive towards detoxifying biomole-

cules such as GSH. Complex 15 exhibits cytotoxic activity against MCF-7 and

A2780 cancer cells. The complex induces DNA strand breakage and DNA–protein

crosslinks in both cell lines; in addition, it interferes with topoisomerase I in the

tumor cells, which is a function not evident in cis-platinum complexes. However,

15 is a poor apoptotic inducer in these cells [110]. Analyses of short DNA duplexes

containing the single, site-specific monofunctional adduct of 15 show that the
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adduct inhibits DNA synthesis and creates a local conformational distortion si-

milar to that produced in DNA by the 1,2-GG intrastrand crosslink of cisplatin.

The monofunctional adduct of 15 can be recognized by HMGB1 domain proteins

and removed by the NER system as happened to cisplatin [111]. Modification of

DNA by 15 leads to mono- and bifunctional intra- or interstrand adducts in

roughly equal proportions. Moreover, bifunctional crosslinks behave differently

from the major intrastrand adduct of cisplatin, in that 1,3-intrastrand crosslinks of

15 are not recognized by HMG-domain proteins and are not removed by NER.

These results suggest that the cytotoxicity of 15 may be a sum of contributions

made by all the multiple DNA lesions [112].

Complexes 16 and 17 are also characterized by a planar aromatic heterocyclic

amine ligand in the position trans to NH3, and are more cytotoxic than cisplatin

against the cisplatin-resistant A2780cisR and human leukemia cancer cell line

HL-60 [113, 114]. Complex 17 forms stable intrastrand and interstrand crosslinks

with DNA, which distort DNA conformation in a unique way and cause local DNA

unwinding. DNA adducts of 17 also reduce the affinity of the tumor suppressor

protein p53 for its consensus DNA sequence, which results in downstream effects

related to p53 protein differing from those induced by transplatin. Further, 17
induces HL-60 cell death mainly through apoptosis (W80%) while cisplatin only

reaches 50%. These differences may contribute to the distinct antitumor activity

of 16 and 17. However, the isomers of 17, with 2-hydroxymethylpyridine or

3-hydroxymethyl-pyridine as ligand, are inactive [115, 116].

In recent years it has been proved that the replacement of halide ligands in

various trans-platinum complexes by carboxylate ligands not only makes the

complexes more water soluble but also enhances their stability toward hydrolysis.

For example, trans-planar amine acetate complexes show increased aqueous so-

lubility and slow hydrolysis rates that may lead to more desirable behavior in vivo.
In addition, the biological profiles for these trans-complexes indicate a lack of

cross-resistance in tumor cells resistant to cisplatin or oxaliplatin [117]. Complexes

18–20 are the first water-soluble cytotoxic trans-platinum(II) complexes containing

a [N2O2] donor set with planar amines. These compounds are more cytotoxic

against many cisplatin-resistant human ovarian cancer cell lines than against the

parent cisplatin-sensitive cell lines (A2780, CH1, 41M) [118]. Water-soluble com-

plexes 21 and 22 are highly cytotoxic against murine keratinocytes cell lines Pam

212/Pam 212-ras and human ovarian cancer cell lines 41M/41McisR. These

complexes induce cell death through the apoptosis pathway and exhibit high levels

of DNA platination in Pam 212-ras cells at concentrations five times lower than

cisplatin. The amount of platinum bound to DNA relative to the platinum input is
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significantly higher for 21 and 22 than for cisplatin. The presence of two lipophilic

picoline ligands in 21 and 22 may favor their transport through the cells and

nuclear membranes and result in higher intracellular accumulation as compared

with complexes having mixed picoline and ammine ligands [119]. Asymmetric

trans-platinum(II) complexes 23 and 24 show high in vitro cytotoxicity in cisplatin-

sensitive mouse leukemia L1210 cell line, and largely retain the activity in cis-

platin-resistant L1210R cell line. However, the reactivity of the complexes towards

DNA nucleobases is reduced significantly [120].

The aqueous solubility of complexes 25 and 26 is better than their dichlorido

counterparts and is dependent on the steric hindrance of the heterocycle as well as

the carboxylate group. As a result, the solubility decreases in the order 25a W 25b
W 25c W 26a W 26b. The hydrolysis rates of these carboxylate complexes follow

the same pattern as the solubility. All the complexes exhibit cytotoxic activity in

A2780 cells in the micromolar range. The most cytotoxic complex is 25a, which is

also the most soluble and hydrolabile compound of the series. The cytotoxicity of

the carboxylate complexes follows the order 25a W 25b W 25c, suggesting that the

nature of the carboxylate leaving group is related to the cytotoxicity; while that of

the acetate complexes follows the order of 25c o 26a o 26b, suggesting that the

steric hindrance of the methyl group can influence cytotoxicity (4-picW 3-picW 2-

pic), with the more sterically hindered 2-pic complex being the most cytotoxic of

the type [117].
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Replacement of both ammine groups in transplatin by one planar amine and

one aliphatic amine leads to complexes 27 and 28 that have a higher cytotoxicity

against A2780/A2780cisR and CH1/CH1cisR cancer cells than cisplatin. The

major merit of these complexes might be their potent cytotoxicity in cancer cell

lines resistant to cisplatin. These complexes mainly form stable intrastrand

crosslinks with DNA; however, they also generate interstrand crosslinks and

mono-adducts. The reaction rate of 27 and 28 with DNA is somewhat faster

than that of cisplatin and transplatin, and the DNA binding mode is also dif-

ferent as compared with transplatin and other analogs in which only one am-

mine group is replaced. In addition, the monofunctional DNA adducts of 27 and

28 are quenched by GSH to a considerably less extent than are the adducts

of transplatin, which may potentiate their cytotoxic activity [121]. Similarly,

asymmetric trans-platinum(II) complexes containing an isopropylamine ligand

trans to an azole ligand (pyrazole, 1-methylimidazole, and 1-methylpyrazole) also

possess cytotoxicity comparable to cisplatin against a panel of human tumor cell

lines, and largely retain the activity in the cell line resistant to cisplatin

(A2780cisR) [122].

The hydrophobic character of the ligands could help platinum complexes to

cross cellular membranes and modify their intracellular accumulation. Gen-

erally, trans-platinum complexes with bulky ligands have lower water solubility

than their cis counterparts, but this can be improved by using cyclic amine

ligands. Complex 29 has significant cytotoxicity against A2780/A2780cisR, 41M/

41McisR, and CH1/CH1cisR cell lines, especially the cisplatin-resistant A2780cisR

cell line. Interestingly, the corresponding 2-, 3-, and 4-methylpiperidine complexes

are less effective than 29 [123]. Unlike cisplatin, this complex forms mainly stable

1,3-GNG intrastrand crosslinks rather than 1,2-intrastrand crosslinks with DNA.

In contrast with the 1,2-intrastrand crosslinks formed by cisplatin, the 1,3-GNG

intrastrand crosslinks cannot be recognized by HMG1 proteins and hence cannot

be removed efficiently from DNA by the NER system [124]. Complexes 30 and 31
also form 1,3-GNG intrastrand crosslinks that are more stable than the corre-

sponding lesions induced by transplatin in double helical DNA. In addition, they

induce more interstrand crosslinks with DNA in comparison to cis- and trans-

platin, which may be responsible for their high activity in tumor cells [125, 126].
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Substitution of bulkier ligands for ammines in transplatin could produce

complexes with higher in vitro antitumor activity, particularly towards cisplatin-

resistant tumors and, in some cases, impart significant in vivo activity. Theore-

tically, the bulky ligands can retard substitution reactions of the chloride leaving

groups, hence reducing the kinetic instability of transplatin. For example, trans-
[PtCl2(2-butylamine)(PPh3)] is more active than cisplatin against the Pam 212-ras
cells, which are cisplatin-resistant through overexpression of H-ras oncogene

[127]. Platinum complexes with PPh3 (32) or PMe2Ph (33) in trans configuration

to NH3 or aliphatic amines show potent antitumor activity in ovarian carcinoma

cell lines SKOV-3, CH1, CH1cisR, and Ewing’s sarcoma cell line SR2910, and

their IC50 values are better than those for cisplatin and other trans-platinum
complexes. Moreover, the toxicity in the normal cell line IMR90 is low and the

intrinsic resistance to cisplatin in SKOV-3 and CH1cisR cell lines can be over-

come. Complexes 32 and 33 induce apoptosis without G2/M and G1 accumu-

lation, suggesting the mechanism of action is different from that of cisplatin.

The presence of phosphine group in the complexes would enhance their lipo-

philicity and help to cross the cytoplasmic membrane, leading to more Pt

binding to DNA. Meanwhile, the alteration in the amines also influences the

cytotoxicity [128].

Trans-platinum(II) complex 34 has been assayed for its antiproliferative effect

against the human colorectal adenocarcinoma HT29 cell line and the human non-

small cell lung cancer A549 cell line as well as normal human peripheral blood

lymphocytes. This complex demonstrates substantial cytotoxic activity against can-

cer cells and exerts weak influence on normal cells. Although the mechanism of

action has not been elucidated, the presence of bulky substituents at the coordinated

pyridines may contribute to the antiproliferative efficacy. Interestingly, 34 is

more potent than its cis isomer [129]. Trans-platinum(II) complex 35, bearing

the even bulkier ligand oxadiazoline, also exhibits potent in vitro cytotoxicity in
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cisplatin-sensitive cell lines as well as cisplatin- and carboplatin-resistant cell lines,

including ovarian cancer cell lines (PEO1, PEO1cisR, PEO1carboR, SKOV-3), colon

cancer cell line (SW948), and testicular cancer cell line (N-TERA). This complex

seems to differ from cisplatin and carboplatin in how it affects the cell cycle [130].

In complex 36, replacement of one ammine of transplatin with 4-

piperidinopiperidine significantly enhances the cytotoxicity. Studies with three

pairs of cisplatin-sensitive and -resistant human ovarian cancer cell lines (A2780/

A2780cisR, 41M/41McisR, CH1/CH1cisR) and colon cancer cells (C-26) showed

that 36 is more potent than cisplatin in all the cisplatin-resistant cell lines and is

nearly as cytotoxic as cisplatin against colon cancer cells. In the A2780 and

A2780cisR tumor xenograft model mice, 36 is less efficacious than cisplatin; while

in C-26 tumor-bearing mice, 36 has an efficacy comparable to that of cisplatin

[131].

The replacement of one ammine group by 2-methylbutylamine or sec-
butylamine ligand in transplatin (37 and 38) radically increases its activity in

tumor cell lines sensitive (A2780, CH1) or resistant (A2780cisR, CH1cisR) to

cisplatin. This replacement also markedly alters the DNA binding mode of

transplatin and reduces the efficiency of repair systems to remove the Pt-DNA

adducts of these complexes. Therefore, modification of the ineffective transplatin

by aliphatic amine ligands may increase the efficiency to form DNA interstrand

crosslinks and activate the trans-platinum(II) complexes to exert cytotoxic effect

even on cisplatin-resistant cell lines [132].

The cytotoxic activity of the trans-platinum(II) complex 39 against A2780/

A2780cisR, SKOV-3, and cisplatin-resistant human colon adenocarcinoma

(SW480) cell lines was determined recently. This lipophilic complex is at least

as cytotoxic as cisplatin towards these cells, while parent transplatin is markedly

less potent than cisplatin. The DNA binding mode of 39 differs remarkably

from that of ineffective transplatin. A notable feature of 39 is the capabi-

lity to circumvent both acquired (A2780cisR) and intrinsic (SW480) cisplatin

resistance. Consistent with the lipophilic character of the complex, its total

accumulation in A2780 cells is considerably greater than that of cisplatin. In

addition, the rate of reaction with GSH is lower than that of cisplatin and
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transplatin, which seems to be an important determinant of the cytotoxic effects

of the complex [133].

4.5

Multinuclear Platinum(II) Complexes

Multinuclear platinum complexes containing polyamine linkers of variable chain

length represent a novel class of antitumor agents with pharmacological profiles

different from those of currently used mononuclear platinum drugs. These

complexes have more than one platinum centers with either cis or trans geome-

tries and bind to DNA in a manner different from that of cisplatin. For instance,

the BBR series of multinuclear complexes react with DNA more rapidly than

cisplatin and produce characteristic long-range inter- and intrastrand crosslinked

DNA adducts [134, 135]. It is generally believed that platinum complexes forming

crosslinks different from cisplatin-DNA adducts would be recognized differently

by cellular proteins and thereby have the potential to induce cell death via distinct

pathways [136]. One of the first generation multinuclear Pt(II) complexes, 40
(BBR3464), even entered Phase II clinical evaluation in 2000. Unfortunately, this

agent is not effective in patients with various cancers and is poorly tolerated by

patients; thus, the trials have been stopped recently [137–140].

The second-generation multinuclear platinum complexes 41 (BBR3571) and 42
(BBR3610) contain two platinum units and a polyamine to replace the central

platinum unit in 40. These dinuclear complexes in general display activity profiles

similar to those of 40, with the cytotoxicity being dependent on the nature of the

bridging polyamine. Complexes 41 and 42 are 20 and 250 times, respectively, more

effective than cisplatin in LNZ308 and LN443 glioma cells in culture and animal

models. In subcutaneous xenografts of U87MG glioma cells, 42 is more effective

than 40, 41, and cisplatin, in that it significantly extends survival and nearly

doubles the time needed for the tumor to reach a predetermined size. These

complexes induce predominantly G2/M cell cycle arrest in glioma cells, while

cisplatin induces apoptosis. This is the first direct evidence that the cellular re-

sponse to multinuclear platinum complexes is distinct from that to cisplatin, al-

though they seem to share the same signal transduction pathways [141]. In

addition, 42 kills HCT-116, DLD1, SW480, and HT29 colon cancer cells more

efficiently than 40, cisplatin, or oxaliplatin. Compound 42 kills colon cancer cells
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via a caspase 8-dependent pathway, which can be enhanced by epidermal growth

factor receptor (ERBB1) or phosphatidylinositol 3 kinase (PI3K) inhibitors [142].

Mechanistic studies with different phospholipids show that both non-covalent and

covalent interactions are involved in the reactions of the positively charged plati-

num complexes with the negatively charged phospholipids. This suggests that the

complexes interact not only with the phosphate head-group but also with the re-

gion of the fatty acid tail of liposomes and finally change the fluidity of the

membrane. For this reason, their binding with the liposomes is significantly

stronger than that of cisplatin [143].

On the other hand, the extraordinary cytotoxicity of the above complexes in the

micro- to nanomolar range may lead to a relatively narrow therapeutic index and

hence limit their clinical application. In an attempt to overcome this problem,

blocked polyamine complexes that are less potent in vitro but are capable of re-

leasing the blocking groups in vivo have been synthesized. Complexes 43 and 44
(BBR3537) are potential prodrugs for complex 41. A time-dependent slow release

of the active species can be achieved through spontaneous, pH dependent hy-

drolysis of the blocking groups. These blocked complexes are about two orders of

magnitude less cytotoxic than the unprotected analogs in ovarian carcinoma cell

lines sensitive and resistant to cisplatin, which confirms the importance of charge

in dictating the cytotoxicity of this series. However, the cytotoxic properties of 43
and 44 do not arise exclusively from the spontaneous release of 41 at physiological

pH. Inherent cytotoxicity and cell line specificity may also contribute to the ac-

tivity. The DNA interstrand crosslinking efficiency of 43 and 44 is 90% and 74%,

respectively, which is higher than that of 41 (33%) and cisplatin (6%) [144]. The

micromolar cytotoxicity of 43 and 44 suggests that their rate of hydrolysis is sui-

table for a useful prodrug. Both complexes also display a reduced affinity for

human serum albumin in comparison to 40 or 41, suggesting that the rate of

hydrolysis may be sufficient to bypass or diminish the possible deactivating re-

actions with plasma proteins [145].
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The dinuclear Pt(II) complex 45 was designed with the aim of combining the

properties of fluorescent anthraquinone intercalators with those of platinum

complexes. A major benefit of these complexes lies in the innate fluorescence of

intercalators that allows the cellular processing of the complexes to be monitored

via fluorescence microscopy. Complex 45 exhibits high cytotoxic activity against

A2780 cells, with the complex with the shortest aminoalkyl chain being the most

active. Different cell lines appear to process the complexes differently. In cisplatin-

resistant A2780cisR cell line, the complexes are sequestered into lysosomes and

display cross-resistance with cisplatin; in cisplatin-sensitive A2780 cell line, how-

ever, this is not observed. The cross-resistance may be due to the high levels of

GSH present in A2780cisR cells, which could deactivate platinum drugs as

mentioned above. Platinum accumulation in lysosomal vesicles may present a

mechanism of resistance different from that of deactivation by GSH, which pro-

vides a plausible explanation for the decreased activity of these complexes in the

A2780cisR cell line [146, 147]. Complex 45 also shows high cytotoxicity in the

U2-OS human osteosarcoma cell line and its cisplatin-resistant U2-OS/Pt subline.

Consistent with the lack of cross-resistance, the cellular processing of 45 is

similar in cisplatin-resistant and -sensitive US-O2 cell lines. This is likely due to

the formation of structurally different DNA-adducts that can evade the DNA repair

mechanism responsible for removing cisplatin adducts. These complexes

enter U2-OS cells quickly and accumulate in the nucleus, thereby reaching the

biological target DNA, and are excreted from the cells via the Golgi apparatus.

The cellular distribution of 45 in the pair of U2-OS and U2-OS/Pt cell lines is

different from that in the pair of A2780 and A2780cisR cell lines, which most likely

results from different resistance profiles in A2780cisR and U2-OS/Pt cells [148].

Based on the same conception, cytotoxic dinuclear platinum complexes of ali-

phatic diamines modified with a fluorogenic reporter (carboxyfluorescein diace-

tate) or a hapten (dinitrophenyl) have also been designed to investigate the cellular

distribution and pathways of platinum complexes [149].
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However, multinuclear platinum complexes with 1,1/t,t1 structural motif are sus-

ceptible to decomposition in the presence of sulfur-containing nucleophiles. In other

words, substitution of the chloride ligands by the sulfur donors could induce the loss of

the di/polyamine linker because of the trans-influence [150]. This degradation de-

creases the bioavailability of the drugs and increases the amounts of toxic metabolites

in the body. In contrast, complexes with 1,1/c,c geometry do not undergo breakdown

upon reaction with sulfur nucleophiles. Studies on the reactions between 1,1/c,c

dinuclear platinum complexes and sulfur-containing nucleophiles indicate that, for the

thiol GSH, stable GS-bridged macrochelates are formed and [48], for the thioether

N-acetyl-L-methionine, several dinuclear platinum compounds are generated and slow

loss of NH3 is observed [151]. Thus, 1,1/c,c cis geometry represents an intriguing

template for the development of second-generation multinuclear platinum complexes.

Because positive charge is critical to the cellular uptake, DNA binding, and high an-

titumor activity of the drugs, this feature should be retained in the new complexes.

Dinuclear platinum(II) complexes with 1,2-diaminocyclohexane as the carrier

group, such as 46, are dinuclear analogs of oxaliplatin. Complex 46 contains the

main feature of BBR3610 (42) but with enhanced stability to metabolic deactiva-

tion. There is no labilization of the polyamine linker in the presence of sulfur-

containing species at physiological pH, though metabolism reactions are some-

what dependent on the nature of the polyamine. The presence of the bidentate

amine prevents the trans-influence while the bidentate carrier per se remains in-

tact. This series of dinuclear complexes are expected to mimic the DNA-binding

profile of BBR3464 while minimizing the bridge-deactivating reactions. Currently,

the biological activity of these complexes is unknown [152].

1 ‘‘1,1/t,t’’ and ‘‘1,1/c,c’’: ‘‘1,1’’ refers to the number of leaving groups on each Pt center and ‘‘t,t’’

or ‘‘c,c’’ to the geometry relative to the linker group.
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The 1,1/c,c type of dinuclear monofunctional Pt(II) complexes 47 and 48 are more

cytotoxic than cisplatin against the A549 cell line, and so is 47 against the P-388 cell

line at micromolar concentrations. In the A549 cell line, 47 exhibits more significant

antitumor activity than 48. The reaction of 47 with GSH proceeds very slowly and

incompletely because phenyls in the complex greatly increase the steric hindrance

around platinum centers. The diamine linker remains intact throughout the reaction.

The results suggest that the steric hindrance of the linker cis to the leaving group is an

important factor affecting the reaction mode of a multinuclear platinum complex with

GSH, and the increase in steric hindrance and rigidity of the linker can inhibit the

interaction. Complex 47 exhibits much higher DNA-binding ability than 48 and

readily forms 1,3- and 1,4-intrastrand crosslinks with DNA oligonucleotides, while 48
preferentially forms 1,4-intrastrand crosslinks. These results demonstrate that the

linker plays a critical role in controlling the DNA-binding and cytostatic abilities of

dinuclear platinum complexes. The fine tuning of the linker may result in the var-

iation in PtyPt distance and steric hindrance as well as lipophilicity of multinuclear

platinum complexes, and thus provides a promising strategy to obtain platinum

complexes with favorable DNA binding properties. The distinctive DNA crosslinks
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formed by these complexes may afford an opportunity to circumvent resistance

pathways that have evolved to eliminate the cisplatin-DNA adduct [153, 154]. In an-

other approach, two monofunctional diammineplatinum(II) moieties have been

conjugated to the photodynamic therapeutic agent Si(IV)-phthalocyanine in a 1,1/c,c

manner. The resulting dinuclear Pt(II) complexes 49 and 50 showed remarkable

enhanced cytotoxicity against the human cervical cancer HeLa cell line under the

irradiation of red light than in the dark [155].

In multinuclear platinum complexes, the active platinum centers are commonly

linked by flexible aliphatic polyamines [156], such as in complexes 40–44, 46, and
the subsequent 51 and 52, where the biogenic polyamines spermidine [H2N

(CH2)3NH(CH2)4NH2] and spermine [H2N(CH2)3NH(CH2)4NH(CH2)3NH2], re-

spectively, are used as bridging linkers. The latter two complexes display a rather

high antiproliferative and cytotoxic activity toward HeLa cells and HSC-3 epithe-

lial-type cells and their effect on healthy cells is reversible upon drug removal [157].

However, half-flexible polyamines like those in complexes 45, 47, 48, and even

rigid polyamines can also be used as linkers to bridge platinum centers in mul-

tinuclear complexes. For instance, the pyrazine-bridged dinuclear Pt(II) complex

53 exhibits cytotoxicity higher or comparable to cisplatin in both WIDR colon and

IGROV ovarian cancer cell lines, and shows remarkable cytotoxicity in the cis-

platin-resistant L1210 murine leukemia cell line [158, 159]. The pyrazole-bridged

dinuclear Pt(II) complex 54, where the co-bridging OH is the leaving group,

possesses a cytotoxicity that is about 40 times higher than that of cisplatin against

MCF-7 cells. It is also active against cisplatin-resistant cells in vitro. The rigid

pyrazole keeps an appropriate distance between the two platinum centers for the

binding of two adjacent guanines. In comparison with cisplatin, 54 is considerably
slower in reacting with DNA and the major adduct, that is, the intrastrand 1,2-d

(GG) crosslink, does not bend the double-helix significantly. The Watson–Crick

base-pairing remains intact, and the melting temperature of DNA is unaffected by

the crosslink. In addition, the helical twist is considerably reduced between the two

platinated bases. As compared with the bend angle induced by the cisplatin 1,2-d

(GG) crosslink (55–781), 54 induces relatively minor structural perturbations upon

the DNA double helix (151), which may account for its observed lack of cross-

resistance with cisplatin [160, 161].
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The bridging linker in the trinuclear 3N-chelated monofunctional Pt(II) com-

plex 55 is more rigid than aliphatic polyamines but more flexible than pure aro-

matic rings, which confers a favorable condition for DNA crosslinking. Complex

55 exhibits more potent cytotoxicity against the P-388 and A549 cell lines than

cisplatin. It reacts with GSH to form mono- and disubstituted products such as

[Pt3L(GS)Cl(OH)2]
2þ and [Pt3L(GS)2(OH)2]

2þ but keeps the trinuclear skeleton

stable for 24 h, which may ameliorate the biostability and bioavailability of the

complex [162]. The combination of rigidity, flexibility, and distances between

metals in 55 offers the possibility of forming both intra- and interstrand DNA

crosslinks. The interaction between 55 and 18-mer duplex 5u-d(GAAGAAGTCA-

CAAAATGT)-3u � 5u-d(ACATTTTGTGACTTCTTC)-3u indicates that 55 readily

forms various DNA adducts, such as 1,3- and 1,4-intrastrand crosslinks, and the

unprecedented interstrand crosslinked triadducts. These distinctive conforma-

tional features of triadducts and 1,3-intrastrand crosslinks could play important

roles in biological processes such as protein recognition and NER. Molecular si-

mulation shows that the 1,3-intrastrand crosslinks and interstrand triadducts of 55
bend DNA by 51–581 toward the minor groove, rather than toward the major

groove, which is the key structural feature for 1,2-GG intrastrand adducts of cis-

platin. These characteristics are valuable for Pt(II) antitumor complexes to over-

come cisplatin resistance [163].

In contrast to the multinuclear Pt(II) complexes bridged by flexible aliphatic

polyamines, multinuclear complexes 56 and 57 are greatly restricted in their flex-

ibility. The neutral complex 56 presents three separate cis-PtCl2 moieties, pre-

sumably acting in a bifunctional mode towards DNA. The cationic complex 57
contains both a monofunctional and a bifunctional Pt(II) moiety. The size and shape

of these complexes enable them to behave as novel scaffolds for DNA binding. Both
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56 and 57 show cytotoxic activity against human hepatoma (HepG2) and human

colon-rectal carcinoma (HT29) cell lines, but 56 seems less active than 57. HT29

cells are more sensitive than HepG2 cells to 56 and 57. The efficacy of the com-

plexes, particularly that of 57, is markedly higher than that of cisplatin, and mi-

tochondria are involved in apoptosis induced by the complexes in HT29 cells. These

complexes are presumed to form unique types of Pt–DNA adducts[164].

Trinuclear complexes 58–60 are structural analogs of BBR3464 (40). The presence
of one or two planar amine ligands at the central metal ion could introduce additional

noncovalent interactions such as stacking with nucleobases in DNA. Complexes 58
and 59 are much more cytotoxic than cisplatin against human ovarian cancer cell

lines (A2780, A2780cisR, and A2780ZD0473R). The resistance factors for 59 against

the pairs of cell lines A2780/A2780cisR and A2780/A2780ZD0473R are 1.98 and 0.5,

Multinuclear Platinum(II) Complexes | 121



respectively, while the corresponding values for cisplatin are 12.9 and 3.0, respec-

tively, indicating that 59 is able to overcome resistance in A2780cisR and

A2780ZD0473R cell lines. Although 60 is less active than cisplatin against the parent

cell line A2780, it is more active against the cisplatin-resistant cell line A2780cisR.

Unlike cisplatin, complexes 58–60 are believed to form interstrand GG adducts that

would cause global changes in DNA conformation. However, these complexes are

likely to undergo unfavorable decomposition within the cells [165–167].

Non-covalent interactions such as major or minor groove binding and inter-

calation with DNA have been observed in nature and are of great importance [168].

Innovative trends in drug design of the second-generation multinuclear platinum

complexes also focus on those characterized by non-covalent DNA binding [169].

Trinuclear Pt(II) complex 61 (TriplatinNC) is another structural analog of

BBR3464, in which the chloride ligands are replaced by NH2(CH2)6NH2. Complex

61 displays a micromolar activity against human ovarian cancer cell lines and a

greater cellular uptake than neutral cisplatin as well as other multinuclear plati-

num complexes [170]. Since this complex has no potential for covalent interaction

and intercalation with DNA, it exhibits a peculiar binding mode that uses ex-

clusively backbone functional groups. The mode was observed in the crystal

structure of a double-stranded B-DNA dodecamer with 61. As Figure 4.3 shows,

the three Pt(II) units form bidentate NHyOyHN complexes with OP atoms

through hydrogen bonds, motifs called ‘‘phosphate clamps.’’ A series of such

‘‘phosphate clamps’’ with one strand of DNA results in ‘‘backbone tracking,’’ and a

combination of two interstrand clamps gives rise to ‘‘groove spanning.’’ Both in-

teractions may exist in solution. However, 61 does not bind the major or minor

groove [171]. Owing to its high cytotoxic potency and novel mechanism of action,

further studies are warranted before similar agents can reach the clinical setting.

Figure 4.3 New DNA binding modes of platinum complexes

through hydrogen bonds termed as ‘‘backbone tracking’’ (left)

and ‘‘groove-spanning’’ (right). Both modes involve arrays of

‘‘phosphate clamps.’’

Adapted from Reference [171].
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Besides conventional ligands such as derivatives of thiosemicarbazones [172], in

recent years less common ligands or structural modes have also been adopted to

construct novel multinuclear platinum complexes. Some of them display im-

pressive antitumor activity in various tumor cell lines or animal models. For ex-

ample, assays on human HeLa, HepG2, KB, and AGZY-83a tumor cell lines

indicate that complexes 62 and 63 exhibit significant cytotoxic activity and speci-

ficity against these cells, especially against KB cells that are highly resistant to

conventional chemotherapeutic agents. Complex 62 binds to DNA in both co-

ordinative and intercalative mode, but shows less DNA binding affinity than

complex 63 [173]. The tetranuclear polyimine dendrimer Pt(II) complex 64
strongly binds to human serum albumin by hydrophobic and electrostatic inter-

actions. It shows a 20-fold higher cellular uptake and about 700-fold higher DNA

binding than cisplatin. The complex crosses the cell membrane through a passive

transport and the polyimine dendrimer seems to serve as a carrier for the shuttling

of platinum into the cell nucleus. As a result, 64 exhibits strong cytotoxicity in

MCF-7 cells and reduces the cell growth at 5 mM by 50% after an incubation of 150

h [174].

Complex 65 shows potent cytotoxicity against HL-60 (immature granulocyte

leukemia), HCT-8 (colon carcinoma), MCF-7 (galactophore carcinoma), BGC-823

(gastric carcinoma), and EJ (bladder carcinoma) cell lines with IC50 values of 0.02,

1.70, 4.00, 0.98, and 1.02 mM, respectively. The LD50 of 65 is 815.3 mg kg–1, which

is significantly higher than that of cisplatin and carboplatin. In addition, 65
exhibits significant activity against A2780 and HCT-116 in nude mice at dose of
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12 mg kg–1, an activity similar to that of cisplatin at dose of 4 mg kg–1. The results

suggest that these new dinuclear platinum complexes could be promising candi-

dates for anticancer drugs [175].

4.6

Platinum(IV) Complexes

Current clinical platinum drugs must be administered via intravenous infusion,

which is inconvenient for both patients and care providers. The need for orally

administrable platinum-based drugs elicited the design and synthesis of various

platinum(IV) complexes. In Pt(IV) complexes, the octahedral geometry introduces

two extra coordination sites, and the axial ligands provide an opportunity to modify

the properties such as reduction potential, lipophilicity, and specificity of the com-

plexes. Besides, some axial ligands themselves possess cytotoxicity upon release [176].

Pt(IV) complexes are kinetically inert to ligand substitution and in vivo reduction to

Pt(II) analogs is critical for their reaction with the target DNA. For this reason, Pt(IV)

complexes can be regarded as prodrugs and, as a prerequisite for activity, the Pt(II)

species originated from them should be active [177]. Owing to the inertness,

Pt(IV) complexes offer a potentiality for overcoming some of the limitations like

clinical resistance and toxicities of platinum drugs. It has been demonstrated that

Pt(IV) complexes are not subject to multicellular resistance [178].

Reduction potential is of primary importance for the design of active Pt(IV)

complexes. Platinum(IV) complexes with low or intermediate reduction potentials

can enter cells intact, and the proportion of the complexes reduced intracellularly

is related to the reduction potentials of the complexes [179]. Aquation should not

be an interfering factor in the design of Pt(IV) complexes. In fact, a [1H,15N]

HSQC NMR investigation on 15N-labeled Pt(IV) complexes with trans-diacetato or

-dihydroxo ligands has revealed that the aquation of these complexes is extremely

difficult, in that almost no reactions were observed even after several weeks in

solution [180, 181]. The distribution of platinum within A2780 cells was shown to

be similar to that in cells treated with cisplatin after 24 h [182], and the loss of the

axial ligands on reduction has also been confirmed by cis,trans,cis-[PtCl2(OC(O)
CH2Br)2(NH3)2], which has a similar reduction potential and IC50 to its trans-
acetato analog [183, 184]. Platinum(IV) complexes do not lose cytotoxic activity in

non-small cell lung cancer cell lines, suggesting that the hypoxic tumor micro-

environment may favor the reduction of the complexes [185]. A study on the

reduction of cis,trans,cis-[PtCl2(OC(O)CH3)2(NH3)2] by extracts from different tu-

mor cell lines has shown that the reduction rates are cell type dependent and
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may be influenced by cellular components with molecular weight larger than

3000 Da [186].

The development of Pt(IV) complexes has shown exciting prospects for practical

application in therapy of different tumors. An outstanding example is satraplatin

(JM216, 66), which is a lipophilic compound that can be administered orally for its

inertness. The rapid cellular uptake of this complex makes it possible to overcome

accumulation defects in resistant cells [187]. In vitro studies have shown that 66
is active against several human cancer cell lines, including prostate, ovarian, cervical,

and lung cancers, and it is also active against selected tumors resistant to cisplatin

and taxanes [43, 188]. In preclinical studies, the antitumor activity of 66 is similar

to that of cisplatin on various human tumor cell lines, and the toxicity is similar to

that of carboplatin, with no nephrotoxicity, neurotoxicity, or ototoxicity, and there-

fore it is much better tolerated than cisplatin. Hematological and gastrointestinal

toxicities are the predominant dose-limiting side effects [189]. Several Phase I

clinical trials with 66 in combination with other chemotherapeutic agents have been

launched. In several Phase II and III clinical trials, 66, either alone or with pre-

dnisone, showed promising antineoplastic activity in hormone refractory prostate

cancer [190, 191]. Currently, 66 is the only Pt(IV) complex undergoing clinical trials

and its mechanistic studies are ongoing [192]. It has been demonstrated that the

reduction of 66 can be mediated by heme proteins such as hemoglobin or cyto-

chrome c in the presence of NADH in vivo. Under these conditions, 66 is reduced to

cis-amminedichloro(cyclohexylamine)platinum(II) (JM 118) and hemoglobin is

oxidized to methemoglobin [193]. Indeed, the major active metabolite found in

plasma of patients treated with 66 is JM118. This metabolite binds to DNA to form

intrastrand and interstrand crosslinks as cisplatin does. However, the formed ad-

ducts are not recognized by DNA mismatch repair proteins, which may play a role

in overcoming resistance to other platinum drugs [194].

As mentioned earlier, the increase in lipophilicity of ligands often correlates

positively with the enhanced cellular uptake of platinum complexes, which is

beneficial for overcoming the cisplatin resistance. For example, Pt(IV) complex 67
(LA-12), with a bulky 1-adamantylamine ligand, is only four carbon atoms dif-

ferent from 66, but it is highly lipophilic and has no cross-resistance with cisplatin.

On a panel of cisplatin resistant cancer cell lines, 67 exhibits a high cytotoxic effect
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against leukemic, melanoma, and colorectal cancer cell lines and high efficiency to

trigger apoptosis [195, 196]. IC50 values for 67 in A2780 and A2780cisR cell lines

are 0.22 and 1.40 mM, respectively, which are significantly lower than those for

cisplatin and 66 [197]. In vivo studies show that 67 is active against various tumor

models such as murine plasmacytoma, prostate cancer, ovarian cancer, and colon

cancer [198]. The cellular uptake of 67 in A2780 and A2780cisR cell lines is con-

siderably greater than that of cisplatin and 66, which may contribute to the in-

creased cytotoxicity of 67 over cisplatin. DNA lesions of 67 are similar to those of

cisplatin but they are less efficiently repaired and readily crosslink proteins. In

contrast with the case of cisplatin, deactivation of 67 by GSH is less relevant to the

resistance mechanism, although cisplatin and 67 react with GSH at a similar rate.

The high efficacy of 67 against the A2780cisR cell line might result from an in-

creased rate of intracellular reduction by GSH, which may represent a mechanism

for circumvention of cisplatin resistance [199].

The cytotoxicity of complexes 68–71 against the cisplatin-sensitive CH1 and

HeLa cell lines, and the cisplatin-resistant SKOV-3 and SW480 cell lines, is in

the micromolar or even nanomolar range and is comparable to – or better than –

those of cisplatin. The activity generally increases with the lipophilicity of the

alcoholate moiety. For instance, in the series of ester derivatives 69, the IC50 values

remarkably decrease in all four cell lines with increasing chain length and lipo-

philicity of the alcoholate moiety, resulting in the following rank order of cyto-

toxicity: 69ao 69bo 69co 69d. The cytotoxicity of 69b nearly approaches that of

cisplatin, while that of 69c and 69d consistently exceeds that of cisplatin. In CH1

and HeLa cancer cells, the IC50 values of 69d are in the 10–8 M range, while

those of cisplatin are in the 10–7 M range. However, increasing the overall
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lipophilicity of the complex is not per se a guarantee for increased cytotoxicity. For

example, the IC50 values of 70 are markedly increased in CH1 and HeLa, and are

comparable to those of 69b in SW480 and SKOV-3 cancer cells. Nevertheless, 71
exhibits promising IC50 values that are more potent than their counterparts 69a
and 69b. DNA platination studies in SW480 cells revealed that a high platination

capacity is in parallel to a high cytotoxic potential and vice versa. However, the

resistance mechanisms of the cells can not be circumvented by these complexes

[200, 201].

The in vitro cytotoxicity of Pt(IV) complexes 72 and 73 has been evaluated

against human leukemia, and several human cancer cell lines. The IC50 values of

72 are lower than those of cisplatin. The in vivo antitumor activity of these com-

plexes has been tested using mice bearing L1210 leukemia, L1210/cis-DDP leu-

kemia, and B16 melanoma. The activity of complex 72a is similar to that of

cisplatin, but its toxicity seems to dwindle at effective drug concentrations. In

cisplatin-resistant L1210/cis-DDP cancer cells, 73 shows the highest activity [202].

The HCT-116 cell line is particularly more sensitive to 72a than to cisplatin, and

the cell death is induced by apoptosis. ERK1/2 activation and the p53 pathway may

play significant roles in mediating the 72a-induced apoptosis in human colon

cancer cells [203]. Again, the activity of these complexes may be associated with the

enhanced intracellular accumulation because of the increase in lipophilicity.

Carboxylation of trans-dihydroxoplatinum(IV) complexes by anhydrides, cyclic an-

hydrides, isocyanates, pyrocarbonates, and carboxylic acid chlorides has led to nu-

merous interesting Pt(IV) derivatives, and some of them even provide uncoordinated

carboxylic acids for further derivatization [204]. These general reaction schemes allow

large numbers of functional compounds to be conjugated to Pt(IV) complexes in a

mode that does not disrupt the activity of either the ligand or the platinum center on

reduction (vide infra) [205]. Here is an example in this context. As noted in Section

4.2.2.2, cytosolic glutathione S-transferase (GST) constitutes the main cellular defense

against xenobiotics. Ethacrynic acid, a diuretic in clinical use, is an effective inhibitor

of all GST isozymes. To overcome the platinum drug resistance, complex 74, which
can target GST enzymes in human cancer cells, was prepared by tethering ethacrynic

acid to the trans-dihydroxoplatinum(IV) starting complex. Reduction of 74 in the cell

results in the release of two equivalents of the potent GST inhibitor and one equivalent

of the cytotoxic cisplatin. The cytotoxicity of 74 against the cisplatin-resistant breast
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MCF-7 and T47D, lung A549, and colon HT29 human carcinoma cells is stronger and

faster than that of cisplatin [206]. The aromatic carboxylate ligand was found to

strongly influence the uptake and efficacy of trans-Pt(IV) complexes. For instance,

complexes 75a–d are 5–20-fold more cytotoxic than cisplatin against a panel of A549,

HT29, MCF-7, and T47D carcinoma cell lines. Drug uptake is relatively high in cells

treated with 75, while that for cisplatin is much lower; 75b and 75c demonstrate the

highest levels of penetration into cytosol. The efficacy of the complexes is closely

correlated with the drug uptake, suggesting that drug uptake is an important factor in

determining the effectiveness of 75 [207].

An increase in steric hindrance around the Pt(IV) center can stabilize the

complex and enhance the antitumor efficacy, which is exemplified by all-trans Pt
(IV) complex 76. The antitumor and cellular pharmacological properties of 76 have
been evaluated in the pairs of cisplatin-sensitive and -resistant A2780/A2780cisR,

CH1/CH1cisR, and 41M/41McisR cell lines. The results indicate that 76markedly

circumvents cisplatin resistance in 41McisR and CH1cisR cell lines that are en-

dowed with different mechanisms of resistance like decreased platinum accu-

mulation and enhanced DNA repair or tolerance. At equitoxic concentrations, 76
induces a higher amount of apoptotic cells than cisplatin in CH1cisR cells, and the

number of apoptotic cells correlates with the ability to form DNA interstrand

crosslinks in CH1cisR cells. Moreover, this complex is able to inhibit the growth of

CH1 carcinoma xenografts in mice. The protein-binding kinetics of 76 is distinctly
slowed as compared with its corresponding trans-Pt(II) counterpart because of the
improved stability of the complex [208].

Less often, some Pt(IV) complexes show activity towards novel chemotherapeutic

targets. It is known that signal transducer and activator of transcription (STAT)

proteins regulate many tumor cell processes such as proliferation, apoptosis, an-

giogenesis, and immune function. Consequently, STAT proteins, especially STAT3,
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are emerging as a promising molecular target for cancer therapy. Tumor cells re-

lying on persistent STAT3 signaling are more sensitive to STAT3 inhibitors than

normal cells; therefore, drugs inhibiting STAT3 may have specific effect on tumors

but little effect on normal tissues [209]. Platinum(IV) complexes 77 (CPA-1) and 78
(CPA-7), particularly the latter, have recently been described in a series of patents as

promising inhibitors of STAT3. Aside from inhibition of STAT3-ptyr705 phos-

phorylation, 78 can also inhibit STAT3 transcriptional activity [210].

Platinum(IV) complexes can be photoactivated to active antitumor agents di-

rectly at the tumor site by making the complexes photolabile with appropriate

ligands. These complexes are inert and non-toxic to cells in the dark; however,

upon irradiation at the tumor site, they undergo various photochemical reactions,

including isomerization, substitution, and reduction. Such site-selective activation

means that many unpleasant side effects and toxicity of conventional platinum-

based drugs would be decreased and the therapeutic index would be increased

consequently [211]. The photoactivation pathway of Pt(IV) complexes does not rely

on oxygen, which is a significant advantage over the photosensitizers used in

current photodynamic therapy. A possible application of such light-sensitive Pt(IV)

prodrugs could be the treatment of localized cancers accessible to irradiation, such

as bladder, lung, esophagus, and skin cancers [212].

Photolabile Pt(IV) complexes appear to kill cancer cells through a mechanism

different from that of the classical platinum drugs, even though transcription

mapping studies with treated plasmid DNA have shown that the platination sites of

these complexes resemble those of cisplatin in dark conditions [213]. For example,

Pt(IV) diazide complexes 79 and 80 are nontoxic in the dark, but demonstrate high

cytotoxicity against human skin cells (HaCaT keratinocytes) upon irradiation (l ¼
366 nm), and 80 also exhibits cytotoxicity toward human bladder cancer cells on

irradiation. No cross-resistance with cisplatin is observed. Photoactivation of the

complexes results in a dramatic shrinking of the cancer cells, loss of adhesion,

packing of nuclear material, and disintegration of nuclei. The rate of photolysis

closely parallels that of DNA platination, indicating that the photolysis products

interact directly and rapidly with DNA, which is a mechanism of action different

from that of cisplatin. The mechanism of toxicity of 80 in HaCaT cells also differs

markedly from that of transplatin, in that the DNA lesions formed after photo-

activation are inaccessible to transplatin, suggesting that 80 is not simply a prodrug

for transplatin [214, 215]. The photodecomposition of 79 induced by UVA light

has been studied by multinuclear NMR spectroscopy and density functional theory

(DFT) recently. The results illustrate that photoinduced reactions of Pt(IV) com-

plexes can lead to novel reaction pathways, and therefore to new cytotoxic

mechanisms in cancer cells [216–218].
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Incorporation of a pyridine ligand into the Pt(IV) diazide complexes can greatly

increase their potency. Complex 81 with azido ligands is very stable in the dark even

in the presence of cellular reductant GSH, but it readily undergoes photoinduced

ligand substitution and photoreduction. When 81 is photoactivated in cells, it is 13–

80-fold more cytotoxic than cisplatin toward HaCaT keratinocytes and cisplatin-

sensitive A2780 cells, and about 15-fold more cytotoxic toward cisplatin-resistant

A2780cisR cells. Photoactivated 81 rapidly forms unusual trans azido/guanine, and
then trans diguanine PtII adducts, which are probably mainly intrastrand crosslinks

between two guanines separated by a third base. DNA interstrand and DNA–protein

crosslinks also exist. DNA repair on plasmid DNA platinated by photoactivated 81 is
markedly lower than those by cisplatin or transplatin because of the difference in

DNA damage. Cell death is not solely dependent on activation of the caspase 3

pathway and, in contrast to cisplatin, p53 protein does not accumulate in cells after

photosensitization. These remarkable properties make 81 a promising candidate for

use in photoactivated cancer chemotherapy [219].

4.7

Delivery of Platinum Drugs

Since the discovery of cisplatin, medicinal chemists have been trying to improve

the activity or resolve the clinical drawbacks of this drug through structural

modifications [220]. Currently, lack of specificity is one of the major clinical pro-

blems for platinum-based drugs. The non-selective distribution of platinum drugs

in normal and cancer cells can induce excessive systemic toxicity and limit the

achievable drug dose within the tumor. In addition, rapid inactivation of the drug

due to interactions with plasma and tissue proteins may lead to suboptimal

treatment for the tumor. Therefore, targeting platinum antitumor drugs to specific

tissues is an important issue in platinum-based chemotherapy [221].

To achieve targeting purpose and control systemic toxicity or side effects, it is

required to harness and make use of molecular-level recognition events specific to

the tissues concerned. The principal strategies used for the delivery and selective

administration of platinum drugs include conjugation to biomolecules or poly-

mers, encapsulation in macrocycles, nanotubes, proteins or nanocapsules, ad-

sorption on ceramic materials, and prodrug techniques [222]. In these approaches,

two main pathways are followed: (i) the enhanced permeability and retention

(EPR) effect, which is caused by the increased angiogenesis and the enhanced
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production of permeability mediators as well as the impaired lymphatic drainage

in tumor tissues, and (ii) the specific targeting of organs and receptors because of

chemical modification of the drug [223]. Besides, targeting DNA directly by at-

taching the platinum moiety to a suitable carrier is also a common way for drug

delivery. These strategies can decrease side effects or prevent non-DNA bindings

through more localized and effective delivery of the drug to the biological targets.

The following examples are some recent highlights in this area.

In clinical practice, cisplatin is usually administered intravenously as a short-

term infusion. This yields a high drug concentration in the injection area and

quick distribution in the rest of the body, leading to high local and systemic

toxicity. Carbonated hydroxyapatite (HA) crystals are similar to the porous struc-

ture in bones and hence can be used to deliver cisplatin. This method has resulted

in tumor inhibition and lower systemic toxicity. Cisplatin is adsorbed in the

crystals and the adsorption depends on the physical and chemical properties of

the HA crystals such as the composition, the morphology, the surface area or the

size; while the release of the drug depends on temperature, chloride concentration

in the medium and crystallinity of HA. Lower crystallinity leads to higher ad-

sorption and slower release, and temperature slightly increases the drug release

rate. In vitro cytotoxicity of the apatite/cisplatin conjugates in a K8 clonal murine

osteosarcoma cell line shows that the drug activity is retained after adsorption onto

the apatite crystals [224]. The shape of the HA crystals is important for the ad-

sorption and desorption of cisplatin. When cisplatin is loaded into either plate-

shaped or needle-shaped HA crystals, it is adsorbed better into the latter. Although

the two crystal structures have similar Ca/P bulk ratios, the surface areas and Ca/P

surface ratios are different. The lower amount of calcium in the surface of needle-

shaped HA crystals allows easier loading of the positively charged aquated plati-

num species. However, cisplatin release is the same from HA crystals of both

shapes [225].

Another novel strategy is the attachment of carboplatin analogs to a cysteine-

binding molecule. In the albumin-binding complexes 82 and 83, a maleimide

group is attached through a spacer molecule to a modified cyclobutane-1,

1-dicarboxylic acid (CBDA) ligand as the platinum-complexing unit, and 1,2-

diaminocyclohexane (DACH) or two NH3 are incorporated as the amine ligands.

The maleimide group is selected for thiol-binding owing to its specific and

selective reaction with the cysteine-34 position of endogenous albumin. The pla-

tinum diammino moiety would be released through hydrolysis from the CBDA

ligand as the active agent in the tumor cell. The aim of this approach is to bind the

drug moiety to blood transport proteins and thereby localize it at tumor sites using

the EPR effect. It was shown that around 50% of 82 or 83 were bound to human

serum albumin (HSA) within the first minute of reaction and after 15 min only

less than 10% of the free complexes remained. Complexes 82 and 83 showed a

5–8-fold decrease in activity against LXFL 529 human lung carcinoma and MaTu

human breast carcinoma cell lines; however, they were more effective than car-

boplatin in reducing the tumor size of nude mice bearing MaTu human breast

tumors [226].
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Tissues rich in estrogen receptors (ERs), such as breast and ovarian cancers, ac-

cumulate molecules that have high binding affinities for these receptors. Therefore,

molecules that bind to the ER and have favorable cellular transport properties can be

incorporated into platinum complexes to target these cancers. The notion that es-

tradiol-linked platinum complexes might be selectively enriched in estrogen re-

ceptor-positive [ER(þ )] tumor cells has led to the design and evaluation of different

platinum complexes with affinity for the ER [227–229]. In complex 84, a DNA da-

maging warhead, [Pt(ethylenediamine)Cl2], is tethered through a linker to the

steroid residue (in red). The ligand has 28% relative binding affinity for the ER as

compared to 17b-estradiol. After covalent binding to a synthetic DNA duplex 16-

mer, the affinity of 84 for the ER is still retained. Complex 84 shows higher cyto-

toxicity against the ER(þ ) ovarian cancer cell line CAOV3 than the control com-

pound; it is also more toxic to the ER(þ ) line MCF-7 than to the ER(�) line MDA-

MB231. These results indicate that both the presence of the estradiol moiety in 84
and the expression of the ER in target cells contribute to the enhanced activity [230].

A series of estrogen-tethered Pt(IV) complexes (85) have been synthesized to

target the platinum moiety to ER(þ ) breast cancer cells. In these molecules,
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estradiol (in red) is tethered to the terminal carboxylate groups of cis,cis,trans-
diamminedichloro disuccinatoplatinum(IV) through polymethylene chains of

varying lengths. Upon intracellular reduction, 85 is able to afford cisplatin and two

equivalents of the modified estrogen, leading to the upregulation of HMGB1 in ER

(þ ) MCF-7 cells. The upregulation of HMGB1 can shield cisplatin–DNA cross-

links from repair and enhance cell death. The cytotoxicity of these complexes has

been evaluated in ER(þ ) MCF-7 and ER(�) HCC-1937 human breast cancer cell

lines. Complex 85c is nearly twofold more cytotoxic in MCF-7 cells than in HCC-

1937 cells [231]. This concurrent delivery of cisplatin and estrogen confers both

DNA damage and HMGB1-induced repair shielding onto the same population of

cells, and thus provides a novel strategy for the design of platinum complexes to

target ER(þ ) malignancies.

In recent years, carbon nanotubes have been explored for drug delivery because

of their unique physical, chemical, and physiological properties. The structural

stability of carbon nanotubes may prolong the circulation time and the bioavail-

ability of the loaded drugs. Functionalized soluble single-walled carbon nanotubes

(SWNTs) and single-walled carbon nanohorns (SWNHs) are two kinds of the most

used nanotubes for the delivery of platinum-based drugs. SWNTs and SWNHs

have plenty of inner spaces where the incorporation of the drugs is possible, and

on the tube walls the drugs and various functional molecules can be physically

adsorbed. More importantly, the edges of the tube holes have oxidized functional

groups where further covalent modifications are feasible. For example, by com-

bining the inertness of Pt(IV) complexes with the shuttling capacity of SWNTs,

the Pt(IV) complex cis,cis,trans-[Pt(NH3)2Cl2(OEt)(O2CCH2CH2CO2H)] has been

tethered to SWNT through a covalent bond. Upon intracellular reduction of

the conjugate, a lethal dose of cisplatin is released. On average, 65 Pt(IV) centers

are attached to each SWNT and they enter the cell through endocytosis, leading to

higher levels of platinum in the cell than the untethered complex or cisplatin. The

SWNT–Pt(IV) conjugate shows a substantial increase in cytotoxicity (IC50 ¼ 0.02

mM) against the testicular carcinoma cell line NTera-2 with respect to that of the

free complex as well as cisplatin (IC50 ¼ 0.05 mM) [232]. Further, such structure is

functionalized by adding a folate derivative to the Pt(IV) moiety in the hope of
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targeting human cells overexpressing the folate receptor (FR) (Figure 4.4). The

conjugate indeed delivers the Pt(IV) pharmacophore selectively into the FR(þ )

cancer cells that overexpress the FR on their surface and releases cisplatin upon

intracellular reduction of Pt(IV) to Pt(II). The IC50 values of the SWNT-tethered

complex towards FR(þ ) human choriocarcinoma (JAR) and human nasophar-

yngeal carcinoma (KB) cell lines are 0.019 and 0.01 mM, respectively, which are

significantly lower than those of cisplatin or the free complex. This construct is the

first example in which both the targeting and delivery moieties have been in-

corporated into the same molecule [233].

More recently, the bioconjugates of Pt(II) complexes with SWNTs have been

synthesized as well. Cisplatin and epidermal growth factor (EGF) have been at-

tached to SWNTs to specifically target head and neck squamous carcinoma cells

(HNSCC) that overexpress EGF receptors (EGFR) (Figure 4.5). The conjugates

entered into the cell through EGFR directed endocytosis, as demonstrated by

the lack of uptake when EGF was not attached or the EGFR was knocked out. The

uptake of platinum observed in both in vitro and in vivo systems was higher for the

targeted conjugates than the untargeted controls and the SWNTs were detected

close to the nuclei. In short-term biodistribution studies, the presence of nanotube

bioconjugates was observed in various vital organs of the mice, but in much

smaller amounts than in the tumors. The EGFR-targeted bioconjugates kill cancer

Figure 4.5 Schematic diagram of SWNT conjugated with

cisplatin and EGF targeting the cell surface receptor EGFR on

a single HNSCC cell.

Figure 4.4 SWNT-tethered Pt(IV) prodrug with targeting property for folate receptor.
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cells more efficiently and inhibit tumor growth in mice more rapidly than cisplatin

and the untargeted SWNT-cisplatin. This bioconjugate is the first targeted SWNT–

drug construct showing selective antitumor activity in vivo [234].

SWNHs have a spherical structure between 80 and 100 nm assembled by

several hundreds of SWNTs, a size that is adequate for drug delivery through

vascular EPR. Cisplatin has been loaded into the SWNHs through a selective

precipitation process in water. The amount of incorporated cisplatin is 46%, and

the total released quantity of cisplatin is 100% over 48 h. Concurrently, in vitro
antitumor efficiency of the drug-loaded SWNHs is 4–6 times greater than that

of cisplatin; and in vivo antitumor activity against the growth of transplanted

tumors in mice is also better than cisplatin and remains for a long time (25 days).

Since cisplatin-SWNHs adhere to the cell surfaces in vitro and stay within the

tumor tissues in vivo, the released cisplatin can realize high concentrations locally

at the cells in vitro and in the tissues in vivo and hence can efficiently attack the

tumor cells [235].

Encapsulation of a single drug molecule inside a synthetic macrocycle is a

common strategy in the delivery of platinum-based antitumor drugs. Such

systems have shown particular potential as protective delivery vehicles. In recent

years, the most attractive macrocycles used for this purpose are cucurbit[n]urils
(where n ¼ 6–8). Cucurbit[n]urils contain two symmetrical hydrophilic carbonyl

lined portals, capping a central hydrophobic cavity (Figure 4.6) [236]. These

barrel shaped molecules could be used as molecular hosts for neutral and

charged mono- and multinuclear platinum antitumor agents. Partial or full

encapsulation within cucurbit[n]urils provides steric hindrance to drug de-

gradation by peptides and proteins, and allows for the tuning of drug release

rates, cytotoxicity, and toxicity [237, 238]. For example, the dinuclear platinum

complex 86 has been included inside a cucurbit[7]uril macrocycle [239]. The

cytotoxicity of 86 against the L1210 cell line and the corresponding cisplatin

resistant L1210/DDP sub-line is not affected significantly by the encapsulation,

but the reactivity at the platinum center is reduced at least threefold. Therefore,

cucurbit[7]uril has the potential as a delivery vehicle for multinuclear platinum

complexes [240, 241].

Figure 4.6 Chemical structure (left), X-ray crystal structure

(middle), and electrostatic potential map (right) of cucurbit[7]

uril.
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Complex 87 is a newly developed DNA intercalator that displays cytotoxicity

against a panel of human cancer cell lines, with some activity significantly higher,

for example, up to 100-fold greater in the L1210 and A-427 cell lines, than that

of cisplatin. Encapsulation of 87 by cucurbit[6]uril barely changes its cytotoxicity

[242–245]. However, partial encapsulation of 87 by cucurbit[n]urils can drastically

reduce the deactivation by GSH, thus protecting 87 from intracellular degradation

[246]. The size of the cavity and the binding affinity are important for the effect

on the cytotoxicity, in that small changes of macrocycle size could either decrease

or increase the activity (up to 2.5-fold) of the platinum complexes. The decrease

in activity may result from the protective effects of the macrocycles on the

encapsulated complexes. In some cases, encapsulation by cucurbit[n]urils can

significantly affect the cytotoxicity and limit the water solubility of platinum

complexes [247]. For these reasons, several other macrocycles such as b-cyclo-
dextrin and calix[4]arene are investigated as potential alternatives. For instance,

encapsulation of 87 in these macrocycles increases its stability to GSH threefold,

but shows no significant effect on the cytotoxicity against the LoVo human

colorectal cancer cell line [248]. Similar result is also observed for 86 after such

encapsulation [249].

The value of polymeric nanoparticles as sequential release carriers has become

increasingly evident in the drug delivery for cancer therapy [250, 251]. In com-

parison with other delivery strategies, nanoparticle-based formulations possess

many advantages, such as enhanced drug accumulation in tumor tissues, reduc-

tion in systemic toxicity, and surface-functionalization with targeting and passi-

vating moieties. In addition, the nanotherapeutic approach allows protection of the

loaded drug from the exterior environment, and thereby increases the blood cir-

culation time of the active form before reaching its target. This strategy not only

protects the drug per se but also shields the body from undesired side effects.

Several nanoparticle-based anticancer drugs have been approved by the FDA, and

there has been an intense interest in the development of nanoparticle formula-

tions for effective delivery of platinum-based drugs to tumors [252, 253].

The prostate-specific membrane antigen (PSMA) is abundantly expressed in

prostate cancer, its metastatic form, and the hormone-refractory form. Recently, a

strategy to construct the Pt(IV)-encapsulated PSMA targeted nanoparticles has been

explored, which includes the encapsulation of complex 88 in poly(D,L-lactic-co-
glycolic acid)-poly(ethylene glycol)-functionalized polymers by nanoprecipitation

and the subsequent conjugation of PSMA aptamers to the formed nanoparticles.
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By using PSMA targeting aptamers on the surface of the nanoparticles, the Pt(IV)

prodrug 88 is delivered specifically to the human PSMA-overexpressing (PSMAþ )
LNCaP prostate cancer cells and internalized through endocytosis. Upon in-

tracellular reduction of 88, a lethal dose of cisplatin is released from the polymeric

nanoparticles. Controlled release of 88 from the nanoparticles extends over 60 h.

The nanoparticles loaded with 88 are highly cytotoxic to the LNCaP cells, having an

IC50 of 0.03 mM. Under the same conditions, free cisplatin has an IC50 of 2.4 mM,

which is 80-times less effective than the targeted nanoparticles [254].

A general strategy for the delivery of platinum-based drugs to cancer cells via

their inclusion into nanoscale coordination polymers (NCPs) has been developed.

NCPs have been constructed from Tb3þ ions and 89 simply by precipitating them

from an aqueous solution via the addition of a poor solvent. The action of the

metal ions is to form the polymerized metal–ligand networks. The platinum-based

NCPs are stabilized with shells of amorphous silica to prevent rapid dissolution

and to effectively control the release of the platinum species. The silica shells

extend the release half-time to 5.5 or 9 h, depending on the size of the coating (2 or

7 nm). These rates of release would allow sufficient time for the platinum-based

NCPs to circulate throughout the body and accumulate in tumor tissue. To en-

hance the cellular uptake of NCPs in vitro, silyl-derived c(RGDfK) is grafted onto

the surface. This small cyclic peptide sequence could enhance the binding affinity

for the avb3 integrin that is upregulated in many angiogenic cancers such as

HT29. As a result, the IC50 values of the c(RGDfK)-targeted NCPs are lower than

that of cisplatin for this cell line. Cytotoxicity against the MCF-7 cell line, which

does not overexpress the avb3 integrin, is similar to that of cisplatin [255]. These

targeted NCPs may be internalized via receptor-mediated endocytosis.

Polymer-based drug carriers could protect platinum complexes from degrada-

tion and accomplish controlled release in the delivery, which would substantially

improve the efficacy of platinum-based chemotherapy. Polymeric systems are

expected to show preferential accumulation of the platinum drugs in the tumor

cells because of the EPR effect and the leaky neovasculature [256]. Different

delivery strategies have been proposed on the basis of polymeric molecules.

Polymer–platinum conjugates are the most studied systems thus far: they are

formed between a polymer with suitable metal-binding groups and a platinum

drug moiety through coordination bonds. Polymers such as poly(amino acids),

poly(amidoamine) dendrimers, and poly(N-(2-hydroxypropyl)methacrylamide)

(PHPMA) are generally used as carriers because they contain either inherent
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ligating groups or pendant or terminal ligating groups. Cleavable linking groups

can be used to provide potential for tissue or tumor specificity under desired

conditions [257, 258]. By far, PHPMA is one of the most successful polymers that

have been used to construct platinum conjugates. Two of such conjugates, 90
(AP5280) and 91 (AP5346), have entered clinical trials. In 90, the cis-diammine-

platinum(II) moiety is coordinated to an aminomalonic acid terminal group linked

by a Gly-Phe-Leu-Gly-peptide spacer to a N-(2-hydroxypropyl)methacrylamide

(HPMA) copolymer [259]. Complex 91 is an analog of 90 in which the diamino-

cyclohexaneplatinum(II) moiety is bound to a polymer with triglycine side chains

and an aminomalonic acid terminal group [260]. Both polymer–platinum con-

jugates contain pH sensitive peptide side chains to which the active fragment of

cisplatin (for 90) or oxaliplatin (for 91) is bound. The platinum drug is not active

until it reaches the tumor tissues where the environment is more acidic than that

of normal tissues. In Phase I trials, however, 90 presented dose limiting toxicity of

nausea and vomiting; 91 on the other hand has progressed through Phase I trials

and a Phase II study in patients with recurrent ovarian cancer has been completed

under the commercial name of ProlindacTM [261–263].

In the above examples, approaches used for drug protection and controlled re-

lease are based on systems with non-physiological carriers. Recently, a strategy

based on a natural protein has been developed for the targeting delivery of plati-

num drugs. The native iron-storage protein ferritin (Ft) is a promising vehicle for

targeted drug delivery since the binding sites and endocytosis of Ft have been

identified in tumor cells. Ft can be easily demineralized into apoferritin (AFt), a

hollow protein cage with internal and external diameters of 8 and 12 nm, re-

spectively. This protein cage can be employed to deliver platinum drugs, which

may enhance the drug selectivity for cell surfaces that express Ft receptors.
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Cisplatin, carboplatin, and oxaliplatin have been successfully encapsulated in the

cavity of AFt [264]. The encapsulation was achieved through manipulating the pH-

dependent unfolding–refolding process of AFt at pH 2.0 and 7.4, respectively,

in saturated drug solution (Scheme 4.1). The structural integrity of the protein

shell remains intact after encapsulation and hence the potential recognition nature

should not be affected. In vitro assays on the rat pheochromocytoma cell line

(PC12) showed that AFt–cisplatin inhibits the cells in a slow but sustaining mode

and the cellular uptake of platinum is enhanced by AFt [265]. These protein coated

drugs are expected to improve the toxicity profiles of the naked ones and finally to

overcome the detrimental effects of platinum-based drugs.

4.8

Concluding Remarks and Future Perspectives

This chapter presents the latest scenario in the area of platinum-based antitumor

drugs. The mechanism of tumor resistance to platinum drugs and diverse tactics

in overcoming the resistance are highlighted. Platinum complexes with DNA

damage mode radically different from that of cisplatin may evade the cellular

DNA repair machinery and inhibit tumor cells through different mechanisms.

Structural changes could substantially modulate the DNA binding mode and the

DNA damage process and, as a result, the biological efficacy of platinum com-

plexes. Therefore, the design of new functional ligands remains the main strategy

to tune the biological behavior of platinum complexes. Tailored multifunctional

ligands offer many exciting possibilities to prepare platinum complexes with im-

proved physicochemical and biological properties such as targeting potential. In

addition, they can play an integral role in modulating the systemic toxicity of

the complexes. Undoubtedly, rational design will become a standard procedure

in the future development of platinum-based antitumor drugs. In this context,

the increasing knowledge of the biochemical and cellular processes underlying the

antitumor activity of platinum complexes not only builds up the basis for the

Scheme 4.1 Schematic illustration of the pH-mediated

encapsulation of cisplatin (CDDP), carboplatin (CBDCA), or

oxaliplatin (LOHP) by apoferritin (AFt) via an unfolding–

refolding process.
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rational design of novel complexes but also speeds up their development in clinical

tests. Moreover, an understanding of the molecular determinants of cellular

response to platinum complexes helps to identify new cellular targets for the

development of novel drugs. In this respect, a recent proteomic study in rat co-

chlear cells has led to the identification of novel cisplatin-modulated proteins that

are involved in apoptosis, cell survival, or progression through the cell cycle [266].

In addition, a novel mechanism for the cisplatin-induced neuropathy has been

characterized in a mouse model using monoclonal antibodies specific for the

cisplatin–DNA adducts [267]. Such discoveries reveal new determinants of drug

response that should be taken into account in future drug design. Likewise, the

development of innovative delivery systems such as nanomaterials is expected to

significantly improve the therapeutic index of platinum-based antitumor drugs in

the near future [268].

Enormous progress has been made in the last decade or so in the field of pla-

tinum-based antitumor drugs. The advance foreshows an even brighter prospect in

the coming years. On this basis, an appreciable improvement in efficacy will prove

to be a reachable objective for platinum-based chemotherapy.
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208 Pérez, J.M., Kelland, L.R., Montero, E.

I., Boxall, F.E., Fuertes, M.A., Alonso,

C., and Navarro-Ranninger, C. (2003)

Mol. Pharmacol., 63, 933–944.
209 Yu, H. and Jove, R. (2004) Nat. Rev.

Cancer, 4, 97–105.
210 Littlefield, S.L. and Baird, M.C. (2008)

Inorg. Chem., 47, 2798–2804.
211 Bednarski, P.J., Mackay, F.S., and

Sadler, P.J. (2007) Anti-Cancer Agents
Med. Chem., 7, 75–93.

212 Ronconi, L. and Sadler, P.J. (2007)

Coord. Chem. Rev., 251, 1633–1648.
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5

Ruthenium and Other Non-platinum Anticancer Compounds
Ioannis Bratsos, Teresa Gianferrara, Enzo Alessio, Christian G. Hartinger, Michael A. Jakupec,

and Bernhard K. Keppler

5.1

Introduction

Chapters 3 and 4 of this book describe in detail the many positive aspects, and also

the drawbacks, of cisplatin and of the other clinically used Pt chemotherapeutics.

The major limitations of such drugs are a narrow range of activity (they are

scarcely active against several malignancies with high social incidence), severe

toxic side-effects, and intrinsic or acquired tumor resistance observed during

treatment.

Compounds of almost all metals of the periodic table have been investigated

for in vitro anticancer activity against cancer cell lines – the most widely used

screening method – and in many cases some activity has been reported. However,

most often in vitro cytotoxicity has not been paralleled by in vivo therapeutic

activity, and only a few of the many metal compounds investigated in vitro have

shown some realistic follow-up. Therefore, given that cytotoxic activity against

cancer cells should not be mistaken for anticancer activity, this chapter will treat

exclusively those non-platinum compounds, or classes of compounds, that have

shown the most promising results in convincing tumor models or have even

entered clinical trials. They include derivatives of titanium, gallium, iron, osmium,

germanium, arsenic, lanthanides, and, above all, ruthenium. Gold compounds are

treated separately in Chapter 7.

It is worth stressing that the primary goal of developing non-platinum metal

anticancer drugs is to find activity against tumors that are resistant to Pt drugs.

A secondary goal is that activity should not be accompanied by severe toxicity, that

is, that the compounds have a good tolerability and a large therapeutic window

(i.e., a large range of effective dosage before the onset of severe adverse effects).

In principle, non-platinum compounds may be expected to have anticancer activity

and toxic side-effects markedly different from those of Pt drugs for several obvious

reasons: their different coordination geometries, binding preferences, and ligand-

exchange rates are likely to lead to different mechanism(s) of action and, as a

consequence, to different biological properties [1].
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5.2

Ruthenium Anticancer Compounds

Among the several metal compounds that have been investigated for anticancer

activity, those of ruthenium occupy a prevalent position [2–5]. In the last 35 years,

basically three main classes of active Ru compounds (i.e., compounds that have

demonstrated effectiveness in vivo against animal models including transplanted

human tumors) have been discovered: Ru-dmso compounds, ‘‘Keppler-type’’ Ru(III)

complexes, and organometallic Ru(II)-arene compounds. Other Ru compounds,

such as the group of [RuCl2(2-phenylazopyridine)2] isomers developed by Reedijk

and coworkers, were found to possess significant cytotoxicity in vitro against cancer
cells [6] but were not tested in vivo, and for this reason will not be treated here.

In general, the most promising Ru compounds developed so far show some

similarities with the established Pt drugs. They are typically considered as prodrugs
that are activated by aquation (i.e., replacement of one or more ligands by water

molecules), possibly preceded by reduction/oxidation. In other words, as for Pt drugs,

activity is believed to derive mainly from the direct coordination of one (or more) of

their metabolites to the biological target(s) (functional compounds) [7]. Still, the

biological target(s) and mechanism of action of ruthenium compounds – even of

the most successful and thoroughly investigated ones – are largely unknown. A

possible explanation for the success of Ru compounds derives from their ligand

exchange kinetics: similarly to Pt, Ru is a relatively inert metal, and ligand exchange

kinetics are typically within the same timescale as cellular division processes [8].

In recent years, however, an increasing number of coordinatively saturated and

inert ruthenium compounds (i.e., structural compounds) have shown interesting bio-

logical activity in vitro, such as interactions with DNA [9] or selective enzyme in-

hibition [10] and in some cases also cytotoxic activity and induction of apoptosis in

cancer cells [9, 11, 12]. Such ruthenium compounds are still at a preliminary stage of

development, and for this reason they are not treated in detail in this chapter.

Nevertheless, they are likely to be the basis for important future developments.

Examples of promising structural compounds are reported in Chapter 12.

5.2.1

Chemical Features of Ruthenium Compounds

Under physiological conditions ruthenium has two main oxidation states accessible:

Ru(II) (d6, diamagnetic) and Ru(III) (d5, paramagnetic). Ruthenium(IV) compounds

are also possible, but require several acido, oxo, or sulfido ligands for stabilization.

The Ru ion is typically six-coordinate with octahedral geometry, whereas Pt(II) is

square-planar. Similarly to Pt(II), Ru(II/III) ions show affinity for nitrogen and

sulfur ligands. Ruthenium(II) compounds are air-stable only if they bear good

p-acceptor ligands. Ligand exchange typically occurs through a dissociative me-

chanism with kinetics that, broadly speaking, are similar to those of Pt(II) species. It

is also generally accepted that Ru(II) complexes are less inert than the corre-

sponding Ru(III) species. For this reason, the so-called ‘‘activation-by-reduction’’
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hypothesis was advanced in the pioneering work by Clarke, who was among the first

to investigate ruthenium compounds as potential anticancer agents [2, 3]. To explain

the activity of coordinatively saturated and very inert Ru(III) chlorido-ammine

compounds, such as fac-[RuCl3(NH3)3] and cis-[RuCl2(NH3)4]Cl, Clarke and cow-

orkers suggested that aquation was preceded by in vivo reduction to the less inert

Ru(II) species. The latter would release the chloride anions and thus generate the

aquated species that, since the aqua ligand is typically labile, are capable of co-

ordinating to the biological target(s). Abundant cellular molecules, such as glu-

tathione, might act as reducing agents. In principle, this activation pathway might

offer some kind of selectivity against solid tumors, which are more hypoxic because

of insufficient vascularization and thus more reducing environments compared to

normal tissues and should facilitate the reduction of Ru(III) to Ru(II) [and/or dis-

favor the possible O2 re-oxidation to Ru(III) species]. This fascinating hypothesis

has been later applied to almost all Ru(III) species, even though in most cases not

adequately supported by experimental evidence. Some general features should not be

forgotten [13]: (i) The Ru(III) reduction potential depends on the ligand environment.

This implies that it can be tuned by an appropriate choice of the ligands to obtain

biologically accessible values. On the other hand, the parent Ru(III) complex and its

metabolites may have significantly different potentials. (ii) The kinetics of aquation of

Ru(II/III) compounds depend strongly on the nature of the ligands and on the net

charge. (iii) As remarked above, structural Ru compounds were also shown to possess

in vitro activity. In other words it is possible that some Ru(III) compounds without

exchangeable ligands are active per se and need no activation.

Another feature often invoked as a source of potential selectivity towards cancer

cells and for explaining the low toxicity of many Ru compounds (compared to Pt

compounds) is the capability of ruthenium to mimic iron in binding to many

biological molecules, including serum proteins (e.g., transferrin and albumin). A

transferrin-mediated uptake is often proposed for some Ru compounds. However,

aside from the obvious similarities between Fe and Ru ions (e.g., size, charge,

coordination geometry), their coordination chemistry is quite different in terms

of thermodynamics and kinetics. In addition, whereas it is conceivable that the

Ru3þ/2þ ions might effectively compete for the binding sites of iron proteins and

enzymes (e.g., apotransferrin), it is less easily understood how such competition

might occur for ruthenium species with residual ligands and different net charge.

In other words, speciation is of paramount importance in determining the affinity

of ruthenium compounds for the metal binding sites of biomolecules. Finally, a

mimetic behavior might actually lead to the opposite result by affecting iron

pathways that are crucial in cell metabolism (see below Section 5.3 for Ga3þ).

5.2.2

Trans-[tetrachloridobis(1H-indazole)ruthenate(III)] Complexes

and their Development

Based on the evaluation of a plethora of Ru(III) compounds with heterocyclic

N-ligands (L), trans-[RuCl4L2]
� (‘‘Keppler type’’) complexes were identified as the
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most promising candidates for clinical development (for recent reviews see Re-

ferences [14, 15]). In particular, KP418 (L ¼ imidazole, Him, Figure 5.1c) and

KP1019 (L ¼ 1H-indazole, Figure 5.1a) were active against primary tumors and

metastases in animal models, for example, in an autochthonous colorectal carci-

noma of the rat, which resembles colon cancer of humans [16]. KP1019 was in-

vestigated in vitro against more than 50 primary explanted human tumors, a model

with high predictivity for the clinical situation [17], showing activity in more than

80% of the specimens.

A multitude of biological studies were conducted to identify intracellular pro-

cesses relevant for the mode of action of this class of compounds. For both KP1019

and its sodium salt analogue KP1339 (Figure 5.1b), the induction of apoptosis in

the colorectal cancer cell lines SW480 and HT29 was driven predominantly by the

intrinsic mitochondrial pathway. In addition, formation of reactive oxygen species

and DNA-strand breaks were observed, which both can be prevented by addition of

N-acetylcysteine (NAC). Especially noteworthy was the low degree of acquired

resistance of KB-3-1 epithelial cells after treatment with KP1019 for more than a

year, which was shown to be unrelated to a reduced drug accumulation [18].

KP1019 entered clinical Phase I trials in 2004, and promising results were ob-

tained: five out of six evaluable patients experienced stabilization of their disease,

and treatment was accompanied only by very moderate toxicity, which might also

be related to the high degree of binding to serum proteins and probably to the

selective activation in the tumor tissue [14, 15]. However, the relatively low solu-

bility of the drug limited the total administrable dose to 600 mg per patient

(administered twice a week for 3 weeks). For this reason KP1339, which is about

35 times more soluble, was selected for further development.

The development of KP1019 was accompanied by extensive studies on chemical

reactivity and mode of action. The compound is sufficiently stable in aqueous

solution for intravenous administration, which is an important requirement for

Figure 5.1 Schematic structures of the most widely

investigated ‘‘Keppler type’’ Ru(III) complexes KP1019 (a),

KP1339 (b), and KP418 (c).
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clinical evaluation. However, the kinetics of hydrolysis are strongly dependent on

the temperature and the pH of the solution. Similarly to other structurally related

compounds, KP1019 in water hydrolyzes a chloride to give the respective mono-

aqua complex, which was characterized by X-ray diffraction analysis. In the test

tube in buffered solutions at pHB7, KP1019 and KP1339 also hydrolyze and form

insoluble species, most probably of polynuclear nature [15].

Like many other transition metal complexes, KP1019 and analogs exhibit high

affinity to donor atoms present in both proteins and DNA. After intravenous ad-

ministration, plasma proteins are the first potential targets. Human serum albu-

min and transferrin are highly abundant plasma proteins, and the reactions with

them in the test tube were demonstrated to proceed quickly and with high affinity

by liquid chromatography/mass spectrometry (LC/MS) and capillary electro-

phoresis (CE)/MS methods [19]. The data suggested that transferrin is the kine-

tically preferred binding partner of KP1019, but albumin is thermodynamically

favored. When the methodology was applied to clinical blood serum samples, al-

bumin was identified as the serum component loaded to the highest degree with

ruthenium [14]. The reaction with proteins after intravenous administration ap-

pears to be highly relevant for the mode of action and the low toxicity of these drug

candidates (see also Section 5.2.1): their transport via transferrin or albumin could

result in an enrichment of the drug in the tumor, considering that transferrin

receptors are expressed to a higher degree at the surface of tumor cells (due to the

iron requirement of quickly growing tumors) and that macromolecules are accu-

mulated as a result of the enhanced permeability and retention effect.

Once inside the cell, the compounds are thought to be activated by reduction

(compare Section 5.2.1), followed by chloride dissociation [2]. They also show affinity

to DNA bases [20], although DNA is not necessarily considered the primary target.

The role of redox processes seems to be important for the selectivity of Ru(III)

compounds, provided that their redox potential is physiologically accessible. In the

case of KP1019, naturally abundant reducing agents such as ascorbic acid (11�79

mM in the blood plasma) and glutathione (0.5�10 mM in the cell) may cause a re-

duction of the complex to the corresponding Ru(II) species. As shown by NMR and

CE experiments, this process strongly influences the reactivity to the DNA model

compoundGMP. At low glutathione-to-KP1019molar ratios the reaction with GMP

is enhanced as compared to incubation mixtures without the reducing agents.

However, at a higher excess of glutathione the formation of GMP adducts is pre-

vented, most probably because of saturation of the Ru coordination sphere with

glutathione or because of quick precipitation due to fast hydrolysis [20].

Many other studies were conducted to investigate the binding of KP1019 to DNA

and DNA model compounds. Guanine was identified by CE studies as the primary

binding site on DNA, followed by adenine, if single nucleotides were reacted with

the Ru complex [19]. Gel electrophoretic analysis of reaction mixtures with plas-

mid DNA and with a linear radioactively labeled dsDNA fragment revealed that

KP1019 can untwist (though to a lower degree than cisplatin) and bend DNA. In

addition, a lower interstrand crosslinking efficiency was observed as compared to

clinically established drugs. Studies on the influence of inhibitors of the DNA
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repair systems on the cytotoxic activity suggests involvement of both the nucleo-

tide excision repair and base excision repair systems, which does not conform with

results obtained for cisplatin. Furthermore, KP1019 was demonstrated to form

DNA–DNA and DNA–protein crosslinks in tumor cells, though to a lesser extent

than cisplatin.

In general, KP1019 showed a behavior quite different from that of cisplatin,

which makes this Ru(III) compound a promising drug candidate with a mode of

action different from established anticancer chemotherapeutics [14, 15].

After the development of these Ru(III) complexes, the more inert Os(III) ana-

logs were synthesized, and in some cases a comparable or even higher in vitro
antiproliferative activity was found [21, 22]. However, no clear-cut relationships

between reduction potentials and in vitro anticancer potency were found. Most

likely additional factors, such as cellular uptake and interactions with unknown

molecular targets, are of importance for understanding the activity of the Os

compounds [21].

5.2.3

Ruthenium-dmso Compounds: The Development of NAMI-A

Ruthenium compounds containing dimethyl sulfoxide (dmso) ligands have been

investigated since the early 1980s. The motivations for choosing dmso were the

following: dmso is an ambidentate ligand that can bind to Ru either through

the sulfur (dmso-S) or through the oxygen atom (dmso-O). The preferred binding

mode of dmso to Ru ions depends on both steric and electronic factors [23]. Most

importantly, dmso-S is a moderately good p-acceptor ligand and stabilizes Ru(II);

as a consequence, Ru(III)-dmso-S compounds are easily reduced to the corre-

sponding Ru(II) species, whereas Ru(II)-dmso-S compounds are air-stable. In

general, dmso is also a relatively good leaving ligand, and therefore Ru-dmso

compounds are expected to generate reactive aquated metabolites rather easily.

Finally, dmso is expected to impart to its complexes a reasonably good solubility in

water and, by virtue of its intrinsic capability to diffuse easily through phospho-

lipidic membranes, also a good cell permeability.

Initially, after establishing that cis-[RuCl2(dmso)4] (Figure 5.2a) is active in vivo
only at unreasonably high dosages (800 mg kg�1), the investigation focused on

trans-[RuCl2(dmso)4] (Figure 5.2b). This compound, despite its negligible in vitro
cytotoxicity, showed in vivo antitumor activity remarkably different from cisplatin

against several murine tumor models. In comparative experiments, cisplatin

was more active in reducing the primary tumor, whereas trans-[RuCl2(dmso)4] was

more effective in reducing the number and weight of spontaneous metastases

derived from the primary tumor. This specific antimetastatic activity, which clearly

emerged here for the first time, was later found as a hallmark for other Ru-dmso

complexes (see below).

In the 1990s, following the results on KP418 (Figure 5.1c), the structurally similar

Ru(III) complex [H2im]trans-[RuCl4(Him)(dmso)] (NAMI-A, Figure 5.2c) was pre-

pared. NAMI-A was found to be highly effective in inhibiting the development and
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growth of pulmonary metastases in many in vivo models of solid tumors, including

human non-small cell lung cancer xenotransplanted into nude mice. In this latter

case, treatment with NAMI-A induced a statistically significant reduction of lung

metastases growth, regardless of whether the treatment was done prior to or after

surgical removal of the primary tumor. Conversely, the activity of NAMI-A towards

the primary tumor and in vitro cytotoxicity are both negligible when compared to

those of cisplatin [24, 25].

It is worth stressing here that the finding of drugs with specific activity against

metastases is an extremely important goal. In fact, metastases of solid tumors,

because of their multiple locations and low accessibility to surgery and/or radio-

therapy, typically need to be addressed by chemotherapy. However, they are often

poorly responsive to chemotherapy and thus, more than the primary tumor, re-

present the leading cause of cancer death [26].

NAMI-A has favorable biological and chemical features – good antimetastatic

activity, low general toxicity, facile and reproducible preparation, good stability as a

solid – that prompted its further development, and in 1999, after extensive pre-

clinical tests, it became the first ruthenium compound to be investigated on hu-

man beings. NAMI-A successfully accomplished Phase I clinical trials on 24

patients, showing good tolerability over a wide range of sub-toxic doses without

any unexpected toxicity. Hematological toxicity was negligible. At high dose levels

mild renal dysfunction, completely reversible, was observed together with other

drug-related toxicities such as nausea and vomiting [27]. The recommended dose

for further clinical testing was established at 300 mg m�2.

In fall 2008 NAMI-A entered a therapeutic combination Phase I/II clinical trial

in patients affected by non-small cell lung carcinoma.

5.2.3.1 Chemical Features of NAMI-A

NAMI-A is structurally similar to KP418 with a dmso-S that formally replaces one

of the axial imidazole ligands. However, this similarity is deceptive because the

presence of dmso-S in the coordination sphere of Ru(III) strongly affects its

chemical properties. First of all, by virtue of the p-acceptor property of dmso-S, the

reduction potential of NAMI-A is dramatically more positive than that of KP418

(þ235 and �275 mV vs. NHE, respectively), that is, NAMI-A is reduced much

Figure 5.2 Schematic structures of cis-[RuCl2(dmso)4] (a),

trans-[RuCl2(dmso)4] (b), and NAMI-A (c).
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more easily to Ru(II). In addition, NAMI-A is remarkably less inert than KP418: at

37 1C and physiological pH 7.4 (phosphate buffer), the complex undergoes step-

wise dissociation of two chlorides within a few minutes, a process that is believed

to be responsible for its activation [24, 25, 28]. The first step is catalyzed by ru-

thenium(II) species; in fact, its rate is considerably enhanced by the addition of

traces of biological reductants, such as ascorbic acid. For comparison, under the

same conditions, KP418 is remarkably more inert [29]. The aquation processes of

NAMI-A are, however, strongly pH-dependent. NAMI-A is administered by in-

fusion at room temperature and slightly acidic pH: under such conditions it is

remarkably stable and aquation is almost completely suppressed (only slow dis-

sociation of dmso occurs).

In vivo the presence of biological ligands is expected to affect heavily the be-

havior of NAMI-A. The results of Phase I trials, supported by in vitro studies with
albumin, showed that in the blood NAMI-A is highly bound to plasma proteins.

Most importantly, at physiological pH stoichiometric amounts of common bio-

logical reducing agents (e.g., ascorbic acid and glutathione) rapidly and quantita-

tively reduce NAMI-A to the corresponding dianionic Ru(II) species trans-
[RuCl4(Him)(dmso)]2�, NAMI-AR, which then undergoes rapid stepwise aquation

with rates comparable to those of NAMI-A [30, 31]. Neither the loss of the neutral

ligands nor reoxidation by atmospheric oxygen were observed. Metabolites of

NAMI-A that still bear the dmso-S are expected to have reduction potentials si-

milar to that of the parent compound and thus to be easily reducible. Owing to the

abundance of natural electron donors (Section 5.2.2), reduction of NAMI-A is

likely to occur in vivo. Nevertheless, notably, at physiological pH activation of

NAMI-A may easily occur through aquation. That is, for NAMI-A activation by

reduction is a conceivable pathway, but is not a prerequisite to explain its activity.

Interestingly NAMI-AR, obtained by reduction of NAMI-A with ascorbic acid in a

test tube immediately prior to administration, was even more effective than the

parent compound against metastases in animal tumor models [30].

The different biological activities found for KP418 and NAMI-A strongly suggest

that the two similar compounds generate different active metabolites. In other

words, the antimetastatic activity of NAMI-A is most likely strictly related to the

presence of dmso in the coordination sphere of its active metabolite(s). This

consideration is consistent with the strong influence of dmso on the chemical

behavior of Ru(III) species.

5.2.3.2 NAMI-A-Type Complexes

Over the years, in systematic structure–activity relationship investigations, a

remarkable number of NAMI-A-type complexes of the general formula [X]trans-
[RuCl4(L)(dmso)] (Xþ ¼ Naþ, NH4

þ, LHþ; L ¼ NH3 or N-heterocycle), including

the dinuclear species [Na]2trans-[{RuCl4(dmso)}2(m-L)] (L ¼ ditopic linker such as

pyrazine, pyrimidine or 4,4u-bipyridine), have been prepared and tested. In addi-

tion, neutral compounds of the general formula mer-[RuCl3(L)(dmso)2] and ni-

trosyl compounds such as [H2im]trans-[RuCl4(Him)(NO)] were investigated

[24, 25, 32].
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In general, many of the NAMI-A-type complexes, including dinuclear com-

pounds, showed in vivo effectiveness against metastasis growth similar to that of

NAMI-A and in some cases were even slightly superior. However, NAMI-A still

had the best combination of biological activity and chemical features (ease of

synthesis, purity, stability). Best alternatives were the mononuclear NAMI-A-type

compounds with N-ligands of comparable size but lower basicity than imidazole

(e.g., L ¼ thiazole or oxazole).

Surprisingly, Os analogs of NAMI-A-type compounds exhibited a tenfold in-

creased in vitro cytotoxic activity compared to NAMI-A against the two human

carcinoma cell lines HT-29 (colon) and SK-BR-3 (breast) [22].

5.2.3.3 Mechanism of Action of NAMI-A

The mechanism of action of NAMI-A is still largely unknown. The in vitro data and
the mild general host toxicity suggest that its activity is unrelated to direct tumor

cytotoxicity (see above) [24, 25, 32]. NAMI-A is capable of interacting with DNA in

cell-free medium. However, contrary to Pt drugs and similarly to KP1019, nuclear

DNA does not seem to be its primary target. In vitro and in vivo studies showed

that it also binds strongly to the plasma proteins albumin and transferrin [33, 34].

As already mentioned, in vivo experiments, typically performed on tumors that

metastasize in the lung, showed that NAMI-A has apparently a strong selectivity for

metastatic cells over the other tumor cells. The cell population in the primary tumor is

heterogeneous and only some cell subtypes possess metastatic ability. It has been

suggested that at the primary tumor site NAMI-A selectively eliminates only the

metastasizing cells, which represent a small fraction of the total number of tumor

cells, hence explaining its modest activity at this site. On the other hand, only me-

tastatic cells are present in the lung, because they have a clonal origin: as a con-

sequence, pronounced reduction of lung metastases is consistent with the selectivity

of NAMI-A for this kind of cell. In addition, NAMI-A metabolites reach a significant

concentration in the lung (estimated about 0.2�0.4 mM by atomic absorption mea-

surements), where they bind strongly to collagens of the extracellular matrix.

In vitro experiments evidenced several features of NAMI-A that occur at sub-

toxic dosages and that might be relevant to its in vivo activity: (i) it stops cell

proliferation at the pre-mitotic G2�M phase; (ii) at 0.001�0.05 mM concentrations

(depending on the cell line) it interacts with actins on the cell surface, thus in-

creasing tumor cell adhesion to the culture substrate and strongly inhibiting cell

migration; (iii) at 0.05�0.1 mM concentrations it reduces the spontaneous inva-

sion of matrigel by tumor cells; (iv) at doses compatible with anti-metastatic ac-

tivity it affects several functions of endothelial cells, thus inhibiting angiogenesis;

(v) acts as NO scavenger; (vi) inhibits matrix metallo proteinases (MMPs) at mM

concentrations; (vii) induces caspase activation and thus apoptosis; and (viii) at

doses compatible with induction of apoptosis it down-regulates the extracellular

signal-regulated kinase (ERK1/2), thus inhibiting the mitogen activated protein

kinase (MAPK) signaling pathway.

The abundance of biological effects suggests that NAMI-A acts through multiple

mechanisms, both at the cell membrane and intracellularly.
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5.2.4

Half-Sandwich Ru-Organometallics

In recent years, entirely new classes of organometallic Ru(II)-arene compounds,

developed by the groups of Sadler and Dyson, were found to have promising

anticancer activity in vitro and in vivo. Representative examples are [(Z6-biphenyl)
Ru(en)Cl][PF6] (RM175, en ¼ ethane-1,2-diamine) and [(Z6-p-cymene)RuCl2(pta)]

(RAPTA-C, pta ¼ 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane), (Figure 5.3). The

geometry of these half-sandwich compounds can be described as pseudo-tetra-

hedral (piano-stool geometry), assuming that the six-electron donor arene ligand

occupies one coordination position, or as octahedral, assuming that it occupies

three facial coordination positions. The þ 2 oxidation state of ruthenium is sta-

bilized by the arenes, which are considered as both p-donor and p-acceptor ligands
towards ruthenium. Ru–arene bonds are generally stable towards hydrolysis.

However, there are quite a few examples showing that the arene can be cleaved off,

and this reaction might be an important part in the mode of action of such

compounds.

5.2.4.1 Piano-Stool Ru-Arene Compounds

Organometallic Ru(II) compounds of the type [(Z6-arene)Ru(chel)X], where chel is
a neutral or mono-anionic N,N-, N,O-, or O,O-chelating ligand (e.g., en, bipy, pi-

colinate, 8-hydroxyquinolate, acetylacetonate, maltolate) and X is typically a halide,

have been extensively investigated by Sadler and coworkers (see also Chapter 1).

These half-sandwich compounds are either neutral or positively charged (typically

isolated as PF6 salts), depending on the nature of the chel ligand. Extensive structure

–activity relationship investigations showed that the most active are those with

chel ¼ en and X ¼ Cl. Indeed, [(Z6-arene)Ru(en)Cl][PF6] compounds (Figure 5.3)

showed promising anticancer activity, both in vitro against human cancer cell lines,

including the cisplatin-resistant variant A2780cis, and in vivo with significant growth

delay against both A2780 and A2780cis xenografts [35, 36]. Cytotoxicity increases with

the hydrophobicity of the arene ligands. Thus, when evaluated against the human

ovarian cancer cells A2780, compounds with arene ¼ p-cymene or biphenyl have

IC50 values in the range of 6–9 mM, that is, similar to that of the established antitumor

Figure 5.3 Schematic structures of the half-sandwich

organometallic Ru(II) compounds RM175 (a) and

RAPTA-C (b).
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drug carboplatin, whereas compounds with arene ¼ tetrahydronaphthalene are

equipotent with cisplatin (IC50 ¼ 0.6 mM).

Activation of piano-stool compounds is believed to involve rapid hydrolysis of

the Ru–Cl bond, thus generating an active monofunctional Ru–OH2 metabolite

(Scheme 5.1). Aquation is largely suppressed at extracellular chloride concen-

tration ([Cl�] about 0.1 M) but becomes possible inside the cells, where [Cl�]
is much lower (4�25 mM). The pKa values of the [(Z6-arene)Ru(en)(H2O)]

2þ

aqua species are typically between 7 and 8, and thus at physiological pH the

Ru�OH2 species largely prevails over the less reactive Ru–OH species.

For this type of compounds nuclear DNA is believed to be the main target. Their

reactivity to DNA was tested against nucleotides and a DNA 14-mer, and the

preferential formation of monofunctional adducts via the N7 atom of guanine

residues was observed. In cell-free media, these adducts distort the DNA duplex, as

shown by several biophysical techniques [37]. Both [(Z6-arene)Ru(en)]–nucleobase
and –nucleoside adducts have been isolated and characterized by X-ray crystal-

lography. According to solution and solid-state evidence, the main Ru–N7(gua-
nine) coordination bond is assisted by stereospecific hydrogen bonding between

the C6¼O of guanine and the NH of en, and p–p stacking between the aromatic

ligand and the nucleobase.

The interactions between the [(Z6-arene)Ru(en)X] complexes and several biolo-

gically relevant molecules and potential targets (e.g., cytochrome c, the amino

acids histidine, cysteine and methionine, and the tripeptide glutathione) have also

been investigated [35, 38–40]. Overall, the results suggest that, in the cell, DNA

and RNA are the preferred targets.

In conclusion, these piano-stool compounds appear to target DNA similar to

cisplatin, but the formation of monofunctional adducts (preferentially at guanine

sites) and the non-covalent interactions (i.e., intercalation and H-bonding) are

believed to be fundamental for DNA recognition and, as a consequence, anticancer

activity.

Using the radioactive 106Ru isotope it was possible to establish that, within 15

min after injection of the radiolabeled piano-stool compound in the rat, ruthenium

distributes in all tissues, with higher levels in the liver and kidneys [41].

Cell biological studies have revealed cross-resistance with adriamycin but

not with cisplatin, which was also confirmed in vivo. At a molecular level induction

of p53 and p21/WAF1 in a concentration-dependent manner and of Bax were

demonstrated. The cell cycle is blocked at G1 and G2 phases in a p53- and

Scheme 5.1 Activation of Ru(II) piano-stool compounds

occurs through aquation: the concentration of the active

Ru�OH2 species depends on Cl� concentration and pH.
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p21/WAF1-dependent manner, and topoisomerase I/II inhibition appears not to

be of relevance in the mode of action [38].

Recently, Os(II)-arene analogs of the Ru(II) piano-stool compounds have also

been investigated by Sadler and coworkers. Compounds with N,N or O,O chelates

were found to be scarcely cytotoxic either because aquation was too slow or be-

cause of formation of inert hydroxo-bridged dimers under physiologically relevant

conditions. Conversely, Os-arene compounds with anionic N,O chelating ligands

such as [(Z6-p-cymene)Os(pico)Cl] (pico ¼ picolinate) were found to be active to-

wards both A2780 and A549 cancer cell lines, whereas the corresponding Ru

compounds are inactive. These results demonstrate that biological activity of the

piano-stool compounds depends on a delicate balance of the chemical properties of

all components, both the ligands and the metal [42].

5.2.4.2 RAPTA Compounds

RAPTA compounds of the general formula [(Z6-arene)Ru(X)2(pta)] (X ¼ Cl or

chelating dicarboxylate, Figure 5.3b) are characterized by the presence of the

monodentate phosphane ligand pta. The choice of pta was originally motivated by

the rationale that it would be preferentially protonated in the slightly acidic en-

vironment of solid tumors (where the pH can be as low as 5.5), thereby increasing

the uptake of the complex that would remain trapped inside tumor cells. Even

though this hypothesis was later demonstrated to be inconsistent (the pKa of co-

ordinated pta is too low, about 3) [43], the prototype of this class of organometallic

half-sandwich compounds, RAPTA-C, and, more recently, the closely similar to-

luene derivative [(Z6-toluene)RuCl2(pta)] (RAPTA-T), were subject of thorough in
vitro and in vivo investigations [43, 44]. In vivo, in the MCa mammary carcinoma

model, both RAPTA-C and RAPTA-T inhibit lung metastases formation (though

to a lower extent than NAMI-A) without affecting the primary tumor significantly.

In vitro RAPTA-T is virtually devoid of cytotoxicity, but it interacts with extra-

cellular matrix components, thus inhibiting some steps typical of the metastatic

process. Interestingly, the effects were more pronounced against the highly in-

vasive MDA-MB-231 cells than against the non-invasive MCF-7 or the non-

tumorigenic HBL-100 cells [44]. Overall, RAPTA-T was found to have in vivo and in
vitro behavior quite similar to NAMI-A, which is surprising, given the structural

differences.

In vivo activation of RAPTA compounds is believed to occur through hydrolysis

of the chloride ligands, the extent of which depends on the amount of chloride

present in solution and the pH. In some cases loss of the arene was observed,

whereas the pta ligand is bound very tightly. RAPTA derivatives in which chelating

dicarboxylate ligands replace the chlorides and that are more inert towards

aquation display nevertheless an in vitro activity very similar to RAPTA-C.

The RAPTA chemical frame has been the subject of detailed structure–activity

investigations, in which the p-bonded arene, pta and the anionic ligands have been

systematically derivatized or changed [45]. The prototypes RAPTA-C and RAPTA-T

proved to be the most active representatives of the series. Changes leading to an

increase of cytotoxicity were accompanied by a larger increase of general toxicity.
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More recently RAPTA-like compounds have been investigated also in a more

targeted chemotherapeutic approach [4, 46–48]. However, these new compounds,

in which the RAPTA scaffold is functionalized to have multiple modes of action,

are at an early stage of development.

5.2.4.3 Other Half-Sandwich Ru Compounds

Given the promising results obtained with the piano-stool and RAPTA com-

pounds, the half-sandwich Ru(II) scaffold has been explored along different

pathways in the search of novel anticancer compounds.

For example, water-soluble dinuclear Ru(II)-arene compounds with maltol-

derived linkers between [(Z6-p-cymene)RuCl] units (Figure 5.4a) were reported to

exhibit promising cytotoxic effects in human cancer cell lines [49]. Notably, these

compounds are potent DNA duplex and DNA–protein crosslinkers [50]. Dyson and

coworkers also described diruthenium-arene compounds in which two [(Z6-p-cym-

ene)RuCl2] moieties are connected via a ferrocene-modified bis-pyridine linker [51].

Alessio and coworkers demonstrated that in the active piano-stool compounds

replacement of the arene moiety with a neutral face-capping six-electron donor li-

gand (fcl), such as 1,4,7-trithiacyclononane ([9]aneS3, Figure 5.4b), leads to co-

ordination compounds that maintain a reasonable cytotoxicity in vitro [52]. In other

words, half-sandwich Ru(II) coordination compounds of the type [Ru(fcl)(en)Cl]þ

represent an entirely new class of compounds that deserve a thorough investigation.

With the intention to use multinuclear cytotoxic organometallics in combination

with photosensitizers for photodynamic cancer chemotherapy, half-sandwich

Ru–arene moieties were attached to porphyrin rings [53]. In the dark, these com-

pounds were not cytotoxic, whereas upon irradiation with visible light they exhibited

high cytotoxicity in the low mM range. Accumulation of the Ru-porphyrin conjugates

in the cytoplasm of melanoma cells was observed by fluorescence microscopy.

Recently, coordinatively saturated and inert half-sandwich Ru(II)-arene compounds,

Figure 5.4 A dinuclear half-sandwich organometallic

compound (a) and [Ru([9]aneS3)(en)Cl]þ (b).
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which are not expected to set free any coordination position, were also found to have

in vitro activity against cancer cell lines, either through the catalytic production of

ROS [54] or through kinase inhibition [55].

5.3

From Gallium Nitrate to Oral Gallium Complexes

Gallium salts are endowed with various biological properties potentially useful for

therapeutic applications, with inhibition of bone resorption and cellular pro-

liferation as the most relevant [56–58]. Gallium nitrate is approved as an alter-

native to bisphosphonates for treatment of cancer-associated hypercalcemia, a

severe complication of malignancies affecting bone turnover [59]. On the other

hand, efforts to establish gallium nitrate as an anticancer drug have ceased be-

cause of a subtle dilemma concerning tolerability and mode of administration,

despite clinical evidence for activity in lymphoma and cancer of the bladder,

prostate, ovary, and cervix [60].

The applicability of Ga(III) compounds strongly depends on suitable ligands to

prevent, or at least to slow down, hydrolysis. For this reason, citrate has been used

to stabilize solutions of gallium nitrate for clinical application. Currently, com-

plexation with ligands that improve intestinal absorption is being pursued as an

approach to orally applicable gallium drugs. The first of these compounds to enter

clinical studies was tris(maltolato)gallium(III) (Figure 5.5a), containing three bi-

dentate O,O donor ligands known to facilitate iron absorption [61]. A set of more

lipophilic N,O donor ligands was employed in the case of tris(8-quinolinolato)

gallium(III), KP46 (Figure 5.5b), which showed promising signs of preclinical

activity in primary explanted melanoma in vitro [62] and of clinical activity in renal

cell cancer [63]. The high lipophilicity of KP46 has implications for pharmacoki-

netics and biodistribution, but might also affect its molecular mode of action

compared to other Ga(III) compounds.

The anticancer activity of Ga compounds appears to be related to the similarity

of the Ga3þ and Fe3þ ions in terms of charge, size (Fe3þ 0.65 Å; Ga3þ 0.62 Å), and

Lewis acidity [64]. Transport of Ga into the cell is believed to utilize iron uptake

routes [65], but since intracellular iron metabolism involves redox processes,

Figure 5.5 Schematic structures of gallium maltolate (a) and KP46 (b).
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trafficking in the cell probably differs [66]. Furthermore, Ga competes with Fe for

the same binding sites in enzymes such as ribonucleotide reductase, which is

inhibited by the binding of this redox-inactive ion. As a consequence, binding of

Ga3þ to the iron-binding site of the R2 subunit results in destabilization of the

tyrosyl radical, which is essential for catalytic activity of this enzyme [67]. The

inhibition of ribonucleotide reductase results in depletion of dNTP pools in pro-

liferating cells, impaired DNA synthesis, cell cycle perturbations, and apoptosis

through the mitochondrial pathway [68, 69].

5.4

Titanium Anticancer Compounds

5.4.1

Budotitane: The First Transition Metal Complex in Clinical Trials

in the Post-cisplatin Era

Budotitane, or cis-diethoxybis(1-phenylbutane-1,3-dionato-k2O1,O2)titanium(IV)

(Figure 5.6a), was among the first non-platinum metal-based anticancer agents

studied in clinical trials, which commenced in 1986 [70]. The compound was se-

lected from more than 200 structurally similar b-diketonato compounds based on

efficacy in mice bearing subcutaneous sarcoma-180 and other transplantable tu-

mor models and proved to be more active than 5-fluorouracil in chemically in-

duced autochthonous colorectal tumors in the rat [71]. Budotitane was actually

obtained as a mixture of isomers and, owing to the presence of two leaving groups,

the formation of several aquated species was observed under equilibrium condi-

tions. Because of its low solubility in aqueous solution, the compound was used in

clinical trials as a co-precipitate with the emulsifier Cremophor EL and 1,2-

propyleneglycol. With co-administration of mannitol to prevent nephrotoxicity,

cardiac arrhythmia caused by volume effects was identified as the dose-limiting

toxicity [72]. Further development was stopped because the formulation did not

allow appropriate analytical characterization of the drug.

Figure 5.6 Schematic structures of budotitane (a) and titanocene dichloride (b).
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5.4.2

Titanocene Dichloride and Related Compounds

Titanocene dichloride, [Ti(Z5-C5H5)2Cl2] (Figure 5.6b), was the first organometallic

transition metal compound to be investigated clinically as an anticancer agent. It

contains a cis-dichloride motif as cisplatin and was selected from several early

transition metal cyclopentadienyl complexes as the best candidate for further

development [73]. The chemistry of the hard Ti(IV) ion is different from that of

Pt(II): for example, cisplatin binds preferentially to the N7 of guanine in DNA,

whereas titanocene dichloride exhibits higher affinity for the phosphate backbone

[74]. [Ti(Z5-C5H5)2Cl2] hydrolyzes quickly in water, yielding a solvated Ti(IV) ion

with high affinity for transferrin [75]. As for Ga(III), selective transport of titanium

ions via the transferrin route appears plausible. In vitro, titanocene dichloride is

active in cisplatin-resistant cancer cells [76]. It entered clinical trials in 1993,

revealing nephrotoxicity as dose-limiting side effect. In Phase II studies as single-

agent therapy no advantage over other treatment regimens was observed, and the

trials were thus abandoned [77].

Current research on titanocene compounds focuses on improved stability in

aqueous solution by using chelating ansa systems (Figure 5.7). These compounds

were evaluated against a renal cancer cell line, and in vitro activity was found at a

concentration one order of magnitude lower than that of titanocene dichloride.

However, the presence of isomers appears problematic for clinical development.

Furthermore, the functionalized titanocene dichloride compound dichloridobis

(p-methoxybenzyl)cyclopentadienyltitanium(IV), also called titanocene Y (Figure

5.7b), was defined as a new lead structure because of its in vivo activity in mice

bearing Ehrlich ascites tumor. The oxalato derivative of titanocene Y (Figure 5.7c),

prepared with the aim of improving the stability, yielded promising results in an

initial in vitro screening [78, 79].

5.5

Ferrocene-Derived Anticancer Agents

Several ferrocene and ferrocinium compounds have been studied for their activity

in cancer cells in vitro. The compounds developed to the most advanced stage by

Figure 5.7 Schematic structures of an ansa-titanocene (a),

titanocene Y (b) and its oxalato derivative (c).
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Jaouen and coworkers are the ferrocifens, in which a phenyl ring of the anticancer

drug tamoxifen is substituted with a ferrocenyl moiety [80]. Tamoxifen (through its

active metabolite hydroxytamoxifen; Figure 5.8a) targets the estrogen receptor,

which is present in hormone-dependent (ERþ) tumors. For example, estrogens

are responsible for the growth induction of about 66% of breast cancers.

Ferrocifens are more lipophilic than tamoxifen and can cross cell membranes

more easily. They exhibit a stronger cytotoxic effect, probably due to the combi-

nation of binding to the estrogen receptor and additional cytotoxicity induced by

the redox-active ferrocene moiety itself. This would explain why they are also active

in hormone-independent (ER-) breast cancer cells, in which hydroxytamoxifen and

ferrocene are inactive.

The extended p-system plays an important role in the mode of action of these

compounds, and a correlation of anticancer activity with the electron transfer capacity

was observed [81]. The mechanism of action has been proposed to involve a series of

redox processes that originate from the oxidation of the ferrocene fragment and

eventually lead to the generation of ROS. Notably, ruthenocene compounds struc-

turally similar to ferrocifens exhibit very high affinity to the estrogen receptor.

However, in contrast to the iron compounds (FeII 2 FeIII), the ruthenium analogs

(irreversible oxidation RuII - RuIII) behave as antiestrogens with activity against

ERþ human breast adenocarcinoma cells, but not against ER- cell lines [80, 81].

5.6

The Main Group Organometallics Spirogermanium and Germanium-132

The germanium compound N-(3-dimethylaminopropyl)-2-aza-8,8-diethyl-8-

germaspiro-4,5-decane dihydrochloride or spirogermanium (Figure 5.9a) was

shown to inhibit DNA, RNA, and protein synthesis and to be cytotoxic in different

cell cultures. Moreover, activity in mammary and prostatic carcinoma in rats was

demonstrated [82]. A Phase I study initiated in the early 1980s revealed that

treatment was accompanied by dose-limiting neurotoxicity [83]. The compound

was further developed in a series of Phase II studies, in which objective responses

in malignant lymphomas, ovarian, breast, and prostatic cancer were observed [84].

Figure 5.8 Schematic structures of hydroxytamoxifen (a) and a ferrocifen compound (b).
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Germanium-132 (carboxyethylgermanium sesquioxide, Figure 5.9b) has shown

activity in preclinical experiments in a wide spectrum of tumors [85], such as Lewis

lung carcinoma and bladder tumors. It is thought that the compound stimulates

the immune system, including the activation of T-lymphocytes and macrophages,

an increase in NK cell activity and induction of interferon secretion. In clinical

studies, activity in unresectable lung cancer patients was observed [86].

Even though these germanium compounds have been the subject of many pa-

tents and were investigated in the clinic, not much is known (or at least published)

about their chemical behavior. Similarly, the reasons for abandoning their clinical

investigation were not clearly stated.

5.7

Arsenic in Cancer Chemotherapy

Arsenic trioxide (As2O3) had been used in a potassium bicarbonate-containing

formulation (potassium arsenite, ‘‘Fowler’s solution’’) for treatment of Hodgkin’s

disease and leukemia (in particular chronic myelogenous leukemia) in the late

nineteenth and early twentieth century but had been abandoned because of chronic

toxicity. Its antileukemic activity was reappraised in the late twentieth century based

on its long history in Chinese traditional medicine [87]. Studies revealed remarkable

therapeutic activity in acute promyelocytic leukemia (APL) in comparatively low and

well-tolerable doses given daily by intravenous infusion, prompting drug approval

for second-line therapy of this disease [88].

The mechanism of action of arsenic trioxide involves the induction of partial

differentiation of promyelocytes and the induction of apoptosis. The former effect

results from degradation of the PML-RARa protein, which is the product of a

fusion gene resulting from a chromosome translocation specific for APL and

central to the pathogenesis of this disease in blocking myeloid differentiation [89].

Additionally, arsenic trioxide may restore the antiproliferative and proapoptotic

functions of the PML gene [90]. However, other mechanisms such as induction of

oxidative stress by inhibition of cellular antioxidant defense systems (glutathione,

thioredoxin) [91] and interference with various signal transduction pathways [89]

are likely to be involved in the apoptotic response of APL cells to arsenic trioxide.

Darinaparsin (S-dimethylarsinoglutathione, Figure 5.10a) is a putative bio-

transformation product of arsenic trioxide with high cytotoxicity in cancer cells [92].

This compound, which is potentially suited for both intravenous and oral admin-

istration, is currently being studied in clinical trials in various malignancies, in

Figure 5.9 Schematic structures of spirogermanium (a) and germanium-132 (b).

168 | 5 Ruthenium and Other Non-platinum Anticancer Compounds



particular hepatocellular carcinoma, multiple myeloma, and lymphoma [93].

Melarsoprol (2-[4-[(4,6-diamino-1,3,5-triazin-2-yl)amino]phenyl]-1,3,2-dithiarsolane-

4-methanol, Figure 5.10b), an organoarsenic drug for treatment of trypanosomiasis,

has also been clinically studied in hematological malignancies, but was abandoned

because of cerebral toxicity [94]. Efforts are now being made to develop a formulation

with limited access to the central nervous system [95].

Similar to the Ge compounds mentioned above, very little is reported in the

literature about the chemistry of these As compounds.

5.8

Overcoming the Resistance of Tumors to Anticancer Agents

by Rare Earth Element Compounds

Several lanthanide (Ln) compounds have been tested for the treatment of

cancer and as anti-emetics due to favorable pharmacological properties [96]. In

particular, the Gd-texaphyrin complex motexafin gadolinium (Figure 5.11a) is at

an advanced stage of clinical development for the treatment of non-small cell lung

cancer [97]. In addition, some Ln compounds found application as medications

for burn wound treatment and as phosphate binders for the treatment of

hyperphosphatemia.

The mode of action of lanthanides is related to their similarity to calcium: Ln3þ

ions exhibit high affinity to Ca2þ binding sites in biomolecules because of their

similar ionic radii, but have a higher charge [97, 98]. Therefore, Ln compounds

are able to inhibit the calcium fluxes required for cell cycle regulation, but they

can also substitute for Ca2þ and other metal ions such as Mg2þ, Fe3þ, and Mn2þ

in proteins, leading to the inhibition of their functions [99, 100]. The tumor-

inhibiting activity of La3þ is considerably enhanced by complexation with various

ligands, such as phenanthroline derivates [101, 102].

The La3þ complex tris(1,10-phenanthroline)tri(thiocyanato-kN)lanthanum(III)

(KP772, Figure 5.11b) exerts potent activity in a wide range of tumor cell lines in
vitro and in a colon carcinoma xenograft model in vivo, with an efficacy comparable

to cisplatin and methotrexate [103]. Notably, multidrug-resistant cell models are

hypersensitive to this compound, and long-term treatment of KBC-1 cells with

KP772 leads to a progressive loss of the multidrug-resistance protein-1 (MRP1),

resulting in restoration of drug sensitivity, apparently without a direct interaction

with MRP1. Complementary studies showed that exposure of cells to subtoxic,

Figure 5.10 Schematic structures of darinaparsin (b) and melarsoprol (b).
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stepwise increasing, KP772 concentrations does not lead to acquired resistance

[104]. KP772 is therefore expected to be active against multidrug-resistant tumors,

making it an intriguing investigational drug for future clinical development.

5.9

Conclusions

The results reported in this chapter support conclusions of opposite signs. On the

optimistic side, it is apparent that many and diverse non-platinum metal com-

pounds have shown promising anticancer activity and that the pharmacological

potential of the broad spectrum of metals is still far from being fully recognized. In

other words, the in vitro and in vivo results collected over several decades for non-

platinum metal compounds, despite being sparse and inhomogeneous, confirm

that there is no reason to assume that only platinum complexes can be successfully

applied in cancer therapy. Preclinical studies of ruthenium, gallium, titanium, and

other metal lead-compounds revealed activity profiles different from that of cis-

platin. Even though we are only now beginning to gain an understanding of the

cellular and molecular effects of these drug candidates, they demonstrated

that metal compounds are much more versatile than previously envisaged and that

they can be fine-tuned almost at will by an appropriate choice of the metal, its

oxidation state, and of the ligands. In most compounds the coordination of the

metal center to some biological target seems to be necessary for anticancer activity,

and in this regard the kinetics of activation through dissociation of some ligands

are equally important as the kinetic and thermodynamic binding parameters of the

metal center. Very often, additional non-covalent interactions are essential for

increasing activity and target recognition (i.e., selectivity). However, a growing

number of metal compounds that are inert and coordinatively saturated, and thus

can give only non-coordinative interactions with their targets, are being in-

vestigated and show interesting biological properties.

On the other hand, it has to be recognized that there are no clear-cut guidelines

for the rational design of new metal-anticancer compounds. Most of the current

Figure 5.11 Schematic structures of motexafin gadolinium (a) and KP772 (b).
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lead-compounds were found through serendipity or through intuition coupled

with systematic investigations. In addition, in the case of ruthenium, the most

well-studied metal in this field beside platinum, there are yet no general structure–

activity relationships that might be used as guidelines for the development of new

active compounds. For example, the reason for the selective activity of some Ru

compounds against metastases is not clearly understood yet, in particular when

considering that NAMI and RAPTA compounds are structurally so different.

One major drawback in the quest for chemotherapeutics in general is the lack of

biological models with high predictivity, which would allow screening at an early

development level for the best drug candidates for further development. As

mentioned in the Introduction (Section 5.1), experience has demonstrated that

metal compounds with too low cytotoxicity to meet the criteria for activity in cell

line screens can still be effective agents in vivo.
Finally, we believe that this field might benefit from a careful re-examination of

the wealth of chemical and biological results collected over the years by many dif-

ferent groups in the light of the recently acquired knowledge of cellular pathways.

This process might produce new understanding and ideas for the design of novel

compounds following non-canonical guidelines. In addition, it might lead to the

biological re-investigation of compounds that have been abandoned or to the study

of classes of metal compounds that have so far been neglected because they were

considered devoid of features previously deemed essential for anticancer activity.
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6

The Challenge of Establishing Reliable Screening Tests

for Selecting Anticancer Metal Compounds

Angela Boccarelli, Alessandra Pannunzio, and Mauro Coluccia

6.1

Introduction

Cisplatin (1, cis-[PtCl2(NH3)2])
1 is one of the most used anticancer agents, and with

carboplatin (2, cis-[Pt(1,1-cyclobutanedicarboxylate)(NH3)2]) and oxaliplatin (3, cis-
[Pt(oxalate)(R,R-1,2-diaminocyclohexane)]) is present in a large number (W50%) of

chemotherapy regimens. Soon after the serendipitous discovery of the antitumor

activity of cisplatin in 1969 [1], much of the early research effort was carried out on

murine tumors, aimed at identifying the structure–activity relationships of plati-

num compounds [2, 3]. In parallel and subsequently, mechanistic investigations

performed at first in bacteria and then in mammalian cells led to the identification

of DNA as the pharmacological target of cisplatin [4]. The extraordinary and long-

term research activity focused on metal-based anticancer compounds was inspired

by the great efficacy of cisplatin in testicular cancer treatment, where cure rates of

around 80% are obtained [5]; this induced the hope of repeating that clinical

success in other solid tumors, exploiting also compounds of metals different from

platinum. At the same time, the research effort was supported by the great ver-

satility of metals and metal compounds, whose properties may be variously

modulated depending upon the metal itself, its oxidation state, number and type of

ligands, and coordination geometry of the complex.

In addition to cisplatin, two platinum drugs are at present in clinical use: car-

boplatin and oxaliplatin, approved by FDA in 1989 and 2002, respectively [6].

Carboplatin has the same indications of cisplatin, but a different toxicity profile. In

contrast, oxaliplatin has a spectrum of activity different from that of cisplatin. Ox-

aliplatin is indicated indeed in colorectal cancer, a malignancy quite refractory to

cisplatin or carboplatin, and has no indication in germ cell tumors or squamous cell

carcinomas. Therefore, oxaliplatin satisfies the requirements for novel compounds

with a spectrum of activity different from cisplatin; however, notably, the impact of

oxaliplatin on colorectal cancer is hardly comparable to that of cisplatin on germ

Schematic structures of the labeled compounds can be found in Chapters 1–5 (e.g. Table 3.1).
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cell tumors. Other platinum compounds are currently under clinical trials [7, 8],

and so are ruthenium [9] and gallium [10] compounds. At present, there are also

many metal-based drug candidates in the preclinical stage; numerous reviews have

been published recently, giving broad coverage of this field [11–15]. As far as pla-

tinum compounds are concerned, many strategies are being developed to improve

tumor targeting and reduce toxicity [16–22], as well as to modify the DNA interac-

tion properties [23, 24] and/or the biological targets [25, 26]. The ruthenium com-

pounds under investigation are characterized by a wide diversity of modes of action.

For example, the interaction with proteins of the extracellular matrix and cell sur-

face is likely involved in the antitumor activity of NAMI-A (4, imidazolium [trans-
tetrachloro(dimethyl sulfoxide) imidazoleruthenate(III)]) [27]; the transferrin

pathway and the interaction with cellular DNA and mitochondria appear to be in-

volved in the mechanism of action of the KP1019 complex (5, indazolium [trans-
tetrachlorobis(1H-indazole)ruthenate(III)]) [28]; the inhibition of protein kinases

has been reported for the organometallic complexDW1/2 (6) [29], and the inhibition
of enzymes implicated in tumor progression (thioredoxin reductase and cathepsin

B) has been reported for ruthenium-arene compounds [30]; more recently, a

ruthenium-derived organometallic compound capable of inducing the endoplasmic

reticulum stress pathway has also been described [31]. The pharmacological action

of gallium nitrate, Ga(NO3)3, which has already shown antitumor activity in clinical

trials [32, 33], appears to be associated with the interference with iron homeostasis,

including the inhibition of the ribonucleotide reductase enzyme [34], even though

other mechanisms of cytotoxicity may be involved [35]. Moreover, gallium com-

plexes acting as proteasome inhibitors have been reported recently [36]. Gold

compounds are investigated with respect to the ability of inducing mitochondrial

damage [37, 38] and proteasome inhibition [39]. Finally, inhibition of macro-

molecular synthesis, and mitochondrial and cell membrane damage, have been

implicated in cellular effects of organotin compounds [40].

The reported examples show that several distinct molecular and cellular targets may

be involved in the pharmacological action of the compounds at present under in-

vestigation. In some cases, the targets are different from DNA but are in any event

implicated in replicative functions, therefore justifying early screening assays based on

tumor cell proliferation inhibition. In other cases, the targets are not directly related to

replicative functions, thus suggesting the necessity of different screening assays.

Herein, we illustrate the main in vitro screening systems available for the de-

velopment of metal-based anticancer drugs. In particular, the role of screening

assays based on tumor cell growth inhibition and cell death is discussed. Subse-

quently, the impact of genomics and proteomics on metal-based drug develop-

ment is illustrated by some examples of both established and candidate anticancer

compounds. Historically, the design of metal-based anticancer drugs, after an

initial phase of empirical research, has always been inspired by mechanistic

considerations that have evolved in parallel with scientific and technological ad-

vancements in basic sciences and cancer research. A typical (and exciting) feature

of metal-based drug research is the contribution of different disciplines (from bio-

inorganic chemistry and biology to pharmacology and oncology), each of which
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has determined specific and important breakthroughs in the course of time. The

most recent advancements in understanding the mechanistic properties of an-

ticancer drugs have come from genomics and proteomics, and the application of

such technologies for screening purposes constitutes a present major challenge of

anticancer drug discovery and development.

6.2

Tumor Cell Growth Inhibition and Cell Death Screening Assays

Over the last few decades, a fundamental goal of cancer research has been the

identification of therapies capable of inducing selective cancer cell death. In general,

killing as many tumor cells as possible in most cases allows an improvement of

survival and quality of life of patients, but complete eradication unfortunately can be

obtained only in few cases (e.g., in testicular cancer, Hodgkin’s lymphoma, and

acute myeloid leukemia). The great efficacy of cisplatin in testicular cancer treat-

ment fostered a growing interest in metal-based drugs, and over a period of 40 years

thousands of compounds have been synthesized and investigated as potential

anticancer agents.

Metal-based anticancer drugs are generally classified as DNA-damaging cyto-

toxic agents, and in all programs of research and development of candidate an-

ticancer compounds the ability of determining both tumor cell death and DNA

damage is almost always systematically investigated. The use of human tumor cell

lines for the screening of anticancer agents, including the metal-based com-

pounds, gained ground in the late 1980s when the National Cancer Institute (NCI)

selected 60 cell lines representing nine human tumor types (leukemia, non-small-

cell lung, colon, central nervous system, melanoma, ovarian, renal, prostate, and

breast). The NCI-60 panel of cancer cell lines was established as a tool for a dis-

ease-oriented in vitro anticancer drug screening [41]. To date, tens of thousands of

compounds, including over 1100 metal or metalloid containing compounds, have

been screened in the NCI-60 panel for evidence of the ability to inhibit the growth

of human tumor cell lines (http://dtp.nci.nih.gov/docs/cancer/cancer_data.html).

Data concerning the activity of a given compound in a cancer cell panel, such as

the NCI-60 or the JFCR-45 [42], generate a typical profile of cellular response, for

example, the ‘‘mean graph’’; through computational techniques, such as COM-

PARE, the pattern of activity of a new compound can be compared with the pat-

terns of previously screened compounds, and this analysis is used to define

compounds with similar mechanisms of action [43]. A major goal of this screening

system is to recognize compounds characterized by a pattern of activity (and

presumed mechanism of action) different from those of known classes. For ex-

ample, the platinum compounds tested against the NCI-60 panel have been ana-

lyzed by Fojo and colleagues; 107 compounds have been organized into distinct

groups on the basis of their activity profiles and structural features, thus identifying

the most promising compounds for further experimentation [44]. In platinum-based

drug discovery programs specifically aimed at developing drugs capable of

Tumor Cell Growth Inhibition and Cell Death Screening Assays | 177



circumventing cisplatin/carboplatin resistance, Hills and colleagues established

human ovarian carcinoma cell panels showing a close vitro/vivo correlation in

cisplatin sensitivity/response [45]. By using this ovarian screening system, several

promising compounds were identified [7], including satraplatin (7, cis,trans,
cis-[PtCl2(acetate)2(NH3)(cyclohexylamine)]) and picoplatin (8, cis-[PtCl2(NH3)(2-

methylpyridine)]), at present investigated in Phase II/III clinical trials. Oxaliplatin,

too, is characterized by an activity profile different from that of cisplatin in the NCI-

60 panel (Figure 6.1), even though the drug was originally selected and investigated

in in vivo murine systems [46, 47]. Panels of tumor cells representative of common

human tumors and including cisplatin-resistant cells have also been used to screen

platinum compounds with trans geometry [48, 49]. On the whole, tumor cell panels

have been successful at identifying platinum-based compounds characterized, in
vitro, by a spectrum of activity different from cisplatin and/or effective against

cisplatin-resistant tumors.

As far as methodological aspects are concerned, in the early investigations of

activity on tumor cells, the ability to inhibit cell proliferation is usually analyzed;

the parameter most frequently defined is the compound concentration resulting in

a 50% reduction in the cell number increase compared to control cells, that is, the

50% growth inhibitory concentration (GI50). The wide use of cell growth inhibi-

tion assays in the screening of potential anticancer agents is connected to the fact

that anticancer drug development is still largely focused on cellular processes

involved in cell proliferation. As tumor cells are characterized by proliferative ac-

tivity, the inhibition of proliferation is considered an operative definition of cell

death, and in this sense is used in the so-called cytotoxicity assays. To determine

the treatment-induced inhibition of proliferation, the tumor cell number (in mi-

crotiter plates) is calculated by spectrophotometric techniques adapted for auto-

mation and large-scale applications. The Sulforhodamine B (SRB) assay is a widely

used method that relies on the ability of the SRB dye to bind to proteins, thus

providing a measurement of cellular protein content and the determination of cell

density [50, 51]. Tetrazolium dye-based assays (MTT, XTT) are other popular

systems for measuring cell density [52, 53]. Unlike SRB, which does not distin-

guish between viable and dead cells, the tetrazolium assays are based upon viable

cell metabolic activity to convert tetrazolium into formazan dye. In any case, it is

important to note that the GI50 parameter is a measure of cell proliferation, and

not of cell kill. Moreover, even when the long-term fate of proliferating cells is

measured by using clonogenic assays [54], these methods do not distinguish cell

death from long-lasting cell-cycle arrest [55].

The identification of dead cells after treatment with metal compounds, and in

general after a toxic damage, is not a difficult task and should be considered from

the initial development stage. In in vitro systems, a cell should be considered dead

when it has lost the integrity of the plasma membrane (thus incorporating ex-

clusion dyes, such as propidium iodide or trypan blue) and/or the whole cell has

undergone fragmentation into discrete fragments not incorporating exclusion

dyes (apoptotic bodies). These morphological features can be detected by
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Figure 6.1 Mean GI50 graphs showing the

different activity profile of cisplatin (a) and

oxaliplatin (b) in the NCI-60 tumor cell line

panel (data obtained from the NCI web site at

http://dtp.nci.nih.gov/webdata.html). The zero

value represents the mean GI50 concentration

across all cell lines to cisplatin and oxaliplatin

(9.5 and 2.8 mM, respectively). Using a

logarithmic scale, the sensitivity or resistance

of each cell line is represented by deflections

to the right or left, respectively, from the

mean. The mean graphs format highlights the

differences of sensitivity patterns for distinct

cancer cell subpanels, for example, showing

the sensitivity of colon cancer cells to

oxaliplatin.
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microscopy- and/or flow cytometry-based techniques, which provide also im-

portant clues of the underlying mechanisms. Cell death is classically considered to

be consequent to regulated and unregulated mechanisms [56]. Apoptosis is the

best known regulated mode of cell death, naturally occurring in multicellular or-

ganisms, and is characterized by cell shrinkage, chromatin condensation, and

nuclear and cell fragmentation; importantly, apoptosis is often disrupted in cancer

cells [57]. In contrast, unregulated cell death, often called necrosis, is an un-

warranted (pathologic) form of cell death characterized by a gain in cell volume,

swelling of organelles, plasma membrane rupture, and loss of intracellular con-

tents. However, evidence is accumulating that necrosis may also be regulated by

specific signal transduction pathways [58], and the term ‘‘necroptosis’’ has been

suggested to differentiate regulated from accidental necrosis [59]. In some cases,

investigated mainly in in vitro systems, dying cells can show a morphology called

autophagic cell death [60], in which wide portions of cytoplasm are sequestered

and degraded inside the autophagosomes, in the absence of chromatin con-

densation. Notably, the breakdown of cellular components in the autophagosomes

may provide a cell with nutrients, ensuring that vital processes can continue, for

example, after nutrient starvation [61] and/or toxic damage [62, 63]. This suggests

that autophagy is basically a survival mechanism. However, a persistent autophagy

can progressively weaken the cell, eventually leading to its death.

In vitro studies on effects of anticancer drugs on tumor cells have allowed in-

vestigators to identify all three major modes of cell death: apoptosis, necrosis, and

autophagy. Since these events represent the end result of treatment-induced

perturbations of the interconnected metabolic pathways regulating cell death-

survival homeostasis, it is not surprising to find examples in which cell death

shows mixed morphological features (e.g., signs of both apoptosis and necrosis),

thus witnessing the interdependence of cell death mechanisms [64]. Character-

izing the tumor cell death mode induced by anticancer drugs is also important as

far as the clearance mechanisms of dead cells are concerned. Apoptosis is gen-

erally considered immune-silent or immunosuppressive, whereas necrosis in-

itiates the immune response. The insights from the last decade increasingly

support the relevance of cell death pathways, removal of dying and dead cells, and

immune system response in anticancer therapy [65].

The investigation of tumor cell death induced by metal-based compounds is

important, particularly in a mechanism-driven development program. The bio-

chemical aspects of different cell death modes can be detected by several techni-

ques (immunofluorescence microscopy, colorimetric/fluorogenic assays, flow

cytometry, immunoblotting, etc.) [66, 67]. On the whole, the available techniques,

in several cases adapted for commercially available high content assays, can give

rather specific information on cellular demise processes involved in apoptosis

(activation of caspases, mitochondrial transmembrane permeabilization, DNA

fragmentation, phosphatidylserine exposure), necrosis (leakage of intracellular

proteins, ATP measurement, activation of non-caspase proteases), and autophagy

(LC3 protein conversion, Beclin-1 dissociation).
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Before leaving cell death modes behind, we add two additional considerations.

Cell death is a dynamic process, whose features may appear even after the usual

time intervals (1–3 days) of short-term assays; therefore, when investigating cell

death mechanisms, a wide range of doses, schedules, and times should be ex-

amined. Moreover, the biological features of tumor cells used in the assay must be

carefully considered: cell death–survival homeostasis of tumor cells is affected by

tumor-specific genetic and epigenetic mechanisms, which support the adaptive

features of cancer cells. This implies that cellular effects of anticancer drugs de-

pend both on the intrinsic pharmacodynamic properties of the compounds being

tested and on tumor cell specific context [68].

6.3

Metal-Based Anticancer Compounds and Gene Expression

Microarray Technologies

The tumor biology early notion that an increased cell proliferation represents the

basic difference between tumor and normal cells has long since been discarded in

favor of a more complex notion of dysregulation of numerous and interconnected

cell processes. Because of genetic mutations, epigenetic changes, and micro-

environment-dependent events, tumor cells show abnormalities of functions re-

lating to growth, division, differentiation, senescence, apoptosis, DNA repair, cell

signaling, and tissue architecture. As overall consequence, tumor cells adaptively

acquire the ability to survive and reproduce in defiance of normal restraints, and to

invade and colonize anatomical districts normally reserved for other cells. A

fundamental contribution to the present understanding of cancer molecular and

cellular biology comes from gene expression microarray technologies. Developed

in the 1990s, DNA microarrays can monitor RNA products of thousands of genes

simultaneously. Figure 6.2 shows an example of a 22 000-probe oligonucleotide

microarray.

Transcriptional profiling provides unprecedented and comprehensive informa-

tion on which genes are switched on (or off) when tumor cells grow, proliferate,

differentiate, or respond to molecular signals as well as to therapeutic agents. An

indication of the increasing application of microarrays in cancer can be appre-

ciated when interrogating PubMed database for ‘‘microarray þ cancer.’’ The

search produces 131 citations from 1995 to 2000, whereas more than 11 000 ci-

tations are at present reported. Gene expression analyses are also facilitating

the contemporary anticancer drug development, being usable in most stages of the

process, including target identification and validation, mechanism of action stu-

dies, and identification of pharmacodynamic endpoints. In the current literature,

numerous applications of transcriptional profiling with anticancer agents can be

found [69]. Herein, some examples are provided to illustrate how the transcrip-

tional profiling approach is being used for investigating the pharmacological ac-

tion of metal-based anticancer drugs. In more detail, the use of basal or

Metal-Based Anticancer Compounds and Gene Expression Microarray Technologies | 181



constitutive gene expression profiling to understand and predict drug sensitivity

and resistance is described; likewise, the value of determining changes in gene

expression in response to treatment is illustrated with examples concerning both

established and candidate metal-based drugs.

Figure 6.2 Pseudo-color image of a

competitive hybridization experiment on a

70mer oligonucleotide microarray. The

competitive hybridization was performed by

using cyanine 3-labeled cDNA (green),

prepared from mRNA isolated from

cisplatin-sensitive A2780 ovarian cancer cells,

and cyanine 5-labeled cDNA (red), prepared

from mRNA isolated from cisplatin-resistant

A2780cisR cells. A representative (magnified)

subgrid is also shown on the right. The

scanner generates separate data images

for green (532 nm) and red (635 nm)

wavelengths. By overlaying the red and

green data images, the differential

expression of various genes is visualized.

Green spots indicate expression in the

A2780 sample, while red spots indicate

expression in the A2780cisR sample. Yellow

spots indicate genes that are expressed in

both samples. The fluorescence intensity

of each color at each spot indicates the

level of expression of that gene in each

sample.
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6.3.1

Basal Transcription Profiling and Sensitivity/Resistance

to Metal-Based Anticancer Drugs

This strategy is generally applied to a panel of tumor cell lines, in which measures

of compound activity (e.g., growth inhibition, cell death, or other cellular para-

meters) are correlated with gene expression profiles prior to drug exposure.

A comprehensive review of metal compounds with potential anticancer activity

investigated in the NCI-60 screen has been published by Huang and colleagues

[70]. More than 1100 compounds containing transition metals, main group metals,

or metalloids were examined and clustered according to similarities of their ac-

tivity profiles (GI50) in the NCI-60 panel. The compounds in the clusters were

subsequently analyzed according to their structural features and reactivity.

Along with literature support, similarities in chemical features and reactivity were

used to assign the compounds to four broad classes of mechanism of action,

according to preference for binding to sulfhydryl groups, chelation, generation of

reactive oxygen species, and production of lipophilic ions. Finally, the genomic

features uniquely associated to specific cytotoxic responses were analyzed, with the

aim of identifying putative genes or biological pathways affected by metal com-

pounds. Several examples of cytotoxicity/gene expression correlations were

reported, as in the case of metal compounds with high affinity for sulfhydryl

groups and cysteine- or glutathione-dependent protein gene expression profiles.

On the whole, the correlations between cytotoxic responses and gene expression

profiles provided additional support for mechanism of action assignment, and

contributed to identify subsets of compounds specifically active towards certain

cancer cell sub-panels. The NCI database with gene expression profiles of NCI-60

tumor cells was explored also by Vekris and colleagues, to identify the genes whose

expression was positively or negatively correlated to the sensitivity of tumor cells to

cisplatin, carboplatin, oxaliplatin, or tetraplatin. Interestingly, important simila-

rities were noticed between cisplatin and carboplatin, on the one hand, and

tetraplatin and oxaliplatin on the other hand [71].

Metal compound sensitivity-basal transcription profiling relationships have also

been investigated in cell lines not included in the NCI-60 panel, representative of

tumors for which platinum-based chemotherapy is usually performed (e.g.,

head and neck tumors), as well as in distinct series and pairs of tumor cells sensitive

and resistant/refractory to platinum drugs. Most studies have been focused on

clinically used platinum compounds, and some examples are reported below. The

cytotoxic activity of platinum drugs has been correlated to gene expression profiles

of a series of head and neck, esophageal, gastric, testicular, ovarian, and colorectal

cancer cell lines [72–87]. Gene expression profiles correlating with cisplatin sensi-

tivity of oral squamous cell carcinoma pairs of cisplatin-sensitive and- resistant cell

lines have been reported by different groups [72–76], which provided useful models

for identifying the genes associated with cisplatin resistance. Gosepath and collea-

gues showed that cisplatin resistance of the oral cancer cell line Cal27 is associated

with a decreased expression of DKK1, an inhibitor of WNT signaling, and that
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resistance could be partially reversed by DKK1 overexpression [77]. More recently,

Yamano and colleagues [78] identified differentially expressed genes between cis-

platin-sensitive and -resistant head and neck squamous cell carcinoma (HNSCC)

cell lines; importantly, it was shown that siRNA-directed silencing of some selected

genes resulted in enhanced susceptibility to cisplatin, and that a positive im-

munohistochemical staining of the same genes correlated with resistance to cis-

platin-based chemotherapy in HNSCC patients. The cytotoxic activity of cisplatin

was correlated with basal expression profiles of esophageal cancer cell lines and

normal esophageal epithelial cells [79], chemoresistant gastric cancer cell lines

and parental cells [80], and cisplatin-resistant and -sensitive testicular germ cell

tumor (TGCT) cell lines [81], thus providing comprehensive gene information of

different tumor histotypes usually treated with platinum drugs. In particular, the

genomic differences between three TGCT parental cell lines and their cisplatin-

resistant derivatives were investigated by single nucleotide polymorphism (SNP)

microarray analysis and fluorescence in situ hybridization. Two chromosomal

regions (6q26-27 and 10p14) with copy number changes were identified across

cisplatin-resistant cells, thus suggesting the localization of cisplatin chemoresis-

tance genes [81].

Transcription profiling data of 14 human ovarian cancer cell lines (derived from

patients who were either untreated or treated with platinum-based chemotherapy)

were correlated to cell proliferation rate as well as to cisplatin, carboplatin, ox-

aliplatin, or picoplatin sensitivity by Roberts and colleagues [82]. Stat1 gene ex-

pression was associated with decreased sensitivity to cisplatin and picoplatin;

importantly, it was shown that resistance could be induced in sensitive cells by

Stat1 transfection. Cheng and colleagues used basal transcriptional profiling to

identify genes differentially expressed in multiple pairs of cisplatin-sensitive and -

resistant human ovarian carcinoma cell lines. For the first time, many genes in-

volved in cell surface interactions and trafficking pathways were associated with

cisplatin resistance [83]. Basal transcriptional profiling of ovarian cancer cells in-

trinsically characterized by different sensitivity to platinum drugs, such as ovarian

clear cell or serous adenocarcinoma cell lines, has also been investigated. In cis-

platin-refractory clear cells, Saga and colleagues identified six highly expressed

genes, including glutathione peroxidase 3 (GPX3), and showed also that RNAi

suppression of GPX3 increased cisplatin sensitivity [84]. In ovarian clear cells,

Oishi and colleagues reported a higher expression of galectin-3, a protein involved

in cell interactions, and confirmed the observation by immunohistochemistry of

clear cell and serous adenocarcinomas [85].

Oxaliplatin is an effective chemotherapeutic agent for the treatment of colorectal

cancer, and several apoptosis and DNA damage repair genes correlated with

response to oxaliplatin were identified through transcriptional profiling of several

colorectal cancer cell lines [86]. Genes correlated with oxaliplatin or cisplatin

cytotoxicity in six human colorectal cancer cell lines were investigated also by

Meynard and colleagues; protein synthesis, cell energetics, and response to oxi-

dative stress were identified as the major functions involved in oxaliplatin

activity [87].
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Finally, basal transcription profiling of gallium-resistant and gallium-sensitive

human T-lymphoblastic leukemia/lymphoma CCRF-CEM cells has been per-

formed recently, showing a role for metal-responsive transcription factor-1, me-

tallothionein-2A, and zinc transporter-1 in modulating the antineoplastic activity

of gallium nitrate [88].

To sum up, the above examples demonstrate that the correlations between basal

transcription profiling and drug activity may contribute to the validation of can-

didate target functions. Moreover, such correlations contribute to the under-

standing of sensitivity/resistance mechanisms, and to the identification of activity

biomarkers. Knowledge of factors that may affect the efficacy of anticancer drugs is

of utmost importance because such information may be used to identify patients

more likely to benefit from treatment. This is a major task of cancer chemother-

apy, since clinical resistance at present can be determined only retrospectively.

6.3.2

Profiling Gene Expression Alterations in Response to Treatment

with Metal-Based Anticancer Drugs

Gene expression profiling of cells in response to anticancer drug treatment pro-

vides a valuable means to identify potential pharmacodynamic markers, and to

investigate the cellular mechanism of action. For example, gene expression pro-

filing was used by Le Fevre and colleagues to distinguish among anticancer drugs

according to their presumed mode of action. In this study, human lymphoblastoid

TK6 cells were exposed to different concentrations of DNA-reactive (alkylating,

crosslinking, and oxidative agents) or non-DNA-reactive anticancer drugs (mitotic

spindle interacting agents, antimetabolites, and topoisomerase inhibitors), and

gene expression was examined at the end of treatment or after a recovery period.

Gene expression analysis allowed the drugs to be classified according to their

presumed mechanism of action, and a molecular signature of 28 genes mainly

involved in cell cycle and signal transduction pathways was identified [89].

Given that metal-based anticancer compounds are generally considered as DNA-

damaging agents, a distinction between DNA-reactive and non-DNA-reactive

compounds could be useful information from the early screening onwards of

metal-based anticancer drug candidates. In the following, some examples of the

different types of studies focused on transcriptional profile modifications induced

by both established [90–94] and candidate metal-based drugs [95–101] are reported.

The effect of cisplatin upon global gene expression of testicular germ cell tumor

(TGCT) cells has been investigated by Duale and colleagues [90], to provide a

general picture of the unusual sensitivity of TGCT cells to platinum agents. New

functional classes of genes and pathways not previously known to be associated

with cisplatin-induced cellular response were identified (terminal growth arrest,

and senescent-like arrest), along with microRNA target genes that may play

important functional role in determining cisplatin sensitivity. The effects of

oxaliplatin on HCT116 human colon carcinoma cells at the gene expression level

(and also at protein level) were compared to those of cisplatin to investigate the
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mechanisms underlying the higher efficacy of oxaliplatin in colon carcinoma by

Voland and colleagues [91]. Some genes equally affected by both drugs were

identified (e.g., Bax and Fas), whereas other genes were found to be conversely

regulated. In particular, oxaliplatin down-regulated several cell cycle-related genes

involved in DNA replication and G2-M progression, thus suggesting a different

profile of cellular response, in any event converging toward a common cell death

fate. A time–course analysis of transcriptional modifications associated with the

development of cisplatin resistance was proposed by Whiteside and colleagues

[92]. In this study, changes in gene expression of NCI-H226 and NCI-H2170 lung

cancer cells treated weekly with minimal inhibitory concentrations of cisplatin

were systematically analyzed; the time–course method contributed to identify

genes directly rather than passively involved in resistance development, and genes

never before associated with cisplatin resistance occurrence were identified, in-

cluding interferon-inducible protein 9�27 (IIP 9�27), stromelysin-3 (Str-3), ERBB-

3, and macrophage inhibitory cytokine 1 (MIC1). More recently, time–course and

concentration–effect experiments were performed by Brun and colleagues, to

investigate the effects of cisplatin and oxaliplatin on gene expression of A2780

ovarian cancer cells across multiple time-points and drug concentrations. A model

for fitting simultaneously time profiles and concentration effects to gene expression

data was used to identify genes with different expression patterns between the two

platinum drugs [93].

Gene expression modifications induced by cisplatin have been investigated also

in spheroid cultures of ovarian cancer cells [94]. Multicellular spheroids may

provide a better in vitro approximation of solid tumors [102], in particular for

studying early occurrence of acquired resistance, a phenomenon that likely re-

presents an adaptive multicellular mechanism rather than the result of genetic

changes [103]. Consistent with this hypothesis, the major functional gene cate-

gories that were specifically upregulated in cisplatin-treated ovarian cancer

spheroids included cellular assembly and organization, cell death and DNA re-

plication, recombination, and repair.

Gene expression modifications induced by candidate metal-based anticancer

drugs have been also actively investigated, with the aim to provide a mechanistic

basis for their development [95–101]. Transcriptional modifications induced by the

multinuclear platinum complex BBR3464 (9, [{trans-PtCl(NH3)2}2{m-trans-Pt
(NH3)2(H2N(CH2)6NH2)2}]

4þ ) on a pair of cisplatin-sensitive (A431) and resistant

(A431/Pt) human cervix squamous cell carcinoma cells have been investigated by

Gatti and colleagues [95]. The results showed a differential pattern of transcription

profile between sensitive (upregulation of cell cycle and growth regulators, tumor

suppressors, and signal transduction genes) and resistant (upregulation of apop-

tosis and DNA damage genes) cells.

The differential processing of antitumor-active trans-Z (10, trans-[PtCl2{Z-HN=C

(OCH3)CH3}(NH3)]) and antitumor-inactive transplatin (11, trans-[PtCl2(NH3)2]) by

SKOV-3 ovarian cancer cells treated with equi-cytotoxic doses (IC50) of the two

compounds has been investigated by Boccarelli and colleagues [96]. The time–course

analysis of gene expression modifications showed that phenotypic effects of
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transplatin were driven by an initial and transient upregulation of some genes related

to cell-cycle checkpoint and arrest networks, whereas the more dramatic phenotypic

effects of trans-Z were associated with a persistent upregulation of more numerous

genes involved in cell-cycle checkpoint and arrest networks, and in genome stability

and DNA repair. The effect of transplatin on gene expression of human foreskin

fibroblasts has been compared to that of cisplatin by Galea and Murray [97]. Many

genes responded similarly to treatment with both compounds, but a differential ex-

pression of DNA damage response genes was induced by cisplatin.

The novel trans-R,R-diaminocyclohexane (DACH) derivative [Pt(R,R-DACH)

(DMC)], characterized by the presence of the dimethylcantharidin (DMC) ligand,

has been compared to oxaliplatin on HCT116 colon cancer cells. The DMC ligand

is expected to be released from the parent complex, thus determining an additional

DNA damage-dependent cytotoxic effect. The analysis of treatment-induced

transcriptional modifications allowed the identification of genes specifically af-

fected by the DMC ligand, including base excision, homologous recombination,

and mismatch repair genes, thus confirming the mechanistic basis for the marked

efficacy of [Pt(R,R-DACH)(DMC)] [98].

Platinum(IV) complexes are thought to function as prodrugs for anticancer Pt(II)

drugs [99]. Olszewski and colleagues compared transcriptional profile modifica-

tions induced by the orally applicable Pt(IV) compound oxoplatin [12, cis,trans,cis-
diammine-dihydroxido-dichlorido-platinum(IV)] with those of cisplatin in H526

small cell lung cancer cells [100]. Oxoplatin and cisplatin showed a partial overlap of

gene expression modifications, but 80% of affected genes were different for the two

compounds, thus suggesting distinct mechanistic properties. Gene expression

profiling of SiSo cervical adenocarcinoma cells resistant to either cisplatin or ox-

oplatin was also investigated, highlighting marked global differences between the

two compounds [101]. On the whole, these results suggest a differentmechanism of

action for oxoplatin, and question its role as inactive prodrug of cisplatin.

In summary, microarray technology may greatly facilitate the analysis of the

mechanisms of action of metal-based drugs. As shown by the reported examples,

gene expression profiles of cells in response to metal-based compounds can readily

be compared with untreated control cells, to reveal those genes that have under-

gone a change in response to drug treatment. For screening purposes, when

structurally similar compounds are compared, the identification of gene expres-

sion responses unique to antitumor-active compounds can greatly improve the

design and development of lead agents. Importantly, the global effects of treat-

ment, including the toxicity effects, can be analyzed by transcriptional profiling,

thus allowing one to identify the various pharmacological actions of the metal

compounds under investigation.

6.4

Metal-Based Anticancer Compounds and the Proteomic Approach

Scientists have long focused on the characterization of platinum–DNA interac-

tions, exploiting advanced analytical and molecular biology techniques. However,
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protein-bound platinum represents the most part of administered drug in the case

of cisplatin, both in the extracellular medium (up to 98% of cisplatin interacts with

albumin) [104] and into the cytoplasm [105], where the binding to intracellular S-

donors is markedly favored [106]. In the case of cisplatin, it is generally believed

that the reactions occurring with cytosolic components account for the broad

spectrum of side-effects [107], and contribute to resistance [108]. Consequently, the

investigation of platinum interactions with biological molecules different from

DNA is an important task of both toxicity and resistance investigations [109]. In

addition, cytotoxicity mechanisms alternative (or additional) to DNA binding are

increasingly considered for platinum compounds, based upon interactions with

the plasma membrane [110] or with regulatory proteins [111]. Interestingly, anti-

tumor platinum compounds that do not interact with cellular DNA have also been

reported recently [112].

In this general context, as well as in a more specific mechanistic-driven drug

development program, the relevance of the identification of protein targets of

metal-based compounds is undoubtable. The most recent findings in identifica-

tion of binding proteins and target sites of platinum, gold, arsenic, and ruthe-

nium anticancer compounds have been recently reviewed by Sun and colleagues

[113], and the potential of proteomic approaches in mechanistic investigations by

Wang and Chiu [114].

Similarly to the genomic investigations mentioned in the previous paragraphs,

some studies aimed at identifying the basal proteomic profile associated with

drug sensitivity/resistance of cancer cells are mentioned below [115–120]; likewise,

some examples of proteomic profile changes induced by treatment are provided

[121–124].

By using the isotope-coded affinity tags combined with tandem mass spectro-

metry technique (ICAT/MS/MS), Stewart and colleagues compared the proteomes

of cisplatin-sensitive IGROV1 ovarian cancer cells and cisplatin-resistant IG-

ROV1/CP cells; 121 differentially expressed proteins between the two cell lines

were identified, including proteins overexpressed in resistant cells (cell recognition

molecule CASPR3, S100 protein family members, junction adhesion molecule

Claudin 4, and CDC42-binding protein kinase beta) and in sensitive cells (hepa-

tocyte growth factor inhibitor 1B, and programmed cell death 6-interacting pro-

tein) [115]. The proteomic pattern of cisplatin-resistant IGROV1-R10 cells was

compared to that of IGROV1 by Le Moguen and colleagues. Among the 40 pro-

teins identified using the MALDI-TOF mass spectrometry technique, cytokeratins

8 and 18 and aldehyde dehydrogenase 1 were found to be overexpressed in IG-

ROV1-R10, whereas annexin IV was down-regulated [116].

Yan and colleagues compared the proteomes of cisplatin-sensitive SKOV3 and

A2780 ovarian cancer cells to those of corresponding resistant sublines, by using

two-dimensional gel electrophoresis and MALDI-TOF mass spectrometry. Out of

57 differentially expressed proteins, five proteins (annexin A3, destrin, cofilin 1,

Glutathione-S-transferase omega 1, and cytosolic NADPþ -dependent isocitrate

dehydrogenase) were found to be co-instantaneously significant [117]. More
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recently, membrane-associated glycoproteins of ovarian cancer cells sensitive

(A2780) and resistant (A2780cis) to cisplatin have been investigated by liquid

chromatography and mass-spectrometry. Six overexpressed proteins were identi-

fied in resistant cells, and one of them, namely the CD70 cytokine, was revealed

also in ovarian tumors by immunohistochemistry, suggesting a potential role as

resistance marker [118].

Differentially expressed proteins have been investigated also in cisplatin-

sensitive and- resistant breast cancer cell lines (MCF7) by MALDI-TOF mass

spectrometry, and some candidates for further validation in clinical samples were

identified [119]. Finally, through a proteomic approach, a link between decreased

pyruvate kinase M2 expression and oxaliplatin resistance in human HT29

colorectal cancer cell lines as well as in patients has been identified recently by

Martinez-Balibrea and colleagues [120].

Proteomic profile changes associated with cisplatin treatment of IGROV1 cells

were investigated by Le Moguen and colleagues by electrophoresis coupled to

MALDI-TOF mass spectrometry. The kinetic analysis of IGROV1 cell behavior

following cisplatin treatment revealed time and/or concentration-dependent

modifications in protein expression, including events likely associated with cell

cycle blockade (decreased amino-acid and nucleotide synthesis) and resistance

development (enhanced glycolysis and increased proliferating potential) [121]. The

differential protein expression associated with cisplatin treatment of HeLa cervical

carcinoma cells has been investigated by Yim and colleagues. Interestingly, pro-

teomic data confirmed the ability of cisplatin to induce apoptosis through the

activation of both death receptor-mediated and mitochondria-mediated pathways

[122]. A human nasopharyngeal carcinoma cell line (SUNE1) was used by Wang

and colleagues to compare the proteomic profile modifications induced by cis-

platin and a by a gold(III) porphyrin complex. Several clusters of altered proteins

were identified, including cellular structure and stress-related chaperone proteins,

proteins involved in reactive oxygen species metabolism, translation factors, pro-

teins that mediate cell proliferation or differentiation, and proteins participating in

the internal degradation systems [123]. Finally, the global changes in protein ex-

pression levels after oxaliplatin treatment in three colon cancer cell lines (HT29,

SW620, and LoVo) have been investigated recently for the first time by Yao and

colleagues. Through electrophoresis coupled to MALDI-TOF mass spectrometry,

21 differentially expressed proteins common to the three cell lines were identified,

including proteins associated with apoptosis, signal transduction, transcription

and translation, cell structural organization, and metabolic processes [124].

On the whole, the investigations of basal proteomic profiles as well as of treat-

ment-induced proteomic modifications demonstrate how global proteomic pro-

filing approaches can be used to identify putative candidates that can be further

evaluated individually. Important clues on proteins potentially involved in

modulating tumor cell response to metal-based drugs can be identified, even

though further investigations are needed to understand their mechanistic role as

well as the potential use as therapeutic targets and/or markers of treatment

response.
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6.5

Concluding Remarks

A survey of the recent literature illustrates that metal-based anticancer agents

constitute a heterogeneous class of compounds from both chemical and mechanistic

points of view. The heterogeneity of mechanisms of action, in particular, can

determine some perplexity in choosing the in vitro primary screening system; this

chapter aims to contribute to the understanding of currently available assays, and

therefore to a rational choice of the most appropriate experimental systems.

6.5.1

Cytotoxic Metal-Based Anticancer Agents

Metal-based anticancer agents can damage DNA and associated functions as

well as other biochemical processes involved in proliferation and survival/death

homeostasis of tumor cells. In such cases, a cell growth inhibition assay in a panel

of tumor cell lines allows the identification (i) of the most active compound in a

series of structurally similar compounds and/or (ii) of the compound(s) whose

activity profile is different from that of reference compounds. However, a cell

growth inhibition assay does not give information about the target(s); in contrast, a

knowledge of the treatment-induced cell death mode would provide more in-

formation on the mechanism of action, thus contributing more significantly to the

development of selected compounds. Importantly, cell death is a complex phe-

nomenon; specific experimental methods, discussed in Section 6.2, must be used

with tumor cells, which are themselves a research tool according to their genetic

and genomic features. The importance of a detailed knowledge of tumor cell lines

is also emphasized in specific research projects, such as the Cancer Cell Line

Project (http://www.sanger.ac.uk/genetics/CGP/CellLines), focused on the char-

acterization of currently used cancer cell lines.

6.5.2

Non-Cytotoxic Metal-Based Anticancer Agents

In some cases, tumor-inhibiting metal compounds have been reported whose

pharmacological action does not appear to depend upon killing of tumor cells;

rather, other malignant phenotype properties appear inhibited. For example, the

antitumor activity of the ruthenium complex NAMI-A is associated with its anti-

metastatic [125] and antiangiogenic [126] effects. In this case, it is difficult to think

that a tumor cell growth inhibition or a tumor cell death assay could be useful as

primary screen of compounds of the same mechanistic class, and more appropriate

systems should be selected. In this regard, invasion, metastasis, or angiogenesis are

very complex, multistep and multicomponent (the tumor microenvironment) pro-

cesses, and no single in vitro assay exists that can accurately model them. However,

different steps of the above processes can be assayed using standard cell-based

techniques; for example, endothelial cell proliferation and migration, tube formation
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and so on in the case of angiogenesis [127]. However, also in these cases the

screening assays are not informative as far as target(s) and molecular mechanisms

are concerned, and the results can hardly orient or re-orient the chemical design and

subsequent developments.

6.5.3

Tumor-Targeted Metal-Based Anticancer Agents

Tumor targeting of metal-based anticancer agents is also an active field of re-

search, and poses specific screening problems, according to the targeting modality.

In particular, when microenvironment features (e.g., hypoxia, pH) are chosen for

the activation of metal compounds in tumor microenvironment-specific condi-

tions, the available experimental systems are poorly suited for screening purposes.

Even though in vitro three-dimensional tumor microenvironment models are ra-

pidly evolving research tools [128], the use of animal models is at present almost

unavoidable.

6.5.4

Towards a Global Mechanistic-Based Screening Approach

It has been demonstrated that metal-based compounds can target specific en-

zymes [29, 30]; in such cases, they can be considered and developed as targeted

agents, using biochemical systems as primary screen [129]. For the most part of

research programs on metal-based anticancer compounds, however, cell-based

assays are used as primary screening systems, and the choice of both tumor cells

and cell-based assay depends upon the hypotheses on the mechanism of action of

the compounds under investigation. However, even when an appropriate cell

panel is used, and a well-defined endpoint is measured, a cell-based assay is

characterized by high hit rates, because a complex biological process such as

proliferation, cell death, invasion, or angiogenesis has many potential targets that,

in addition, can be shared by interconnected biological pathways. On the other

hand, metal-based compounds have heterogeneous mechanisms of action, and the

same compound can interact with different targets; therefore, it seems reasonable

to suppose that a class of compounds sharing a common overall structure may

have multiple cellular targets, and that the effect on the endpoint measured in the

primary screen depends upon both chemical features of the compounds and

cellular context. For such reasons, the unique criterion of effectiveness towards

any phenotypic feature investigated in the primary cell-based screen may not be

sufficient to address effectively the subsequent development, which includes also

the choice of an appropriate in vivo model. To this end, mechanistic information

on the same cell-based assay would be more useful, representing also a proof-of-

concept of the working hypothesis. In this regard, genomic and proteomic tech-

nologies, such as DNA microarray and protein mass spectrometry, allow a global

measurement of mRNA levels and of thousands of proteins, respectively, thus

providing a detailed assessment of the biological state of a cell. These techniques
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do not allow a direct identification of molecular targets but, importantly, they allow

the identification of cellular pathways affected by the treatment, thus providing

a preliminary evaluation of the putative mode of action and, at the same time, a

global view of the cellular response to treatment. Currently, the cost of DNA

microarray for global profiling is affordable, in particular when the number of

agents under investigation is relatively low, as usually happens for metal-based

compounds. As to proteomic approach by mass spectrometry, the current lim-

itations are represented by the instrumentation high cost and protein detection

limits in complex mixtures. However, the analysis of cellular phenotype through

multiparameter profiling techniques is increasingly important in the drug dis-

covery general context [130], and its association with target identification ap-

proaches [131] is currently being investigated to improve selection of lead

compounds and optimization in the anticancer drug development.

As far as metal-based anticancer compounds are concerned, their importance in

cancer chemotherapy is undisputable, considering the clinical relevance of plati-

num drugs, the potential success of metal compounds at present in clinical trials,

the mechanistic heterogeneity of metal compounds, and the enormous knowledge

patrimony on metal-based inorganic and organometallic compounds acquired in

the last decades. The most recent findings indicate that multiparameter profiling

allows the identification of regulatory pathways affected by the treatment and

helps the understanding of the mechanism of action, thus representing a novel

and important methodological breakthrough. We believe that an earlier integra-

tion of transcriptional profiling and proteomic analyses can markedly improve

screening efficacy of metal-based compounds, facilitating in particular their sub-

sequent preclinical development.
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Cvitkovic, E., Jbilo, O., and Casellas, P.

(2006) Mol. Cancer Ther., 5, 2149–2157.
92 Whiteside, M.A., Chen, D.T.,

Desmond, R.A., Abdulkadir, S.A., and

Johanning, G.L. (2004) Oncogene, 23,
744–752.

93 Brun, Y.F., Varma, R., Hector, S.M.,

Pendyala, L., Tummala, R., and Greco,

W.R. (2008) Cancer Genomics
Proteomics, 5, 43–53.

94 L’Esp�erance, S., Bachvarova, M., Tetu,

B., Mes-Masson, A.M., and Bachvarov,

D. (2008) BMC Genomics, 9, 99.
95 Gatti, L., Beretta, G.L., Carenini, N.,

Corna, E., Zunino, F., and Perego, P.

(2004) Cell Mol. Life Sci., 61,
973–981.

96 Boccarelli, A., Giordano, D., Natile, G.,

and Coluccia, M. (2006) Biochem.
Pharmacol., 72, 280–292.

97 Galea, A.M. and Murray, V. (2008)

Cancer Inform., 6, 315–355.
98 Pang, S.K., Yu, C.W., Guan, H., Au-

Yeung, S.C., and Ho, Y.P. (2008) Oncol.
Rep., 20, 1269–1276.

99 Hall, M.D. and Hambley, T.W. (2002)

Coord. Chem. Rev., 232, 49–67.
100 Olszewski, U., Ach, F., Ulsperger, E.,

Baumgartner, G., Zeillinger, R.,

Bednarski, P., and Hamilton, G. (2009)

Met. Based Drugs, 2009:348916.
101 Hamberger, J., Liebeke, M., Kaiser, M.,

Bracht, K., Olszewski, U., Zeillinger,

R., Hamilton, G., Braun, D., and

References | 195



Bednarski, P.J. (2009) Anti-Cancer
Drugs, 20, 559–572.

102 Sutherland, R. (1988) Science, 240,
177–184.

103 Graham, C.H., Kobayashi, H.,

Stankiewicz, K.S., Man, S., Kapitain, S.

J., and Kerbel, R.S. (1994) J. Natl.
Cancer Inst., 86, 975–982.

104 Reedijk, J. (2008) Macromol. Symp.,
270, 193–201.

105 Kraker, A., Schmidt, J., Krezoski, S.,

and Petering, D.H. (1985) Biochem.
Biophys. Res. Commun., 130, 786–792.

106 Alderlen, R.A., Hall, M.D., and

Hambley, T.W. (2006) J. Chem. Educ.,
83, 728–734.

107 Reedijk, J. (1999) Chem. Rev., 99, 2499–
2510.

108 Boulikas, T. and Vougiouka, M. (2003)

Oncol. Rep., 10, 1663–1682.
109 Knipp, M. (2009) Curr. Med. Chem., 16,

522–537.

110 Rebillard, A., Lagadic-Gossmann, D.,

and Dimanche-Boitrel, M.T. (2008)

Curr. Med. Chem., 15, 2656–2663.
111 Sheikh-Hamad, D. (2008) Am. J.

Physiol. Renal. Physiol., 295, 42–43.
112 Bose, R.N., Maurmann, L., Mishur, R.

J., Yasui, L., Gupta, S., Grayburn, W.S.,

Hofstetter, H., and Salley, T. (2008)

Proc. Natl. Acad. Sci. USA, 105, 18314–
18319.

113 Sun, X., Tsang C., and Sun, H. (2009)

Metallomics, 1, 25–31.
114 Wang, Y. and Chiu, J.F. (2008) Metal-

Based Drugs, 2008:716329.
115 Stewart, J.J., White, J.T., Yan, X.,

Collins, S., Drescher, C.W., Urban, N.

D., Hood, L., and Lin, B. (2006) Mol.
Cell Proteomics, 5, 433–443.

116 Le Moguen, K., Lincet, H., Deslandes,

E., Hubert-Roux, M., Lange, C.,

Poulain, L., Gauduchon, P., and

Baudin, B. (2006) Proteomics, 6, 5183–
5192.

117 Yan, X.D., Pan, L.Y., Yuan, Y., Lang, J.

H., and Mao, N. (2007) Proteome Res.,
6, 772–780.

118 Aggarwal, S., He, T., Fitzhugh, W.,

Rosenthal, K., Field, B., Heidbrink, J.,

Mesmer, D., Ruben, S.M., and Moore,

P.A. (2009) Gynecol. Oncol., 115, 430–
437.

119 Smith, L., Welham, K.J., Watson, M.B.,

Drew, P.J., Lind, M.J., and Cawkwell,

L. (2007) Oncol. Res., 16, 497–506.
120 Martinez-Balibrea, E., Plasencia, C.,

Gin�es, A., Martinez-Cardús, A.,
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Gold-Based Therapeutic Agents: A New Perspective
Susan J. Berners-Price

7.1

Introduction

7.1.1

An Historical Perspective

The longstanding clinical use of gold drugs in rheumatoid arthritis, as well as the

current interest in finding new medical applications for gold-based therapeutic

agents, follow a trend that dates back into history, perhaps as far back as 2500 BC,

which marks the earliest application of gold as a therapeutic agent in China. This

fascinating topic has been reviewed both for medicinal uses of gold in western

cultures (before 1900) [1] and in ancient Chinese medicine [2].

Modern interest in the medicinal use of gold compounds stems from Robert

Koch’s discovery in 1890 of the anti-tubercular activity of gold cyanide in vitro.
While this compound was too toxic for clinical use, the ‘‘gold decade’’ (1925–1935)

saw extensive use of intravenously administered Au(I) thiolate salts for the treat-

ment of tuberculosis, despite a lack of experimental evidence for anti-tubercular

benefits of the gold treatment [3]. Observations by Land�e [4] that gold therapy

brought about significant reductions in joint pain in a group of non-tubercular

patients led the French physician Jacques Forestier to initiate a study of gold

compounds for treatment of rheumatoid arthritis (RA) [5]. The results of a six-year

trial were published in 1935 [6]. Over the years conflicting reports emerged con-

cerning the efficacy of gold therapy in rheumatoid arthritis, until the Empire

Rheumatism Council published the results of a very large well-controlled, double-

bind trial in 1960, which concluded that gold drugs do have a beneficial effect [7].

Various Au(I) thiolate drugs (Figure 7.1), which were first introduced in the 1920s,

are still in clinical use today (see, for example, References [11, 12]), and are

included in the class of disease-modifying antirheumatic drugs (DMARDs), which

have the principal effect of retarding the progression of the disease. The topic of
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chrysotherapy (the treatment of RA by gold drugs) has been reviewed more

recently [13].

During the 1970s and early 1980s two major advances occurred. The first was

the development by Sutton and coworkers of an orally active Au(I) phosphine

compound (auranofin, Figure 7.1) for the treatment of rheumatoid arthritis,

which was approved for clinical use in 1985 [14, 15]. The nature of the phosphine

ligand influenced the extent of oral absorption and the maximum absorption and

activity occurred for Et3P. Initially, Et3PAuCl was selected for clinical trial but was

abandoned in favor of the tetracetylated thioglucose derivative, which was better

tolerated. Early indications from clinical trials [16, 17] were that auranofin offered

significant advantages over the traditional injectable Au(I) thiolates, having

comparable efficacy and only mild side-effects. However, auranofin later proved to

be less effective than the injectable gold drugs [18] and oral gold now seems to be

rarely used clinically [11]. Nevertheless, there is much current interest in the

medicinal chemistry of auranofin, for reasons that will be discussed in detail

below.

The second advance was an understanding of the biological chemistry of gold

drugs from the application of sophisticated techniques that emerged at that time

(e.g., NMR, EXAFS, 197Au Mössbauer spectroscopy). The work of Sadler, Shaw,

Elder, and others provided the first investigations of the solid-state and solution

Figure 7.1 Structures of gold(I) drugs used for the treatment

of rheumatoid arthritis: (1) sodium aurothiomalate

(Myocrisin), (2) aurothioglucose (Solganol), (3) sodium

aurothiopropanolsulfonate (Allochrysine), (4) sodium

aurothiosulfate (Sanochrysin), and (5) tetraacetyl-b-D-
thioglucose gold(I) triethylphosphine (auranofin). The 1 : 1

Au-S drugs are polymers. Crystal structures have been

published for 1 [8], 4 [9], and 5 [10].
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structures of Au(I) thiolate drugs, as well as biologically relevant ligand-exchange

reactions (particularly with protein thiols), which underpin ongoing investigations

of their mode of action. This important work has been discussed in detail in

several earlier reviews [19–25].

In the mid-1980s the first reports of the anticancer activity of gold compounds

appeared. Auranofin was found to be cytotoxic to tumor cells in vitro [26], and this

led to the identification of other Au(I) phosphines with a broader spectrum of

antitumor activity, in particular the bis-chelated Au(I) diphosphine complex [Au

(dppe)2]Cl (where dppe ¼ Ph2P(CH2)2PPh2, Figure 7.2) [27]. Around this time Au

(III) complexes were first investigated as potential antitumor agents, with the idea

that square planar Au(III) compounds, being d8 and hence isoelectronic with Pt

(II), could mimic the activity of cisplatin. However, only in the 1990s were pro-

mising results reported for several classes of Au(III) antitumor compounds [28].

Several reviews published in the late 1990s summarized the state of the art for

gold-based therapeutic agents at that time [24, 25, 29, 30], but many significant

developments have occurred more recently, including new insight into molecular

targets and likely modes of action.

7.1.2

Current Interest in Gold-Based Drugs

Over the past few years there has been a resurgence of interest in the medicinal

chemistry of gold compounds, particularly as anticancer agents [31–35]. These

developments for gold-based drugs reflect those seen in other areas of medicinal

inorganic chemistry, where there is increasing realization that the unique prop-

erties of metal ions can be exploited in the design of new drugs that have different

mechanisms of action to existing drugs and/or a more targeted, cancer-cell specific

approach [36–41].

The unique chemistry of gold, particularly the high affinity for protein thiols and

selenols, has provided a stimulus for much of the recent research, due to the broad

range of novel disease targets that have emerged recently that involve cysteine or

Figure 7.2 Examples of Au(I) diphosphine antitumor compounds.
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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.

Gold Antiarthritic Drugs | 203



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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vitro cytotoxic activity and in vivo antitumor activity of a series of 63 linear Au(I)

complexes of type LAuX (where L is generally – but not exclusively – a phosphine

ligand) showed that in vivo antitumor activity (against P388 leukemia) was opti-

mized for complexes with both phosphine and thiosugar ligands, and variation of

the phosphine substituent modulated the antitumor activity. Since that time, cy-

totoxic activity has been reported for various other linear Au(I) phosphine com-

plexes incorporating S-ligands such as thionucleobases and dithiocarbamates (for

comprehensive reviews see References [34, 100]), sulfanylpropenoates [101], and,

in recent studies, bioactive vitamin K3 [102], azacoumarin [103], and naphthali-

mide [104] derivatives.

Extensive early mechanistic studies provided evidence that both auranofin and

Et3PAuCl affect mitochondrial function (reviewed in Reference [98]) and these

results have been reinterpreted more recently to be consistent with an antitumor

mechanism involving the induction of mitochondrial-dependent apoptosis path-

ways [98]. The recent work of Bindoli and coworkers [48, 107–109] has shed light

on the mechanism and it is proposed that apoptosis induction occurs due to

alteration of the thiol redox balance in cells, as a result of TrxR inhibition (see

below, Section 7.4.3). Early studies on Au(I) compounds suggested that the phos-

phine ligandswere anecessary requirement for antitumor activity [66], but in the last

few years antitumor activity has been reported for linear Au(I) complexes with N-

heterocyclic carbene ([55] Section 7.4.1.3), cyclodiphosphazene [110], and phosphole

[111] ligands in place of phosphines. The role of the ligand is likely to be related to

cellular uptake.Notably, polymeric Au(I) thiolates do not readily enter cells andwere

found to exhibit very low cytotoxicity to B16 melanoma cells in vitro and were totally
inactive against ip P388 leukemia [99]. Moreover, aurothiomalate – in contrast to

auranofin – is poorly effective in inhibiting TrxR and inducing apoptosis in

Jurkat T cells [112]. A recent study, however, has shown that both aur-

othiomalate and aurothioglucose exhibit potent antitumor effects in in vitro and

in vivo pre-clinical models of non-small cell lung cancer [113]. The mechanism

has been attributed to selective targeting of Cys-69 within the PB1 domain of

protein kinase Cı [114].

7.4.1.2 Tetrahedral Gold(I) Diphosphines and Related Compounds

Early studies on auranofin showed that the cytotoxicity to cultured tumor cells in
vitro was significantly reduced when the culture medium contained serum pro-

teins [26] and the high reactivity toward protein thiols (a characteristic feature of

linear two-coordinate Au(I) complexes) limits its antitumor activity in vivo. While a

rangeof auranofinanalogshave shownpromisingcytotoxic activity in vitro (seeabove),
similar reactions are likely to limit their application as anticancer agents. It was this

aim of reducing the high thiol reactivity that led to early investigations of Au(I)

complexes with chelated diphosphines, and to the development of [Au(dppe)2]Cl,

shown to exhibit significant antitumor activity against a range of tumor models in

mice [27]. Structure–activity relationships have been evaluated for a wide range of

diphosphine ligands and their metal complexes [66, 115, 116]. For complexes of the

type [Au(R2P(CH2)nPR2)2]Cl, highest activity was found where R ¼ R1 ¼ phenyl
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and n ¼ 2,3 or cis-CH¼CH. In general, activity was reduced, or lost altogether,

when the phenyl substituents on the phosphinewere replaced by other substituents.

In contrast to auranofin, [Au(dppe)2]
þ retains its structural integrity in the presence

of thiols and in human plasma [27, 67]. Moreover, structure–activity relationships

for the series of linear digold complexes ClAu(Ph2P(CH2)nPPh2)AuCl (n ¼ 1�6)

and XAu(dppe)AuX [X ¼ e.g., Cl, Br, OAc, SMan, SGlu, SGlu(Ac)4, SMan(Ac)4]

[115] showed that antitumor activity was related to whether they could undergo ring

closure reactions to form bis-chelated [Au(P-P)2]
þ species in vivo, by reaction with

thiols [66, 67].

The clinical development of [Au(dppe)2]
þ was halted following preclinical toxi-

cological studies in dogs and rabbits that identified severe toxicities to heart, liver,

and lung attributable to mitochondrial dysfunction [117–120]. The behavior of

[Au(dppe)2]
þ , and related compounds, is consistent with that of the class of anti-

tumor agents known as delocalized lipophilic cations (DLCs) [121], which accu-

mulate in the mitochondria of tumor cells driven by the elevated mitochondrial

membrane potential that is a characteristic feature of cancer cells [31, 39, 122]. The

high lipophilicity of [Au(dppe)2]
þ results in its non-selective concentration into

mitochondria, causing general membrane permeabilization. Replacing the phenyl

substituents with pyridyl groups (with the N atom in either the 2, 3, or 4 position in

the ring), provided a series of compounds of type [Au(dnpype)2]Cl (Figure 7.2) that
are structurally similar to [Au(dppe)2]Cl and exhibit a hydrophilic–lipophilic char-

acter spanning a very large range [123, 124]. Studies carried out in isolated rat he-

patocytes and a panel of cisplatin-resistant human ovarian carcinoma cell lines

showed a general increase in cytotoxic potency (and decrease in selectivity) with

increasing lipophilicity [123, 124]. Evaluation of the in vivo antitumor activity in

colon 38 tumors in mice showed that whereas the most lipophilic and hydrophilic

complexes had no significant tumor growth delay, the 2-pyridyl complex with in-

termediate lipophilicity showed significant antitumor activity that correlated with

highest drug concentrations in plasma and tumor tissue [123]. This compound has

been shown to accumulate preferentially in the mitochondrial fractions of cancer

cells, driven by the mitochondrial membrane potential [124]. To further fine-tune

the hydrophilic–lipophilic balance in the optimal range, the related compound [Au

(d2pypp)2]
þ (Figure 7.2), with the propyl-bridged 2-pyridyl-phosphine ligand

(d2pypp), was designed with the idea of combining the features of the two distinct

classes of Au(I) phosphines, that is, retaining the lipophilic cationic properties of the

tetrahedral bis-chelated complexes that allow accumulation into mitochondria but

enhancing the reactivity toward protein thiols/selenols that underlies the inhibition

of TrxR by auranofin [54, 125]. Ligand exchange reactions will be more facile,

compared to [Au(dppe)2]
þ and its pyridylphosphine analogs, due to the increased

chelate ring size. Recent findings have shown that [Au(d2pypp)2]
þ is selectively

toxic to breast cancer cells but not to normal breast cells (Figure 7.4), accumulates in

the mitochondria of cells driven by the high membrane potential, and selectively

induces apoptosis of breast cancer cells but not of normal breast cells [54]. The same

concentrations of [Au(dppe)2]
þ are non-selectively toxic to both cells lines (Figure

7.4) by causing necrosis, not apoptosis. Furthermore, the activities of both

Gold Complexes as Anticancer Agents | 207



thioredoxin (Trx) and thioredoxin reductase (TrxR) are inhibited by [Au(d2pypp)2]
þ ,

being more pronounced in breast cancer cells compared to normal cells. These

findings indicate that mitochondria and the thioredoxin system may be the critical

targets responsible for the selective toxicity seen in the breast cancer cell line; the

results are consistent with the proposed model illustrated in Figure 7.4.

Within this class of lipophilic cationic Au(I) phosphine complexes is the mixed

gold phosphine compound [Au(dppp)(PPh3)Cl], which has recently been shown

to exhibit potent cytotoxicity in a range of cancer cell lines in vitro [126, 127], with
the inhibition of melanoma cell growth shown to involve induction of mi-

tochondria-mediated apoptosis [127]. While the complex is neutral, it decomposes

in solution to give several products, including [Au(dppp)2]
þ [128], and so the

pharmacologically active species may be positively charged complexes. Also of

interest is the hydrophilic four-coordinate complex [Au(P(CH2OH)3)4]Cl, which

has been shown to be cytotoxic in vitro against several human tumor cell lines and

a mouse tumor model in vivo [129], and to be well tolerated in pharmacokinetic

studies in dogs [130]. In addition, interestingly, in a recent study of a series of

neutral [Au(PPh3)(Hxspa)] complexes with sulfanylpropenoate ligands (Hxspa),

deprotonation of the carboxylate group produced cationic complexes of type

[Au(PPh3)(xspa)]
þ , with a modified profile of cytotoxic activity [131].

Figure 7.4 (a) Inhibition of cell growth by [Au(d2pypp)2]Cl (8) and [Au(dppe)2]Cl (6) in MDA-

468 breast cancer cells (a) and normal breast cells (b); (c) proposed mechanism of uptake

and activity of [Au(d2pypp)2]
þ in cells. Trx, thioredoxin, TrxR, thioredoxin reductase.

Reprinted from Reference [54] with permission from Elsevier.
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7.4.1.3 Gold(I) N-Heterocyclic Carbene Compounds

Many studies have shown that N-heterocyclic carbenes (NHCs) have similar prop-

erties to phosphines in the way they interact with metals, including gold. An at-

tractive feature of NHC chemistry is the relative ease with which a series of

structurally similar complexes with varying lipophilicity can be prepared from

simple imidazolium salt precursors. For a family of linear, cationic Au(I) NHC

complexes [(R2Im)2Au]
þ (Figure 7.5), the lipophilicity is fine-tuned by incorpora-

tion of different functional groups and log P values vary across the series within a

wide range, from log P ¼ �1.09 (R ¼ Me) to 1.73 (R ¼ cyclohexyl) [132]. An initial

study showed their ability to induce cyclosporin A-sensitive swelling in isolated rat

liver mitochondria correlated with lipophilicity, indicating that these compounds

could potentially targetmitochondrial cell death pathways [132].More recently it was

shown that the complexes are selectively toxic to two highly tumorigenic breast

cancer cell lines and not to normal breast cells, and that the degree of selectivity and

potency are optimized by modification of the substituent (Figure 7.5) [55]. Model

studies with cysteine (Cys) and selenocysteine (Sec) showed that release of the NHC

ligands occurs by two-step ligand exchange reactions and, at physiological pH, the

rate constants for the reactionswith Sec are 20- to 80-fold higher than thosewithCys.

Consistent with this result, the lead compound [(iPr2Im)2Au]
þ was shown to ac-

cumulate in mitochondria of cancer cells, to cause cell death through a mitochon-

drial apoptotic pathway, and (in treated cells) to inhibit the activity of TrxR but not of

the closely related and Se-free enzyme glutathione reductase (Figure 7.5).

Figure 7.5 (a) Selective cytotoxicity of a series of Au(I) N-heterocyclic complexes

[(R2Im)2Au]
þ (9, R ¼ i-Pr, n-Pr, and Et) in MDA-MB-231 breast cancer cells. (b) Selective

inhibition of intracellular thioredoxin reductase (TrxR) compared to glutathione reductase

(GR) activity by [(i-Pr2Im)2Au]
þ . The mechanism is proposed to occur by a two-step reaction

(c) involving displacement of the NHC ligands by the selenocysteine residues of TrxR, as

shown in model reactions with Cys and Sec.

Adapted with permission from Reference [55]. Copyright 2008 American Chemical Society.
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7.4.2

Gold(III) Compounds

Prior to the mid-1990s there were only a few known Au(III) complexes with

antitumor activity, including some dimethyl Au(III) compounds with modest ac-

tivity in ip P388 leukemia in mice [133]. In general, Au(III) complexes are not very

stable under physiological conditions because of their high reduction potential and

fast rate of hydrolysis. However, in recent times a range of strategies have been

used to stabilize the Au(III) oxidation state and various different classes of Au(III)

compounds have been shown to have significant antitumor properties. Some

examples are shown in Figure 7.6 (see References [28, 32, 35] for recent reviews).

Parish, Buckley, and coworkers first investigated [AuCl2(damp)] (10, where

damp ¼ 2-[(dimethylamino)methyl]phenyl) [134] as a cisplatin analog, in which

the Au(III) oxidation state is stabilized by coordination of the s-bonded aryl

group in a five-membered chelate ring. This compound showed differential

toxicity in a panel of human tumor cell lines [134] and acetate and malonate

derivatives were found to be moderately active in vivo against human carcinoma

xenografts [135].

Messori and coworkers have reported various different classes of cytotoxic

Au(III) complexes in which the reduction potential of the metal center is lowered

by the use of simple chelating polyamines (e.g., [Au(en)2]Cl3 and [Au(dien)Cl]Cl2
(11) [136]) and ligands based on the 2,2-bipyridyl motif such as [Au(bipy)(OH)2]PF6
and the cyclometalated complex [Au(bipydmb-H)(OH)]PF6 [13, bipydmb ¼
6-(1,1-dimethylbenzyl)2,2u-bipyridine] [137, 138, 147]. More recently they have

reported dinuclear bipyridyl gold(III) oxo compounds having a common Au2O2

motif (e.g., 15 [139, 140]). A recent paper investigates the activity of 13 of these

compounds against a panel of human tumor cell lines and various DNA-

independent molecular mechanisms are indicated, based on analysis with the

Compare algorithm [148]. The results indicate that there is a delicate balance be-

tween reactivity (redox properties and stability in aqueous solution) and cytotoxicity.

Thus [Au(cyclam)]3þ is very stable toward both reduction and ligand substitution

reactions [136] and is not cytotoxic (IC50 values W 100mM [136]). The reactivity is

fine-tuned by the ligands and a single C-Au(III) bond confers great redox stability on

the Au(III) center. The dinuclear gold(III) oxo complexes undergo reduction in the

presence of GSH and ascorbic acid at physiologically relevant concentrations [140]

and the compound [Au2(m-O)2(6,6u-Me2bipy)2](PF6)2 (13), which is most easily re-

duced, was ranked highest in terms of tumor selectivity and cytotoxic potency [148].

Ranford and coworkers have reported a series of cytotoxic Au(III) 2-phenylpyridine

complexes with carboxylate [141] and thiolate ligands (e.g., 16 [149]) and Guo and

coworkers have described cytotoxic Au(III) complexes with aminoquinoline (e.g., 17
[142]) and 1,4,7-triazacylononane (TACN) (18) ligands [143], as well as several Au
(III) terpyridine derivatives [150] that extend the earlier study on [Au(terpy)Cl]Cl2
[136]. These complexes are not reduced by GSH and there is a correlation between

DNA binding affinity and cytotoxicity suggesting that, in contrast to most Au(III)

complexes, DNA is a possible target.
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Che and coworkers have recently described a series of interesting cyclometalated

Au(III) compounds [Aum(C
4N4C)mL]

nþ (m ¼ 1�3; n ¼ 0�3; HC4N4CH ¼ 2,6-

diphenylpyridine) that contain various N-donor or phosphine ligands (L). These

complexes exhibit potent cytotoxicity against a panel of cancer cell lines including a

cisplatin resistant variant [144], and the Au(III) oxidation state has been shown to be

very stable under physiological conditions. The complexes appear to act by various

different mechanisms dependent on the nature of the auxiliary ligand, which in-

fluences the DNA-binding affinity. A series of complexes where the [Au(C4N4C)
L]þ unit is ligated to various mono- and bi-dentate phosphine ligands

{e.g., [Au(C4N4C)(PPh3)]
þ (19) and [Au2(C

4N4C)2(m-dppp)]
2þ (20)} show a cy-

totoxicity at least ten-fold higher than other Au(III) analogs and react only weakly

with DNA.

Despite the large variety of Au(III) complexes that have shown cytotoxicity to

cancer cell lines in vitro, very few have been shown to demonstrate anticancer

activity in vivo. Since the investigations on the [AuX2(damp)] complexes (see

above), reports of in vivo anticancer activity have only been documented for two

other classes of Au(III) compounds that require special attention. The first is a

series of Au(III) dithiocarbamate complexes reported by Fregona and coworkers

Figure 7.6 Examples of Au(III) compounds with antitumor activity. [AuX2(damp)] (10 X ¼
Cl, acetate, malonate [134, 135]); [Au(dien)Cl]Cl2 (11 [136]); [Au(bipy)(OH)2]PF6, (12) and

[Au(bipydmb-H)(OH)]PF6 (13) [137]; [Au(bipy
dmb-H)(2,6-xylidine-H)]PF6 (14 [138]); [Au2(m-

O)2(6,6-Me2bipy)2](PF6)2 (15 [139, 140]); [Au(ppy)X2] (X ¼ carboxylate [141] or thiolate, e.g.,

SCN (16) [141]); [Au(Quinpy)Cl]Cl (17 [142]); [Au(TACN)Cl2]Cl (18 [143]); [Au(C4N4C)
(PPh3)]

þ (19) and [Au2(C
4N4C)2(m-dppp)]

2þ (20) [144]; [Au(DMDT)X2] (21) and [Au(ESDT)

X2] (22) [145]; and Au(III) meso-tetraphenylporphyrin (TPP) (23) [146]. While all complexes

have been shown to be cytotoxic to cancer cell lines in vitro, only 10, 22, and 23 have been

shown also to have antitumor activity in vivo.
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[145, 151–153]. The complexes [Au(DMDT)X2] (21) and [Au(ESDT)X2] (22) (where
DMDT ¼ N,N-dimethylthiocarbamate and ESDT ¼ ethylsarcosinedithiocarba-

mate; X ¼ Cl, Br) are more cytotoxic in vitro than cisplatin (including in human

tumor cell lines intrinsically resistant to cisplatin) [145]. A representative com-

pound of this series [Au(DMDT)Br2] was shown to significantly inhibit the growth

of MDA-MB-231 breast cancer xenografts in nude mice [152]. The second is a

series of Au(III) porphyrins reported by Che and coworkers [154–160, 146] that

show potent in vitro anticancer properties toward a range of human cancer cell

lines with some selectivity for cancer cells over normal cells. The prototypical

compound [Au(III)(TPP)]Cl (23, Figure 7.6), which has been studied most

extensively, exhibits promising in vivo activity against hepatocellular carcinoma

[156] and nasopharyngeal carcinoma [160]. The porphyrinato ligand markedly

stabilizes the Au(III) ion against reduction so that it is not reduced by biological

reductants such as GSH and ascorbic acid [154]. It is proposed that the compound

interacts with biomolecular targets through non-covalent interactions as no

reduction in activity occurs in the presence of fetal calf serum [158]. Some comments

on the likely mode of action of these and other Au(III) complexes are given below.

7.4.3

Mode of Action of Gold-Based Anticancer Drugs

Various gold(I and III) antitumor compounds, including auranofin, have been

shown to overcome resistance to cisplatin and other anticancer drugs (e.g.,

References [109, 111, 124, 147, 151]) and to cause apoptotic cell death via DNA-

independent processes. Mitochondria play a key role in the regulation of apoptosis

and the regulation of the intracellular redox state, and almost all mechanistic

studies indicate that mitochondria are the biological targets for gold antitumor

compounds [31, 48]. Mitochondria contain a specific thioredoxin reductase (TrxR2)

(which is different from the cytosolic form, TrxR1) and the work of Bindoli and

coworkers first demonstrated that inhibition of TrxR2 was linked to mitochondrial

permeability transition and the initiation of the apoptotic process [161]. The

mechanism of cytotoxicity of auranofin [107–109, 112] and a diverse range of other

Au(I) compounds with phosphine (both monodentate [104] and bidentate [54]),

NHC [55], and phosphole [111] ligands have now been linked to inhibition of

TrxR. It is assumed that inhibition is due to interaction of Au(I) with the active

site selenocysteine residue. Indirect evidence for this is that the inhibition of

native TrxR by Au(I) phosphole compounds is orders of magnitude stronger than

that of a mutant where the active site selenocysteine is replaced by a cysteine

residue [51]. Recent mass spectrometry studies of auranofin-treated TrxR1 are

consistent with binding of four AuPEt3
þ fragments, indicating that other binding

sites apart from the Sec residue are susceptible to gold binding [48]. A crystal

structure of glutathione reductase (GR, an enzyme related to TrxR but lacking the

Sec residue) modified with a linear, two coordinate Au(I) phosphole complex

shows Au bound to the active center thiols with S–Au–S coordination in the

inactive GR product [51]. Various Au(III) compounds have also been shown to be
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potent inhibitors of either mitochondrial or cytosolic TrxR [162–165] and the

mechanism of cytotoxicity of three organogold(III) compounds (e.g., 13, 14,
Figure 7.6) and also Au(III) dithiocarbamate compounds (21, 22, Figure 7.6) [163]
has been attributed to mitochondrial apoptotic pathways stemming from TrxR

inhibition. Recent studies on the inhibition of isolated TrxR by gold(III) com-

pounds suggest that oxidative damage to the enzyme through indiscriminate

oxidation of thiol/selenol groups may be important, rather than metal coordina-

tion [48]. However, it is important to bear in mind that for almost all of the known

active Au(III) compounds the active metabolites could be Au(I) species produced

by Au(III) reduction in vivo. Recently, Bindoli and coworkers have proposed a

general mechanism of action of cell death induction by Au(I) and Au(III) com-

pounds (Figure 7.7, [48]) that involves inhibition of both mitochondrial and

cytosolic TrxR and encompasses recent evidence that (i) apoptosis induction by

Figure 7.7 Proposed model depicting the mechanism of action of cell death induction by

Au(I) and Au(III) compounds. In the mitochondrion, hydrogen peroxide produced from the

mitochondrial respiratory chain oxidizes thioredoxin (Trx2), in a reaction mediated by

peroxiredoxin (Prx3). Inhibition of thioredoxin reductase (TrxR2) by gold compounds prevents

the reduction of the oxidized Trx2, so that H2O2 accumulates. These events lead to an

opening of the mitochondrial permeability transition pore and/or to an increase in the

permeability of the outer membrane. H2O2 is then released to the cytosol, causing oxidation

of Trx1 that cannot be reduced back by the gold inhibited cytosolic TrxR1. Oxidized Trx1

stimulates the MAP kinase pathways leading to cell death.

Reprinted from Reference [48] with permission from Elsevier.
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auranofin involves peroxiredoxin 3 oxidation and is regulated by Bcl-2 family

proteins [166] and (ii) both auranofin [167] and Au(III) thiocarbamates [163]

stimulate mitogen-activated protein (MAP) kinase pathways that ultimately lead

to cell death. While the unifying mechanism is attractive, it is important to bear

in mind that various proteins involved in cell signaling and transcriptional

control contain cysteine residues that are susceptible to binding by gold com-

pounds and so multiple targets and overlapping mechanisms are likely. Detailed

mechanistic studies on Au(III) thiocarbamates [163] show that they induce cell

death through both apoptotic and non-apoptotic mechanisms. Apart from the

involvement in the deregulation of the thioredoxin system, these compounds

may also cause concomitant inhibition of the proteasome system [152, 153],

another biochemical pathway that is known to trigger apoptosis. Recent results

show also that auranofin reduces selenium incorporation into selenoproteins

when administered to cells at a subtoxic level, suggesting that blocking sele-

nium metabolism could be important to its therapeutic action [168]. Finally, a

different mode of action is likely for the Au(III) porphyrin (23), which has been

shown to be stable under physiological conditions and to behave essentially as

an organic lipophilic cation [159]. The proposed mechanism involves induction

of apoptosis through both caspase-dependent and caspase-independent mito-

chondrial pathways [155] involving activation of the p38 mitogen-activated

protein kinase [159, 146].

7.5

Gold Complexes as Antiparasitic Agents

There is urgent need for affordable antiparasitic drugs to tackle diseases such as

sleeping sickness, Chagas’ disease, and malaria that are major health problems in

poverty stricken areas [56]. Very recent research indicates that gold-based drugs

offer enormous potential in this field due to the variety of thiol and selenol pro-

teins that have been identified as drug targets in trypanosomes (African sleeping

sickness, Chagas’ disease, and leishmaniasis), malaria-causing plasmodia, and

schistosomiasis [169–171]. The cysteine proteases of the trypanosomatid parasitic

protozoa have been validated as drug targets for the treatment of Chagas’ disease

and leishmaniasis [170]. In a recent study one Au(III) compound was included

amongst several metal compounds tested on the parasitic cysteine proteases,

cruzain from Trypanosoma cruzi and cpB from Leishmania major [170]. While this

compound was non-toxic and had no effect on T. cruzi growth, this study never-

theless highlighted the potential to investigate Au(I) compounds, such as aur-

anofin, which have been shown to inhibit the cathepsins.

A recent review [169] describes drug development approaches based on paral-

yzing antioxidant systems in the pathogens, which protect them from attack by

strong oxidants in the human host. Important differences between the redox me-

tabolism of the host and parasite can be exploited to develop new drugs. For example,

trypanosomatids have a unique redox metabolism based on the thiol-polyamine
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conjugate trypanothione and the flavoenzyme trypanothione reductase, which

replaces glutathione reductase (GR) and probably also TrxR in these parasites. For

the different TrxR enzymes in the Plasmodium falciparum malaria system (malaria

parasite, human host, and insect vector) structural differences have been identified

in the C-terminal redox center that interacts with oxidized Trx, which may be

exploitable in the design of selective inhibitors of the parasitic enzyme. Reports on

the potential application of gold compounds are starting to appear. The potent

inhibition of TrxR by auranofin, and consequent induction of severe intracellular

oxidative stress, prompted a recent investigation of its potential as an antimalarial

agent. Auranofin and a few related gold complexes were shown to strongly inhibit

P. falciparum growth in vitro [172].

Schistosomiasis is a tropical disease affecting more than 200 million people. It

was quite recently discovered that in Schistosoma mansoni both TrxR and GR are

absent and replaced by a unique selenium-containing enzyme, thioredoxin glu-

tathione reductase (TGR) [173]. As expected, auranofin, aurothioglucose, and

aurothiomalate are all efficient TGR inhibitors, with auranofin being the most

potent (Ki ¼ 10 nM) [171]. Furthermore, auranofin was shown to kill parasites

rapidly in culture at physiological concentrations and to partially cure mice in-

fected by S. mansoni (worm burden reductions of 60% [171]).

A recent review [56] has discussed the concept of ‘‘metal-drug synergism’’ as a

further approach to the use of gold compounds in the treatment of parasitic dis-

ease, in which a conventional organic drug is complexed to a metal ion to achieve

longer residence time of the drug in the organism and more efficient biological

targeting. For example, the chloroquine (CQ) gold(I) complex [Au(PPh3)(CQ)]PF6
is very effective against two chloroquine resistant strains of P. falciparum [174].

7.6

Concluding Remarks

Gold-based medicines have been in use for thousands of years for the treatment of

a diverse range of complaints and diseases and, remarkably, after 80 years, are still

in clinical use as DMARDs. In the past few years an important transition has

occurred from serendipity to drug design [42], and there is now an opportunity to

bring together the wealth of accumulated knowledge on the biological chemistry of

gold with the new ideas of molecular targeting. While gold drugs offer enormous

potential as potent inhibitors of novel thiol/selenol disease targets, the drug design

process must not neglect the complex biotransformation reactions of gold that are

known to occur in vivo.
Thioredoxin reductase, a target for gold drugs, and implicated in both rheumatoid

arthritis and cancer, provides a unifying link and an explanation for the long known

antitumor properties of the antiarthritic drug auranofin. However, other common

targets and overlapping signaling pathways are likely to exist; for example, a unifying

mechanism for antitumor and anti-inflammatory effects of aurothiomalate is pro-

posed through targeting of the PB1 domain of protein kinase C (PKCı) [114].
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Gold-based drugs offer great potential as anticancer drugs because they act byDNA-

independent molecular mechanisms and hence have activity in tumors that are

resistant to cisplatin and other anticancer drugs. The toxicological problems of

[Au(dppe)2]
þ that limited its clinical development were due to non-discriminate

mitochondrial dysfunction and recent studies have shown that these problems can be

overcome, and selective toxicity to cancer cells over normal cells achieved, by careful

attention to ligand design in the modulation of the thiol/selenol reactivity of Au(I).

An attractive option in future drug design of gold-based therapeutics is the use

of NHC ligands to fine-tune the Au(I) reactivity by systematic modification of the

substituents on the simple imidazolium salt precursors [47, 55]. Ultimately,

replacing the phosphine ligand of auranofin with an NHC ligand may offer an

attractive alternative in the redesign of this orally-active DMARD, given that

phosphine oxidation is likely to contribute to toxic side effects.

Finally, the next decade is likely to see the systematic development of gold-based

drugs for treating parasitic diseases, by exploiting important difference in the

redox metabolism of the host and parasite. New uses for old drugs is a suggested

strategy for cutting down the time and costs of bringing new drugs to market, and

a viable option for treating diseases of the poor [175].

Acknowledgments

I thank members of my research group and several coworkers who have made

important contributions to my research in the area of gold-based therapeutic

agents over many years, in particular Peter J. Sadler, Mark J. McKeage, and

Aleksandra Filipovska. The Australian Research Council is acknowledged for

financial support.

References

1 Higby, G.J. (1982) Gold Bull., 15,
130–140.

2 Zhao, H. and Ning, Y. (2001) Gold
Bull., 34, 24–29.

3 Benedek, T.G. (2004) J. Hist. Med. All.
Sci., 59, 50–89.

4 Land�e, K. (1927) Münch. Med.
Wochenschr., 74, 1132.

5 Kean, W.F., Forestier, F., Kassam, Y.,

Buchanan, W.W., and Rooney, P.J.

(1985) Semin. Arthritis Rheum., 14,
180–186.

6 Forestier, J. (1935) J. Lab. Clin. Med.,
20, 827–840.

7 Council, Empire Rheumatism (1960)

Ann. Rheum. Dis., 19, 95–119.
8 Bau, R. (1998) J. Am. Chem. Soc., 120,

9380–9381.

9 Ruben, H., Zalkin, A., Faltens, M.O.,

and Templeton, D.H. (1974) Inorg.
Chem., 13, 1836–1839.

10 Hill, D.T. and Sutton, B.M. (1980)

Cryst. Struct. Commun., 9, 679–686.
11 Pope, J.E., Hong, P., and Koehler, B.E.

(2002) J. Rheumatol., 29, 255–260.
12 Lehman, A.J., Esdaile, J.M., Klinkhoff, A.

V., Grant, E., Fitzgerald, A., and Canvin,

J. (2005) Arthritis Rheum., 52, 1360–1370.

216 | 7 Gold-Based Therapeutic Agents: A New Perspective



13 Eisler, R. (2003) Inflammation Res., 52,
487–501.

14 Sutton, B.M., McGusty, E., Walz, D.T.,

and DiMartino, M.J. (1972) J. Med.
Chem., 15, 1095–1098.

15 Sutton, B.M. (1986) Gold Bull., 19,
15–16.

16 Blodgett, R.C. Jr., Heuer, M.A., and

Pietrusko, R.G. (1984) Semin. Arthritis
Rheum., 13, 255–273.

17 Chaffman, M., Brogden, R.N., Heel, R.

C., Speight, T.M., and Avery, G.S.

(1984) Drugs, 27, 378–424.
18 Felson, D.T., Anderson, J.J., and

Meenan, R.F. (1990) Arthritis Rheum.,

33, 1449–1461.
19 Sadler, P.J. (1976) Struct. Bonding, 29,

171–215.

20 Brown, D.H. and Smith, W.E. (1980)

Chem. Soc. Rev., 9, 217–240.
21 Razi, M.T., Otiko, G., and Sadler, P.J.

(1983) ACS Symp. Ser., 209, 371–384.
22 Elder, R.C., Eidsness, M.K., Heeg, M.J.,

Tepperman, K.G., Shaw, C.F. III, and

Schaeffer, N. (1983) ACS Symp. Ser.,
209, 385–400.

23 Berners-Price, S.J. and Sadler, P.J. (1986)

in Frontiers in Bioinorganic Chemistry (ed.
A.V. Xavier), VCH Publishers,

Weinheim (FDR), pp. 376–388.

24 Shaw, C.F. III (1999) in Uses of
Inorganic Chemistry in Medicine (ed. N.
P. Farrell), Royal Society of Chemistry,

Cambridge, pp. 26–57.

25 Shaw, C.F. III (1999) Chem. Rev., 99,
2589–2600.

26 Mirabelli, C.K., Johnson, R.K., Sung, C.

M., Faucette, L., Muirhead, K., and

Crooke, S.T. (1985) Cancer Res., 45,
32–39.

27 Berners-Price, S.J., Mirabelli, C.K.,

Johnson, R.K., Mattern, M.R.,

McCabe, F.L., Faucette, L.F., Sung, C.

M., Mong, S.M., Sadler, P.J., and

Crooke, S.T. (1986) Cancer Res., 46,
5486–5493.

28 Messori, L. and Marcon, G. (2004) Met.
Ions Biol. Syst., 42, 385–424.

29 Fricker, S.P. (1996) Gold Bull., 29,
53–59.

30 Fricker, S.P. (1996) Transition Met.
Chem., 21, 377–383.

31 Barnard, P.J. and Berners-Price, S.J.

(2007) Coord. Chem. Rev., 251,
1889–1902.

32 Gabbiani, C., Casini, A., and Messori,

L. (2007) Gold Bull., 40, 73–81.
33 Casini, A., Hartinger, C., Gabbiani, C.,

Mini, E., Dyson, P.D., Keppler, B.K.,

and Messori, L. (2008) J. Inorg.
Biochem., 102, 564–575.

34 Tiekink, E.R.T. (2008)

Inflammopharmacology, 16, 138–142.
35 Ott, I. (2009) Coord. Chem. Rev., 253,

1670–1681.

36 Farrell, N. (2002) Coord. Chem. Rev.,
232, 1–4.

37 Hambley, T.W. (2007) Dalton Trans.,
4929–4937.

38 Bruijnincx, P.C.A. and Sadler, P.J.

(2008) Curr. Opin. Chem. Biol., 12,
197–206.

39 Berners-Price, S.J. and Filipovska, A.

(2008) Aust. J. Chem., 61, 661–668.
40 Wang, X. and Guo, Z. (2008) Dalton

Trans., 1521–1532.
41 Hambley, T.W. (2007) Science, 318,

1392–1393.

42 Fricker, S.P. (2007) Dalton Trans.,
4903–4917.

43 Gunatilleke, S.S. and Barrios, A.M.

(2006) J. Med. Chem., 49, 3933–3937.
44 Gunatilleke, S.S., de Oliveira, C.A.F.,

McCammon, J.A., and Barrios, A.M.

(2008) J. Biol. Inorg. Chem., 13,
555–561.

45 Gunatilleke, S.S. and Barrios, A.M.

(2008) J. Inorg. Biochem., 102,
555–563.

46 Weidauer, E., Yasuda, Y., Biswal, B.K.,

Cherny, M., James, M.N.G., and

Bromme, D. (2007) Biol. Chem., 388,
331–336.

47 Krishnamurthy, D., Karver, M.R.,

Fiorillo, E., Orrú, V., Stanford, S.M.,

Bottini, N., and Barrios, A.M.

(2008) J. Med. Chem., 51,
4790–4795.

48 Bindoli, A., Rigobello, M.P., Scutari,

G., Gabbiani, C., Casini, A., and

Messori, L. (2009) Coord. Chem. Rev.,
253, 1692–1707.

49 Gromer, S., Urig, S., and Becker, K.

(2004) Med. Res. Rev., 24, 40–89.

References | 217



50 Becker, K., Gromer, S., Schirmer, R.H.,

and Müller, S. (2000) Eur. J. Biochem.,

267, 6118–6125.
51 Urig, S., Fritz-Wolf, K., R�eau, R.,

Herold-Mende, C., Tóth, K.,
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8

MRI Contrast Agents: State of the Art and New Trends
Daniela Delli Castelli, Eliana Gianolio, and Silvio Aime

8.1

Introduction

In 1946, Felix Bloch and Edward Purcell, both awarded with the Nobel Prize in

Physics in 1952, independently discovered the magnetic resonance phenomenon.

In the period between 1950 and 1970, NMR was developed and used for chemical

and physical molecular studies. In 1971 Raymond Damadian showed that the

nuclear magnetic relaxation times of healthy tissues and tumors differed, thus

motivating scientists to consider magnetic resonance for the detection of disease.

Magnetic resonance imaging (MRI) was first demonstrated on test tube samples

by Paul Lauterbur in 1973. Two years later, in 1975, an important development

was introduced by Richard Ernst, who proposed the use of phase and frequency

encoding, and the Fourier transform. This technique is the basis of present MRI.

This imaging modality is primarily used in medical settings to produce high quality

images of the inside of the human body. Among the existing imaging techniques,

MRI stands out thanks to the excellent spatial resolution and the outstanding ca-

pacity of differentiating soft tissues. These features have determined its widespread

success in clinical diagnosis. The contrast in an MR image is the result of a complex

interplay of different factors, including T1, T2, and proton density of the imaged

tissues and instrumental parameters. When there is poor contrast between healthy

and diseased regions, due to a very small difference in relaxation times or proton

density, the use of contrast agents (CA) can be highly beneficial. Already in the

early 1980s it was realized that some chemicals an alter markedly the relaxation

times of water protons in the tissues where they distribute. Unlike contrast agents

used in X-ray computed tomography and in nuclear medicine, MRI contrast

agents are not directly visualized in the image. Only their effects are observed as

the contrast is affected by the variation that the CA causes on water protons re-

laxation times, and consequently on the intensity of the NMR signal [1]. Generally,

the purpose of a CA is to reduce T1 or T2 to obtain an hyper- or ipo-intense signal,

respectively, in short times and a better signal-to-noise ratio with the acquisition of

a higher number of measurements. CAs that predominantly reduce T1 are called

positive, whereas those that mainly affect T2 are called negative. The search for
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positive MRI contrast agents was oriented towards paramagnetic metal complexes

because unpaired electrons display remarkable ability to reduce T1 and T2 of their

solutions [2, 3]. Paramagnetic Mn(II) and Gd(III) chelates are the most common

representatives of the T1-positive agents, whereas iron oxide particles are the most

common T2-negative agents.

At the pre-clinical level other classes of MRI contrast agents have been proposed

either based on the same mechanism of action but differing in the peculiar bio-

distribution (e.g., nano-systems, dendrimers, etc.) or based on different modality

to alter the contrast, such as the CEST agents (CEST ¼ chemical exchange sa-

turation transfer) [4], 19F containing molecules, and hyperpolarized molecules.

CEST agents are chemicals endowed with mobile protons in chemical exchange

with the bulk water. They are able to affect the contrast in an MR image through

the transfer of saturated spins to the ‘‘bulk’’ water magnetization, following the

irradiation of the mobile protons signal with an appropriate RF pulse. Since

the macroscopic effect is that of reducing the signal of the bulk water protons, they

belong to the class of negative agents [5]. 19F and hyperpolarized molecules differ

from the other class of MRI contrast agent because they are not designed to affect

the water signal, rather they provide heteronuclear images with no background

signal. In this sense they are more similar to contrast agents used for X-rays. In

this chapter we will not deal with these last two categories since this subject is

beyond the scope of this book.

8.2

T1 Agents

Paramagnetic substances have been under intense scrutiny as MRI contrast agents

since the early days of NMR tomography. Although stable organic radicals, NO,

and O2 were also considered, it was immediately clear that paramagnetic metal

complexes are the candidates of choice for this application.

On this basis, the metal ions more suitable for this application have been

identified among those having the higher number of unpaired electrons, namely

Mn(II) and Fe(III) (five unpaired electrons) in the transition metal series, and Gd

(III) (seven unpaired electrons) among the lanthanides. A typical Gd-based con-

trast agent is an eight-coordinate polyaminocarboxylate complex (a ‘‘chelate’’) with

the ninth coordination site occupied by a water molecule. Figure 8.1 gives the

structures of some clinically approved Gd agents.

8.2.1

Theory of Paramagnetic Relaxation

The efficiency of a relaxation agent is commonly evaluated in vitro by the measure

of its relaxivity (r1) that, for commercial CAs as Magnevists, Dotarems, Pro-

Hances, and Omniscans, is around 3.4–3.5 mM�1 s�1 (at 20 MHz and 39 1C). It
represents the relaxation enhancement of water protons in the presence of the
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paramagnetic complex at 1 mM concentration. The observed longitudinal relaxa-

tion rate (R1
obs) of the water protons in an aqueous solution containing

the paramagnetic complex is the sum of three contributions [Eq. (8.1)] [6]: (i) the

diamagnetic one (R1
o), whose value corresponds to proton relaxation rate mea-

sured in the presence of a diamagnetic (La, Lu, Y) complex of the same ligand; (ii)

the inner sphere paramagnetic contribution, relative to the exchange of water

molecules from the inner coordination sphere of the metal ion with bulk

water (R1p
is); and (iii) the outer sphere paramagnetic contribution, relative to water

molecules that diffuse in the outer coordination sphere of the paramagnetic center

(R1p
os). Sometimes also a fourth paramagnetic contribution is taken into account

Figure 8.1 Structures of the Gd(III)-based MRI contrast

agents (CA) currently used in clinical practice.
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that is due to the presence of mobile protons or water molecules (normally bound

through hydrogen bonds) in the second coordination sphere of the metal ion [7]:

Robs
1 ¼ Ro

1 þ Ris
1p þ Ros

1p (8.1)

The inner sphere contribution is directly proportional to the molar concentra-

tion of the paramagnetic complex, [C], to the number of water molecules co-

ordinated to the paramagnetic center, q, and inversely proportional to the sum of

the mean residence lifetime of the coordinated water protons, tm, and of their

relaxation time, T1M [Eq. (8.2)]:

Ris
1p ¼

q½C�
55:5ðT1M þ tmÞ (8.2)

The latter parameter is directly proportional to the sixth power of the distance

between the metal center and the coordinated water protons (r) and depends on

the overall molecular correlation time, tc, that, in turn, is determined by the

shortest among tm, tR (reorientational correlation time of the bound water mo-

lecule, which is assumed to coincide with the reorientational correlation time of

the entire metal complex), and the electronic relaxation times, TiE (i ¼ 1, 2), of the

unpaired electrons of the metal (which depend on the applied magnetic field

strength) [Eqs. (8.3) and (8.4)]:

1

T1M
¼ 2

15

m0
4p

� �2 g2I g2em2BSðSþ 1Þ
r6H

7tc
1þ o2

St2c
þ 3tc
1þ o2

It2c

� �
(8.3)

t�1
c ¼ t�1

R þ t�1
m þ T�1

iE (8.4)

The outer sphere contribution depends on TiE, on the distance of maximum

approach between the solvent and the paramagnetic solute, on the relative diffu-

sion coefficients and – again – on the magnetic field strength. The dependence of

R1p
is and R1p

os on magnetic field strength is very important because it allows the

determination of the principal parameters affecting the relaxivity of a paramagnetic

compound. This information can be obtained through an NMR instrument in

which the magnetic field is changed (field-cycling relaxometer) to obtain the mea-

sure of r1 on a wide range of frequencies (typically 0.01–50 MHz). At the frequencies

most commonly used in commercial tomographs (20–63 MHz), tR of the chelate is

often the determinant of the observed relaxivity. A quantitative analysis of relaxivity

dependence on the different structural and dynamic parameters shows that, for

systems with long tR (e.g., a protein bound complex), the maximum attainable r1
values can be achieved through the optimization of tm and TiE [6]. All the available

commercial Gd-based CA are monohydrated systems (q ¼ 1), with a molecular

weight of about 600–800 Da that corresponds to rotational correlation times tR of

about 60–80 ps. For this class of polyaminocarboxylate complexes the exchange

lifetime tm is typically found to be in the range of few hundreds of ns and T1E E
1 ns at 0.5 T and thus the inner sphere relaxivity, r1p

is (i.e., the R1p
is values
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normalized to the mM concentration), assumes a value of about 2.5–3.5 mM�1 s�1

at 25 1C. Therefore, as was early recognized, it is evident that at 0.5 T the overall

correlation time is largely dominated by the rotational correlation time, whereas

the contributions of both the exchange lifetime and the electronic relaxation play a

less relevant role. Figure 8.2 summarizes the main parameters that affect the

relaxivity of the T1 contrast agents.

8.2.2

Clinically Approved T1 Agents

Currently, several Gd-based and one Mn-based agents are available for clinical

applications. Their use has led to remarkable improvements in medical diagnosis

in terms of higher specificity, better tissue characterization, reduction of image

artifacts, and improved functional information. Besides acting as catalyst for the

relaxation of water protons, a paramagnetic MRI-contrast agent has to possess

several additional properties to guarantee the safety issues required for in vivo
applications at the administered doses, namely high thermodynamic (and possibly

kinetic) stability, good solubility, and low osmolality [1].

8.2.2.1 Paramagnetic Gd(III)-Based Complexes

Extracellular Fluid Agents Extracellular fluid agents (ECF): the first CA approved

for clinical use was Gd-DTPA (Figure 8.1, Magnevist, Schering AG, Germany),

which, in more than 10 years of clinical experimentation, has been administered to

Figure 8.2 Schematic representation of all the parameters

affecting the relaxivity in Gd(III) complexes; tm and tR are the

mean residence lifetime of the coordinated water protons and

the reorientational correlation time of the complex,

respectively; OS and IS stand for outer and inner sphere water

molecules, respectively, and r indicates the distance between

the Gd metal ion and the water molecule protons.
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many millions of patients (clinical dose 0.1 mmol kg�1). Other Gd(III)-based CAs

similar to Magnevist became soon available: Gd-DOTA (Dotarem, Guerbet SA,

France), Gd-DTPA-BMA (Omniscan, GE Health, USA), and Gd-HPDO3A (Pro-

Hance, Bracco Imaging, Italy) [8]. These CAs have very similar pharmacokinetic

properties because they distribute in the extracellular fluid and are eliminated via

glomerular filtration. In neurological diseases, they are particularly useful to de-

lineate lesions as a result of the disruption of the blood–brain barrier. Two deri-

vatives of Gd-DTPA have been successively introduced, Gd-EOB-DTPA [9]

(Eovists, Schering AG, Germany) and Gd-BOPTA [10] (MultiHances, Bracco

Imaging, Italy). They are characterized by an increased lipophilicity due to the

introduction of an aromatic substituent on the carbon backbone of the DTPA li-

gand. This modification significantly alters the pharmacokinetics and the biodis-

tribution of these CAs as compared to the parent Gd-DTPA, making them hepato-

specific agents.

Blood Pool Agents Several systems have been studied over the last two decades

for the design of macromolecular Gd(III)-complexes as MRI blood-pool contrast

agents. These paramagnetic macromolecules do not diffuse across healthy vas-

culature and remain intravascular, thus reporting on the anatomy of the vessels

bed (Figure 8.3). In addition to a higher vascular retention time, macromolecular

systems are often endowed with sensibly higher relaxivities (at 0.5–1.5 T) thanks to

the elongation of reorientational correlation times of slowly tumbling systems.

Vasovists is the first blood pool agent available for clinical use. It is a Gd-DTPA

substituted with a diphenylcyclohexyl phosphate group. The key differentiating

characteristic of Vasovists is its reversible binding to human serum albumin

(HSA): after i.v. injection, a fraction of approx. 85% of it is bound to HSA. The T1

relaxivity rate of Vasovists at 1.5 T is five times higher than that of standard ga-

dolinium contrast agents.

Another approved Gd-based blood pool agent is Vistarems, a hydrophilic high

molecular weight (MW ¼ 6473 g mol�1) derivative of DOTA-Gd, whose mechan-

ism of action relies on its large size that precludes the extravasation. The chemical

Figure 8.3 3D contrast enhanced MRA of a rat head at 2 T.
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structure of Vistarem has been optimized to provide: (i) a high millimolar

relaxivity in the clinical field for MRI: 29 mM�1 s�1 at 60 MHz, (ii) a high bio-

compatibility profile, and (iii) a high molecular volume: the apparent hydro-

dynamic volume is 125 times greater than that of Gd-DOTA. As a result, this

molecule presents an unusual pharmacokinetic profile, as it is a rapid clearance

blood pool agent (RCBPA) characterized by limited diffusion across the normal

endothelium.

Biodistribution and Toxicity Studies have revealed a possible connection between

a disease called nephrogenic systemic fibrosis (NSF) and the assumption of Gd

(III) contrast agents [11]. NSF is a fibrosing disorder that involves predominantly

the skin but also affects systemic organs such as the liver, heart, lungs, diaphragm,

and skeletal muscle. It is associated with severe physical disability and possible

death when multisystem disease supervenes. The cause of NSF is unknown;

however, underlying kidney dysfunction is present in all cases. Gd3þ may act as a

trigger for NSF in patients with kidney disease on the basis of its reduced clear-

ance and possibly its chelate-binding characteristics. Gadolinium-based contrast

agents are eliminated almost entirely (97%) by kidneys. Reduced renal function

significantly increases the half-life of these complexes. Macrocyclic chelates bind

Gd(III) more tightly than linear chelates and are more stable both in vitro and in
vivo. Omniscan, the agent that most commonly is associated with NSF, is a non-

ionic contrast agent that uses a linear chelate endowed with a lower stability with

respect to other Gd CAs. Although cause and effect correlation between Gd3þ

release and development of NSF has not been proven, there is compelling asso-

ciative evidence to recommend limiting Gd contrast agent exposure to patients

with kidney disease.

8.2.2.2 Mn(II)-Based Complexes

Paramagnetic chelates of Mn(II) (five unpaired electrons) have also been con-

sidered. The main drawback appears to be related to the stability of these com-

plexes. Manganese(II) is an essential metal, therefore evolution has selected

biological structures for sequestering Mn(II) ions with high efficiency. Combined

with the fact that Mn(II) forms highly labile coordination complexes, it has been

difficult to design Mn(II) chelates that maintain their integrity when administered

to living organisms.

The only approved Mn(II) agent is Mangafodipir trisodium (manganese-dipyr-

idoxal diphosphate, Mn-DPDP or Teslascans, Figure 8.4) [12]. It is a contrast

agent for use in magnetic resonance imaging (MRI) of the liver. Mn-DPDP is a

manganese chelate derived from vitamin B6 (pyridoxal 5-phosphate) and is spe-

cifically taken up by the hepatocytes. In particular, the agent is taken up by normal

hepatocytes, resulting in increased signal on T1-weighted imaging, and is excreted

in the biliary system. It is the only agent that does its job by releasing metal ions to

endogenous macromolecules. The huge proton relaxation enhancement brought

about by the resulting Mn(II) protein adducts is responsible for the MRI visuali-

zation of hepatocytes also at low administered doses of Mn-DPDP.
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Biodistribution and Toxicity The toxicity related to the use of Mn complexes re-

sides in their low stability; in fact, chelation of Mn(II) is necessary to decrease the

high acute toxicity of the free metal ion, which is a calcium-blocking agent with

important effects on muscle electrophysiology and contractility. Initial evaluation

of Mn-DPDP revealed it had a considerably lower acute toxicity than Mn2þ (LD50 in

mice: 0.3 mmol kg�1 for Mn2þ vs. 5.5 mmol kg�1 for Mn-DPDP) and was highly

extracted by the liver.

8.2.3

Preclinical Level

8.2.3.1 ECF Agents

Among the huge number of Gd complexes that have been investigated in the last

20 years, very interesting systems are represented by GdAAZTA and GdHOPO

compounds. As mentioned already, the attainment of higher relaxivity can be

pursued by appropriate control of the parameters that determine the inner sphere

term, that is, the number (q) and the exchange lifetime (tm) of the water molecules

directly coordinated to the paramagnetic metal center, the electronic relaxation

time (TiE), and the molecular reorientational time (tR). Whereas the lengthening of

tR is tackled by designing slow moving macromolecular systems, the other para-

meters have to be optimized on the basis of the characteristic features of the

chelate itself. In principle, doubling of the inner-sphere relaxivity can be obtained

by going from q ¼ 1 to q ¼ 2 complexes. The commercially available MRI con-

trast agents are Gd(III) complexes with octadentate ligands, thus allowing only one

water molecule to enter the inner coordination sphere (q ¼ 1). The straightfor-

ward route to increase q involves a decrease of the overall denticity of the co-

ordinating ligand. However, the simple shift from an octadentate to a heptadentate

ligand may interfere with toxicological problems associated either with a decrease

of the thermodynamic stability or with the replacement of the two water molecules

by endogenous anions or by coordinating groups of tissue proteins [13]. Few Gd

(III) chelates with heptacoordinating ligands appear to overcome these drawbacks,

among them GdAAZTA and GdHOPO. The Gd(III) chelate with the heptadentate

ligand AAZTA (6-amino-6-methylperhydro-1,4-diazepinetetraacetic acid) displays

a relaxivity of 7.1 mM�1 s�1 at 20 MHz and 298 K. Its stability constant (log K)

Figure 8.4 Structure of the contrast agent Teslascan.
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has a value of 19.26, which is slightly smaller than that of [Gd-DTPA]2�, by far the
most used MRI agent, and significantly higher than that of Gd-DTPA-BMA, dis-

cussed above. When GdAAZTA was titrated with lactate or phosphate, no change

in its relaxivity was detected also at concentrations of the added substrate 200

times higher than the paramagnetic chelate. Thus, one may argue that the solu-

tion structure of GdAAZTA (Figure 8.5), coupled with the occurrence of a residual

negative charge, does not allow the replacement of the coordinated water mole-

cules with other substrates [14].

Raymond and coworkers have developed HOPO (hydroxypyridinone) based

ligands designed to satisfy the coordination preferences of Gd3þ, especially its

oxophilicity (Figure 8.5). The HOPO ligands provide a hexadentate coordination

for Gd3þ, in which all of the donor atoms are oxygens. Because Gd3þ favors eight

or nine coordination, this design provides two to three open sites for inner-sphere

water molecules. Moreover, these water molecules are in rapid exchange with

bulk water. These complexes also showed a very high thermodynamic stability for

Gd3þ binding. The contrast enhancement provided by these agents is at least twice

that of commercial contrast agents, which are based on polyaminocarboxylate

ligands [15].

8.2.3.2 Blood Pool Agents

The most straightforward method to increase the plasma circulation time and

promote vascular confinement of a contrast agent is to covalently bind it to bio-

macromolecules such as proteins, polysaccharides, and dextran.

An alternative to covalent binding has been pursued by exploiting the non-

covalent reversible interaction between low molecular weight hydrophobic Gd(III)-

complexes and proteins.

Human serum albumin (HSA) has been by far the most investigated protein for

binding of Gd(III) chelates. Besides the attainment of high relaxivities, a high

binding affinity to HSA endows the Gd(III) chelate with a long intravascular re-

tention time, which is the property required for a good blood-pool agent for MR

angiography. In blood, HSA has a concentration of about 0.6 mM and its main

physiological role deals with the transport of a huge number of substrates [16].

Figure 8.5 Structures of GdAAZTA and GdHOPO complexes.
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Caravan and coworkers [17] have tackled the problem of the residual mobility of a

Gd(III) complex bound to HSA by designing a system containing two anchoring

sites on the protein. Interestingly, the observed relaxivity for such an adduct,

though high (60 mM�1 s�1), is still significantly lower than that foreseen by the

paramagnetic relaxation theory.

In our group a derivative of GdAAZTA containing a long aliphatic chain

(GdAAZTA-C17) has been synthesized and its relaxometric properties investigated

in detail [18]. The complex showed the outstanding properties of the parent

complex, namely: (i) two inner sphere water molecules in fast exchange with the

bulk, (ii) high thermodynamic stability in aqueous solution, and (iii) a nearly

complete inertness towards the influence of bidentate endogenous anions. Already

at sub-millimolar concentrations (critic micellar concentration, cmc, 0.1 mM), the

presence of the hydrophobic chain induces the formation of micelles, with a re-

laxivity, per Gd(III) ion, of 30 mM�1 s�1 at 20 MHz and 298 K. At concentrations

lower than cmc GdAATZA-C17 displays a high binding affinity to HSA, Ka ¼ 2.4 �
104 M�1, giving a macromolecular adduct endowed with the highest relaxivity value

(84 mM�1 s�1) reported to date for HSA-bound Gd complexes.

8.2.3.3 Responsive T1 Agents

Those compounds whose contrasting properties are sensitive to a given physico-

chemical variable of the micro-environment in which the probe distributes are

referred to as responsive agents. Typical parameters of primary diagnostic relevance

include pH, temperature, pO2, enzymatic activity, redox potential, and concentra-

tion of specific ions and low-weight metabolites.

Unfortunately, their clinical use is still uncertain mainly because an accurate

measurement of one of the above-mentioned parameters with a given relaxing

probe requires a precise knowledge of the local concentration of the contrast

medium in the region of interest. Only if the actual concentration is known can

the observed change in the relaxation rate of water protons be safely attributed to a

change of the parameter to be measured.

pH-Sensitive In most of the examples so far reported the pH dependence of the

relaxivity reflects changes in the hydration of the metal complex.

For instance, we found that the relaxivity of a series of macrocyclic Gd(III)

complexes bearing b-arylsulfonamide groups is markedly pH-dependent (Figure

8.6), as it changes from about 8 mM�1 s�1 at pHo4 to about 2.2 mM�1 s�1 at pH

W 8 [19]. It has been demonstrated that the observed decrease (about fourfold) of r1
is the result of a switch in the number of water molecules coordinated to the Gd

(III) ion from two (at acidic pH) to zero (at basic pH). This corresponds to a change

in the coordination ability of the b-arylsulfonamide arm, which binds the metal

ion only when it is in the deprotonated form.

In some cases the pH dependence of the relaxivity is associated with changes

in the structure of the second hydration shell. Two systems of this type have

been reported by Sherry and coworkers. The first case deals with a macrocyclic

tetraamide derivative of DOTA (DOTA-4AmP), which displays an unusual

232 | 8 MRI Contrast Agents: State of the Art and New Trends



r1 vs. pH dependence [20]. The relaxivity of this complex increases from pH 4 to

pH 6, decreases up to pH 8.5, remains constant up to pH 10.5, and then increases

again. The authors suggested that this behavior is related to the formation/

disruption of the hydrogen bond network between the pendant phosphonate

groups and the water bound to the Gd(III) ion. The deprotonation of phos-

phonate occurring at pH W4 promotes the formation of the hydrogen bond net-

work that slows down the exchange of the metal-bound water protons. Conversely,

the behavior observed at pH W10.5 was accounted for in terms of a shortening of

tm catalyzed by OH� ions. It has been demonstrated that this complex can be

successfully used in vivo for mapping renal and systemic pH [21].

pH-dependent probes can also be obtained when the proton concentration af-

fects the structure of a macromolecular substrate that, in turn, results in changes

of its dynamic properties. An interesting example is represented by a macro-

molecular Gd(III) construct formed by 30 Gd(III) units covalently linked, through

a squaric acid moiety, to a polyornithine substrate (114 residues) [22]. At acidic pH

the unreacted amino groups of the polymer are protonated and, therefore, tend to

be localized as far apart as possible, whereas at basic pH the progressive depro-

tonation of the NH3
þ groups determines an overall rigidification of the polymer

structure owing to the formation of intramolecular hydrogen bonds between ad-

jacent peptidic linkages. As expected, the reduced rotational mobility of the

polymeric backbone upon increasing pH enhances the relaxivity of the system.

Redox Potential Sensitive A diagnostic MRI probe sensitive to the in vivo redox

potential would be very useful for detecting regions with a reduced oxygen partial

pressure (PO2
). This parameter is important in several pathologies, including

strokes and tumors.

Figure 8.6 Gd(III) complex in which the chelate bears an

arylsulfonamide group. The protonation/deprotonation

process of the arylsulfonamide group determines a variation

in the hydration of the complex.
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Very few Gd(III) chelates sensitive to the tissue oxygenation have been reported

so far. Our group has investigated the potential ability of GdDOTP to act as an

allosteric effector of hemoglobin [23]. In fact, it has been observed that this chelate

binds specifically to the T-form of the protein, which is characterized by a lower

affinity towards oxygen. The interaction is driven by electrostatic forces and leads

to a significant relaxivity enhancement (about fivefold) owing to the restricted

molecular tumbling of the paramagnetic complex once it is bound to the protein.

Although hemoglobin can be considered as an excellent indirect target for de-

tecting PO2
, the practical applicability of the method suffers for the inability of

GdDOTP to enter red blood cells.

Enzyme Responsive One possible route to design enzyme responsive agents is to

synthesize paramagnetic inhibitors whose binding to the active site of the protein

can be signaled by the consequent relaxivity enhancement. An example of this

approach has been provided by Anelli et al., who synthesized a linear Gd(III)

complex bearing an arylsulfonamide moiety, which is a well-known inhibitor of

carbonic anhydrase [24].

In vitro experiments demonstrated that this complex binds quite strongly (KA of

about 1.5 � 104) to the enzyme and its relaxivity in the bound form is about

fivefold higher than the free complex (27 mM�1 s�1 vs. 5 mM�1 s�1 at 20 MHz).

Unfortunately, this approach in vivo failed, likely owing to the small amount of

enzyme circulating in the blood.

An alternative approach is to design Gd(III) complexes acting as substrate for a

specific enzyme. In this direction, an example has been provided by Lauffer et al.,
who prepared a Gd(III) chelate containing a phosphoric ester sensitive to the at-

tack of serum alkaline phosphatase. The hydrolysis yields the exposure of an hy-

drophobic moiety well suitable to bind to HSA. Upon binding, there is an increase

of the relaxivity as a consequence of the lengthening of the molecular reorienta-

tional time. This approach was used by the same research group to design Gd(III)

complexes sensitive to TAFI (thrombin-activatable fibrinolysis inhibitor), a car-

boxypeptidase B involved in clot degradation [25].

8.3

T2-Susceptibility Agents

The term susceptibility refers to the tendency of a certain substance to become

magnetized. The intensity of magnetization, M, is related to the strength of the

inducing magnetic field, B, through a constant of proportionality, k, known as

the magnetic susceptibility (M ¼ kB). The magnetic susceptibility is a unit-less

constant that is determined by the physical properties of the magnetic material. It

can take on either positive or negative values. Positive values imply that the in-

duced magnetic field,M, is in the same direction as the inducing field, B. Negative
values imply that the induced magnetic field is in the opposite direction as the
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inducing field. Thus T2 susceptibility agents work upon distorting the applied

magnetic field, leading to a loss of signal of the water in T2 weighted images.

8.3.1

Iron Oxide Particles

Superparamagnetic iron oxide (SPIO) particles have the general formula Fe

(III)2O3M(II)O, where M(II) is a divalent metal ion such as iron, manganese,

nickel, cobalt, or magnesium. SPIO is magnetite when M(II) is Fe(II) [26].

The change in the magnetic susceptibility caused by the superparamagnetic core

induces a large distortion of the externally applied magnetic field, which, in turn,

leads to hypo-intensities in T2 weighted images. Thus the areas containing particles

display fast transverse relaxation rates and low signal intensity (‘‘negative con-

trast’’). Owing to the large magnetic susceptibility of an iron oxide particle, the

signal void is much larger than the particle size, enhancing detectability at

the expenses of resolution. Iron oxide particles for MRI applications are divided into

two classes, namely, superparamagnetic iron oxide (SPIO) and ultrasmall super-

paramagnetic iron oxide (USPIO), on the basis of the overall size of the protective

cover on the surface of the magnetic particle. In fact, in both types of particles the

iron oxide colloid particles are encapsulated by organic material such as dextran and

carboxydextran to improve their compatibility with biological systems. The differ-

ence in overall size of the particles causes marked changes in two important

properties related to their use as MRI contrast agents: USPIO have longer half

lifetimes in the blood vessels than SPIO because their smaller size (o50 nm)

makes their uptake from macrophages more difficult. Conversely, SPIO (with

diameters of the order of 100–200 nm) are very rapidly removed from the circu-

lation by the reticuloendothelial system (RES). In terms of relaxation enhance-

ment properties, the larger magnetic susceptibility of SPIO yields larger R2/R1

relaxation rates and higher T2-shortening effects than those brought about by the

smaller USPIO particles. These particles have been used to track different cell

types in vivo [27], including T lymphocytes, macrophages, and stem cells.

8.3.2

Paramagnetic Liposomes

In the late 1980s it was reported that paramagnetic, low molecular weight, Dy(III)

complexes can act as T2-susceptibility agents in MRI images when they are un-

equally distributed in vessels and in the surrounding tissues. The effect can be

further enhanced when the paramagnetic complexes are entrapped in vesicles

such as liposomes. The observed behavior is well accounted for in terms of the

field gradients created by the compartment containing the paramagnetic ions that

induce the spin dephasing of the water protons diffusing in the outer region of the

compartment. It is straightforward to note that any nanosized system containing

paramagnetic metal ions would act as a T2-susceptibility agent. In this context,
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paramagnetic liposomes have a high potential owing to the high payload of para-

magnetic complexes that can be either entrapped in their inner cavities or, upon

suitable functionalization with lipophilic substituents, incorporated in their mem-

brane bilayer [28]. The compartmentalization effect, which is proportional to the

magnetic field strength, is clearly illustrated in Figure 8.7.

The sensitivity of such systems depends on the intrinsic paramagnetism (de-

scribed by the effective magnetic moment, meff) of the Ln ion (Dy(III) is the most

effective) and on the overall concentration of the paramagnetic centers compart-

mentalized in the vesicle. Hence, the incorporation of amphiphilic Dy(III) com-

plexes in the liposome bilayer, in addition to the encapsulation of huge amounts of

a hydrophilic Dy(III) agent in the aqueous cavity, yields a marked sensitivity en-

hancement that makes these systems interesting agents for high field applications.

The use of paramagnetic liposomes has been demonstrated as advantageous for

developing highly-sensitive T2-susceptibility agents as possible alternatives to the

well established class of iron oxide nanoparticles [29].

Another class of liposome-based T2-susceptibility agents is represented by mag-

netoliposomes, in which iron oxide particles are encapsulated in liposomes [30].

8.4

CEST Agents

The new landscape of Molecular Imaging applications has prompted the search

for new paradigms in the design of MR-imaging reporters. A possibility is the

exploitation of the frequency, the key parameter of the NMR phenomenon. The

roots for this class of agents rely on the well established magnetization transfer

(MT) procedure, which deals with the transfer of saturated magnetization from

Figure 8.7 (a) Comparison between the R2 values of 1 mM solutions of Dy-HPDO3A either

free or entrapped into liposomal vesicles at 7 T and 298 K; (b) T2 weighted image showing

the difference between free and liposome-entrapped paramagnetic complex.
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tissue mobile protons (primarily water and labile protons from proteins) to bulk

water upon radiofrequency (RF) irradiation of their semi-solid like broad NMR

absorption [31]. The use of exogenous, mobile molecules, dubbed CEST (chemical

exchange saturation transfer) agents, introduces the possibility of a selective RF

irradiation of the sharper NMR signal of the exchangeable protons of the probe.

Thus, one may design protocols in which the contrast in the MR image is gen-

erated ‘‘at will’’ only if the appropriate frequency corresponding to the labile

protons of the exogenous agent is irradiated. Importantly, the new approach offers

the possibility of detecting more than one agent in the same region.

8.4.1

Theoretical Background

The CEST contrast arises from the decrease in the intensity of the bulk water

signal following saturation of the exchanging protons of the CEST agent by means

of a selective RF pulse (Figure 8.8).

Hence, the basic requisite for a CEST agent is that the exchange rate between its

mobile protons and the bulk water protons (kCEST) has to be smaller than the

frequency difference between the absorption frequencies of the exchanging spins

(i.e., kCEST o Do).
In the CEST experiment, the RF pulse of angular frequency o2 ¼ g � B2,

where B2 is the intensity of the applied RF pulse, is applied at the Do frequency

Figure 8.8 Schematic view of the saturation transfer mediated by chemical exchange. The

plot reported on the arrow indicates the dependence of the bulk water magnetization on the

irradiation time [Eq. (8.5), T1
bw ¼ 1/R1

bw ¼ 1 s; tbw ¼ 1/kbw ¼ 1 s].
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offset corresponding to the resonance of the mobile protons of the contrast agent,

to saturate their longitudinal magnetization (Mz
CEST).

Because such nuclei exchange slowly with the nuclei of the bulk water, the in-

tensity of the longitudinal magnetization of the latter (Mz
bw) will decrease with a

time evolution described by Eq. (8.5):

Mbw
ZðtÞ ¼ M0

bw Rbw
1

Rbw
1 þ kbw

þ kbw

Rbw
1 þ kbw

e�ðRbw
1 þkbwÞ�t

� �
(8.5)

where M0
bw is the equilibrium longitudinal magnetization of the bulk water

protons at t ¼ 0 (t is the time during which the saturation pulse is switched on),

R1
bw is their longitudinal relaxation rate, and kbw is their exchange rate.

Upon saturating the resonance of the CEST agent, the magnetization of the bulk

water decreases from its equilibrium value to a steady state value (Mz(N)
bw) at t ¼

N [Eq. (8.6) and Figure 8.8]:

Mbw
Zð1Þ ¼ Mbw

0

Rbw
1

Rbw
1 þ kbw

� �
(8.6)

Under the steady-state conditions, the extent of saturation transfer (ST) from the

CEST agent to the bulk water (here termed STN*) can be expressed as in Eq. (8.7):

ST�
ð1Þ ¼

Mbw
0 �Mbw

Zð1Þ
Mbw

0

¼ kbw

Rbw
1 þ kbw

(8.7)

The STN* value at the steady state may assume values between 0 and 1 de-

pending on whether the exchange rate kbw is slower or faster than the relaxation

rate R1
bw.

The pseudo-first-order exchange rate constant kbw can be defined as the ex-

change rate of the protons belonging to the CEST agent (kCEST) weighted by the

molar ratio fraction between the two pools of exchanging spins [Eq. (8.8)]:

kbw ¼ kCEST
½CEST spins�
½BW spins� (8.8)

STN* augments upon increasing kCEST until the exchange approaches the coa-

lescence condition (kCEST E Do). Notably, this condition depends on the magnetic

field strength, which is directly related to Do. In other words, the increase of the field

strength improves the efficiency of the CEST experiment because it allows the ex-

ploitation of large kCEST values.

In an aqueous solutions of a CEST agent, the concentration of bulk water spins

is approximately 111.2 mol l�1 (i.e., 2 � 55.6 mol l�1), whereas the concentration

of the saturated protons is the product between the concentration of the CEST

agent and the number of its magnetically equivalent (or pseudo-equivalent) mobile
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protons, n, that are saturated by the applied RF pulse. Then, kbw can be expressed

as in Eq. (8.9):

kbw ¼ kCEST
n� ½CEST�

111:2
(8.9)

This model is based on the assumption that the magnetization of the bulk water

protons is not perturbed by the applied RF saturation field (i.e., no direct satura-

tion effect on bulk water) and that the magnetization of the mobile protons of the

CEST probe is completely saturated by the B2 field. The larger is Do the higher is

the probability that these assumptions hold.

However, CEST experiments are often performed using saturation pulses that

balance an efficient saturation of the mobile protons of the CEST agents with a

minimum spillover effect on the bulk water signal. For this reason, accurate

quantification of the CEST effect needs the development of theoretical models that

take into account such effects.

Usually, the extent of saturation transfer (ST) is experimentally assessed through

the following expression [Eq. (8.10)]:

ST ¼ ðIoff � IonÞ
Ioff

(8.10)

where Ioff and Ion refer to the bulk water signal measured after two saturation

experiments in which the RF irradiation field is set at the resonance frequency

of the mobile protons of the CEST agent (Ion) and at a frequency equally spaced

from the bulk water resonance (arbitrarily set to zero) but located at the opposite

side (Ioff) (Figure 8.9b). A very useful tool for characterizing the property of a CEST

agent and for the identification of the resonance frequency of its mobile protons is

the Z-spectrum, which reports the intensity of the bulk water protons as a function

of the saturation frequency offset (Figure 8.9a).

Any Z-spectrum is characterized by a peak corresponding to the direct satura-

tion of the bulk water signal, whose frequency is set to zero. In the presence of a

CEST agent, one (or more) CEST peak appears in the spectrum, thus allowing one

to determine the frequency offset of the mobile protons of the agent. In the si-

mulation reported in Figure 8.9, the values of Ion and Ioff are indicated in part (a),

whereas part (b) shows the so-called ST-spectrum (or asymmetry spectrum), which

plots the ST values (often expressed as percentage) as a function of the saturation

offsets. The ST-spectrum provides a useful graphical access to the saturation

transfer efficiency of the system under study.

8.4.1.1 The Sensitivity Issue

One of the main limiting factors of CEST agents for in vivo application is re-

presented by their lower sensitivity compared to the conventional Gd- and Fe-

based agents. Among the different parameters governing the CEST effect, the

exchange rate of the mobile protons of the agent, kCEST, has received, so far, much

attention because this parameter can be quite easily modulated by changing the

chemical characteristics of the exchanging group. In addition, kCEST is usually

CEST Agents | 239



dependent on physicochemical variables like temperature or pH, thus allowing

CEST agents to be used as responsive probes (see previous section).

In principle, ST and kCEST are directly correlated, but this relation is valid until

kCEST approaches the Do value. In fact, when coalescence occurs, the mobile pro-

tons of the CEST agent are isochronous with the bulk water signal and the CEST

contrast vanishes. This is one of the reasons why attention has been focused on

paramagnetic CEST agents whose large Do values allow the exploitation of higher

kCEST values before the coalescence between the signals occurs [28]. Figure 8.10

shows the theoretical dependence of CEST efficiency on kCEST and B2. For a given

B2, the increase of kCEST causes an initial improvement of CEST efficiency, but

Figure 8.9 Simulated representations of the Z- (a) and

ST-spectrum (b). The curves were calculated with the

model described. The following parameters were used:

f ¼ 5 � 10�4, kCEST ¼ 500 s�1, R1
bw ¼ 0.33 s�1,

R2
bw ¼ 1 s�1, R1

CEST ¼ 2 s�1, R2
CEST ¼ 50 s�1, B0 ¼ 300

MHz, B2 ¼ 6 mT, DoCEST ¼ 50 ppm.
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beyond a certain limit, the ST effect gets worse. Furthermore, the simulated profiles

indicate that, for a given Do offset, the maximum CEST contrast is achieved when

kCEST ¼ 2pB2. However, it is has to be recalled that for in vivo applications the B2

values are essentially limited by SAR (specific absorption rate) constraints. This

means that the CEST efficiency is controlled by the SAR requirements that define

themaximum B2 amplitude that, in turn, allows the estimation of the optimal kCEST

value. In addition to B2 and kCEST, the CEST efficiency is also influenced by the

chemical shift offset Do of the mobile protons of the agent and by the magnetic

field strength B0 at which the CEST experiment is carried out.

CEST sensitivity can be improved considerably by increasing the number n of

magnetically equivalent or pseudo-equivalent mobile protons per CEST molecule.

The sensitivity of an MR agent is generally expressed as the minimum con-

centration necessary for detecting the MR contrast in the image; for MR-CEST

experiments a ST effect of 5–10% can be considered the detection threshold. The

CEST contrast is also modulated by the longitudinal relaxation time of the bulk

water protons, R1
bw. Low R1 values are beneficial for the ST efficiency. Therefore, it

might be expected that diamagnetic agents could be more efficient than para-

magnetic ones. However, since the paramagnetic complexes used for CEST ap-

plication are not particularly efficient as relaxing agents, usually this parameter

does not have a relevant role in determining the ST effect. Nevertheless, high R1

values allow a fast achievement of the steady-state condition despite a lower steady-

state CEST effect.

8.4.2

Paramagnetic CEST Agents: PARACEST

CEST agents are usually classified in two main groups: diamagnetic and para-

magnetic systems. The members of each class can be further divided into sub-

groups depending on other criteria such as their size or peculiar chemical

Figure 8.10 Dependence of saturation transfer (ST%) on

kCEST calculated at the B2 amplitudes reported in the figure.

Simulations were performed using the model described in

Reference [7]. The following parameters were used: f ¼
5 � 10�4, R1

bw ¼ 0.33 s�1, R2
bw ¼ 1 s�1, R1

CEST ¼ 2 s�1,

R2
CEST ¼ 50 s�1, B0 ¼ 300 MHz, DoCEST ¼ 50 ppm.
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characteristics. In this chapter we focus only on the class of paramagnetic CEST

agents (PARACEST). All the PARACEST agents proposed so far are lanthanide

(III) complexes endowed with two different kinds of mobile protons: (i) protons of

water molecules coordinated to the Ln(III) ion and (ii) mobile protons belonging to

the ligand structure.

A representative example of PARACEST agent was first reported by Sherry and

coworkers in 2001 [32]. The agent was a tricationic Eu(III) macrocyclic complex,

[EuDOTA-4AmCE]3þ (Figure 8.11a), whose metal-bound water protons are in slow

exchange on the NMR shift timescale (kCEST of about 2600 s�1 and Dooffset ¼ 50

ppm). The Z-spectrum acquired at 22 1C and 4.7 T of a 63 mM solution of this

compound showed a large CEST effect (57%) (Figure 8.11c).

Macrocyclic tetraamide derivatives of DOTA represent the primary ligand choice

for PARACEST agents. In fact, this coordination cage ensures sufficiently slow

water exchange rates (and also a high chemical inertness of the metal complex) as

well as large shifts to fulfill the Do W kCEST condition. Furthermore, the ligand

provides four amide groups (typically magnetically equivalent or pseudo-equivalent)

that can act as exchangeable proton pool, in addition to the coordinated water

protons. The first example of the detection of a CEST contrast upon irradiation of

amide protons in a PARACEST agent was reported in 2001 [5]. In this paper we

reported the CEST properties of a series of Ln(III) complexes of the ligand

Figure 8.11 Spectra of [EuDOTA-4AmCE]3þ (a): NMR (b) (11.7 T, 250 mM, 25 1C) and Z-

spectra (c) (4.7 T, 63 mM, 22 1C) at pH 7.0.
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DOTAMGly (Figure 8.12, elsewhere named DOTA-4AmC), which is the product of

the ester hydrolysis of the above-cited ligand DOTA-4AmCE.

The presence of four carboxylate groups confers to the Ln(III) complex an

overall single negative charge that is expected to improve the in vivo tolerability of
the agent. Among the different Ln(III) ions investigated, the Yb(III) complex was

the most efficient agent. Other additional important findings of this work were: (i)

the observation that the Do offset for the same proton site is strongly dependent

on the magnetic properties of the Ln(III) ion, (ii) the demonstration of the re-

markable pH dependence of the CEST contrast upon irradiation of the amide

protons, and (iii) the exploitation of two different proton pools (amide and metal-

coordinated water protons, respectively) for detecting a pH dependent and con-

centration independent ST upon applying the ratiometric approach described by

Balaban et al. [4]. The CEST sensitivity displayed by [Ln-DOTAMGly]� complexes

is dependent on the irradiated proton site: for amide protons a CEST effect of

about 5% requires a complex concentration of few millimolar, whereas for the

metal-coordinated water protons the threshold lowers to 0.5–1 mM.

Bartha and coworkers have investigated the CEST properties of a series of Ln

(III)-DOTA tetrasubstituted tetraamide complexes containing different dipeptides,

and the tripeptide glycine-phenylalanine-lysine. The authors observed that the

CEST efficiency of such systems upon saturation of the metal-bound water protons

was very sensitive to the nature of the oligopeptides. In some cases, for example,

for the Gly-Phe derivative, good CEST efficiencies were obtained by using safe

saturation fields (e.g., specific absorption rate, SAR, under the allowed values) [33].

Moreover, Burdinski et al. showed that a Tm(III) complex of a tetra-imidazolyl

Figure 8.12 [Ln-DOTAMGly]� (a) series (7 T, 312 K, pH 7.4): concentration dependence of

the saturation transfer upon irradiation of the amide protons (b) (saturation scheme: t ¼ 4 s

single pulse, B2 intensity 12 mT) and metal-coordinated water protons (c) (saturation scheme:

4000 shaped pulses 1 ms each, interpulse delay 10 ms, B2 intensity 88–185 mT).
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DOTAM ligand has a detectable CEST effect attributable to the imidazole protons

likely involved in a hydrogen bonding network with the amide protons of the

complex [34].

A significant sensitivity enhancement for PARACEST agents could be attained

by designing polymeric systems containing a high number of PARACEST units. A

couple of examples have been presented so far, involving the linkage of PARA-

CEST agents, similar to those discussed in this section, to macromolecules like

dendrimers [35], or to nanosized systems like perfluorocarbon nanoparticles [36].

Of particular note is the recent publication by Pagel and coworkers, who detected

a CEST contrast in vivo after the i.v. injection of nanosized dendrimers (G2 and

G5 generations) bearing Eu(III) or Yb(III)-DOTAMGly derivatives into a mouse

model of MCF-7 mammary carcinoma [37]. Figure 8.13 shows the build-up of the

CEST contrast in the xenografted tumor due to the accumulation of the para-

magnetic nanosystem. Interestingly, both the exchanging pools, the amides pro-

tons in the Yb(III) complex (Do ¼ �16 ppm) and the metal-coordinated water

protons in the Eu(III) analog (Do ¼ 55 ppm), were successfully (and safely)

saturated.

8.4.2.1 Responsive PARACEST Agents

The interest in designing CEST agents capable of reporting about a given physi-

cochemical parameter that characterizes the local microenvironment of the probe

is driven by two main factors: (i) the relative facility to correlate the parameters that

control the ST efficiency to the parameters to be monitored and (ii) the possibility

to make the CEST-based contrast independent of the probe concentration. This

latter task can be pursued by (i) using a ratiometric approach, which requires the

use of agents containing at least two sets of magnetically non-equivalent CEST-

active protons (and differently responsive to the parameter of interest) or (ii) ex-

ploiting peculiar properties of the Z-spectrum of the agent.

In this section we provide an overview on the responsive CEST agents in-

vestigated and tested so far.

pH Reporters The first example illustrating the potential of responsive CEST

agents was reported in the pioneering work of Ward and Balaban [4], who showed

the possibility of using CEST agents as concentration-independent pH reporters.

They demonstrated that a diamagnetic molecule, 5,6-dihydrouracil, containing two

pools of CEST-active protons whose exchange rates exhibit a different pH-

dependence could be successfully used for applying the ratiometric approach to

the CEST response. In 2002, we applied this concept by exploiting the peculiar

property of PARACEST systems that possess the same solution structure and

hydrophilic/lipophilic ratio (hence the same in vivo biodistribution), but exhibit

very different NMR properties depending on the coordinated Ln(III) ion [38]. The

two isostructural [Yb-DOTAMGly]� and [Eu-DOTAMGly]� complexes were se-

lected for their ability to promote efficient CEST contrast upon saturation of the

amide protons (Do ¼ �15 ppm) of the former and metal-coordinated water

protons (Do ¼ 50 ppm) of the latter. Interestingly, the amide protons CEST
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response is pH-dependent, whereas that associated to the water exchange is pH-

invariant (at least in the pH interval 5–8), thus improving the pH-responsiveness

of the system.

Subsequently, we showed that PARACEST pH probes can be designed by using

a single Ln-complex containing two CEST-active proton sites on the same mole-

cule [39]. Among the investigated [Ln-DOTAMGly]� complexes (Ln ¼ Pr, Nd, Eu),

the Pr(III)-chelate displayed the most sensitive ratiometric plot, which was nicely

tuned within the physiopathological pH interval (Figure 8.14).

Figure 8.13 (a) Schematic representation of the structure of Yb-G2. (b) Variation of the

signal intensity in the MRI-CEST image of mice bearing MCF-7 mammary carcinoma (the

carcinoma is enclosed in the white circle) after injecting Eu-G5 or Yb-G2 probes. The water

signal intensity decreases after injection of the probes due to the saturation transfer.
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Within this research field, Sherry and coworkers have highlighted that the two

magnetically non-equivalent amide protons of the primary amide groups in the [Yb-

DOTAM]3þ complex have a slightly different pH dependence and, consequently, a

different pH dependence of their ST effects, when selectively saturated [40].

Temperature Reporters The interest in designing MRI thermometers is basically

driven by the necessity to develop low invasive methodologies for measuring and

controlling temperature in vivo. The availability of methods for in vivo assessment

of temperature can be very helpful for monitoring heat-based anticancer therapies

like hyperthermia and thermal ablation. The first example of a concentration-

independent temperature reporter CEST agent was described by us in 2004 [41].

Unlike the pH dependence, the temperature responsiveness of the PARACEST

agent [Pr-DOTAMGly]� was mainly dominated by the variation of the CEST effect

arising from the irradiation of the metal-coordinated water protons.

Enzyme Reporters Most work in this field has been carried out so far by Pagel and

coworkers, who designed PARACEST probes specifically engineered to act as

substrate for proteases, such as caspases that are enzymatic biomarkers of apop-

tosis [42]. Such Ln-complexes contained a CEST-active amide proton (Do¼�51

ppm) that, upon cleavage of the peptidic bond by the proteolytic enzyme, turns

into a primary amine group (Do¼ 8 ppm). As a consequence, the CEST effect

measured at �51 ppm becomes sensitive to the presence of the caspase. Though

the sensitivity displayed by this agent is rather low (about 5 mM, 14 T, B2 intensity

31 mT) mainly due to the presence of only one CEST-active proton per molecule, it

was claimed that it could detect amounts of caspase-3 of the order of 5–50 nM.

Tóth and coworkers have reported a versatile and general approach for the

preparation of PARACEST agents responsive to enzymes. The approach was based

Figure 8.14 pH dependence of the saturation transfer for a

30 mM solution of [Pr-DOTAMGly]� (7 T, 312 K). Filled

squares: saturation of the exchanging metal-coordinated

water; filled circles: saturation of the mobile amide protons.
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on the coupling between an enzyme-specific substrate and a lanthanide-chelating

unit through a self-immolative spacer. After the enzymatic action, the substrate is

removed and the spacer is spontaneously eliminated, thus resulting in a change in

the PARACEST properties of the probe. Upon changing the substrate linked to the

Ln-chelating unit it is possible to make these systems specifically responsive to a

wide variety of enzymes [43].

Metabolite Reporters The examples illustrating the in vitro potential of CEST

agents to act as sensitive reporters of concentration changes of metabolites and

small ions of diagnostic relevance are quite numerous.

The first one was reported by our group in 2002, and dealt with the design of a

coordinatively unsaturated PARACEST agent, [Yb-MBDO3AM]3þ (Figure 8.15a),

able to report about lactate concentration, an important biomarker of anaerobic

glycolysis [44]. The interaction between the probe, containing six CEST-active

amide protons, and lactate was quite strong (KA of 8000) and, interestingly, the

exchange rate between free and bound lactate was slow on the NMR frequency

timescale. Thus it was possible to detect separately in the NMR spectrum (and

consequently also in the Z-spectrum) both the free and lactate-bound forms of the

Figure 8.15 Saturation transfer for a 9.3 mM solution of

[Yb-MBDO3AM]3þ (a) as a function of L-lactate concentration

(7 T, 312 K). (b) Open circles: saturation of the amide protons

of the complex bound to lactate (resonating at �15.5 ppm

from bulk water); filled circles: saturation of the amide

protons of the free complex (resonating at �29.1 ppm from

bulk water).
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CEST probe. As expected, the CEST effect observed upon irradiating the amide

protons of the free probe (Do ¼ 29.1 ppm) decreased upon increasing the lactate

concentration, whereas the reverse occurred when the saturation offset was placed

on the corresponding resonances of the probe bound to lactate (Do ¼ 15.5 ppm)

(Figure 8.15b). Despite some limitations associated with the broadness of the

amide resonance of the free probe, it is worth noting that this system is sensitive to

changes in lactate concentration up to 10 mM, that is, just in the range of diag-

nostic relevance.

In 2003, Sherry and coworkers reported a PARACEST agent whose CEST effect

was made sensitive to the glucose concentration through the presence of two phe-

nylboronic moieties on a macrocyclic Eu(III) complex [45]. Upon interaction with

the sugar (KA ¼ 380, which is very strong compared with other phenylboronic-

based probes), the exchange rate of the metal-bound water protons is slowed down,

thus affecting the bandwidth of the corresponding CEST peak in the Z-spectrum.

8.4.2.2 Cell Labeling

The unique peculiarity of CEST agents, that is, the possibility to visualize more

than one agent in the same image, is extremely advantageous for designing MRI

cell-tracking experiments in which two (or more) cell lines, each one labeled with a

specific CEST probe, are simultaneously injected and visualized over time by MRI.

As proof of principle, we demonstrated the potential of CEST agents by labeling

rat HTC cells (HTC ¼ hepatoma tumor cells) with two PARACEST probes

sharing the same ligand (the already cited DOTAMGly) but differing in the co-

ordinated Ln(III) ion [Eu(III) or Tb(III)] [46]. As pointed out in previous sections,

the Do values of the water protons coordinated to the metal in the two com-

plexes are different (Do ¼ 50 ppm for [Eu-DOTAMGly]� and Do ¼ �600 ppm

for [Tb-DOTAMGly]�) and allow the selective saturation of the two CEST-active

sites. Cells were labeled by exploiting the pinocytosis route, which allowed a

Figure 8.16 (a) MR-CEST difference image, in false colors, after saturation of the Tb-bound

water protons. (b) MR proton density image of four capillaries containing: (A) unlabeled HTC

cells, (B) HTC cells labeled with [Tb-DOTAMGly]�, (C) HTC cells labeled with [Eu-

DOTAMGly]�, and (D) cellular pellet obtained by mixing pellets B and C. (c) MR-CEST

difference image, in false colors, after saturation of the Eu-bound water protons.
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sufficient number of probe molecules to be internalized and detected in an

MR-CEST experiment. Figure 8.16 illustrates the results obtained by visualizing a

phantom made of four capillaries containing unlabeled cells as control, cells la-

beled with each of the two probes, and a pellet obtained by mixing the two dif-

ferently labeled cells. The CEST response, displayed in false colors, is a clear

demonstration of the potential of CEST agents in this field and it represents the

first experimental evidence of a simultaneous visualization of different CEST

agents in the same image region.

8.5

Concluding Remarks

In the last two decades, the chemistry of paramagnetic metal chelates has been the

subject of an extraordinary interest for the potential use of these complexes as

contrast agents for MRI investigations. In particular, this effort has led to the

synthesis of several hepta- and octa-coordinating ligands able to wrap around

the Ln(III) ions to yield chelates characterized by very high thermodynamic stabi-

lities. Moreover, much attention has been devoted to relate the structure of Ln(III)

chelates to the exchange rate of the coordinated water molecule(s). These studies

have dramatically extended the range of available exchange rates, which now goes

from a few nanoseconds to several microseconds. The acquisition of an in-depth

knowledge of the structural, electronic, and dynamic determinants of the observed

relaxivity has prompted interesting activities aimed at making it responsive to

specific characteristics of the biological environment of the contrast agent. This

approach may find unique applications in medical diagnosis. Finally, the huge

work on Gd(III) chelates has led to the exploitation of these ligands with lantha-

nide(III) ions other than Gd, favoring the development of the novel class of con-

trast agents called CEST. Their potential can be very high as it allows us to exploit

more contrast agents in the same MR-image as each of them will be activated ‘‘at

will’’ by selecting the characteristic irradiation frequency. These peculiarities will

lead to the development of new diagnostic protocols precluded with conventional

agents (i.e., multiple detection of different cellular epitopes or the simultaneous

tracking of different cells subpopulations).
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9

Metal-Based Radiopharmaceuticals
Roger Alberto

9.1

Introduction

The non-invasive diagnosis and therapy of socially relevant diseases such as cancer

or neurodegeneration is one of the major objectives of nuclear medicine and

radiopharmacy [1, 2]. As important as diagnosis or therapy is prognosis and radio-

pharmacy provides modalities to early assess success or failure of, for example,

common chemotherapy. The basic tools of radiopharmacy are radionuclides,

radioactive isotopes of particular elements, produced in cyclotrons or in nuclear

reactors. Some of these radionuclides for radiopharmaceutical purposes are iso-

topes of main group elements – 123I, 125I, and 131I are probably the best known

amongst them. With the advent of small, on-site cyclotrons, clinics also apply

more and more 11C and 18F in nuclear medicine. The latter two nuclides are po-

sitron (bþ) emitters and are used in positron emission tomography (PET) on a

routine clinical basis. Since this section attempts to scope the presence and future

of metal-based radiopharmaceuticals, albeit of high importance, these nuclides

will not be further considered herein and the reader is referred to published re-

views and book chapters [3].

According to their weight in the periodic table, most radionuclides origin from

metallic or semi-metallic elements. In contrast to carbon, iodine, or fluorine, it is

clear to every inorganic chemist that the combination of a metal with a ligand, a

molecule, or a biologically active biomolecule is not routine but requires several

building blocks and steps to be achieved successfully. This is the challenge of

metal-based radiopharmaceutical chemistry but, at the same time, also the in-

centive to find innovative and novel approaches towards ligands, complexes, and

radio-bioconjugates to benefit from in health care. Some metallic radionuclides are

bþ-emitters whereas others, for example, the so-called single photon emission

computer tomography (SPECT), are g-emitters. Among them 99mTc is one of the

most important. There is an ongoing controversy between the PET and the SPECT

communities about advantages and disadvantages or, rather, about superiority.

This issue will also not be discussed here, but can be found in more specialized

literature [2, 4, 5]. Detailed explanation of the biological and physical background
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of the two imaging techniques SPECT and PET or combined modalities such as

SPET/CT and PET/CT would exceed the space available here and the reader is also

referred to excellent recent reviews from praxis and theory [6–9].

Diagnosis–therapy aspects are further categories that have to be considered.

Typically, bþ and g-emitters are used in diagnosis, whereas b� and a-emitters are

applied in radionuclide-based therapy. Details will be outlined in the following

sections, which are organized according to therapeutic and diagnostic topics. For

some elements, copper in particular, radionuclides exist for both diagnosis and

therapy. In some rare cases (131I being a good example) the same radionuclide is –

or rather was – used for both purposes the same time.

A comprehensive state-of-the-art analysis in metal-based radiopharmaceuticals

would greatly exceed the space available for this chapter. It is rather the intention

to provide the reader with basic information about chemical and biological re-

quirements to critically evaluate the pros and cons of metal-based radio-

pharmaceuticals. These criteria shall be underscored with a few selected examples

from literature and for the different categories of metallic radionuclides arranged

according to the therapy–diagnosis concept. This chapter also aims to provoke the

scientific curiosity of (especially young) researchers to contribute to this field

by new approaches that could ultimately lead to novel, urgently needed

radiopharmaceuticals.

9.1.1

Selection of the Radionuclide

Among the approximately 1700 known radionuclides, very few meet the require-

ments for diagnostic or therapeutic application in humans. From a physical point

of view, the radionuclide must have (i) an optimal half-life, (ii) an emission of a

particle or a photon of reasonable energy for the particular purpose of application,

and (iii) a cost-efficient synthesis to keep the price for the radiopharmaceutical low

(see below). Whereas the first two points are given by nature, the last point is a

commercial issue.

The optimal half-life of the radiopharmaceutical depends on the application and

is strongly affected by the pharmacokinetics of the compound or the biomolecule

to which the radionuclide is attached to. Half-lives should be sufficiently short to

release the patient from the hospital as fast as possible but must be long enough

to allow good images with high target/background ratio at the site of interest.

Thus, for diagnostic imaging, half-lives from minutes to a few hours are prefer-

able. Of course, the in vivo behavior of the radiopharmaceutical is inherently

coupled to the selection of the radionuclide. However, there is not always a choice

between different radionuclides, but the selection is dictated by the particular

application. If the radiopharmaceutical irreversibly accumulates at the target site,

absolute amounts of administered radioactivity can be decreased, which leads to a

lower dose burden for the patient.

The situation is somewhat different for therapeutic radionuclides. These are

particle emitters but, preferentially, are accompanied by the emission of a photon
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of appropriate energy to allow detection by g-cameras. The percentage of g-emis-

sion should be low to reduce the whole body dose for the patient. If the a- or b-
decay is accompanied by no or very little g-emission (as in case of 90Y), it is not

easily possible to assess the accumulation in, for example, tumor tissue. Optimal

half-lives for therapeutic radiopharmaceuticals can be on the order of hours to

days, again depending on the pharmacokinetics of the targeting biomolecule and

its in vivo behavior. If rapid and irreversible accumulation in tumor tissue is ob-

served, accompanied by rapid clearance from the rest of the body, radionuclides

with short to long half-life times are appropriate. If accumulation is slow, the

radionuclides decay before a reasonable dose can be deposited at the target site. It

should be emphasized at this point that there is no ‘‘recipe’’ for the radionuclide to

be selected, neither for diagnosis nor for therapy, since a limited number are

immediately available for the labeling of a particular biomolecule. Table 9.1 gives

an overview of the physical properties of the most important radionuclides for

therapeutic and diagnostic applications.

9.1.2

Production of Radionuclides

Radionuclides have, ideally, half-lifetimes of some hours to days. This brings up

the issue that a radionuclide or a ready-to-inject radiopharmaceutical can generally

not be ‘‘stored’’ until usage. With exceptions, radiopharmaceuticals of more

complex structures are generally not produced on one site and then shipped to

another for application. It is more convenient to prepare them on site immediately

prior to administration to the patient. Some compounds actually are shipped after

preparation, 18FDG (18F-2-deoxyglucose) being a notable example. However, this

increases the price and is, ultimately, not an ideal situation. Normally, the

radionuclides are prepared in nuclear reactors or cyclotrons and then shipped as

solutions to the hospitals where the final radiopharmaceutical is synthesized and

quality controlled.

There are commonly two ways of preparing radionuclides. The cheapest one is

by irradiating a target of the corresponding element with neutrons. The (n, g)
reaction yields then the neighboring isotope with mass number increased by one.

This is unstable and decays under emission of an electron to the next higher

element or isobar. An example for the activation of natural 185Re to 186Re is given

in Scheme 9.1. If the thermal neutron cross section and the neutron flux in the

reactor are high, very high specific activities can be achieved. The specific activity

[(Aspec) (Bq g�1 or Bq mol�1)] is a measure for the ratio between radioactive (hot)

and inactive (cold) isotopes. Further relevant examples of radionuclides prepared

along this route are 153Sm and 177Lu (Scheme 9.1), both important in systemic

cancer therapy. Many radionuclides are prepared by this route though the aspect of

specific activity limits qualitatively the preparation of receptor targeting biomole-

cules [11].

A favorable situation for the production of radionuclides is encountered when

the product of the (n, g) reaction is a radioisotope that decays not to a stable but
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again to a radioactive daughter. Since the radioactive daughter belongs to a dif-

ferent (the next higher) element, the daughter and the parent can be chemically

separated. Chemical separation of parent and daughter can be performed by

means of an adsorption chromatography column and gives the radionuclide of

Table 9.1 Decay properties of some radionuclides for diagnostic and therapeutic purposes.

Isotope Half-life Decay modea Eb (keV) (%) Ec (keV) (%) Mean range

(lm) [10]

For diagnostic purposes

67Ga 78.3 h EC, Auger 93 (38),

185 (21)
99mTc 6.0 h IT 140 (90)
111In 67.2 h Auger, g 171 (90),

247 (94)
61Cu 3.4 h bþ, EC 527 (50) 656 (10),

283 (13)
62Cu 0.16 h bþ, EC 1315 (98) 1173 (0.3)
64Cu 12.9 h b�, bþ, EC 190 (37) (b�),

278 (18) (bþ)
1346 (0.5)

68Ga 1.1 h bþ, EC 836 (88) 1077 (3)
86Y 14.7 h bþ, EC 550 (13) 1077 (83),

777 (22)
89Zr 78.5 h bþ, EC 395 (23) 909 (99.9)

For therapeutic purposes

47Sc 3.35 d b�, g 0.14 (68%),

0.20 (32%)

159 (68%) 810

67Cu 2.58 d b�, g 0.19 (20%),

0.12 (57%)

93 (16%),

185 (49%)

710

90Y 2.67 d b� 0.93 (100%) 3900
111Ag 7.45 d b�, g 0.36 (93%) 342 (6.7%) 1800
198Au 2.7 d b�, g 0.31 (99%) 412 (95%) 1600
213Bi 46 min a, g 5.87 (2%) (a),

0.49 (65%) (a),
0.32 (32%) (a)

440 (27%)

225Ac 10 d a 5.83 (51%) (a) 100 (3.5%)
149Pm 2.21 d b�, g 0.37 (97%) 286 (2.9%) 1800
153Sm 1.95 d b�, g 0.23 (43%),

0.20 (35%)

103 (28%) 1200

177Lu 6.71 d b�, g 0.15 (79%) 208 (11%)
186Re 3.78 d b�, g 1075 (71%) 137 (9%) 1800
188Re 17 h b�, g 2100 (100%) 155 (15%) 2000

aEC ¼ electron capture; IT ¼ internal transition
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interest – the so-called no-carrier-added (NCA) radionuclide – in the highest Aspec.

For the preparation of radiopharmaceuticals, targeting biomolecules can then be

labeled at – or purified to – extremely low concentrations; hence, target binding of

the radio-bioconjugate is not in competition with cold biomolecules, which are

useless for imaging purposes. To give an example, 37 MBq of 99mTc (t½ ¼ 6 h)

corresponds to about 4 pmol of 99mTc. After labeling, ideally, the same amount of

radiopharmaceutical is prepared and administered. If the parent has a sufficiently

long half-life, the parent– daughter system can be turned into a radionuclide

generator. In such a generator, the parent is loaded on the column by adsorption to

the stationary phase. The daughter, ideally with lower affinity for the stationary

phase, can be eluted at regular time intervals. The prototypical generator is the
99Mo/99mTc system, which is worldwide in extensive use and represents one of

the decisive bases for 99mTc being the working horse in nuclear medicine. Other

parent–daughter based radionuclides are 90Y from a 90Sr/90Y generator and 188Re

from a 188W/188Re generator system; both are important radionuclides for ther-

apeutic purposes [12].

The preparation of radionuclides from generators introduces ‘‘on line’’ availability

in clinics, a very convenient situation for routine investigations. It impacts, however,

on the chemical research towards novel radiopharmaceuticals since all labeling

procedures have to be brought to a level where the synthesis can be performed in

laboratories not specially equipped for syntheses. Preparations must be performed

in ‘‘kits’’ according to the ‘‘shake and bake’’ principle. Yields must be >98% and,

after the reaction, the compound must be ready for administration, without pur-

ification or separation. Obviously (as will be outlined later in the selected examples)

these constraints compel high requirements to radiopharmaceutical chemistry and

account for the essential endeavors of developing a radiopharmaceutical.

Related to the (n, g) production is the radionuclide preparation by neutron in-

duced fission from highly enriched 235U. If the radionuclide of interest is a fission

product, it can again be obtained in the NCA form by the usual separation

prodcesses. The parent 99Mo for the 99mTc generator or 131I are examples of such

radionuclides from fission products.

A second way of preparing radionuclides is target irradiation with positively

charged baryons such as protons (pþ) or deuterons (dþ). The irradiated nucleus

undergoes different nuclear reactions, the (p,n) and (p, a) being the most frequent

ones. The PET radionuclide 18F, for instance, is prepared by a (p,n) reaction with
18O as the target. Radionuclides prepared along this route are often bþ-emitters,

but some others decay by electron capture (EC), thereby emitting a photon which

Scheme 9.1 Nuclear reactor produced therapeutic radionuclides.
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is used in SPECT. The radionuclide 111In, for instance, is obtained from 112Cd by a

(p,2n) reaction in NCA quality and is widely used in diagnostic radio-

pharmaceuticals. However, cyclotron production is generally expensive, with

drawbacks in terms of the availability of such radionuclides. Although the
68Ge/68Ga system is has long been known, commercially available and reliable

generators have been introduced only recently. As in the case of the 99Mo/99mTc

system, the PET radionuclide 68Ga becomes thereby immediately available at

hospitals, reducing the price and rendering application much more attractive.

Nowadays, small cyclotrons of limited energy are installed and important early

radionuclides can be produced on site. However, this does not apply to metallic

elements in the focus of our interest, which still need to be prepared at larger

cyclotrons [13].

PET and SPECT are two modalities in molecular imaging. Biomolecules labeled

with 18F or 11C are very attractive since they do not affect the nature of the mo-

lecule to the same extent as metal-based radiopharmaceuticals do. PET is nowa-

days clearly favored, owing to the (still) higher resolution and less influence on the

biological properties of the radiopharmaceutical. Metallic PET radionuclides,

however, do not have the latter advantage and, as common SPECT radionuclides

such as 111In or 99mTc, require chelators to be stabilized under physiological

conditions, thereby affecting the biological properties (e.g., pharmacokinetic or

receptor affinity) of the molecule to which they are attached. Furthermore, the

resolution of PET is physically limited since the positron has a limited spatial range

before it is annihilated. SPECT radionuclides emit the g-photons from where they

actually are and the resolution is limited by the physical distribution of the radio-

pharmaceutical. These arguments should be kept in mind when following the

controversial discussions of SPECT vs. PET and the selection of the corresponding

radionuclides.

9.1.3

Concepts and Chemistry of Labeling

The labeling of a targeting biomolecule with metallic radionuclides requires

chelators that stabilize the metal-ions against release from the carrier. Decom-

plexation can occur for thermodynamic or kinetic reasons if equilibrium is es-

tablished. A radiopharmaceutical, once administered, is under non-equilibrium

conditions and so, therefore, high thermodynamic stability together with kinetic

stability is a basic requirement. Release from the chelator goes along with – or is

paralleled by – trans-metalation, a process in which the radionuclide is bound by

other potential coordinating sites in vivo. Competing sites are numerous in bio-

logical systems: functionalities in the side chains of amino acids in proteins, small

molecules in blood plasma or in cells such as glutathione or carbohydrates. Even

the negatively charged surface of cells is a trap for cations. Trans-metalation of

radionuclides will lead inevitably to high imaging background, slow excretion, and

accumulation at the target site. Accordingly, to receive a clear picture of the in vivo
behavior of a radiopharmaceutical, the labeled metal complex must be of very high
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thermodynamic stability and/or kinetically robust. As will be seen later, examples

for both concepts exist in research and in applications.

The concept of labeling biomolecules with metallic radionuclides involves a so-

called bifunctional chelator (BFC). A BFC consists of as the first function a group

that can be bound covalently to a functional group on the biomolecule. This

conjugating function is connected via a linker (or spacer) to the second function,

which represents the chelator designed for the particular radionuclide (Scheme

9.2). The linker, though not directly involved in conjugation or complexation, is

important since it influences lipo- or hydrophilicity of the radiopharmaceutical. It

also separates the bioactive part from the metal-complex, thereby minimizing

steric effects imposed to the receptor binding part of the radiopharmaceutical.

Structure–activity relationships that have been carried out with, for example, la-

beled carbohydrates corroborate the relevance of an appropriate selection of spacer

type and length.

Major endeavors are undertaken for synthesizing tailor-made chelators for

particular biomolecules and radionuclides fulfilling the requirements outlined

above. For high thermodynamic stability, multidentate macrocyclic or acyclic

chelators such DTPA or DOTA have been used (see below). Since labeling is

generally performed at high dilution, the concept of 1:1 metal to chelator complex

is usually followed since the rate of formation for 1:2 complexes would be slow or

require high concentrations of the ligand to accelerate product formation.

Besides the pure physicochemical aspects, further limitations in labeling

chemistry emerge from attempted routine application in clinics. Labeling with a

metallic radionuclide should be a one-step process and consist, for example, of

mixing the radionuclide solution with the biomolecule conjugated to the BFC

(Scheme 9.3). This concept of labeling chemistry does not cause severe problems if

the radionuclide is present as an aqua-ion in one single defined oxidation state.

Most of the radionuclide families discussed later are of this nature, which makes

their application comparably facile. However, if redox chemistry is involved, as for
99mTc or 188Re, the situation becomes more difficult. In this case the labeling

chemistry not only consists in complexation but requires also reduction and sta-

bilization of precursor complexes by auxiliary ligands (L) and finally trans-

metalation to the biomolecule (Scheme 9.3). To combine all these issues in one or

two synthetic steps is a major challenge for radiopharmaceutical chemistry and

there are elegant examples for the realization of this concept.

Finally, the procedure of labeling chemistry should produce a well-defined

complex that can be characterized by chemical methods. Since the concentration

Scheme 9.2 Principle of bifunctional chelator (BFC) and

bioconjugate ready to be labeled in a kit formulation.

Introduction | 259



of the radiopharmaceutical is extremely low, characterization is often performed

with non-radioactive analogs on the macroscopic level. Such a ‘‘cold’’ congener of a

radiopharmaceutical is compared by chromatographic methods with the radio-

pharmaceutical. If retention time of the cold, fully characterized compound

matches that of the radiolabeled analog, identity and therefore characterization is

confirmed. Early labeling methods did not follow this concept but still resulted in

useful – though not characterized – radiopharmaceuticals. For instance, the re-

duction of disulfide bonds in antibodies and subsequent labeling reaction with

simple pertechnetate [99mTcO4]
� gave unspecific but stably labeled proteins.

Nowadays, such radiopharmaceuticals are not approved by drug administrations,

but they were at that time.

The problem of characterization is a minor issue with aquo-ions, but may be-

come a major one with radioelements such as Tc for which multiple oxidation

states and, hence, coordination environments exist. Therefore, current and novel

labeling chemistry must aim at a well-defined design of compounds rather than

just achieving stable conjugation such as the one mentioned above. It stands to

reason that rational drug design must rely on well-defined compounds, otherwise

the search for new lead compounds will remain a trial and error approach.

9.1.4

Different Generations of Metal-Based Radiopharmaceuticals

The original concept of radiopharmaceuticals was based on the synthesis of radio-

metal complexes with adequate properties for, for example, accumulating in a par-

ticular target-organ or for visualizing organs such as the kidneys for assessing their

proper function by following rate of excretion. These radiopharmaceuticals belong

to the so-called first generation – also called metal-essential since only the entire

compound will give the radiopharmaceutical whereas the single components are

physiologically inactive [5]. The term first generation should not imply that they

are out-dated since research is still going on towards compounds with improved

Scheme 9.3 Different pathways to metal-

based radiopharmaceuticals. (i) Simple

substitution to the bioconjugate for 177Lu3þ.
The case of [99mTcO4]

�: (ii) reduction to a

lower oxidation state stabilized by weak

ligands L; (iii) substitution to the

bioconjugate; and (iv) all-in-one as ideally

found in kit formulation for routine

application.
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biological properties. Metal-essential first-generation radiopharmaceuticals are

found in particular for 99mTc (Figure 9.1) and they make up a vast portion of the

nuclear medicinal diagnostics carried out worldwide.

The second generation of radiopharmaceuticals are metal-tagged rather than

metal-essential. A biomolecule is derivatized with a BFC as outlined before and

then labeled with the metal. The vector (a peptide for instance) guides the radio-

nuclide to its target but the radionuclide is generally not required for the bio-

molecule to exert its action. Still, the metal bound to the BFC influences the

physiological behavior of the vector but its presence is not absolutely required [14].

Ideally, accumulation at the target site is positively influenced by metal-binding

but usually the complex plays a negative rather than a positive role. There are some

exceptions to the rule that second-generation radiopharmaceuticals are metal-

nonessential. Tropane analogs as radiopharmaceuticals for the assessment of

some neurodegenerative diseases are important tools in molecular imaging [15].

They bind the dopamine transporter with high affinity. Metal-labeled tropane

analogs have to penetrate the blood–brain barrier (BBB) and should therefore be of

low molecular weight and high lipophilicity. The tropane derivative shown in

Figure 9.1b has a positive charge, and therefore does not penetrate the BBB and is

inactive. Once labeled with 99mTc, the receptor targeting radio-conjugate (TRO-

DAT-1) is neutral and highly lipophilic, does penetrate the BBB, and is a very good

radiopharmaceutical for imaging the dopamine transporter [16, 17].

As will be seen in Section 9.2, first- and second-generation radiopharmaceuticals

are both under extensive research for molecular imaging purposes. The two

generations do not follow each other but are developed in parallel.

A less extensively investigated class (not generation) of radiopharmaceuticals are

mimics of existing vectors. Such compounds are both metal-essential and target-

ing. The concept behind them is to assemble by metal coordination a molecular

structure that mimics a natural, receptor binding substrate. Pioneering work in

this direction were complexes of TcV that assembled to a structure of some si-

milarity to estradiol. Instability and synthetic difficulties prevented further devel-

opment but the concept is convincing and merits attention. To replace, for

Figure 9.1 (a) Metal-essential

radiopharmaceutical Cardiolite
s [R ¼ CH

2C

(CH3)2(OCH3)]; (b) a tropane derivative that

does not penetrate the BBB (blood–brain

barrier); and (c) neutral radiopharmaceutical

TRODAT-1, capable of binding to the

dopamine transporter.
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example, phenyl rings in pharmacophores with cyclopentadienyls or arene com-

plexes goes towards the mimic concept but has not yet been exploited, although

the success of some cold bioorganometallic compounds encourages the following

of this concept [18].

9.2

Selected Examples: Therapeutic Radiopharmaceuticals

The following sections exemplify the general concepts outlined above for metal-

based radiopharmaceuticals with results from current studies. The examples are

primarily selected as representative for the current status of labeling and radio-

pharmaceutical chemistry.

Radionuclides that are hard b�- or a-emitters are applied for therapeutic or

palliative purposes. They deposit the decay energy of the particle within a short

range, which will lead to very high local doses accompanied by corresponding

biological damage, necrosis, or apoptosis of the targeted cells. A selection of

radionuclides is given in Table 9.1.

9.2.1

The ‘‘3þ Family’’: Yttrium and Some Lanthanides

Surprisingly, most metallic radionuclides applied in radiopharmacy belong to the

groups 3, 13, or to the lanthanide elements. Thus all these radionuclides are

present in their triply charged form M3þ, generally as binary aquo-ions or stabi-

lized by some weak ligands in aqueous solution. Examples of these radionuclides

for therapeutic purposes are 90Y, 153Sm, 177Lu, and 166Ho (all reactor produced).

Owing to their high charge and their position in the periodic table, they are hard

acids that require appropriate chelators for stabilization under biological condi-

tions. The important difference between corresponding members of the 3þ family

is the ionic radius, which differs widely from Y3þ (90 pm) to Sm3þ (110 pm), and

the coordination number (CN), which ranges from 6 to 8. Size and CN are the

factors determining the selection of the appropriate chelators for each of these 3þ
cations [19].

According to the chemical properties of the 3þ family, most of the BFCs are of

the polyamino-polycarboxylate type. These octadentate ligands, for which EDTA is the

prototype, may be acyclic or macrocyclic. Classically, diethylenetriaminopentaacetic

acid (DTPA) is the most widely used for 3þ cations. One of the binding sites

normally bears the first function of the BFC and is conjugated to the targeting

molecule, typically a peptide or an antibody. This design leaves seven groups for

coordination to the metal. For 111In3þ, DTPA is an almost ideal BFC, its stability is,

however, not perfect for 90Y3þ, for instance. To keep all eight coordination sites

untouched and available for coordination, syntheses of backbone-modified DTPA

systems have been published (Figure 9.2) that provide a much better stability to

the complex [20, 21].
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For systemic cancer radiotherapy, 90Y is of particular interest due to its high

energy pure b�decay. The metal center Y3þ is preferentially stabilized by DOTA,

attached to peptides and antibodies (Figure 9.2). DOTA stabilizes Y3þ to a suffi-

cient extent to avoid trans-metalation in vivo. However, the exchange of one car-

boxylate group in the coordination sphere for an amide reduces the stability

constant of the complex from log K ¼ 23.5 to 21.9 [22]. Nevertheless, stability is

sufficient for in vivo application. The importance of kinetic stability becomes ob-

vious. Comparing the stabilities for Y3þ with DOTA and DTPA, one finds that the

log K for Y-DTPA is 22 and for an amide derivative of DOTA is around 20. These

constants are still very high and one would expect that Y-DTPA is sufficiently

stable, which is not the case. Y-DTPA dissociates under physiological conditions

rather rapidly. This disadvantage is compensated by a very rapid complex forma-

tion that is about four orders of magnitude faster for DTPA than for DOTA [23].

Conditions for rapid labeling at high dilution are critical: factors such as pH,

temperature, and the presence of metal contaminants influence this rate sub-

stantially [24]. It has also to be considered that heating temperature and reaction

time are limited if proteins are labeled with 90Y due to their tendency to denaturate.

Some novel radiopharmaceuticals with 90Y for therapeutic purposes and based on

DOTA are in clinical trials and an antibody-based radioimmunotherapeutical agent

(Zevalins or ibritumomab-tiuxetan) has been approved by the FDA for application

in the treatment of some types of non Hodgkin lymphoma. Labeling with Y3þ is

complete after 5 min at room temperature due to the presence of a relatively large

amount of chelator (or antibody). Peptides were frequently labeled with 90Y; a good

example for DOTA-labeling is the cyclic dimeric peptide SU015, a DOTA-con-

jugated vitronectin receptor antagonist. At low peptide concentration, elevated

temperature was required to achieve quantitative labeling within 5–10 min [25].

One of the drawbacks of 90Y is the complete absence of detectable photon emis-

sion accompanying its b�-decay. To follow localization of 90Y-radiopharmaceuticals,

the 111In surrogates are often prepared and co-administered. 111In has an EC decay of

Figure 9.2 (a)–(c) DTPA-based BFCs and (d)–(f) DOTA-based BFCs with the first function at

different positions in the basic ligand framework.
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reasonable energy to be seen fromoutside.However, there are substantial differences

between 111In- and 90Y complexes and corresponding radiopharmaceuticals. These

differences are of structural and physicochemical impact. Although both are trivalent,

In3þ is smaller than Y3þ. The Y3þ cation fits perfectly into the DOTA ring but In3þ

is too small. In contrast, DTPA is tailor-made for In3þ but not for Y3þ. The co-

ordination number of In3þ is six or seven, whereas Y3þ tries to maintain eight [26].

For In3þ, only a few complexes with CN higher than seven are known [27, 28]. An

X-ray structure analysis of In-DOTA-monoamide shows CN ¼ 8 in the solid state,

but it is likely that the amide dissociates in solution. The different coordination

chemistry of In- and Y-DOTA complexes is thenmirrored by different hydrophilicity

and solubility. The In3þ complex is usually more hydrophilic than the Y3þ analog

and in vivo behaviors are different.
A very interesting radionuclide from the 3þ family is the reactor-produced

153Sm. This radionuclide is mainly used for the treatment of bone cancer lesions

or for palliative treatment of bone cancer [29, 30]. The ligands for encapsulating
153Sm3þ are hexadentate phosphonates, the most prominent one being ethyle-

nediaminetetramethylphosphonate (EDTMP) together with some other octa-

dentate ligands designed on the same principle (Figure 9.3). These 153Sm based

radiopharmaceuticals are metal-essential and are guided into the hydroxyapatite

matrix of the bones by the phosphonate groups [29, 31, 32].

A last example from the 3þ family of therapeutic radionuclides is 177Lu [33]. The

coordination chemistry required for the preparation of metal-based radio-

pharmaceuticals is very comparable to that for Y3þ or Sm3þ. DOTA proved also

here to be the chelator of choice and has been coupled to peptides, especially to

octreotide and derivatives, and proteins. Some targeting radiopharmaceuticals for

therapeutic purposes are currently in clinical trials [34–37].

Figure 9.3 Some phosphonate-based multidentate chelators for stabilizing 153Sm3þ: (a)
DTPMP; (b) EDTMP; and (c) DOTMP.
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All radionuclides from the 3þ family previously discussed show great promise

as metal-based radiopharmaceuticals, as corroborated by the state of clinical trials.

It has to be kept in mind, however, that the application with respect to vector is

limited to hydrophilic biomolecules. The chelators, which cannot substantially be

changed for thermodynamic and kinetic stability reasons, govern the physico-

chemical properties of the tagged vector. The pendent complexes are relatively

large, which limits their use for the labeling of small molecules and makes the

labeling of pharmacophores for penetrating the BBB essentially impossible.

Nonetheless, a major target of molecular imaging and radiotherapy is cancer and

for targeted therapy with amino acid based macromolecules these radionuclides

are certainly very well suited.

9.2.2

Rhenium

There are two rhenium radionuclides with appropriate properties for therapy,
186Re and 188Re. Whereas the former has superior physical properties, it cannot be

produced in NCA quality and therefore its Aspec is relatively low. The latter is re-

ceived from the 188W/188Re generator and therefore in no-carrier-added quality

[38–40]. The half-life (17 h) is at the lower limit for, for example, antibody delivery.

Still, its Aspec makes it very attractive and most of the studies have been performed

with generator-produced 188Re (Table 9.1)

Rhenium for therapeutic application is attractive because it is the higher

homolog of technetium, and their chemical properties are therefore assumed to be

similar or even equal. This point of view leads to the paradigm of a matched pair,
which means that 99mTc is used for diagnosis and the very same kit with 188Re for

therapy. Such a matched pair would be very attractive since it allows us to perform

dosimetry in advance, an important point for clinical decision making. As outlined

before, 111In and 90Y are also considered as a matched pair but, although the same

vector-tagged radiopharmaceuticals were applied, the coordination chemistry is

too different to suggest an ‘‘equal’’ in vivo behavior. The structural features of

Rhenium and Tc compounds are similar indeed but there are substantial differ-

ences in their chemistry, which are responsible for labeling with rhenium being

more difficult than with technetium. Their chemistry will be given in more detail

in the technetium section. Rhenium is harder to reduce and, correspondingly,

easier to be reoxidized; hence, it displays increased instability towards air. The

tetradentate MAG3 ligand is frequently used to stabilize the [188ReV¼O]3þ core in

the form of the [188ReO(MAG3)]
� complex (Scheme 9.4). Even this stable complex

is rather sensitive towards reoxidation to [188ReO4]
� whereas the Tc analog is

stable. Rhenium is less reactive than technetium. The standard reduction of

[MO4]
� with Sn2þ is essentially immediate for [99mTcO4]

� but requires harsher

conditions or longer reaction times for [188ReO4]
�. Going to the low valent cores

[MI(CO)3]
þ, the Tc complex can be prepared in a one-step kit (Section 9.3.2)

whereas the Re analog again requires two steps and stronger conditions or longer

reaction times [41, 42]. The question of whether 99mTc chemistry has a role for
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predicting developments for rhenium has been addressed recently [43]. As a con-

sequence of the more difficult reduction of [188ReO4]
� vs. [99mTcO4]

�, the so-called
prelabeling method is used for preparing vector-tagged radiopharmaceuticals with

Re. In this method, the complex with the radio-metal is prepared first and only

coupled in the last step to the antibody. The final radiopharmaceutical is purified

and quality assessed before administration. Since the half-life time is longer, in-

stant kit preparation is not immediately required and the procedures are approved

by authorities (Scheme 9.4) [44, 45].

One rhenium-essential radiopharmaceutical is in clinical use: the meso-2,3-

dimercaptosuccinic acid, DMSA, complex [ReO(DMSA)2]
� is a versatile agent for

medullary thyroid carcinoma and other tumors [46–48].

Antibodies have been labeled as mentioned before either by the prelabeling

method or, the majority, by direct labeling methods. Direct labeling methods are

less feasible for peptides since the reduction of disulfide bonds will lead to severe

structural changes in the receptor binding motive with loss of affinity. An elegant

way to bypass this problem has been performed recently with the direct labeling of

salmon calcitonin, a disulfide-containing cyclic octapeptide. Reduction of the

peptide with phosphines and reaction with [188ReO4]
� or [99mTcO4]

� gave re-

cyclized products. Closer inspection of the nature of products shows a strong

difference between Re and Tc. Whereas each complex induces ring-closure of the

peptide, the oxidation state was þV for Re but þIII for Tc, mirroring the greater

oxidation power of the latter (Scheme 9.5) [49–51]. As shown in Scheme 9.5, not

only monocyclic but also bicyclic products were found by mass spectrometry.

Newer developments in rhenium-based radiopharmaceuticals are low-valent

organometallic carbonyl complexes. The labeling precursor [188Re(OH2)3(CO)3]
þ

has been introduced, following a method similar to that used for preparing the
99mTc analog, whose chemistry will be discussed below [52–54]. Preparation of

the [188Re(OH2)3(CO)3]
þ precursor is more time consuming and reaction with

biomolecule tagged ligands slower than for 99mTc. The complexes are very inert and

physiologically stable. Radiopharmaceuticals prepared with these MI precursors are

essentially identical and the matched-pair idea can probably be applied. The

chemistry of the two organometallic aquo-ions has been compared recently [55].

As evident from this brief state of the art description and a recent review [56], the

chemistry of Re-based radiopharmaceuticals is somehow still at its infancy as

Scheme 9.4 Prelabeling method with 188Re, complex formation with MAG3 at elevated

temperature: (i) activation of the first function and (ii) covalent coupling to a monoclonal

antibody (MAb).
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compared to Tc. This may be related to the higher attraction of radionuclides of the

3þ family for therapy, but also to the greater difficulty of preparing well-defined
188Re radiopharmaceuticals in quantitative yield. Once a novel 99mTc radio-

pharmaceutical has been found, it is likely that more endeavors will be undertaken

to realize the corresponding 188Re analog.

9.2.3

a-Emitters: Bismuth and Actinium

The radionuclides 213Bi and 225Ac are attractive a-emitters for therapy due to their

very high linear energy transfer (LET), which results in a substantial local dose.

For example, a-particles from 225Ac have a LET of about 89 keV mm�1 (energy

deposition per path length), which is much higher than the 0.22 keV mm�1 for the

high energy b-emitter 90Y. The mean range of a-particles is only a few cell dia-

meters, offering the prospect of matching the cell-specific nature of targeted

molecular carriers with radiation having a similar range of action [57]. 225Ac has a

10 d half-life, 213Bi, a daughter product of 225Ac, 46 min. Both radionuclides be-

long to the 3þ family since actinium is present as Ac3þ and bismuth as Bi3þ. An
interesting approach has been proposed for the use of 225Ac, a so-called targeted
atomic nanogenerator consisting of trapping the daughter products of 225Ac such as
221Fr inside the cell, thereby strongly increasing the dose and cell damage [58].

Scheme 9.5 Reduction of salmon calcitonin with phosphines and subsequent direct

labeling yielded þIII for Tc (99mTcIII) but þV for Re (188ReV) complexes, as evident from

mass spectrometric analyses.
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Excellent biological results have been obtained in vitro and in vivo, but side effects
elsewhere in the body need better control [59]. Scheme 9.6 shows the decay series

of 225Ac as a base for the targeted atomic nanogenerator.

A nice systematic study on appropriate chelators for Ac3þ has been performed. It

turned out that DTPA, TETA, DOTPA, and others were too unstable to find ap-

plication in vivo [60]. It was found that DOTA is again the best ligand for 225Ac3þ

with o1% released from the chelator after 10 days. Accordingly, most labeling

studies are performed with the prelabeling concept with DOTA. Prelabeling is

applied since incorporation of Ac3þ into the macrocyclic chelate is slow and re-

quires heating for completion. At a 10 mM concentration of DOTA-NCS, 30 min at

601 C were sufficient to achieve quantitative complexation, followed by coupling to

the antibody and subsequent column purification [59]. More details about the

biology of targeted a-particle therapy have been published recently [61].

The application of a-emitters for targeted therapy would be a very convenient

and efficient concept. One has, however, to consider the general availability of the

radionuclides, their half-lifetimes, and the way of handling these a-emitters, which

is not routine, requiring additional precautions to be taken to protect the personnel

involved in syntheses and application from exposure to these nuclides.

Scheme 9.6 Full decay scheme leading to 225Ac. The

subsequent cascades of a- and b-decays are the basis for the

targeted atomic nanogenerator [58].
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9.3

Diagnostic Metal-Based Radiopharmaceuticals

9.3.1

The ‘‘3þ Family Continued’’: Indium and Gallium

Two of the more important radionuclides for diagnostic purposes, 111In and 68Ga,

belong also to the 3þ family. 111In is cyclotron produced and decays by electron

capture (EC) under photon emission used in SPECT. 68Ga is the daughter of cy-

clotron produced 68Ge and is a positron emitter applied in PET. The latter

radionuclide became important since it is available in a 68Ge/68Ga generator

system. The processing of generator produced 68Ga for medical application and

the generator itself have been described in detail recently [62]. 111In is received in

batches from the producer; no generator system is available.

As expected for group 13, the chemistry of both elements is governed by the

hard acid cations Ga3þ and In3þ. As was the case with 90Y3þ, typical middle to hard

multidentate chelators of the polyamino-polycarboxylate type (Figure 9.2) are

employed to stabilize these cations in vivo. One of the earliest FDA approved 111In

radiopharmaceuticals is 111In-Oxine. This neutral In3þ complex with three de-

protonated hydroxyquinoline ligands is widely used for the labeling of blood

products such as white blood cells, platelets granulocytes, and others. It is believed

that its lipophilic nature allows the complex to diffuse across lipid membranes; the

metal is then irreversibly trapped by ligand exchange with intracellular macro-

molecules [63]. The solid state structure (Figure 9.4) shows a symmetric co-

ordination environment; it is, however, likely that the coordination is highly

fluxional in solution and does not correspond to the one fixed in the solid state [64].

Figure 9.4 X-ray structure of In-Oxine, a radiopharmaceutical

applied in the labeling of white platelets.
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The vast majority of 111In-based radiopharmaceuticals employ DTPA or DOTA-

type ligands, which are both tailor-made for the size and charge of In3þ (see also

Section 9.2.1). One of the carboxylate arms in DTPA or DOTA is covalently bound

to peptides. Octreoscans (111In-pentetreotide) is the commonly used brand name

of a somatostatin receptor targeting peptide derivatized with 111In-DTPA, which is

frequently used in clinical routine and in research [65, 66]. The acyclic nature of

DTPA makes labeling a fast process since the cation does not have to be in-

corporated into a macrocycle. The structural flexibility of In3þ is mirrored by the

different existing solid-state structures. Whereas In3þ prefers a CN of six or seven,

structures are also known with a CN of eight. If one of the carboxylate arms is

conjugated to an amine, the resulting amide does coordinate in the solid state but

is believed to be released in solution, leaving In3þ with a CN of seven. The same

features are also encountered for DOTA and derivatized DOTA complexes in the

solid state and in solution. Figure 9.5 shows several solid state structures for

different DOTA, NOTA (Figure 9.6), and DTPA complexes of In3þ [67–69].

The chemistry for Ga3þ is different with respect to stability and kinetics as

compared to that of In3þ. Principally, many radiopharmaceuticals have been

prepared using the DOTA ligand, which provides sufficient stability for in vivo
applications. Recently, DOTA has been derivatized with two tyrosines bound to

Figure 9.5 Eight- and six-coordinate complexes of In3þ with DOTA, NOTA, and DTPA-based

ligands; (a) with one amide group; (b) with two amide groups; (c) with CH3-NOTA; and (d)

with DTPA (O ¼ red, N ¼ blue) [67–69].
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two of the amines, leaving the four amines and two carboxylate groups for co-

ordination to Ga3þ. The tyrosine should target amino acid transporters thereby

opening an approach to new metabolic tracers. The compound is promising since

uptake in some cancer cells has been assessed [70].

It is also often found that both the SPECT nuclide 111In3þ and the PET nuclide
68Ga3þ are applied with the same biomolecule. Octreoscan is thereby often taken

as a standard [71]. In contrast to In3þ or Y3þ, it has been found that NOTA and

derivatives provide complexes with Ga3þ of exceptionally high stability, with log K
being 31.0, whereas the corresponding DOTA complex has a log K of ‘‘only’’ 21.3

[72, 73]. However, NOTA is a hexadentate ligand and derivatization of one of its

side chains would affect the stability of the complex. Recently, Mäcke et al. have
introduced an elegant derivative of NOTA that has two acetic acid and one succinic

acid as side chains. In this ligand, NODASA (Figure 9.6), one of the acid groups in

the succinic acid coordinates to Ga3þ, completing the hexadentate coordination,

whereas the second carboxylate is conjugated to the peptide (Figure 9.7). Labeling

of these bioconjugates with 68Ga3þ is very fast and quantitative, which is con-

venient for routine clinical application [74]. Alternatively, NOTA-type ligands have

also been synthesized with phosphonate groups bound to the secondary amines

(NOTP, Figure 9.7) [75].

Interest in 68Ga is strongly increasing. The introduction of 68Ga-based kits for

the production of radiopharmaceuticals would not immediately require an on-site

cyclotron, which renders its application very convenient for routine use. The la-

beling procedures are very simple, fast, and efficient, characteristics that lead one

to expect a rapid expansion of this radionuclide in research, development, and

application.

Figure 9.6 (a) Basic NOTA ligand; (b) corresponding Ga3þ complex; (c) Ga3þ complex with

the NODASA BFC having one function left to be bound to a peptide, as shown in (d).
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9.3.2

Technetium

With respect to routine clinical application, 99mTc is still the most widely used

radionuclide in imaging. This is certainly due to its immediate availability in

hospitals and its comparably low price. The vast majority of 99mTc-based radio-

pharmaceuticals are of the first generation type and used for, for example, myo-

cardial, renal, and bone imaging [76]. The ease of availability is contrasted by the

difficulty of synthesizing compounds with the requirements outlined in the first

section. Whereas the radionuclides of the 3þ family exist under physiological

conditions in one oxidation state only, technetium has at least eight different

oxidation states, of which probably three or four are accessible in water and afford

air-stable complexes. The fundamental chemistry and that related to the synthesis

of radiopharmaceutical compounds has been comprehensively reviewed [77].

Furthermore, 99mTc is exclusively available in its most stable form [99mTcO4]
�.

Figure 9.7 X-ray structures of Ga3þ complexes with NOTA-based ligands.
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All chemistry has to start ultimately from [99mTcO4]
�, which entails reduction

processes in (almost) any preparation of 99mTc radiopharmaceuticals. Thus, la-

beling procedures are different compared to those for the 3þ centers (Scheme 9.3).

As with other relevant metallic radionuclides, 99mTc has to be stabilized by

multidentate ligands, tagged to a vector for second-generation radiopharmaceuticals.

For Tc-essential first-generation radiopharmaceuticals, the 99mTc center and the

ligands must form a physiologically stable complex. To fulfill these conditions,

ligands are required that match the electronic properties of the metal.

The oxidation state þV is the one best developed in technetium chemistry.

Reduction of [99mTcO4]
� with Sn2þ in the presence of stabilizing glucoheptonate

ligands leads to complexes containing the [Tc¼O]3þ or the [O¼Tc¼O]þ core.

The remaining coordination sites are occupied by tetradentate ligands with a

mixture of N, S, or O-donor atoms. Figure 9.8 depicts some of the most frequently

applied ligands in connection with 99mTcV. The chemistry with the [99mTc¼O]3þ

or [O¼ 99mTc¼O]þ core has been the subject of different reviews summarizing

the state of the art. Since there have not been many changes over the last few years

in TcV chemistry, the reader is referred to those publications [1, 2, 14, 15, 66,

79–83]. This chapter will rather focus on Tc chemistry in oxidation states different

from þV and in which interesting progress, relevant for chemistry and radio-

pharmacy, has been made.

In the recent past, three novel building blocks have emerged from studies in

basic technetium chemistry. These are the nitrido core [Tc�N]2þ (TcV) [81, 84, 85],

an umbrella type complex [TcNS3] (TcIII) [86, 87], and the carbonyl [Tc(CO)3]
þ

(TcI) core [53, 54, 88]. For these three cores, a plethora of basic complexes have

been synthesized and their relevance for molecular imaging shown in many ex-

amples. Figure 9.9 depicts some representative complexes.

The related fundamental and applied chemistry underscores the fact that even

relatively complex Tc-compounds can be synthesized, including redox reactions,

coordination, and labeling, often in one step and in quantitative yield as required

for routine application. These achievements underline the importance of inorganic

chemistry for life sciences in general and radiopharmaceutical chemistry in parti-

cular. Since this chapter cannot be comprehensive, the following section will

highlight some selected topics for the labeling of small molecules with one of the

new cores described in the previous section.

Figure 9.8 Selection of tetradentate ligands used to stabilize the [Tc¼O]3þ core. MAG3 and

DADS lead to mono-negatively charged complexes, MAMA and DADT ligands give neutral

complexes [78].
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9.3.3

Targeted Radiopharmaceuticals: Technetium-Labeled Carbohydrates

Progress towards the labeling of carbohydrates is of particular importance since, if

successful, it would account for complementing 18F-deoxyglucose (18FDG) in PET

with 99mTc for SPECT. Evidently, however, it is a tremendous challenge to design a

glucose derivative with a pendent metal complex that is still recognized by the

GLUT-1 transporter. After internalization into cells by active transportation, a
99mTcDG must be a substrate for hexokinase, the first enzyme in the glucose

metabolism, and to be phosphorylated at the 6-OH position. Phosphorylation, but

no subsequent conversion, leads to trapping of the negatively charged product

together with 99mTc in the cell. Therefore, the radionuclide accumulates in rapidly

proliferating sites like cancerous cells. Despite many attempts, no functionally

active 99mTc substitute of 18FDG has been obtained so far. The principle feasi-

bility has been doubted due to the high selectivity of GLUT-1 for intact glucose.

Orvig and Bowne have provided recently an excellent review of the biological and

chemical backgrounds for labeled glucose [95].

Most of the examples followed the pure pendent approach. It seems to be very

difficult to mimic the structures and the functionalities of a carbohydrate with a
99mTc complex while keeping its molecular weight and size close to that of the

parent. Figure 9.10 depicts some of the glucose derivatives labeled according to

the pendent approach.

When two glucose molecules (glucosamines) were combined by an ECD

(ethylenedicysteine) ligand, labeling with the [99mTc¼O]3þ moiety yielded an

overall neutral complex. Since this radiopharmaceutical consists of two glucose

Figure 9.9 Examples of small targeting

molecules labeled with different 99mTc cores

from recent studies: (a) myocardial imaging

agent based on the [Tc�N]2þ core [89, 90]; (b)

labeled carbohydrate for cancer cell targeting

based on the [99mTc(CO)3]
þ core [91]; (c)

labeled amino acid as metabolic tracer [92]; (d)

labeled fatty acid based on the [4þ1] approach

[93]; and (e) labeled folate [94].
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molecules, it was much larger than in the natural substrate. Still, tumor uptake

was observed, probably via GLUT-1, but the tumor/blood ratio was generally o1

[99]. In a comparable approach, but using only mono-functionalized glucosamine,

Liu et al. have conjugated to glucose different tetradentate ligands designed for

the [99mTc¼O]3þ core. The compound with MAG3 (Figure 9.8) showed promising

results [100]. Similarly, DTPA was coupled to glucose and labeled with 99mTc. This

compound allowed visualization of the tumor and the accumulated activity re-

mained constant over a longer period of time. This finding indicated phosphor-

ylation; however, the mechanism of trapping via this pathway has not been proven

unambiguously [101]. Despite a promise beginning, these approaches have not

lead yet to a breakthrough, probably due to the impossibility of improving the

conjugates by specially designed ligands for the [99mTc¼O]3þ core.

The higher flexibility with respect to ligands has induced studies with the [99mTc

(CO)3]
þ core and glucose or glucosamine. Early attempts with tridentate N,O li-

gands conjugated at positions C1 and C3 gave some insight into the complexity of

the problem but provided no solution [102]. Whereas derivatization, character-

ization, and labeling were performed, hexokinase inhibition or GLUT-1 uptake

gave ambiguous results. For the future design of glucose derivatives according to

the pendent approach, it seems important to use a linker of appropriate length

between glucose and the ligand, as shown by Schibli et al. [98, 103]. Orvig et al.
have developed several strategies towards glucose conjugation with bidentate li-

gands. These approaches followed the pendent concept but they also introduced

novel complexes that consisted of intramolecular coordination to the 99mTc core.

In initial attempts, 3-hydroxypyridinone was attached at C1 or C2 in glucose [91].

The rhenium-based model complexes were synthesized by reaction with [Re

(OH2)3(CO)3]
þ and labeled in quantitative yields. The compounds were tested for

reactivity towards hexokinase but no inhibition was found, neither for the free

glucose derivative nor for the corresponding Re(I) complexes. Presumably, the

spacer between glucose and the ligand was not appropriate since Schibli et al.

Figure 9.10 Labeled carbohydrates (a) and glucose derivatives for labeling with the [99mTc

(CO)3]
þ core (b) [96–98].
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reported some glucose derivatives that showed very slow but measurable activity

with hexokinase [98].

A less common approach has been presented by Gottschaldt et al. They bound

two glucose molecules to a central bipyridine ligand and studied the model com-

plexes as well as the labeling. Conceptually, the approach resembles the one of Liu

et al. mentioned before. In addition, these compounds also display inherent fluor-

escence, which makes detection by fluorescence microscopy attractive [104, 105].

The current state in 99mTc-labeled carbohydrate research seems to confirm the

supposed unattainability of the objective, that is, to prepare 99mTc-glucose. It

seems likely that the pendent approach will not be successful and that different

concepts such as mimics of carbohydrates have more promise. Although no direct

success for metal-based carbohydrates has been achieved, the fundamental results

produced in the course of these studies are instrumental for the next steps.

9.3.4

Technetium-Essential Radiopharmaceuticals for Heart Imaging

The development of agents for heart imaging based on cationic complexes has

been a focus of radiopharmaceutical chemistry since the early 1980s. These efforts

led to several cationic complexes that are in clinical routine. Among them, Ses-

tamibi (Cardiolites) is certainly the most important one and strongly contributed

to public health care and life saving [79, 106, 107]. It should be emphasized here

that Sestamibi is an organometallic compound that is synthesized in a very elegant

approach. Its quantitative preparation could be reduced to a formulation that sa-

tisfies all regulations from the authorities and the producer. Recently, the patent

expired and generic compounds are entering the market. Cardiolites is widely

applied in clinical routine although its pharmacological properties, liver accu-

mulation in particular, are not ideal [108]. These drawbacks have encouraged re-

search groups to find further complexes with improved in vivo behavior. These

competitors are mainly based on the [Tc�N]2þ and the [Tc(CO)3]
þ core, while

maintaining the mono-cationic charge of Sestamibi. A few selected examples of

these novel compounds are presented below.

Mono-cationic nitrido compounds have been investigated intensely for heart

imaging. The mixed ligand approach by Duatti et al., based on the [Tc�N]2þ core,

gave this strategy a new impetus since the ligand sphere can conveniently be tuned

by one ligand without the requirements of synthesizing new complexes from

scratch. This strategy exceeds what was possible before with the promising TcN-

NOEt complex (Figure 9.11). It is experimentally proven that ether groups in the

ligand’s periphery improve the biodistribution. For example, the complex 99mTcN-

DBODC5 (Figure 9.11b) was extracted by the rat heart very efficiently and liver

activity was washed out after about 60 min, allowing for images with substantially

improved target/non-target ratios [89, 90, 109, 113].

The nitrido approach has been extended by introducing crown ethers on the

thiocarbamate ligand bound to the [99mTcN(PNP)]2þ moiety [109, 114]. The key
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finding was that crown ether groups are useful for modifying the biological

properties of cationic compounds. In rats, some of these compounds displayed

heart/liver ratios four to five times higher than Cardiolites. The crown ether

strategy was extended with the same ligand but to the [99mTc(CO)3]
þ core. Liu et al.

could again show that the corresponding complexes had biological properties

superior to Cardiolites and were about identical to those of the respective complex

with the [99mTcN(PNP)]2þ core [112].

A further significant improvement was achieved by Santos et al.: tris(pyrazolyl)
methane is an excellent ligand for the [99mTc(CO)3]

þ core. By introducing ether

groups to the pyrazole rings they received within a very short time a stable heart

uptake and a liver clearance rate not achieved by any of the other 99mTc complexes

for myocardial imaging [110, 111]. These results provide an impetus for pursuing

the search for novel radiopharmaceuticals to yield faster and more accurate di-

agnosis of coronary artery disease in humans. All these systems have in common

that ether groups greatly enhance the biological behavior of the technetium-

essential complexes. The reason for this finding is not completely understood but

ongoing attempts towards novel myocardial imaging agents always include this

structural feature.

Despite these progresses, it remains a major challenge to develop novel myo-

cardial imaging agents with improved pharmacokinetics and biodistribution. The

examples shown above are encouraging and the chemistry behind them inspires

future fundamental and applied research. As a striking fact, they underline that

the very same ligand can be selected for different metal cores. Thus, improving the

Figure 9.11 Lead compounds for myocardial

imaging based on the [99mTc�N]2þ and

the [99mTc(CO)3]
þ core: (a) TcN-NOEt;

(b) TcN-DBODC5 (R1¼ -(CH2)2O-Et, R2 ¼
-(CH2)3O-CH3, R3 ¼ -(CH2)2O-Et) [90];

(c) a nitrido complex with additional crown

ethers [109]; (d) and (e) tris-pyrazolylmethane

based complexes [110, 111]; and (f) a Tc(I)

complex with crown ethers attached to the

ligand [112].
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biological behavior can not only be done by variations of the ligand – an often

tedious procedure – but also by altering the metal core bound to the same chelator.

These two examples from technetium-based small molecule radiopharmaceuticals

for diagnostic purposes are representative of the complexity of chemical structures to

be achieved under difficult synthetic conditions as imposed by requirements from

routine application. Many more complexes and compounds have been reported

but synthesizing them directly from saline and in kit formulations makes biolo-

gical studies or attempted applications very unlikely [78]. Still, the incentive for

achieving quantitative formation of complexes with sophisticated structures re-

mains a driving force for fundamental and applied chemistry in metal-based

radiopharmaceuticals. The question of how to prepare a particular complex is not

only a matter of development but demands profound insight into the mechanisms

of formation. This concerns not only technetium but also the chemistry of the

other elements described in this chapter.

9.4

Perspectives and Conclusion

Metal-based radiopharmaceuticals play an important role in diagnosis and ima-

ging of various diseases. For example, myocardial imaging agents are essential for

diagnosis and prognosis of heart diseases, thereby contributing to the enhance-

ment of quality and duration of life, especially in the developed world.

If labeled compounds interact with single molecule targets, the method is also

referred to as molecular imaging. Selected compounds are in clinical use, and some

are in advanced stages of clinical trials, especially with radionuclides from the 3þ
family. Still, radiopharmaceuticals, metal-based or not, are experiencing more and

more competition from non-radioactive methods for molecular imaging such as

MRI or fluorescence spectroscopy in its widest sense. Despite the instrumental

and methodological progress of these methods, it should not be forgotten that the

contributions of MRI (also in combination with other methods such as CT) are

essentially diagnostic and the aspect of therapy is lacking. The therapeutic aspect,

however, is of utmost importance and only metal-based radiopharmaceuticals are

able to combine both, often even in the very same compound and just with two

different radioisotopes. Radiopharmaceuticals are often designed for functional

imaging and not for receiving static pictures. As long as the sensitivity of contrast

agents as used in MRI cannot be dramatically increased, imaging on the molecular

level is not possible. The extremely low concentrations of radiopharmaceuticals

together with their sensitivity are therefore the only modality so far to achieve non-

invasive imaging on the true molecular level. All these characteristics of radio-

nuclide-based pharmaceuticals encourage and trigger research in the metal-based

radiopharmaceutical chemistry although, admittedly, the success for public health

care has not been overwhelming thus far. The perspective of combining diagnosis

and therapy in the same compound is an incentive that encourages further en-

deavors in fundamental and in applied research.
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Boron and Gadolinium in the Neutron Capture

Therapy of Cancer

Ellen L. Crossley, H.Y. Vincent Ching, Joseph A. Ioppolo, and Louis M. Rendina

10.1

Introduction

Tumors of the central nervous system (CNS), particularly those of the brain, are an

important public health problem, particularly in light of the increased life ex-

pectancy of the general population in Western countries. Although the median age

for the diagnosis of brain tumors is typically over 55, they are the most common

solid tumor in children [1–4]. In the United States, brain cancer accounts for

approximately 1.4% of all cancer cases, with the estimated 5-year relative survival

rate being 30% [3]. However, the latter does not provide a complete picture of this

particular disease as there exists a dramatic variation in survival depending upon

the histological sub-type. For example, meningiomas are the most common brain

tumor and account for more than 32% of all brain cancers, but 96% of cases are

classified as non-malignant and are thus amenable to surgery and/or conventional

radiotherapy [3]. Glioblastoma multiforme (GBM) is the most common brain

malignancy and, in contrast to meningiomas, it is an intractable, aggressive dis-

ease that to date has proven resistant to all forms of treatment. In the United

States, the median survival time for the disease is less than 12 months, and the 5-

year survival rate is approximately 3.4% [5–8].

Surgery is the primary means of removing malignant brain tumors such as

GBM, but due to their highly infiltrative growth pattern it is virtually impossible to

remove them completely. Extensive surgical resection and/or high-dose conven-

tional radiotherapy leads to some degree of neurological deterioration, and the

complete eradication of every remaining tumor cell is a great, perhaps in-

surmountable, challenge [9]. Indeed, approximately 80–90% of GBM cases are

known to re-occur locally. Surgery and radiotherapy are considered to be only

palliative measures, thereby signifying the need for innovative methods such as

binary therapies for the treatment of this devastating disease [9, 10].

A binary therapy employs two components that in combination result in a lethal

effect. It is based upon the principle that the two components become highly toxic
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only when combined whereas on their own they are normally quite benign [11].

Since each component of a binary system can be manipulated independently,

their combination can be localized at the target site, for example, a solid tumor,

thus sparing healthy cells from being destroyed. At least one of the two compo-

nents must be confined to a target site for the technique to be successful [11].

Examples of binary systems in medicine include photodynamic therapy (PDT) [12,

13], photon activation therapy (PAT) [14, 15], and neutron capture therapy (NCT).

This chapter is primarily concerned with NCT.

10.2

Boron Neutron Capture Therapy

Boron neutron capture therapy (BNCT) was first proposed as a binary therapy over

70 years ago [16] and it is used for the treatment of certain solid cancers, pre-

dominately GBM. Japan is considered to be the leading country in this area of

medical research and many GBM patients have been treated by this therapy over

the past four decades [9, 17–19]. Clinical trials have also been conducted in the

United States, Finland, Sweden, Italy, Argentina, the Czech Republic, and The

Netherlands [9, 20–23]. Besides GBM, some limited clinical trials have also been

initiated for head and neck cancer, metastatic liver cancer, and cutaneous and

intra-cerebral malignant melanoma [22, 24, 25].

The two key components of BNCT are 10B nuclei and neutrons possessing ki-

netic energies of about 0.025 eV, which are commonly referred to as ‘‘thermal’’

neutrons [20, 26]. 10B is an excellent nuclide for NCT as it is non-radioactive and it

also possesses a very large neutron capture cross-section for thermal neutrons

(3838 barn) that is several orders of magnitude higher than that of other nuclides

found in the human body such as 1H, 12C, 14N, and 16O (Table 10.1). This is an

important feature as the undesired nuclear reactions involving neutron capture by

Table 10.1 Thermal neutron capture cross-sections for selected nuclides [11].

Nuclide Neutron capture cross-section (barn) Natural abundance (%)

1H 3.3 � 10�1 99.8
6Li 9.4 � 102 7.5
10B 3.8 � 103 19.8
12C 3.4 � 10�3 98.9
14N 1.8 99.6
16O 1.8 � 10�4 99.8
126I 6.0 � 103 –a

135Xe 2.6 � 106 –a

157Gd 2.6 � 105 15.7
235U 5.8 � 102 7.2 � 10�1a

aRadioactive.
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endogenous nuclei (which are present in far greater concentrations in tissue than

that of 10B) are minimized but necessarily contribute to the overall radiation dose

of the patient. The thermal neutrons possess kinetic energies that are too low to

cause any significant damage to human tissue but their depth of penetration is

very limited. Epithermal neutrons (0.5 eV–1.0 keV) are normally used in the clinic

to treat deep-seated tumors in a non-invasive manner. The numerous collisions of

epithermal neutrons with H-atoms in tissue results in their conversion into

thermal neutrons due to a loss of kinetic energy [27]. Indeed, the conversion of

epithermal into thermal neutrons is essential for the neutron capture reaction to

proceed effectively.

Upon capturing a thermal neutron, 10B forms the excited 11B* nucleus, which is

very short-lived and decays into two high-energy particles (the 7Li nucleus and an

alpha particle) that are capable of destroying cells due to their very high linear

energy transfer (LET) characteristics; the nuclear fission reaction is accompanied

by the release of a tremendous amount of energy (about 2.4 MeV) [11]. The major

(94%) reaction for the neutron capture process is presented in Eq. (10.1). Im-

portantly, the high LET particles possess very short path lengths (o10 mm) and so

their cytotoxic effect is largely confined to the cell in which the 10B agent is located.

BNCT is thus an excellent example of an internal hadron therapy [28].

10Bþ1n ! ½11B��!4He2þþ7Li3þ þ gþ 2:31MeV (10.1)

The use of 10B is also advantageous from a chemical perspective, as boron can form

hydrolytically-stable bonds with carbon, oxygen, and nitrogen, and so it can readily

be incorporated into suitable BNCT agents [11]. These agents are classified as global,

tumor targeted, or tumor specific [29]. Global agents readily distribute throughout

the whole body in a uniform manner, possess little or no tumor specificity, and are

essentially non-toxic (even when administered in large doses). In this case, accurate

positioning of the neutron beam at the tumor site is essential. Tumor-targeted

agents do not necessarily possess any inherent tumor specificity but can bind avidly

to specific components of tumor cells such as their DNA, thereby increasing the cell

kill by placing the 10B in close proximity to critical cellular components prior to

neutron irradiation. The tumor-targeting by these agents is usually based upon the

much greater rate of cell division associated with many tumors compared to that of

normal tissue. Finally, tumor-specific agents can selectively target cancer cells owing

to the overexpression of some critical protein, for example [29]. An excellent example

of a tumor-specific agent is a class of boronated thymidines that specifically target

kinases that are overexpressed by tumor cells [30].

10.2.1

Key Criteria for BNCT Agents

BNCT agents need to satisfy several criteria to both maximize damage to cancer cells

and minimize damage to healthy cells. First, the agent must achieve a sufficiently high

boron concentration within the tumor (about 10–30 mg of 10B per gram of tumor for
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global agents) to maximize the probability of a neutron capture reaction and also

minimize the background radiation dose resulting from the capture of thermal neu-

trons by endogenous nuclei (Table 10.1); lower cellular concentrations of 10B are fea-

sible when it is localized near key cellular components such as DNA [11, 31–33].

Second, the agent must persist within the cell for a sufficient period of time that allows

the tumor to be irradiated with thermal neutrons [11]. Third, the agent should be

selective enough to achieve a tumor-to-healthy tissue ratio greater than 3:1, and it

should also clear from the blood rapidly so that the tumor-to-blood ratio is greater than

1:1 [29]. The latter ensures that damage to the surrounding network of blood vessels is

minimized [11]. Fourth, for tumors of the CNS, some lipophilicity is required for them

to traverse the blood–brain barrier (BBB) although, in some cases, the BBB is com-

promised in GBM patients [34]. Moreover, there must exist some balance between

lipophilicity and hydrophilicity in 10B agents. If the 10B agent is too hydrophilic then

it will not cross the BBB. If it is too lipophilic then the compound will bind non-

specifically to proteins or remain trapped inside cell membranes [11]. Finally, the

general toxicity of the agent, in particular a global agent, must also be considered as

it should display sufficiently low toxicity towards healthy cells and also ensure that

sufficiently large quantities of boron can be incorporated into the tumor prior to

neutron irradiation.

10.2.2

Clinical BNCT Agents

The boronated L-phenylalanine analog L-4-dihydroxyborylphenylalanine (BPA, 1)
and the polyhedral borane sodium mercaptoundecahydrododecaborate(2–) (BSH,

sodium borocaptate, 2) are the only two agents being used in clinical trials for

BNCT [18, 35, 36]. A third agent, Na2[B10H10] (GB-10, 3), has also been approved

for use in humans [37, 38]. Although BPA and BSH have been used for many years

as BNCT agents, the mechanisms of their selective accumulation in tumors are

not clearly established. BPA most likely enters tumor cells by means of a normal

amino-acid transport process owing to its structural similarity to the amino acid L-

phenylalanine [29, 33]. It is taken up faster in GBM tumors than in healthy tissue

in vivo [39], and it has a higher tumor-to-blood ratio than BSH [33]. The selectivity

of BSH is attributed to the formation of disulfide bonds with thiol groups in

proteins [29]. BSH does not penetrate the normal BBB or cellular membranes but

rather appears to target tumors by crossing the disrupted BBB [7, 33, 40].
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BSH was the first BNCT agent to be administered in patients with high-grade

gliomas in the 1960s [41] while BPA was first trialed in the 1980s to treat malignant

melanoma and, in 1994, it was first administered to GBM patients [36]. BPA is

usually administered to the patient as its water-soluble D-fructose or, more recently,

its D-mannitol derivative [36, 42]. Despite its reasonable tumor selectivity and very

low toxicity, dose escalation trials with BPA as the single boron delivery agent have

reached a limiting threshold both in terms of the amount of BPA administered to

the patient (typically 250–900 mg per kg body weight) and in the escalation of the

beam dose as normal brain tolerance becomes limiting and leads to somnolence

syndrome, a phenomenon that is attributed to the significant amounts of boron

distributed in normal brain tissue [43]. At the present time, BSH and BPA are used

both separately and in combination to treat GBM, malignant melanoma, and several

other types of cancers [9, 17, 22]. The combination of BPA and BSH was originally

utilized to minimize the heterogeneous 10B distribution resulting from the different

mechanisms by which BPA and BSH accumulate within the tumor [9]. The current

drug dosage regimen for BNCT typically involves the administration of BSH to the

patient approximately 12 h prior to neutron irradiation followed by the adminis-

tration of BPA approximately 1 h before irradiation [17, 19, 44]. Clinical trials em-

ploying a combination of both BPA and BSH have shown an improved effectiveness

for the treatment of GBM [17, 44–46] and head and neck tumors when compared to

the single agent [47, 48]. Very recent studies have shown that the uptake of BSH and

BPA was improved when administered along with D-mannitol, as studies have

shown that this polyol appears to disrupt the BBB [36, 42].

10.3

Role of Medicinal Inorganic Chemistry in BNCT

In the context of this chapter, some key areas of medicinal inorganic chemistry are

examined in terms of their potential application to BNCT and important advances

are summarized in the following section. Many of the agents described herein

make use of boron-rich moieties known as dicarba-closo-dodecaboranes(12) (closo-
carboranes) [11, 32, 49, 50]. closo-Carboranes possess a pseudo-aromatic polyhedral

structure containing carbon and boron that occupies a volume similar to the

three-dimensional sweep of a phenyl group. These boron clusters have the general

formula C2B10H12 and can exist as one of three isomers: closo-1,2-, 1,7-, or

1,12-carborane (4–6, respectively), which differ in the relative positions of the two

carbon atoms. closo-Carboranes are air and moisture stable, and can be in-

corporated readily into organic structures. A single boron atom can be removed
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selectively from the hydrophobic closo-carborane cluster to generate an anionic

nido-carborane species that is known to exhibit excellent water solubility. The

chemistry of carboranes is beyond the scope of this chapter but the reader is

directed to some excellent reviews on this subject [32, 51, 52].

10.3.1

Platinum–Boron Agents

Chromosomal DNA is an important cellular target for BNCT agents and nu-

merous strategies have been investigated for the delivery of large numbers of

boron atoms to this critical macromolecule [29, 31, 53]. Platinum-based DNA-

binding agents, such as cisplatin, have been used in the clinic for the treatment of

cancer for almost four decades [54–56] and, in recent years, boronated platinum

complexes have been studied for their potential application in BNCT. Pt-B agents

may potentially display additive or even synergistic biological effects associated

with the DNA-binding reactions of the Pt-B agent coupled with the neutron cap-

ture reactions associated with the 10B nuclei. Furthermore, an additional ad-

vantage is that such agents can be radiolabeled by the use of 195mPt (t1/2 ¼ 4 d),

which would allow their in vivo tumor uptake and biodistribution to be monitored

using standard gamma imaging techniques [57].

The first examples of mono- and multi-nuclear platinum(II)–amine complexes

containing carboranes have been reported [58–60]. These compounds were shown

to bind covalently to DNA in a similar manner to that of cisplatin and related

platinum(II)-amine complexes. Carborane-containing mono- and di-nuclear

platinum(II)-2,2u;6u,2v-terpyridine (terpy) based DNA-metallointercalators have

also been reported and these are known to bind DNA in a non-covalent manner [61

–63]. The hydrophilic analog 7, bearing a pendant glycerol group, has also been

synthesized and it represents the first example of a highly water-soluble metal-

carborane complex [64]. A preliminary biological assessment of selected carborane-

containing platinum(II)-terpy complexes has shown excellent in vitro antitumor

activity, particularly against cisplatin-resistant cell lines, but the platinum(II)-

amine complexes were found to be quite toxic, thus precluding the delivery of

sufficient quantities of boron to chromosomal DNA. Platinum-(II) and -(IV)

complexes containing bis(1,2-carboranylpropoxycarbonyl)-2,2u-bipyridine ligands

(e.g., 8) have also been described but biological data are yet to be reported [65, 66].
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10.3.2

Boronated Porphyrins

Often used in conjunction with PDT [67], boronated porphyrins and related

macrocycles have been heavily studied for their potential use in BNCT. This area

of research has already been extensively reviewed [68–71] and therefore only

a couple of historically-important compounds and some recent developments,

particularly those involving metals, will be discussed here. BOPP [2,4-bis(a,b-
dihydroxyethyl)-deuteroporphyrin IX, 9] is a porphyrin derivative that is known to

accumulate in animal model brain tumors [50, 72]. More recent studies of this

agent using convection-enhanced delivery (CED) [73] revealed a significant in-

crease in boron uptake by the tumor [74]. The metalated porphyrin CuTCPH (10)
possesses an inherently low photosensitivity, low toxicity, and potential for 64Cu

and 67Cu radiolabeling for application in positron emission tomography (PET)

imaging and has been shown to accumulate in tumors in several animal models

[75–77]. Tumor ablation by thermal neutron irradiation has also been demon-

strated for 10 [75]. Recently, a methoxy derivative of 10 showing a higher tumor

uptake than the parent species has also been reported [78]. A series of anionic

porphyrin cobaltacarborane conjugates [79] containing up to 16 carborane clusters

have been synthesized and have been shown to accumulate in lysosomes of HEp2

cells. Charged trimethylamine or phosphonate-substituted carboranylporphyrins

have also been reported to accumulate in lysosomes of human carcinoma HEp2

cells as well as human GBM T98G cells [80]. A porphyrin compound that contains

four nido-carborane cages has recently been shown to induce an appreciable re-

sponse in an animal melanotic melanoma model upon BNCT [81, 82].
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10.3.3

Boronated Phosphonium Salts

A new strategy for potentially targeting tumors in BNCT is to employ delocalized

lipophilic cations (DLCs). It is well known that DLCs including Rhodamine

123, tetraphenylphosphonium (TPP) chloride and triphenylmethylphosphonium

(TPMP) iodide accumulate selectively into cancer cells [83–89]. The mitochondrial

membrane potential of a tumor cell is known to be about 60 mV higher than that

of a healthy cell and this factor accounts for the significant differences in DLC

uptake [90].

The few boron-containing DLCs reported to date are closo- and nido-carborane
analogs of TPMP iodide [91], dequalinium chloride (DEQ-B) [92], TPP chloride [93],

and Nile Blue [93]. The first boronated analogs of TPMP for potential use in BNCT

have also been described [91]. In particular, the salt 11 was found to have a favorably

low toxicity towards the SF268 glioblastoma cell line in the absence of neutrons. The

DEQ-B salt was found to have similar tumor uptake and retention properties to

Rhodamine 123 and TPP chloride, and it was also found to accumulate selectively in

human epidermoid carcinoma and rat glioma in vitro [92]. Very recently, 1,2- and

1,7-carborane derivatives of TPP were reported by Tsibouklis and coworkers [93]. In

the case of the TPP phosphonium salt 12, the anionic nido-7,8-carborane is not

covalently attached to the cation and so the exact mechanism of boron delivery and

tumor selectivity for tumor cells is unclear. In vitro boron uptake studies with the

human prostate epithelial carcinoma demonstrated that selected boronated DLC

derivatives such as 12 achieved a reasonable (up to 4.2:1) cancer to healthy tissue

selectivity, despite the absence of any covalent link between the lipophilic phos-

phonium cation and the boron entity. Nile Blue DLC derivatives, in which the

carborane moiety is covalently linked to the structure, demonstrated a similar
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selectivity to agents such as 12 [93]. These results suggest that a covalent link be-

tween the phosphonium center and the boron moiety may not be a necessary cri-

terion for the selective delivery of boron to tumor sites.

10.3.4

Radiolabeling of Boronated Agents for In Vivo Imaging

The in vivo evaluation of tumor uptake and biodistribution pertaining to boronated

agents is a difficult problem. There exists only a few useful methods for de-

termining boron concentrations in humans, an important parameter that is cri-

tical in improving patient treatment outcomes. The optimal dosage of BNCT agent

and time and duration of neutron irradiation each relies upon an accurate as-

sessment of boron levels in vivo. Current protocols in BNCT involve a determi-

nation of boron levels in the blood by means of ICP-MS and ICP-AES but this is

not a direct measure of tumor boron concentration [94, 95]. Although boron nuclei

(both 10B and 11B) can be detected non-invasively by means of magnetic resonance

imaging (MRI) [96–99], this technique is quite limited for numerous reasons,

including the low sensitivity and short relaxation times of these quadrupolar nu-

clei [97]. There has been some progress using other NMR-sensitive nuclides at-

tached to boronated agents, such as 19F [100, 101] and 157Gd [102, 103]. However,

the large majority of work pertaining to the imaging of boronated agents in vivo
concerns radiolabeling techniques. This includes the incorporation of radio-

nuclides into new and existing BNCT agents for single-photon emission computed

tomography (SPECT) and PET imaging studies.

All radionuclides in medicine can be divided into those used either for therapy

or imaging. Of those used for imaging, these radionuclides can be further divided

into those used for SPECT (e.g., 99mTc) and PET (e.g., 18F) [104–106]. There have

been in vitro studies using tritium (3H)-labeled carboranes [107] but this nuclide is

not used clinically as it is a b-emitter with a very long half-life (12.3 years) [108].

Most studies to date, however, concern boron compounds that have been radi-

olabeled by radiohalogenation using isotopes such as 18F, or by complexation with

a radioactive metal such as 57Co or 99mTc [40].
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10.3.5

Radiofluorination of BPA

The PET nuclide 18F is the most widely used radioisotope in medical imaging due

to its low-energy positron emission and short half-life (110 min) [109]. The most

widely-used PET agent is 2-[18F]-fluorodeoxy-D-glucose (FDG), which accumulates

in most malignant tumors due to their increased glucose transport and glycolysis

[110]. However, the high glucose metabolism in normal brain tissue precludes the

use of FDG as a tracer for the detection of gliomas [111]. Other 18F imaging agents

include 18F-DOPA, which has been used for probing cerebral dopamine metabo-

lism [112, 113] and neuroendocrine tumors in humans [114].
18F-BPA has been used extensively to determine the tumor uptake and biodis-

tribution of the parent clinical BNCT agent BPA. The synthesis of racemic 18F-BPA

(4-borono-2-[18F]-fluoro-D,L-phenylalanine) was first reported in 1991 [115]. Early

studies in mice showed an effective accumulation of the agent in FM3A mammary

carcinoma and in B16 melanoma [115, 116]. More recently, the distribution of en-

antiomerically-pure 18F-L-BPA has been studied in rats bearing F98 gliomas [117–

119]. For example, the L-isomer was shown to accumulate selectively in the tumors,

achieving high tumor to normal brain ratios (about 3:1) a few hours after injection

[117]. 18F-BPA is known to accumulate selectively in GBM in vivo. The PET scans

were found to be consistent with the MR images, and the calculated uptake was

found to parallel those results determined by the direct boron analyses of tissue

biopsies [120]. It was also found that the accumulation of 18F-BPA correlated with

the grade of tumor malignancy, and it was confirmed that L-BPA was taken up more

efficiently than its racemic form [121]. The use of 18F-BPA and PET imaging has

since been used to estimate the concentration of 10B in tumors [122, 123]. 18F-BPA

has also been used in the clinic to image and treat other human cancers [124]. For

example, it has been used in the study and treatment of metastatic malignant

melanoma in the thorax and brain [125, 126]. In one study, it was even possible

to clearly detect a brain lesion that was difficult to image using traditional MR and

CT techniques [126]. Head and neck malignancies have also been treated and

imaged [25, 127]. The first clinical use of 18F-BPA in BNCT for head and neck

malignancies was reported in 2006 [128]. The patient receiving treatment by this

method has since experienced a continued regression of the tumor. Furthermore,

low-grade brain tumors such as schwannoma and meningioma [129] and recurrent

cancer in the oral cavity and cervical lymph node metastases [130] have been treated

in this way. A recent promising computational study has highlighted the possibility

of using 18F-BPA for the treatment of malignant spinal tumors by BNCT, for which

conventional therapies are rarely effective [131].

10.3.6

Carborane Radiohalogenation

Although there are no known radiofluorinations of carboranes, they are readily

labeled using other radiohalogens. Following on from the work of Hawthorne
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and coworkers [132–134], nido-carboranes linked to targeting vectors have been

treated with radio-iodide (e.g., 125I� or 131I�) in the presence of an oxidizing agent

such as IodoGens (1,3,4,6-tetrachloro-3a,6a-diphenylglucoluril) or chloramine-T

(sodium N-chloro-p-toluenesulfonamide) [52]. Similarly, radiobromide ion (e.g.,
76Br�) in the presence of chloramine-T has been used to label monoclonal anti-

bodies (MAb) (e.g., 13) [104]. The radiohalogenation of closo-carboranes using 125I

and 76Br has also been explored [135].

There have been similar radiohalogenations of other types of boron clusters

such as [B12H12]
2� [136–140], closo-[CB11H12]

�, and closo-[B10H10]
2� derivatives

[141]. In addition, the incorporation of the a-emitting 211At nuclide into [B12H12]
2�

derivatives [142], nido-carborane [143], and the ‘‘venus flytrap cluster’’ (VFC) [144]

(vide infra) for tumor treatment have been reported.

10.3.7

Radiometallacarboranes

Radiometallacarboranes are nido-carboranes complexed to radioactive nuclides

(such as 99mTc) and can – in principle – be used to evaluate the uptake and bio-

distribution of carborane-containing agents for BNCT. More broadly, existing tu-

mor-targeting agents can be modified to incorporate metal chelating groups such

as nido-carborane [145] for both the imaging and treatment of tumors. It is es-

sential that these complexes are robust in vivo as many types of radiometal com-

plexes are readily dissociated in blood plasma by transferrin, an iron transport

glycoprotein [40, 146]. Two excellent examples of stable, biologically-compatible

radiometallacarboranes are 57Co complexes of the VFC ligand first reported by

Hawthorne and coworkers [147] and the 99mTc complexes of nido-carborane first

reported by Valliant and coworkers [148].

The VFC ligand contains two dicarbollide fragments connected by a bifunctional

pyrazole molecule. It possesses a highly pre-organized structure and it forms very

stable complexes with cobalt(III) [149, 150]. The 57Co-VFC complex (14) conjugated
to an antibody has been used for both in vitro and in vivo animal studies [147, 149].

For example, 14 has been conjugated to the anti-carcinoembryonic antigen mono-

clonal antibody known as T84.66. It has shown excellent localization in carci-

noembryonic antigen-producing tumors [147] such as the human colon carcinoma

LS174T [149]. Although the long half-life of 57Co (271 d) [151] precludes its use in

humans, the shorter half-life (17 h) nuclide 55Co could be used instead [134].
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The 99mTc radionuclide is widely used in medicine for imaging and diagnosis

due to its favorable low-energy g-radiation (140 keV), short half-life (6 h), and ease

of production (see Chapter 9) [52, 152–154]. Traditional syntheses of 99mTc

radiometallacarboranes normally require long reaction times (about 24 h) [148].

More recently, however, microwave-assisted methodologies have allowed these

complexes to be prepared in a timeframe of only a few minutes [32, 155–157].

These complexes are stable in vivo and are readily linked to suitable tumor-

targeting agents. Rhenium(I) and 99mTc radiometallacarboranes have been pre-

pared (e.g., 15) that show a high affinity for the estrogen receptors ERa and ERb.

These targeting vectors are known to be very useful as the upregulation of estrogen

is observed in both breast and ovarian cancers [158].

10.4

Gadolinium Neutron Capture Therapy

10B is not the only nuclide that possesses a large effective neutron capture cross-

section. Two other nuclides that possess even larger neutron capture cross-sections

are 135Xe (2.6 � 106 barn) and 157Gd (2.6 � 105 barn) (Table 10.1) [11, 159]. 135Xe

is a radioactive noble gas (t1/2 ¼ 9.1 h) that cannot be incorporated into tumor-

selective agents and so it has no potential as a NCT agent. In contrast, 157Gd is non-

radioactive and it possesses the largest effective neutron capture cross-section of all

the naturally-occurring elements [160–163]. Indeed, on the basis of the neutron

capture cross-sections alone there would exist an approximate 66-fold enhance-

ment in the number of NC-events per cell when 157Gd is used instead of 10B. In

contrast to 10B, however, where the nuclear capture process yield fission end

products, 157Gd neutron capture instead involves the formation of an excited
158Gd* nucleus that expels a high-energy gamma photon (about 7.9 MeV) to afford

the (stable) 158Gd isotope [Eq. (10.2)]:

157Gdþ1n ! ½158Gd��!158Gdþ gþ 7:94MeV (10.2)
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To a much lesser extent, a parallel reaction also occurs in which the excited
158Gd* nucleus interacts with inner-core electron(s), resulting in the production of

high-energy internal conversion electrons, and this process is accompanied by

secondary Auger and Coster-Kronig (ACK) electron emission [164–166]. There are

approximately five ACK electrons produced per neutron capture event and their

path-lengths have a range of only a few nanometers [159, 167], in contrast to the

high LET particles produced by the capture of thermal neutrons by the 10B nu-

cleus, which can travel up to 9 mm [168, 169]. 157Gd must therefore be localized in

very close proximity to critical cellular components such as DNA if the neutron

capture reaction is to be exploited effectively. Whereas at a first glance this may

appear to be a significant limitation in the use of 157Gd for the treatment of solid

tumors, any damage resulting from the neutron capture reactions involving this

isotope would be highly localized and thus if the Gd agent can be selectively de-

livered to tumor cells then no damage would result to nearby healthy cells irre-

spective of the nature of the sub-cellular components that are targeted. In the case

of BNCT, the cell nucleus is the principal target of choice for the 10B agent owing

to the significantly enhanced cell kill upon neutron irradiation and this criterion

would also apply to a 157Gd agent.

The 157Gd neutron capture reactions are much more complex than those of 10B

but the biologically relevant products appear to be the ACK electrons [165, 169,

170]. Studies by Martin et al. [171, 172] have shown that upon thermal neutron

capture Gd3þ -bound DNA induces a breaking of double-stranded DNA. Free

Gd3þ ions bind to the negatively charged phosphodiester backbone of DNA and it

is proposed that DNA double-stranded cleavage can be attributed to the ACK

electrons [160, 161, 173, 174]. When an ACK electron is emitted it interacts with a

water molecule to produce a hydroxyl radical, which in turn locally propagates the

oxidative damage leading to double-strand DNA breaks [163, 175].

10.4.1

Archetypal Gd NCT Agents

In sharp contrast to the development of boronated agents for potential use in

BNCT, the development of new GdNCT agents is still only in its infancy. Free

Gd3þ ions are highly toxic and must therefore be incorporated into chelate com-

plexes [161, 176]. It has been known for some time that paramagnetic Gd(III)

complexes, for example, Gd-DTPA (gadopentetate dimeglumine, Magnevists), are

highly-efficient water relaxation agents that can improve image contrast in MRI

[176–180]. Gd(III) complexes are also used in therapy and these agents can en-

hance tumor response to chemotherapeutic agents such as cisplatin [181] or, more

commonly, act as a radiosensitizer in the treatment of cancer [182–185]. Gadoli-

nium may also play an important role in therapeutic techniques such as syn-

chrotron stereotactic radiotherapy (SSR) [175]. This therapy shares some parallels

with GdNCT as it relies upon the selective delivery of Gd to the cell nucleus to

significantly enhance the efficacy of the treatment. De Stasio and coworkers have

demonstrated that motexafin-Gd (16), a Gd(III) complex of the pentadentate
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texaphyrin ligand [183, 186], was accumulated by approximately 90% of glio-

blastoma cell nuclei in vitro [175]. These results show the potential of this complex

to act as a GdSSR or GdNCT agent. The use of other Gd(III) complexes as potential

GdNCT delivery agents to brain tumors has also been described [167, 187–189];

however, the major concern for using such complexes in a clinical context for

GdNCT is the limited number of tumor cell nuclei that have been shown to in-

corporate Gd [163]. In fact, the number of Gd compounds reported to date that have

a capacity to aggregate selectively in tumor cell nuclei is very limited. Thus, the

search for new types of Gd(III) complexes with high nuclear affinity has been

proposed [163]. A dinuclear Pt(II) derivative of DTPA (17) can selectively deliver Gd

to tumor cells and, most importantly, deliver the lanthanide ion to the cell nuclei

most likely by virtue of the intercalating Pt-terpy centers [190]. Clearly, there is still

a great deal of research that needs to be completed before GdNCT clinical trials are

even considered feasible but the preliminary studies in this area, including those

involving animal models [191], are encouraging.
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10.4.2

Hybrid Boron–Gadolinium Agents

Gadolinium(III) has been incorporated into selected boronated agents to monitor

the uptake and distribution of boron concentrations in tissue by exploiting the

MRI-contrasting characteristics of the lanthanide ion. One example is a carborane-

gadolinium-DTPA species [192, 193]. More recently, a BPA derivative of Gd-DTPA

[194] and a carborane containing Gd-DOTA agent [195] have been prepared and

evaluated. The syntheses of other B-Gd hybrid compounds have also been in-

vestigated for NCT [196–198]. The possible additive or synergistic effects resulting

from the incorporation of both boron and gadolinium within the same agent for

potential application in NCT are yet to be elucidated and further research must be

completed to determine the efficacy of a hybrid B-Gd strategy.

10.5

Conclusions and Future Outlook

Despite the number of remarkable results achieved in the clinic to date, BNCT as a

front-line treatment for GBM appears to lie at the cross-roads at the present time.

Most worldwide clinical trials have now ceased despite clearly demonstrating that

the therapy involving BPA and/or BSH is safe. In countries such as Japan, a great

deal of research endeavor and investment over the past four decades have made

BNCT one of the front-line therapies in the treatment of GBM. There are certainly

several limitations associated with clinical BNCT, for example, the use of a nuclear

reactor as the neutron source, but the viability of using new accelerator-based

technologies for the generation of epithermal neutrons has been demonstrated

and is an important breakthrough [199–203].

One author has recently questioned whether, after five decades of worldwide

research, BNCT is worth pursuing for the treatment of GBM [204]. Perhaps an

even more valid question to ask at the present time is whether BNCT utilizing BPA
and/or BSH is worth pursuing for the treatment of this devastating disease. This

question has yet to be fully answered but, in terms of new chemistry, two factors

associated with the boronated agents themselves require critical attention if BNCT

is to ever become a front-line therapy or, at the very least, an adjunct therapy in

combination with conventional radiotherapy and chemotherapy for the treatment

of refractory tumors such as GBM: (i) a dramatic enhancement of tumor selectivity

is required as BPA and BSH display only marginal to moderate selectivities for

GBM and other solid cancers and (ii) the inherent difficulty in delivering large

quantities of 10B to each tumor cell to achieve a sufficiently high therapeutic index

must be addressed. Each of these factors is non-trivial and undoubtedly there will

exist major challenges in addressing them in the future but it does not mean that

the task is impossible. New classes of boronated agents and tumor delivery sys-

tems must be developed and assessed for their in vivo efficacy and it is here that

medicinal inorganic chemists can play an important role, not only in terms of the
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synthesis and biological assessment of new agents for BNCT but also in the real-

time monitoring of tumor uptake and biodistribution of such agents in vivo.
Furthermore, within tumor cells certain exogenous and endogenous metal ions

may exhibit important additive or synergistic effects when irradiated with thermal

neutrons in the presence of 10B (or 157Gd) nuclei, an area of research that has not

been investigated to date. Indeed, the cutting-edge field of metalloneurochemistry

is still in its infancy and one would expect it to apply not only to healthy brain

tissue but also to brain tumors such as GBM [205]. Finally, perhaps it is time for a

paradigm shift in BNCT where elements other than boron are explored in terms of

their capacity to undergo neutron capture reactions inside tumor cells. Clearly,
157Gd with its enormous neutron capture cross-section offers great promise al-

though no suitable Gd agents have yet entered clinical trials for GdNCT. Some

recently-developed Gd agents have shown great promise, at least in vitro, and the

considerable use of Gd in medicine as a MRI contrast agent has certainly paved the

way for the use of this metal in the clinic for NCT.

Whereas the treatment planning, dosimetry, neutron beam characteristics and

sources, pharmacology, and patient management protocols each play a critical role

in the future success of NCT, the reality is that the nature of the NCT agent itself is

the keystone to any significant clinical advances if this binary therapy is to con-

tinue being a viable option for the treatment of intractable tumors such as GBM.

No matter what the future holds, medicinal inorganic chemists are clearly greatly

under-represented in this exciting field and they will certainly play an increasingly

important role in the future development of NCT.
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11

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.
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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.
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contain 57% and 29%, respectively, accounting for greater than 85% of whole body

zinc (Table 11.5) [2]. The prostate contains high concentrations of zinc because of

the zinc-containing enzyme acid phosphatase. In the plasma, two-thirds of zinc is

bound to albumin, with the rest bound to a2-globulins. Albumin-bound zinc in

plasma is the metabolically active form of zinc in the body. Zinc in the bone is

relatively inert, except during periods of calcium mobilization [2, 41].

Changes in zinc absorption and excretion in the GI tract are the primary me-

chanisms for maintaining zinc homeostasis [41]. Fecal excretion responds almost

immediately to increases and decreases in zinc intake, but only by a relatively

small amount. In contrast, zinc absorption responds at a slower rate, but has a

greater capacity to deal with large fluctuations in dietary zinc [2]. Zinc is primarily

excreted through the feces (70–80%), and the rest from sweat and urine [41]. Renal

loss of zinc tends to be low, and remains constant over a large range of intake,

while fecal losses increase. Intake can vary tenfold, in humans normal intake is

from 107 to 231 mmol day�1, but can be as little as 22 mmol day�1 or as much as

306 mmol day�1, and still achieve a healthy balance [2].

Zinc is a critical structural component of thousands of zinc-finger proteins with

diverse functions. In the absence of zinc, zinc-containing proteins can no longer be

synthesized. When exposed to toxic levels of heavy metals, such as mercury or zinc,

most cells can induce metallothionein synthesis. This occurs by the metal-regulatory

transcription factor MTF-1, but the mechanism by which it senses elevated metal

levels activating the transcription of metallothionein genes is not established [43].

Unregulated free zinc has also been implicated in the formation of beta-amyloid

plaques associated with Alzheimer’s disease [42]. Several proteins are responsible

for cell transport and buffering of zinc. They include the zinc transporter family

(ZnT) proteins, zinc-regulated metal transporters, iron regulated metal transporter-

like proteins (ZIP), and three distinct forms of metallothionein. While ZnT proteins

have not been fully elucidated, the rapid changes occurring in extracellular Zn2þ,
and the number of pathways that exist for the permeation of this ion, suggest an

important role for the ZnT protein in the regulation of zinc [42].

Table 11.5 Distribution of zinc in the body.

Tissue % Of total body zinc

Skeletal muscle 57

Bone 29

Skin 6

Liver 5

Brain 1.5

Kidneys 0.7

Heart 0.4

Hair B0.1

Blood plasma B0.1
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11.4.2

Zinc Overload: Zinc Toxicity

Zinc is essential for many processes; however, excess zinc can be toxic [44]. The

absorption of zinc from the gastrointestinal tract occurs via the duodenum, and the

amount of zinc absorbed depends on a multitude of factors. Isotope studies suggest

that 20–40% of dietary zinc is absorbed; however, the presence of other trace metals

such as mercury, copper, and cadmium reduce zinc absorption. Zinc, as mentioned

earlier, stimulates metallothionein production. Copper has a higher affinity for

metallothionein than zinc, thus more copper is bound to metallothionein, causing it

to be excreted. Thus, Zinc toxicity generally manifests as copper deficiency. Excretion

of zinc-metallothionein helps prevent the absorption of zinc, and thus its toxic side

effects [41]. Some examples of common cases of zinc toxicity are described below.

Meta-fume fever or zinc shakes are a manifestation of acute zinc toxicity, caused

by the inhalation of zinc oxide, commonly seen in steel welding and brass in-

dustries. It manifests as fever, headache, myalgia, fatigue, dyspnea, and can have

adverse affects on pulmonary function [41, 44]. In the presence of high levels of

zinc oxide, initially workers will exhibit some or all of the aforementioned symp-

toms, but as exposure continues, tolerance increases. It has been postulated that

this is a result of an increase in metallothionein synthesis, which can bind heavy

metals, preventing toxic side effects [45].

Toxicity can also occur if excessive levels of zinc are ingested. Zinc is considered

to be nontoxic if consumed orally; however, toxicity can occur if excessive levels

of zinc are consumed, the symptoms are nausea, vomiting, epigastric pain and

fatigue [44]. At high intakes, 100–300 mg day�1 vs. RDA of 15 mg day�1, induced

copper deficiency is observed, with symptoms of neutropenia and anemia, im-

paired immune function, and adverse effects on the ratio of low-density-lipopro-

tein to high density-lipoprotein (LDL/HDL). These symptoms have been observed

even at amounts closer to the RDA of 15 mg day�1. Typically, in acute cases of zinc

toxicity, chelation therapy is sufficient to remove excess zinc [41, 44].

Zinc is often used to treat sickle cell anemia and nonresponsive celiac disease;

patients receiving this treatment can develop zinc toxicity. Since elimination of

excess zinc is slow, often decreasing zinc intake and increasing copper intake is

not enough to restore copper homeostasis. Until excretion of the zinc occurs,

intestinal absorption of copper is blocked [44].

11.4.3

Treatment of Zinc Toxicity: Chelation Therapy

The chelation of excess zinc can inhibit the toxic zinc effects and subsequent neu-

ronal death. The three main chelators used are TPEN, pyrithione, and EDTA (Fig-

ure 11.5). EDTA (dicalcium ethylenediaminetetraacetic acid) used to be the chelator

of choice to sequester zinc; however, it cannot cross the BBB, leading to the devel-

opment of bothN,N,Nu,Nu-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) and the

lower affinity 1-hydroxypryidine-2-thione (pyrithione) [46]. TPEN binds with high
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affinity to divalent transition metals, but with low affinity to Ca2þ , protecting the

heart tissue from ischemic damage [47]. TPEN coordinates to zinc in a hexadentate

fashion, forming an octahedral complex [48]. Crystallographic studies indicate that

the low-affinity pyrithione coordinates zinc with four ligands, binding in a bidentate

fashion to the metal, to form a complex in a 2:2 ligand to metal ratio [49].

11.4.4

Acquired Zinc Deficiency

Hypogonadal dwarf syndrome has been associated with zinc deficiency character-

ized by hypogonadism and growth retardation along with anemia, dysomia, altered

taste, and poor wound healing. An abnormally low zinc concentration in breast milk

has been associated with the development of zinc deficiency in breast-fed newborns,

characterized by acrodermatitis (see below), irritability, and delayed growth [41].

Zinc is also lost through sweat, seminal emissions, menstruation, hair, and

nails. These whole body surface losses increase and decrease proportionally with

intake and can be a significant source of zinc loss. Seminal emissions can be a

significant source of zinc loss with frequent ejaculations as semen is rich in zinc.

As with other integumental sources of zinc loss, the amount of zinc lost due to

semen ejaculation decreases with zinc depletion [2].

Zinc deficiency symptoms manifest in the gastrointestinal tract, the central

nervous system, the immune system, skeletal, and reproductive systems. These

symptoms are generally attributed to an impairment of zinc-dependent metabolic

functions in all tissues [50]. Symptoms of zinc deficiency include growth failure,

altered taste, impaired wound healing, and lowered immunity [51, 52].

11.4.5

Genetic Zinc Deficiency: Acrodermatitis Enterophathica

Acrodermatitis enterophathica (AE) is an autosomal recessive disorder, resulting

in malabsorption of zinc, and severe zinc deficiency [53, 54]. This deficiency is

caused by defective uptake of zinc from the duodenum and jejunum [53]. The

disease usually manifests at infancy, and is characterized by diarrhea, dermatitis,

alopecia, loss of appetite, and failure to thrive [54, 55]. It was first discovered by

Figure 11.5 (a) TPEN; (b) pyrithione; and (c) EDTA, dicalcium salt.
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Barnes and Moynahan in 1973, when it was observed that this inability to absorb

zinc sufficiently could be cured by zinc supplementation [56]. Clinical diagnosis is

difficult because of a variety of symptoms in different people [54]. Typically, AE is

diagnosed by low plasma and serum zinc concentrations.

There is evidence that the AE mutation affects zinc metabolism in human fi-

broblasts. The activity of the zinc-dependent enzyme 5u nucleotidase, and the zinc

content in fibroblast cells, are significantly reduced in someone suffering from AE.

Homozygosity mapping has been used to identify the AE gene to a telomeric re-

gion localized at the chromosomal region 8q24.3 [54]. This chromosome encodes

for zinc-uptake proteins, amongst others [57]. Sequence analysis of DNA from

patients suffering from AE has identified the gene SLC39A4 located in chromo-

some 8q24.3, containing a mutation in both alleles of the gene [53, 57]. The gene

encodes for hZIP4, a protein that is part of a family of zinc/iron-regulated

transporter-like-proteins. In contrast to other hZIP proteins, hZIP4 has a large

histidine-rich N-terminus, which is thought to be responsible for binding dietary

zinc in the intestinal lumen. It is thus speculated that AE patients retain some

mechanism for intestinal zinc uptake, and thus supplementation of 2–20-fold

excess of the RDA of zinc is effective in treating AE affected patients [57].

11.5

Diseases Related to Imbalances in Electrolytic Metabolism: P, the Alkali Metals,

and the Alkaline Earths

The preservation of electrolyte homeostasis and thus water balance is vital to
our functioning. No idea could be thought, no muscle moved without proper
balance of salts in our body. It is the responsibility of mainly the kidneys to
maintain this vital ‘‘milie interiur’’.
Kleta and Bockenhauer [58].

Maintenance of fluid and electrolyte homeostasis intra- and extracellularly is

critical for normal muscular function, nerve function, hydration, and pH balance.

The kidneys play a key role in maintaining homeostasis of electrolyte and fluid

balance in a wide variety of environments. Renal disease thus almost always leads

to several electrolytic disorders [59].

The role of alkali and alkaline earth metals in clinical medicine, nutrition, and

physiology is of interest; for example, calcium and phosphorus make up the

structural component of our bones, potassium has a potent protective effect against

cardiovascular disease, and magnesium deficiency causes cardiac arrhythmia and

irritation of the nervous system [1]. Maintenance of fluid and electrolyte balance is

especially important as the homeostasis of these metals is inter-related. Magnesium

deficiency causes potassium deficiency; vitamin D affects the serum concentrations

of both phosphorus and calcium. Many diseases cause a multitude of electrolyte

disorders and are all related to the renal and kidney function (Figure 11.6).

Table 11.6 gives a summary of diseases that affect the electrolyte balance [60–63].
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In this section we discuss the effects of disturbances of the following electrolytes:

sodium, magnesium, potassium, phosphates, and calcium.

11.5.1

Sodium

Sodium is the most abundant cation in the body and is generally found in the

extracellular compartment, with the exception of blood cells, which have a high

intracellular sodium concentration. Sodium is critical for osmoregulation, nerve

function, and muscle function. Absorption of sodium occurs through the jejunum

and ileum of the small intestine, and is excreted through sweat and urine [64].

Despite many foods being high in sodium, and dietary variations in salt and

water intake, plasma sodium concentration is finely tuned within a small range of

135–145 mM [65]. Healthy kidneys maintain a constant sodium level by adjusting

the amount of sodium excreted in urine, thus disorders of sodium metabolism are

generally only seen in patients whose kidney function is impaired. The kidneys

help maintain sodium balance by stimulating adrenal glands to secrete aldester-

one, which causes the kidneys to retain sodium and excrete potassium. Urinary

dilution is determined by arginine vasopressin, also known as antidiuretic hor-

mone (ADH), which is produced by the pituitary gland. ADH causes the kidneys to

conserve fluid, increase blood volume, helping to regulate the body’s retention of

water [66]. When ADH is produced, concentrated urine is produced by water re-

absorption across the renal collecting ducts (Figure 11.6).

Disorders of sodium balance are a common clinical manifestation, seen in

hospitalized patients and the elderly. In mild cases sodium disorders generally are

symptomless, but in extreme cases can lead to morbidity. Most cases of sodium

balance disorders, are iatrogenic – meaning they are unavoidable in certain

medical treatments. Disorders of sodium balance – hyponatremia and hyperna-

tremia – are the most common electrolytic disturbances seen in hospitalized pa-

tients and clinical medicine, and are discussed below [65].

Figure 11.6 Renal physiology and electrolyte reabsorption.
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11.5.1.1 Hyponatremia

Hyponatremia is an electrolytic disorder that is defined as a decrease in serum

sodium concentration below 135 mM. Hyponatremia can be associated with low,

normal, or high osmotic pressure. The three types of hyponatremia are: hypotonic,

hypertonic, and isotonic. Hypertonic hyponatremia is caused by osmotically active

particles in the extracellular fluid, which results in a shift of water from in-

tracellular to extracellular fluid (this occurs with glucose and is associated with

hyperglycemia), causing the dehydration of cells. Isotonic hyponatremia is called

pseudohyponatremia and is caused by high lipid or protein levels in the serum

[67]. Hypotonic hyponatremia can be classified according to the volume status of a

patient as hypovolemic, hypervolemic, and euvolemic hyponatremias. Figure 11.7

shows the causes of hypotonic hyponatremia [65, 68, 69].

An increase in tonicity stimulates the thirst center and ADH secretion from the

pituitary glands, which act on receptors in the renal tubules resulting in increased

water reabsorption. When there is a decrease in tonicity, thirst is inhibited, which

in turn inhibits ADH secretion, causing diuresis. Most cases of hyponatremia are a

result of a decrease in urine output from the kidneys [69].

Hypervolemic hyponatremia indicates an increased total body sodium and water

content, where the increase in water is greater than that of sodium, resulting in

edema. Hypervolemia is generally caused by congestive heart failure, liver cir-

rhosis, and renal disease and is quite easy to diagnose [69].

Hypovolemia is a state of decreased blood volume, and is associated with both

extrarenal loss and renal loss (Figure 11.7). Hypovolemic hyponatremia is caused

by a deficit in total body sodium and water, with sodium loss being significantly

lower. Extrarenal loss occurs through skin losses, such as burns, and perspiration.

Renal losses are associated with diuretics, salt wasting, and Addison’s disease.

Addison’s disease is a rare endocrine disorder that causes adrenal insufficiency.

This results in hyponatremia and hyperkalemia (see Section 11.5.3 potassium) due

to a loss of production of the hormone aldosterone [70].

Figure 11.7 Causes of hypotonic hyponatremia.
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Lastly, euvolemic hyponatremia is caused by low total body water levels, but

normal total body sodium. It is often difficult to distinguish between euvolemic

and hypovolemic hyponatremias [65]. Euvolemic hyponatremia is caused by hy-

pothyroidism (see Section 11.5.5 calcium), water intoxication, and syndrome of

inappropriate ADH secretion (SIADH) [69].

A decrease in plasma sodium concentration creates an osmotic gradient be-

tween intracellular and extracellular fluid in brain cells, causing movement of

water into cells, increasing intracellular volume, resulting in neurological symp-

toms. Chronic, symptomless hyponatremia is generally treated with fluid restric-

tion to no more than 1 l of fluids a day. If this fails then Demeclocycline, a drug

that inhibits ADH action in the kidneys, is administered for treatment of

asymptomatic hyponatremia due to SIADH [65].

Symptoms of hyponatremia begin to show at sodium concentrations between

125 and 130 mM, which include nausea and malaise. As sodium levels drop below

120 mM, severe hyponatremia shows as headache, lethargy, restlessness, and

disorientation [65, 68, 71]. If sodium levels fall rapidly, seizure, coma, brain da-

mage, and respiratory arrest can occur. If the drop is more gradual, the brain can

self-regulate to prevent swelling by active transport of sodium chloride, potassium,

and, as a last resort, other organic solutes from intracellular to the extracellular

compartments. As a result, gradual changes in sodium concentration tend to be

asymptomatic, resulting in water loss due to the active transport of solute, helping

to prevent brain swelling. Owing to the many causes of hyponatremia, the source

of the hyponatremia must be established to properly manage the low sodium

levels [69].

11.5.1.2 Hypernatremia

Hypernatremia, which is much less common than hyponatremia, is an electrolyte

disturbance of sodium that is defined as a rise in serum sodium concentration

above 145 mM. It reflects a state of hypertonicity – a state of sodium gain or water

loss. Generally, a net water loss accounts for most causes of hypernatremia,

commonly caused by administration of IV fluids or sodium loading to increase

muscle size. Hypernatremia is commonly observed in patients whose sensation of

thirst is impaired by an altered mental status, or those suffering from adipsia.

Severe symptoms are generally only seen at plasma concentrations above 158 mM

[65, 72].

In healthy patients, water homeostasis is maintained by two osmoregulated

mechanisms: thirst and ADH release. An increase in plasma osmolality stimulates

thirst and ADH release. Thirst stimulates increased water intake while ADH, by its

action on the distal renal tubules, increases tubular reabsorption of water and

reduces urine output. Increased intake of water and decreased urine output results

in a net gain of water, returning plasma osmolality to normal values [73]. A fall

in plasma osmolality, on the other hand, suppresses ADH and thirst sensations. In

an individual suffering from adipsia, the hypothalamus contains lesions, which

prevents the release of ADH and thus impairs osmoregulated thirst [65].
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11.5.2

Magnesium

Magnesium is the fourth most abundant cation in the body and the second most

prevalent intracellular cation [74]. Magnesium is an essential trace metal that is

primarily found in bone and intracellularly bound as a metallo-cofactor; the total

distribution of magnesium in the body is reported in Table 11.7 [75, 76]. Mag-

nesium is essential for over 300 phosphate transfer reactions inherent to energy

transfer as it plays a vital role in the production of adenosine triphosphate (ATP),

and is involved in protein and nucleic acid synthesis. Unlike serum calcium and

phosphate levels, parathryorid hormone (PTH) and vitamin D do not regulate

magnesium metabolism [74].

Normal serum levels of magnesium are 0.8–1.2 mM (plasma levels of 0.7–0.96

mM), where the ionic concentration of magnesium is approximately the same in

the extra- and intracellular compartments [75, 77]. Intracellular magnesium

homeostasis is well managed and thus changes in magnesium homeostasis are

caused by extracellular disturbances [76]. Average daily magnesium intake is ap-

proximately 8–20 mmol (300–350 mg), and total body magnesium levels depend

on kidney function and gastrointestinal absorption [74]. Of this, 40% is absorbed

in the jejunum and ileum of the small intestine by passive absorption. Urinary loss

accounts for 2.5–8 mmol day�1, filtration by the glomerus (Figure 11.6) is 100

mmol day�1 in the kidneys. Of this only 10–15% is absorbed into the proximal

tubule, 60–70% is reabsorbed in the cortical thick ascending limb of the loop of

Henle, 10–15% in the distal tube and 5% is excreted [75, 76]. Owing to its abun-

dance in our diet, there is no indication that magnesium homeostasis is under

specific tight hormonal control, despite its importance to many physiological

processes in the body [76].

11.5.2.1 Hypomagnesemia

Hypomagnesemia is an electrolytic disturbance caused by low serum magnesium

levels of less than 0.7 mM [60]. It is often found as a clinical manifestation, oc-

curring in up to 65% of patients in critical care and 12% of general hospitalized

patients, and by various medications that affect renal activity. There are, however,

a few genetic disorders such as Fanconi syndrome, Bartter syndrome, and

Table 11.7 Distribution of magnesium in the body in a 70 kg man.

Amount (mmol) % Total

Bone 600 60–65

Intracellular (bound) 365 37

(free) 25 3

Extracellular fluid (ECF) 10 1
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Gitleman’s syndrome that result in hypomagnesemia [74]. Hypomagnesemia is

characterized by neurological, cardiovascular, and metabolic disorders. Common

symptoms, include weakness, confusion, delirium, convulsions, tachyarrhytmias,

and renal tubular acidosis [60].

Hypomagnesemia is associatedwithmagnesiumdepletion due to decreased intake

or redistribution, but is usually associated with alcoholism and with gastrointestinal

absorption or irregular kidney function; a summary of the causes of hypomagnemia

can be seen in Table 11.6 [74]. Hypomagnesemiamay also cause hypocalcemia due to

impaired synthesis of the parathyroid hormone (see Section 11.5.5 calcium) [60].

Impaired gastrointestinal (GI) absorption is one of the most common causes of hy-

pomagnesemia. Short-bowel syndrome is a malabsorption disease caused by ex-

tensive resection of the small intestine [78]. Diarrhea, malabsorption, and – rarely –

inadequate intake can result in a reduced amount of GI uptake [61].

Renal loss by the kidneys accounts for the most common cause of magnesium

deficiency. Reduced sodium reabsorption results in hypomagnesemia because

proximal tubular reabsorption of magnesium is proportional to sodium re-

absorption [61]. Renal tubular defects such as renal tubular acidosis or Fanconi

syndrome results in reduced reabsorption of magnesium. Renal tubular acidosis is

a metabolic acidosis that is caused by impaired acid excretion by the kidneys [79].

Fanconi syndrome is a disease that is characterized by a general disorder of

proximal renal tubule function, resulting in impaired absorption of sodium,

phosphate (see Section 11.5.1 sodium and Section 11.5.4 phosphorus), and

magnesium. The causes of Fanconi syndrome are multifaceted, occurring by both

genetic and toxic factors [80].

Total body Mg depletion may exist in the presence of normal total plasma

magnesium level. Hypomagnesemia can also cause hypocalcemia (see Section

11.5.5 calcium) and hypokalemia (see Section 11.5.3 potassium). If the underlying

hypomagnesemia is not corrected, the associated hypocalcemia and hypokalemia

are often resistant to therapy [60]. Classical Bartter’s syndrome, Gitleman’s syn-

drome (see Section 11.5.3 potassium), and Familial hypomagnesemia are all in-

herited disorders of renal magnesium wasting [59].

Treatment of hypomagnesemia occurs through the administration of Mg2þ

salts, whose anions include sulfate and chloride – the anion does not modulate the

biological effects. Acute magnesium deficiency is treated with intravenous mag-

nesium sulfate.

11.5.2.2 Hypermagnesemia

Hypermagnesemia, a rare electrolytic disorder, is defined as plasma level greater

than 1.0 mM. An ingestion of a large amount of magnesium with normal renal

function is generally not toxic, as up to 200 mmol per day of Mg can be excreted

[60]. High magnesium content from foods or from supplements are not connected

with adverse health effects [76]. Generally, someone who does not suffer from

renal or bowel disorders will not suffer from hypermagnesemia. Elevated mag-

nesium serum levels are also observed when magnesium-containing cathartics,

antacids, and enemas are given [60, 74].
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Hypermagnesemia can cause drowsiness, hyporeflexia, coma, reparatory pa-

ralysis, hypotension, conduction defects or sinatrial and atrioventricular nodal

block and asystole. Excess Mg suppresses the release of acetylcholine and blocks

transmission at the neuromuscular junction. Treatment requires excretion of

magnesium ion, which is usually achieved by dialysis. Calcium chloride (CaCl2) is

often given to rapidly treat the cardiac conduction defects [60].

11.5.3

Potassium

Potassium is the most abundant intracellular cation – with only 2% found in the

extracellular fluid. Potassium plays a vital role in maintaining intracellular osmotic

pressure, with the ratio between intracellular and extracellular potassium con-

centrations in polarizing membranes. These polarized membranes help conduct

nerve impulses and muscle cell contraction. b-Adrenergic and insulin levels

affect potassium’s concentration in and out of cells. Insulin and b-Adrenergic
move potassium into cells; the mechanism by which b-Adrenergic moves Kþ into

cells has not been identified. Small changes in serum potassium concentration can

have detrimental clinical manifestations [63].

In a healthy individual, serum potassium levels are between 3.5 and 5 mM [77].

Potassium intake is unregulated, with the average adult consuming between 40

and 100 mmol day�1. Excretion increases with intake, so homeostasis of po-

tassium is usually easily maintained. Once potassium is absorbed, insulin is re-

leased, stimulating Nþ /Kþ ATPase activity, which helps to facilitate its entrance

into cells. A rise in potassium also stimulates aldesterone secretion, inducing its

excretion within 30 min of ingestion; 90% of potassium is excreted by the kidneys

and the other 10% by the stool [63].

Hyperkalemia and hypokalemia can result from an impairment in renal activity

or in a perturbation of transcellular homeostasis. A summary of causes of dis-

turbances in potassium homeostasis can be seen in Table 11.6.

11.5.3.1 Hypokalemia

Hypokalemia is a disorder of potassium deficiency that is defined as serum po-

tassium concentration o3.6 mM. Hypokalemia reflects a disruption in normal

homeostasis except in the case of factitious or pseudohypokalemia. The causes of

hypokalemia are summarized in Table 11.6. In factitious hypokalemia, potassium

levels are falsely low due to an elevated white blood cell count. When a blood

sample is taken to be tested, the abnormal leukocytes may uptake some of the

potassium, resulting in falsely low potassium levels [63].

For the most part, hypokalemia is asymptomatic, and is only identified by low

serum potassium levels. In some cases it is associated with increases of life-

threatening cardiac arrhythmias in patients with ischemia or scarred cardiac

muscle. Severe hypokalemia, o2.5 mM, can result in rhabdomyolysis, respiratory

arrest, and paralysis [63].
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The most common causes of hypokalemia are either abnormal loss or in-

adequate dietary intake. Abnormal losses can occur from diarrhea or excessive use

of laxatives, metabolic acidosis caused by Bartter’s syndrome, diuretics, and

magnesium depletion. Bartter’s syndrome is an autosomal recessive disorder

characterized by diverse abnormalities of electrolytic homeostasis, including hy-

pokalemia and metabolic alkalosis [81]. Bartter’s syndrome is caused by a defect in

the thick ascending limb of the loop of Henle, affecting reabsorption of potassium

(see Figure 11.6) [59, 81].

Both loop and thiazide diuretics increase sodium and chloride delivery to the

collecting duct, stimulating potassium secretion, and causing chloride depletion

[82]. Both classes of diuretics also increase magnesium excretion, causing deple-

tion of this cation. Magnesium depletion (see Section 11.5.2 magnesium) pro-

motes renal potassium losses, causing more potassium depletion [60].

A wide variety of drugs are b-adrenergic agonist drugs that shift potassium from

the intracellular fluid, resulting in hypokalemia; these drugs include deconge-

stants and bronchodilators. Theophylline (a bronchodilator) and caffeine stimulate

cell membrane Na/K ATPases and promote potassium entry into cells. A few cups

of coffee can decrease serum K levels by 0.4 mM. Accidental ingestion of barium

salts can block potassium exit from cells, resulting in hypokalemia [67].

Owing to the risk of hyperkalemia, intravenous treatment is rarely used to treat

hypokalemia [63]. As long as the patient is not suffering from cardiac arrhythmia,

generally oral replacement therapy is adequate. Potassium replacement is usually

given as KCl, because most causes of hypokalemia require repletion of chloride

and potassium. When magnesium depletion is the cause of hypokalemia the

magnesium depletion must be treated [60].

11.5.3.2 Hyperkalemia

Hyperkalemia is defined as a serum potassium concentration greater than 5.0 mM

and is far less common than the aforementioned hypokalemia [63]. Severe hy-

perkalemia occurs at a serum potassium concentration greater than 6.5 mM.

Elevated potassium serum and plasma levels usually indicate a disorder of po-

tassium homeostasis; however, factitious hyperkalemia can release potassium

from cells into the blood sample [63].

The word factitious indicates an artificially high or low level of electrolyte and

is usually an in vitro manifestation. Factitious or pseudohyperkalemia results

from an artificially high serum potassium concentration when plasma levels are

normal. It is a phenomenon that occurs after phlebotomy and is attributed to

potassium release from cells after collection of a blood sample [83]. Factitious

hyperkalemia is usually caused by the release of potassium from white blood cells

or platelets, which is the case for myeloproliferative disorders such as leukemia or

thrombocytosis. It can also result if homolysis occurs [63, 84].

Familial pseudohyperkalemia (FP) is a dominantly inherited, asymptomatic, red

blood cell trait that presents as high serum potassium concentrations. It is caused

by a condition called ‘‘leaky red blood cell,’’ that shows a temperature dependent

release of potassium from red blood cells when the blood sample is stored at room
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temperature. It is attributed to a passive leakage of potassium across red blood cell

membranes. If the sample is analyzed soon after being collected, high plasma

potassium concentration is not observed. It is only observed if the blood sample is

left at room temperature for a few hours [85, 86].

True hyperkalemia is usually caused by renal failure, adrenal insufficiency,

massive tissue breakdown during trauma, rhabdomyolysis, and hemolysis during

tumor lysis syndrome (see Section 11.5.4 phosphorus). Hyperkalemia can result in

alternations in cardiac excitability, resulting in electrocardiograms that show heart

arrhythmias, which can lead to death [63].

The Na-K pump is a major determinant of extrarenal potassium disposal. It

produces an influx of potassium and efflux of sodium such that inhibition of the

Na-K pump results in a decrease of intracellular potassium manifesting as severe

hyperkalemia [87].

The treatment of acute severe hyperkalemia ultimately involves the removal of

potassium from the body – this is usually accomplished by hemodialysis; however,

because of the cardiac risks, especially during a rapid increase in potassium levels,

calcium gluconate is administered immediately. While calcium has no effect on

potassium levels, it has a positive effect on the heart, helping to stabilize cardiac

arrhythmias [87].

11.5.4

Phosphorus

Phosphorus is ubiquitous throughout the body; in a healthy 70 kg adult the total

body phosphorus content is 700 g, and serum phosphate levels are between

0.89 and 1.44 mM [74]. Phosphorus is an essential element that is usually found

bound to oxygen as a phosphate. Most of this phosphorus, approximately 80%,

is found in hydroxyapatite, the main mineral component of bone and teeth,

[Ca10(PO4)6(OH)2]n, 9% in skeletal muscle, B11% in other tissues, and approxi-

mately 0.1% in the extracellular fluid [62, 74].

Phosphate is a vital component of nucleic acids forming the backbone of DNA

and RNA and constitutes an important component of the lipid bilayer. Most in-

tracellular phosphate is bound to adenosine triphosphate (ATP) and phospho-

creatine. Phosphocreatine is an important energy store for skeletal muscle and the

brain. Most of the inorganic phosphorus found in the body is free, existing as

H2PO4
�, HPO4

2�, PO4
3�. Approximately 10% is found complexed to proteins, and

5% to calcium, magnesium, and sodium [62].

Phosphorus, as mentioned above, is an essential component of energy stores in

the form of ATP and phosphocreatine. ATPases are a class of enzymes that cat-

alyze the decomposition of adenosine triphosphate (ATP) to adenosine dipho-

sphate (ADP), releasing a free phosphate ion and energy. The Naþ/Kþ -ATPase, or
sodium–potassium pump, is responsible for active transport of potassium into

cells and sodium out of cells against respective concentration gradients. This is

extremely important in maintaining resting potential and the regulation of cellular

volume.
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Phosphorus is found abundantly in protein-rich foods such as meat, dairy, and

eggs, but is also high in cereal grains; the average dietary intake is 800–1400 mg

day�1. It is absorbed in GI tract in the duodenum and jejunum mostly through

passive transport as phosphates. There is, however, a sodium-dependent active

transport stimulated by the active form of vitamin D, 1,25-dihydroxyvitamin D3

(calcitriol) [74]. Hypophosphatemia, hypophosphatasia, and hyperphosphatemia

are all disorders of phosphate metabolism and are discussed below.

11.5.4.1 Hypophosphatemia

Hypophosphatemia is an electrolytic disorder defined as a phosphate plasma level

below 0.65 mM, with normal phosphate levels ranging from 0.89 to 1.44 mM. It is

most commonly observed in patients who have been hospitalized, occurring in

0.24–3.1% of all hospitalization cases [74, 88]. Hypophosphatemia does not ne-

cessarily mean phosphate depletion; it is a disease that can occur in the presence

of low, normal, or high total body phosphate. In the case of normal or high total

body phosphate there is a shift from the extracellular pool to the intracellular

compartment, resulting in hypophosphatemia. The term phosphate depletion

thus refers to a reduction of the total body phosphate. Moderate and severe cases of

hypophosphatemia are characterized by plasma phosphate concentrations of 0.32–

0.65 mM and o0.32 mM, respectively [88].

There are three mechanisms by which hypophosphatemia can occur: internal

redistribution, loss of phosphate from the body through increased urinary excre-

tion, and decreased intestinal absorption [62, 74, 88]. The three causes are dis-

cussed below, and summarized in Table 11.6.

Decreased intestinal absorption is rarely caused by malnutrition, as phosphates

are ubiquitously found in foods. It is more likely to occur because of vitamin D

deficiency, prolonged use of phosphate binders, or alcoholism [62, 89]. Decreased

vitamin-D synthesis results in an increase in PTH production, which causes a

decrease in intestinal absorption of phosphorus, resulting in hypophosphatemia.

Familial disorders of vitamin D metabolism such as vitamin-D resistance rickets

and X-linked vitamin-D-resistant rickets are associated with hypophosphatemia

[74, 90].

Increased redistribution is the cause of most cases of hypophosphatemia. An

acute shift in phosphate from the extracellular to the intracellular compartment is

primarily responsible for the lowering of the serum phosphate. Any treatment that

stimulates glycolysis leads to the formation of phosphorylated glucose com-

pounds, resulting in an intracellular shift of phosphorus [74]. This can include

intravenous glucose intake, causing the release of insulin, increasing the cellular

uptake of glucose and phosphate. The refeeding of malnourished patients suf-

fering from anorexia or chronic alcoholism results in the refeeding syndrome.

During the anabolic period following refeeding there is an influx of phosphate into

the cells A patient suffering from respiratory alkalosis (hyperventilation), causes a

fall in carbon dioxide, which results in a fall of CO2 in the cell. This stimulates

glycolysis, leading to accelerated production of phosphorylate metabolites and a

rapid shift of phosphate into the cells [88, 89].
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Hypophosphatemia caused by increased urinary excretion of phosphorus is

commonly seen in patients suffering from hyperparathyroidism. This is because

there is an increased loss of phosphate due to the inhibition of the co-transporter

by PTH. Patients usually present with hypercalcemia, moderate hypopho-

sphatemia, and decreased renal tubular reabsorption. The Fanconi syndrome

causes an impairment of the proximal tubule leading to a urinary loss of com-

pounds normally reabsorbed by the proximal tube; this can cause hypopho-

sphatemia, amongst other electrolyte disorders [74]. Patients using diuretics will

often manifest with hypophosphatemia [88, 89].

The major mechanisms responsible for symptoms of hypophosphatemia are a

decrease in intracellular ATP and 2,3-DPG (diphosphoglycerate). Under certain

clinical situations, such as diabetic acidosis and in patients with prolonged hy-

perventilation, symptoms are non-existent because phosphate depletion is not

prolonged. Clinical manifestations are usually not observed unless plasma phos-

phorus levels fall below 0.32 mM [74]. In the skeletal muscle and bone, phosphate

deficiency may result in myopathy, weakness, and bone pain caused by mobili-

zation of the bone mineral in an attempt to maintain a normal serum phosphate

concentration resulting in osteopenia and osteomalacia (see Section 11.5.5 cal-

cium). Usually, these symptoms only occur in conjunction with vitamin D defi-

ciency [88].

Cardiovascular, neurological, and hematological effects are generally only seen

in severe cases of phosphate depletion, and can lead to respiratory failure, coma,

seizures, parethesias, hemolysis, leukocyte, and platelet dysfunction [62, 88].

To treat hypophosphatemia, one must determine the cause of the phosphate

depletion. In most cases increasing dietary intake of phosphate-rich foods (such as

cow’s milk) is often enough [62]. However, in extreme cases, oral or intravenous

phosphate repletion must be used, but can lead to hypocalcemia, metastatic cal-

cification, hyperkalemia, hypernatremia, metabolic acidosis, and hyperpho-

sphatemia [62, 74].

11.5.4.2 Hypophosphatasia

Hypophosphatasia is a rare, but sometimes fatal, hereditary form of rickets or

osteomalacia characterized by defective bone mineralization and a deficiency of

the tissue-nonspecific isoenzyme of alkaline phosphatase (TNSALP) [91]. The

disease is characterized by a below normal circulating alkaline phosphatase ac-

tivity, increased urinary excretion of phosphoethanolamine, and inorganic pyr-

ophosphates [92]. Pyrophosphates are necessary to inhibit the formation of

calcium-phosphate crystals, leading to the defect in bone mineralization seen in

patients suffering from hypophosphatasia [93].

Hypophosphatasia can manifest itself at various ages, and is currently re-

cognized in five different clinical forms: perinatal (which is usually lethal), in-

fantile, childhood, adult, and odontohypophosphatasia [91]. While perinatal and

infantile forms are considered to be autosomal recessive traits, childhood and adult

forms of hypophosphatasia are usually found to be autosomal recessive, but can

occasionally be dominant [92]. TNSALP is vital for proper skeletal mineralization
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and hypophosphatasia is the result of a mutation in the TNSALP gene, manifesting

itself as rickets in children and osteomalacia in adults [91, 93]. The disease man-

ifests itself in various ways, with symptoms including anything from stillbirths to

loss of teeth at an adult age. Shorter limbs and deformity, along with hypomi-

neralization are all results of the mutation in the TNSALP gene [91].

11.5.4.3 Hyperphosphatemia

Hyperphosphatemia is a disease of high serum phosphate concentration that can

occur because of increased intake or increased absorption in the gastrointestinal

tract, increased production of phosphates or decreased loss such as a decrease in

urinary excretion, and, lastly, there is pseudohyperphosphatemia [74].

An increase in dietary phosphate intake, overwhelming renal excretory capacity,

can result from administration of too much phosphate or by overdose of vitamin

D. Premature babies who are fed cows milk can develop neonatal or hypocalcemic

tetany due to hyperphosphatemia. This can result in muscle twitching, jitters,

tremors, and convulsions [74].

An increase in plasma phosphate from endogenous sources is observed in tu-

mour-lysis syndrome (TLS), rhabdomyolysis, bowel infarction, malignant hy-

perthermia (see Section 11.5.5 calcium), and severe hemolysis. TLS is a group of

metabolic complications usually caused by chemotherapy treatments for lym-

phomas and leukemias. It is characterized by electrolyte abnormalities such as

hyperkalemia, hyperphosphatemia, hyperuricemia, and hypercalcemia leading to

acute renal failure; hyperphosphatemia is the most common of the aforemen-

tioned electrolytic disturbances caused by TLS [94]. Rhabdomyolysis is a disease

that, due to injury to muscle tissue, causes the rapid breakdown of skeletal muscle.

This damage can be caused by physical injury or chemical or biological factors,

resulting in hyperkalemia, hyperphosphatemia, hyperuricemia, and hypermag-

nesemia [95]. Phosphorus, and other electrolytes, are released from damaged

muscle and accumulate, causing hyperphosphatemia [96]. Malignant hyper-

thermia can be a fatal genetic metabolic disorder of skeletal muscle, which can

trigger rhabdomyolysis because of sustained muscle rigidity, leading to hyper-

phosphatemia [97]. Metabolic acidosis or other acid–base disorders (such as lactic

acidosis, diabetic ketoacidosis, and respirator acidosis) release phosphorus from

endogenous stores, resulting in hyperphosphatemia [74].

Reduced loss of phosphates can be a result of renal failure, hypoparathyroidism,

acromegaly, tumoral calcinosis, bisphosphonate therapy, magnesium deficiency,

or multiple myeloma [74]. Renal failure results in phosphate retention, which

leads to the development of hyperphosphatemia, hypocalcemia, and increased

PTH levels [98]. Hypoparathyroidism is caused by decreased activity of the para-

thyroid hormone, which leads to hypocalcemia (see Section 11.5.5 calcium) and

hyperphosphatemia due to increased levels of serum phosphorus. Tumoral cal-

cinosis is a rare condition that results in abnormal calcifications around joints,

hyperphosphatemia, but normal PTH levels. It is thought that hyperphosphatemia

in tumoral calcinosis is the result of increased tubular reabsorption of phosphate,

despite normal PTH levels. The elevated serum calcium-phosphate solubility
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product can lead to the deposition of calcium-phosphate salts at the joints [99].

Bisphosphonates, in high dosages, can cause hyperphosphatemia by enhancing

renal tubular reabsorption of phosphorus [100].

Untreated hyperphosphatemia can lead to secondary hyperparathyroidism, re-

nal osteodystrophy, increased deposition of calcium-phosphate complexes in soft

tissues, inhibition of 1-a-hydroxylase, which forms the active form of vitamin D,

calcitriol, and mortality [95, 101]. Treatment is usually carried out by decreased

protein intake or, especially in the case of kidney disease, by phosphate binders

such as aluminum, magnesium, or calcium [101, 102]. More recently the salt

lanthanum carbonate has been used to bind excess serum phosphate, with de-

creased side effects [101].

11.5.5

Calcium

Calcium is vital to many biological functions, having a key structural component

in skeleton and teeth. It plays a vital role in skeletal and myocardial muscle

function, and in neurotransmission. Approximately 90% of calcium is found in

hydroxyapatite in bones and teeth. The remaining 10% is found in the extra-

cellular fluid and the cytoplasm, where half of it is free, ionized calcium, 40% is

bound to albumin and globulin, and the other 10% is bound to bicarbonate,

phosphate, and citrate [103].

To fully understand calcium disorders, it is important to understand both the

role of the parathyroid and vitamin D. They are discussed below, followed by

disorders of calcium metabolism: hypocalcemia, hypercalcemia, disorders of the

parathyroid hormone, disorders of vitamin D synthesis, calcifications, osteoma-

lacia, and milk-alkali syndrome.

11.5.5.1 Vitamin D

Vitamin D has two main forms, vitamin D2 (ergocalciferol) and vitamin D3

(cholecalciferol). Vitamin D2 is synthesized by plants, while D3 is synthesized in

humans. Vitamin D3 is synthesized in the skin by direct exposure to UV B ra-

diation from the sun or is obtained directly from the diet. The use of sunscreen,

darker skin, or lack of exposure to sunlight can lead to vitamin D deficiency [104].

Vitamin D is metabolized by the liver to 25-hydroxyvitamin D3 [25(OH)D],

which is then metabolized by the kidneys to 1,25-dihydroxyvitamin D3 [1,25

(OH)2D], also known as calcitriol, the active form of vitamin D. The production of

calcitriol is stimulated by the PTH, and is regulated by the serum concentrations

of calcitriol, parathyroid hormone, calcium, and phosphate [104].

Vitamin D helps the intestinal absorption of calcium and phosphate. Calcium

enters the cell through membrane proteins. In the intestinal cell, calcitriol enters,

binds to the vitamin D receptor, and the calcium binding protein is synthesized,

regulating the active transport of calcium through the cell [104]. There is negative

feedback through calcium that decreases PTH and direct negative feedback from

calcitriol to PTH.
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11.5.5.2 Parathyroid Hormone

The expression of the parathyroid hormone (PTH) gene that synthesizes the

parathyroid hormone is regulated by several factors, most importantly the con-

centration of serum calcium, but vitamin D and serum phosphate levels also

regulate PTH synthesis. The active form of vitamin D3, calcitriol, decreases the

transcription of the PTH gene [105]. When there is a decrease in ionized calcium

levels in the blood, there is an increase in PTH. The PTH receptor is expressed by

osteoblasts (which build bone), osteocytes, and bone-lining cells, but not osteo-

clasts (which destroy bone). A decrease in extracellular calcium leads to a rapid

increase in PTH secretion, whereas an increase in calcium concentration inhibits

the secretion of PTH. The surface of the calcium-sensing receptor of the PT cell

contains a large extracellular domain for the binding of cations [106].

The primary function of PTH is maintenance of plasma calcium levels. This

occurs by withdrawing the calcium from bone tissue, reabsorbing it from the

glomerular filtrate, and indirectly increasing its intestinal absorption by stimu-

lating calcitriol production. Additionally, PTH promotes an increase in urinary

excretion of phosphorus and bicarbonate, seeking a larger quantity of free calcium

available in circulation [107].

11.5.5.3 Hypocalcemia

Hypocalcemia is a metabolic disorder occurring when plasma calcium con-

centration is o2.10 mM. It can be a result of a multitude of diseases, summarized

in Table 11.6. It is almost always caused by an impairment of the parathyroid

hormone or impairment of vitamin D action or synthesis; however, it can be

caused by an increase in tissue sequestration of calcium, which is observed in

pancreatitis, burns, or toxic shock. Osteomalacia or rickets may also be a cause of

hypocalcemia.

Factitious hypocalcemia is usually caused by blood sample contamination with

EDTA. Decreased parathyroid activity resulting in hypoparathyroidism and

pseudohypoparathyroidism are discussed later in this section. Malabsorption of

vitamin D or impairment of vitamin D synthesis are discussed below. Hypo-

calcemia is characterized by tetany, laryngospa, asphyxia, cramps, altered mental

status, seizures, muscle spasms, hypotension, alopecia, and coarse dry skin [60].

11.5.5.4 Hypercalcemia

Hypercalcemia is defined as a total plasma calcium level greater than 2.55 mM

[60]. Usually, high levels of serum calcium indicate primary hyperparathyroidism

or malignancy. Other causes of hypercalcemia include vitamin D intoxication,

tuberculosis, some fungal infections, Addison’s disease, milk-alkali syndrome,

vitamin A intoxication, thiazide diuretics, familial hypocalciuric hypercalcemia,

prolonged immobilization in patients with high skeletal turnover, and recovery

from acute renal failure (especially associated with rhabdomyolysis). They all

amount to less than 10% of all causes of hypercalcemia [108].

Factitious hypercalcemia and hypocalcemia (or pseudohypercalcemia and

pseudohypocalcemia, respectively) are quite common. Calcium in serum is either
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bound to proteins, principally albumin, or is free (ionized) calcium. When mea-

suring the total plasma or serum concentration of calcium, it is the ionized cal-

cium levels that are important. With patients suffering from chronic illness or

malnutrition, serum albumin may be low (hypoalbuminemia), causing a reduc-

tion in the total, but not in the ionized, serum calcium. This is referred to as

‘‘factitious’’ hypocalcemia. In contrast, hyperalbuminemia, caused by volume

depletion or multiple myeloma, leads to increased protein binding of calcium,

which results in an elevated serum total calcium concentration without any rise in

the serum ionized calcium concentration. This is referred to as ‘‘factitious’’ hy-

percalcemia [60].

Symptoms of hypercalcemia are usually not observed until W3 mM plasma

concentration. Symptoms include nausea, vomiting, constipation, muscular

weakness, lethargy, myalgia, hypotonia, and ectopic calcification. Mental dis-

turbances such as psychosis, apathy, confusion, depression, and rarely coma are

also observed. Hypercalcemia may also predispose the patient to peptic ulcer and

pancreatitis [60].

11.5.5.5 Diseases Related to the Parathyroid Hormone

Hypoparathyroidism Hypoparathyroidism is caused by a decrease in the function of

the parathyroid glands, which leads to a decrease in the level of parathyroid hormone,

which can lead to hypocalcemia. Two mechanisms may alter the function of the

parathyroid hormone, limiting its control on calcium: (i) insufficient PTH production

by the parathyroids, which is called hypoparathyroidism, and (ii) a resistance against

its action in target tissues, which is called pseudohypoparathyroidism, which is

discussed below. Both cases result in significantly reduced levels of plasma calcium

associated with hyperphosphatemia [107].

Causes of low PTH include destruction of the parathyroid by surgery, auto-

immune disorders, metastatic disease, reduction in parathyroid function caused

by hypomagnesemia, PTH gene defects and calcium sensing receptor mutations

or parathyroid agenesis caused by DiGeorge syndrome, isolated x-linked hypo-

parathyroidism, and mitochondrial neuropathies [107]. Symptoms of hypopar-

athyroidism are the same as those of hypocalcemia. Laboratory measurements

present as hypocalcemia, hyperphosphatemia, and low PTH levels. Generally in

hypoparathyroidism calcitriol levels are low as well. Hypomagnesemia may cause

hypocalcemia because it promotes PTH secretion levels to drop, in addition to

causing renal and bone resistance to PTH action.

Pseudohypoparathyroidism Pseudohypoparathyroidism (PHP) is a group of

abnormalities characterized by clinical indications of hypoparathyroidism (hypo-

calcemia, hyperphosphatemia), but with the presence of high levels of PTH in

the absence of chronic renal failure or magnesium deficiency [107]. In 1942, Alb-

right et al. investigated a patient with seizures, hypocalcemia, and hyperpho-

sphatemia, but that did not respond to parathyroid extract [109]. It was concluded

that the patient was resistant to PTH and the disease was called pseudohypopar-

athyroidism or PHP. Pseudohypoparathyroidism manifests as short stocky build,
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round face, and cutaneous ossification. This physical appearance is known as

Albright’s hereditary osteodystrophy (AHO). A decade later, Albright et al.
described a patient with typical features of AHO, but manifested with normal

calcium and phosphate serum levels and the absence of PTH resistance. This

disease was called pseudopseudohypoparathyroidism (PPHP) [109].

PTH exerts itself by stimulating the intracellular formation of cAMP. The sig-

nal-transducing protein known as Gs (a GTP binding protein), consisting of a, b,
and g subunits, helps to stimulate cAMP formation by coupling to receptors

for hormones, such as PTH. The Gsa subunit activity in patients with PHP has

been shown to be reduced significantly (B50%). Thus, patients suffering from

AHO show resistance to other hormones, such as TSH (thyroid-stimulating hor-

mone). Surprisingly, individuals suffering from PPHP do not lack the activity of

the Gsa protein, despite the lack of PTH resistance [109, 110]. The gene presents

with parental imprinting phenomenon, which explains the phenotypic variations

of the disease, depending on whether the mutations origins are maternal or pa-

ternal [107]. The gene is present as a single copy per haploid, and heterozygous

loss of function is present in both PHP and PPHP patients [109]. Patients who

manifest with PHP were found to result exclusively from maternal transmission

and patients with PPHP from paternal [107, 109].

11.5.5.6 Hyperparathyroidism (HPT)

Primary Hyperparathyroidism Primary hyperparathyroidism is a disease caused

by excessive secretion of the parathyroid hormone, manifesting as hypercalcemia.

Adenoma, hyperplasia, and carcinoma have all been attributed to primary HPT

[111]. When extracellular calcium binds to the calcium receptor in the parathyroid

cell, PTH secretion is inhibited. At the kidneys this interaction between calcium

and the calcium receptor inhibits the 1-hydroxy-vitamin D [112].

In primary hyperparathyroidism mutations of the calcium receptor gene have not

been identified. However, significant reductions in calcium receptor mRNA levels

have been detected in parathyroid adenomas, a benign glandular tumor. The pa-

thophysiological significance of this observation is unclear because the reductions

could be secondary to the chronic hypercalcemia and not the primary case [112].

Primary HPT is associated with a reduction in bone mineral density, generally a

silent symptom [112]. Symptoms are generally those of hypercalcemia. Sympto-

matic patients with primary HPT presented with nephrolithiasis, osteitis fibrosa

cystical, muscle atrophy, hyperreflexia, gait abnormalities, and other neuromus-

cular signs and present with hypercalcemia and its associated symptoms. When

primary HPT occurs in the absence of hypercalcemia, patients tend to be

asymptomatic. Nephrolithiasis (formation of kidney stones, calcification) is the

major clinical manifestation of primary HPT [111].

For patients whose serum calcium levels are W3 mM, the recommended course

of treatment is a parathyroidectomy. Hormone replacement therapy has seen

some success. Bisphosphonates have also seen some use, as they decrease serum

calcium levels and decrease bone loss, but do not affect PTH levels [111].
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Secondary Hyperparathyroidism Secondary hyperparathyroidism is caused by an

increase in PTH because of hypocalcemia, without disturbances in calcitriol,

calcium, or phosphorus metabolism. Secondary hyperparathyroidism is usually

caused by chronic kidney disease (CKD). PTH levels begin to rise in the course of

CKD when normal serum levels of phosphorus, calcitriol, and calcium are

observed. A decrease in calcitriol leads to a decrease in calcium absorption,

which leads to a decrease in ionized calcium. This leads to an increase in PTH

(because of decreased ionized Ca levels), which normalizes calcitriol and restores

serum calcium values. As loss of kidney function progresses, phosphorus is

retained and calcitriol production decreases [111, 113].

Symptoms include many of those seen in primary HPT; arthritis, bone pain,

myopathy, tendon rupture, extraskeletal calcifications, and low bone turnover. Sec-

ondaryHPT is easier to prevent than to treat. VitaminD replacement andphosphorus

reduction, from phosphate binders, are the mainstays of prevention [111].

11.5.5.7 Osteomalacia

Osteomalacia is a clinical syndrome of vitamin D deficiency, characterized by

major deficits in bone mineralization and by relatively minor changes in calcium

and phosphate homeostasis in the blood, resulting in proximal muscle weakness.

In children this is called rickets, in which structural changes related to defective

bone mineralization are added to the features of osteomalacia that are seen in the

adult manifestation of this disease [114].

Osteomalacia due to vitamin D deficiency is rare in North America because of the

routine fortification of milk and other dairy products with vitamin D. Vitamin D

depletion in adults leads to osteomalacia, the characteristic histologic feature

of which is defective mineralization of osteoid, leading to its accumulation on bone

surfaces. Clinically, osteomalacia is manifested by progressive generalized

bone pain,muscle weakness, hypercalcemia, pseudofractures, and, in its late stages,

by a waddling gait. Patients with various GI disorders are at risk [115]. Treatment

involves calcium supplements and vitamin D supplements.

11.5.5.8 Milk-Alkali Syndrome

First identified in 1923, this is a disease that historically was caused by the use

of dairy products and alkaline powders, such as milk and bicarbonate used to

treat peptic ulcers [116]. In 1985, with the introduction of proton pump inhibitors

and antibiotic therapies of Helicobacter pylori for the treatment of these ulcers,

milk-alkali syndrome became rare. There has been an increase in incidence

of milk-alkali syndrome as a result of malignancy, primary hyperparathyroidism,

and over-the-counter calcium supplements used to combat osteoporosis [117].

Milk-alkali syndrome is caused by a triad of hypercalcemia, metabolic alkalosis,

and renal insufficiency.

11.5.5.9 Calcifying Disorders

Calcification Serum calcium is tightly regulated by parathyroid hormone and

calcitriol. Despite this careful regulation, calcification and ossification of cutaneous
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and subcutaneous tissues may occur. Cutaneous calcification can be divided

into four major categories: dystrophic, metastatic, idiopathic, and iatrogenic.

Dystrophic calcification is the result of local tissue injuries and abnormalities.

Metastatic calcification is caused by abnormal calcium and phosphate metabolism.

Calcification generally results in secondary ossification of tissues, but primary

ossification is rare. Idiopathic calcification occurs without identifiable underlying

tissue abnormalities or abnormal calcium or phosphate metabolism. Iatrogenic

calcification occurs as a result of intravenous infusion of calcium chloride or

calcium gluconate [103, 118].

Calcinosis Calciphylaxis causes vascular calcification and skin necrosis that

occurs as a result of end stage renal disease (ENRD). It also presents itself in

individuals with chronic renal failure, hypercalcemia, hyperphosphatemia, and

secondary hyperparathyroidism. It is associated with poor phosphate and calcium

control [7, 119].

11.6

Metabolism of Other Trace Elements

11.6.1

Questionable Essentiality of Nickel, Molybdenum, and Vanadium

If an element is to be considered essential, then it must have a specific role,

a specific enzyme or cofactor, and being deficient of this element must result in

a disease that can be reversed by its supply. There has been much debate on the

essentiality of nickel, molybdenum, and vanadium for human nutrition. All

these elements have demonstrated roles in animal models, and there is strong

evidence that they have physiological effects in humans, but are they necessary for

wellbeing? Can we live without these metals? Briefly, the necessity of these metals

is discussed in this section. For a more detailed overview, the reader is asked to

refer to the detailed articles referenced within this section.

11.6.1.1 Nickel

The essentiality of nickel in humans is questionable, because its metabolism is not

well understood. Like other trace metals, deficiency is not observed, and it is im-

possible to achieve induced deficiency due to the abundance of trace amounts of

nickel in the diet. No enzymes or cofactors that require nickel are known in humans

or other higher organisms. The most consistent result obtained from studies on

nickel-depleted animals is that the concentration of other metals such as iron, zinc,

and copper are decreased, indicating some physiological function of nickel [120,

121]. Nickel has been shown to be essential for several different animals, including

chickens, rats, and cows, with depletion affecting these animals’ gestation periods,

number of offspring, activity of some enzymes and causing anemia. The essentiality

of nickel for bacteria and plant species has been demonstrated with the identifica-

tion of almost a dozen nickel-dependent enzymes [122].
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Exposure to high levels of nickel, occurring by ingestion, inhalation, or, less

commonly, by contact dermatitis, can have adverse side effects on human health.

Accumulation in the body from chronic nickel exposure results in cardiovascular,

lung, and kidney diseases. Nickel is also considered to be a carcinogen, with

industry workers having a higher occurrence of nasal and lung cancers from in-

halation of nickel [120]. The mutagenic effects caused by nickel exposure are likely

due to nickel-induced oxidative damage, depletion of glutathione, and the activa-

tion of other transcription factors that are sensitive to oxidative stress.

11.6.1.2 Molybdenum

It has been well established that molybdenum is essential for plant growth but its

essentiality in humans has not been well established. There has been no docu-

mented molybdenum deficiency reported, and concrete results from animal stu-

dies fed molybdenum-deficient diets have been unsuccessful because it is

impossible to eliminate low levels of molybdenum [123].

Molybdenum enzymes play an important role in catalyzing redox reactions that

characteristically involve oxygen transfer [124]. In mammals sulfite oxidase catalyzes

the terminal step in metabolism of sulfur-containing amino acids. Aldehyde oxi-

dases, whose function has not been fully elucidated, are also found in mammals, as

are xanthine oxidoreductases, which are involved in purine ring metabolism [123–

125]. Molybdenum deficiency is not reported in healthy humans but deficiency has

been observed in patients undergoing prolonged total parental nutrition (TPN) [125].

With the exception of nitrogenase, the molybdenum cofactor (MoCo) is the active

site in all molybdenum-containing enzymes [124]. Nitrogenase, on the other

hand, contains an Fe-Mo cofactor cluster as the active site [126]. The MoCo active

site contains a molybdenum covalently bound to one or two dithiolates on a tricyclic

pterin. Defects in the synthesis of the molybdenum cofactor results in a loss of the

activity of all molybdenum enzymes. Human molybdenum cofactor deficiency, not

to be confused with molybdenum deficiency, is a hereditary metabolic disorder

characterized by neurodegeneration, resulting in death during early childhood [124].

Individuals suffering from molybdenum cofactor deficiency only exhibit sulfite

oxidase deficiency. This is attributed to the xanthine oxidase substrate remaining

intact, and thus being reused. Aldehyde oxidase deficiency has not been reported

in these individuals. It is believed that the neurodegenerative effects seen in

molybdenum cofactor deficiency are a result of a decrease of sulfate compounds

(formed from sulfite) in the brain by the lack of sulfite oxidase activity [125].

Molybdenum is relatively nontoxic: amounts greater than 100 mg kg�1 of the

metal need to be ingested for toxic effects to be observed. Signs include failure of

red blood cells to mature, and high levels of uric acid in the blood. An increase in

molybdenum ingestion affects copper levels as it is an antagonist to copper [125].

11.6.1.3 Vanadium

In the 1970s it was believed that vanadium was an essential nutrient; however,

more recent research indicates that this is simply due to its pharmacological effect

in the body. Vanadium deficiency has not been successfully investigated in
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humans; however, there are suggestions from animal deprived diets that vana-

dium plays a role in phosphoryl transfer enzymes, regulation of Na/K-ATPase,

adenylate cyclase, and protein kinases [127]. Pharmacologically, vanadium com-

pounds have demonstrated insulin-mimetic activity and anticarcinogenic effects in

humans [128]. There has also been evidence that vanadate (V5þ ) compounds can

affect proteins, lipid structures, and cellular functions, demonstrating in vivo ef-

fects on oxidative stress and other biological processes [129].

11.6.2

Chromium

Chromium in biological systems has been studied since the nineteenth century

when carcinogenic effects of hexavalent chromium were first discovered [130]. There

is still some debate over whether chromium, in its trivalent form, is an essential

trace metal in humans, as evidenced in the many reviews [130–133]. As the

American Society of Clinical Nutrition recommends 20 mg-Cr day�1, we will con-

sider it an essential metal and leave it up to the reader to follow the debate [131].

Chromium can exist in all oxidation states from �2 to þ6, but is generally

found in biological systems in its þ3 and þ6 oxidation states. Divalent chromium

is readily oxidized to trivalent chromium under aerobic conditions, and thus is not

available to biological systems. Hexavalent chromium is a strong oxidizing agent,

generally found as chromate (CrO4
2�) or dichromate (Cr2O7

2�). This form is ex-

tremely bioavailable, crossing cell membranes, reacting with protein and nucleic

acids, and exhibiting carcinogenic effects. Trivalent chromium is the most stable

form found in living organisms, but is not as bioavailable as its hexavalent

counterpart, with less than 3% typically crossing cell membranes [132].

Chromium has been deemed an essential nutrient by experimental observation

on induced deficiency in laboratory animals and clinical observations in humans

[130]. It was first observed that chromium was necessary to maintain normal

glucose tolerance in 1959 in rats [134]. Induced chromium deficiency has been

demonstrated in patients, with a reversal in this deficiency in patients supple-

mented with TPN (total parental nutrition), a diet enhanced with chromium.

Improved glucose tolerance has been observed in those who are supplemented

with chromium, as further evidence of chromium’s essentiality [135].

The most commonly observed signs of deficiency are glucose tolerance im-

pairment, glycosuria, and elevations in insulin serum. In animal models, induced

chromium deficiency has resulted in a decrease in longevity, impaired growth and

immunity, and decrease in reproductive function, amongst other observations.

Chromium has an effect on glucose metabolism in humans; however, it is no

longer believed to be because of a substance called the glucose tolerance factor

(GTF), as GTF activity has now been found to be independent of chromium

content. It is now somewhat accepted that chromodulin or LMWCr (low-

molecular-weight chromium binding substance) in animals is essential for insulin

signalling; however, chromodulin has only been isolated in mammals, but not in

humans, and is poorly characterized [131, 132].
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11.6.3

Cobalt and Vitamin B12

Cobalt is an essential metal for many proteins and is the central component of vita-

min B12 (cobalamin). Most cobalt proteins contain a corrin ring, but recent studies

have shown that there are a handful of noncorrin cobalt-containing enzymes, in-

cluding methionine aminopeptidase, prolidase, and nitrile hydratase. Since little is

known about their function, only cobalamin will be discussed in this chapter [136].

The corrin ring of cobalamin is almost identical to the heme of hemoglobin,

differing only by one deleted alpha methane bridge and by the metal (cobalt in-

stead of iron). Cyanocobalamin, a common inactive precursor form of the vitamin,

contains cyanide as an axial ligand, which stabilizes the vitamin. It is the common

form used in supplementation, with the cyanide removed in the body, yielding an

active form of the vitamin, such as methylcobalamin. There have been rare re-

ported cases of vitamin B12 deficiency caused by an inability to metabolize cya-

nocobalamin into its active form [137].

Since humans cannot produce vitamin B12 it must be obtained from the diet. The

average American ingests 5–15 mg of vitamin B12 per day; less than 1 mg is necessary
for normal function [137]. Vitamin B12 deficiency can result from insufficient dietary

intake, defects in metabolism of vitamin B12, or pernicious anemia. Vitamin B12

deficiency is of particular interest to those who have a vegetarian diet, because B12 is

not found in plant-based foods. Cobalamin deficiency results inmegoblastic anemia,

whose symptoms are indistinguishable from a folic acid deficiency. The symptoms

include anemia, decreased white blood cell count, hypercellular bone marrow, and

abnormal maturation. Cobalamin deficiency can also result in neuropsychiatric dis-

turbances due to demyelinization of nerves and the spinal cord [138].

Errors in cobalamin metabolism, including malabsorption of cobalamin, in-

trinsic factor deficiency, and transcobalamin deficiency, result in cobalamin defi-

ciency. Absorption of vitamin B12 occurs by the binding of intrinsic factor-B12

complex to the ileum receptors, releasing vitamin B12, which then attaches to

transcobalamins. A deficiency in the intrinsic factor of transcobalamin can thus

manifest as vitamin B12 deficiency [139].

Pernicious anemia is the most common cause of vitamin B12 deficiency, af-

fecting an estimated 1.9% of the population over the age of 60. The term perni-

cious refers to a condition associated with chronic atrophic gastritis, which is

caused by an autoantibody of the intrinsic factor. This results in a decrease in the

absorption of vitamin B12, resulting in megoblastic anemia. Although the disease

is asymptomless until end stage, the gastric lesions that cause it can be predicted

before the onset of anemia [140].

11.6.4

Manganese

The function of manganese is not well understood, despite it being essential; no

case of manganese deficiency in humans has ever been observed. Animal studies
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indicate that manganese is an essential cofactor in enzymes such as hexokinase,

superoxide dismutase, and xanthine oxidase. No cases of manganese deficiency

have been reported; however, those fed a manganese-deficient diet developed fine,

scaly skin, and had an increase in serum calcium, phosphorus, and alkaline

phosphatase levels. Deficiency of manganese in mammals manifests as severe

skeletal and reproductive abnormalities [141]. Manganese is involved in metabo-

lism of proteins, lipid, and carbohydrates; however, the action of manganese in

enzymes is not manganese-specific, because Mn2þ resembles Mg2þ and can

substitute in enzymes in vivo [141]. Absorption of manganese occurs in its divalent

and tetravalent forms, with an intake of 2–9 mg day�1. Some manganese can be

absorbed by the gastrointestinal tract and the lungs, but this accounts for a very

minute amount, and the source is usually not identifiable. Elimination of man-

ganese occurs by excretion into the bile [142].

Absorption of manganese from the gastrointestinal tract varies inversely with

the amount of calcium present. It is also affected by serum iron levels, because

both iron and manganese have the same transport system. The b-globulin protein,

transmanganin, transports part of the manganese in its trivalent form to tissue

stores, mainly in the liver and muscle. Additionally, some transport of the divalent

forms occurs through a-macroglobulin. Experiments in animals have indicated

that excretion from the brain is slower than from the rest of the body, which helps

to explain the neurological effects observed in manganese overload [141].

Manganese toxicity or manganism is a central nervous system disease first

observed in the 1800s due to exposure to high concentrations of manganese oxi-

des, manifesting as Parkinson’s-like symptoms. The effects of low levels of

manganese from industry and environmental sources are not well known as there

is no available biological indicator for manganese exposure, but are currently

under investigation. Characteristic symptoms of manganese toxicity are neurolo-

gical and include aberrant behavior and hallucination, later manifesting as Par-

kinson’s-like disease [143].

11.6.5

Selenium

Selenium is essential for cell homeostasis and apoptosis, and in higher doses has

been shown to exhibit anticarcinogenic effects [144–146]. If ingested in toxic

amounts, selenium can lead to ‘‘blind staggers’’ and ‘‘alkali disease’’ [147]. The

daily requirement for selenium in adults, 55 mg day�1, is met by most Americans;

however, inadequate intake is seen European, Asian, and some African popula-

tions. Selenium deficiency is associated in China with Keshan disease, a type of

juvenile cardiomyopathy, in populations with intake of less than 25 mg day�1 [144].

Selenium is in the same group of the periodic table as sulfur and can exchange

for sulfur, forming the selenium analogs selenomethionine (Se-meth) and

selenocysteine (Se-cyst). In foods, organic forms of selenium are the predomi-

nant form found, containing selenium in its reduced form, selenide (Se2�).
Selenite (SeO3

2�) and selenate (SeO4
2�) are the inorganic forms of selenium
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predominately found in dietary supplements. When inorganic selenium is in-

gested it is reduced to selenide by glutathione and NADPH. Selenomethionine is

generally metabolized to selenocysteine, and incorporated into selenoproteins;

however, selenomethionine is indistinguishable from methionine and thus can be

incorporated in proteins [145]. Some of the selenoproteins such as glutathione

peroxidases and thioredoxin reductases are important for detoxification and anti-

oxidant activities. Selenium also plays a key role in cell cycle apoptosis, which is

essential to maintain tissue homeostasis, but the mechanism is not well under-

stood in humans [144].

11.7

Conclusions

As demonstrated in this chapter, disorders of the metabolism of essential metal

ions can have detrimental effects. Thus, it is of the utmost importance that we fully

elucidate the mechanisms by which we uptake and excrete these metals, and the

effects, both biological and medical, of these essential metals. This is especially

true for the trace metal ions whose essentially is still unconfirmed, as diseases

associated with these metals can be left undiagnosed, leading to adverse health

effects.
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12

Metal Compounds as Enzyme Inhibitors
Gilles Gasser and Nils Metzler-Nolte

12.1

Introduction

In this chapter we review the use of metal complexes as enzyme inhibitors in

medicinal inorganic chemistry. Following the success of cisplatin and its close

derivatives like carboplatin and oxaliplatin in the clinics, and the subsequent

elucidation of DNA as the cellular target of these compounds (Chapters 3 and 4), it

was almost automatically assumed that any metal complex would have DNA as its

cellular target. Recent research, however, provides solid evidence that such an

assumption is premature. Indeed, many metal complexes are specifically designed

to act as enzyme inhibitors. It is those complexes, as well as the concurrent bio-

chemical and structural studies, that this chapter covers.

To keep the chapter to a reasonable length, we have deliberately chosen not to
cover the following topics. Gallium compounds are omitted as they are reviewed in

more detail in Chapter 5. Likewise, we are not reviewing Au complexes, which are

discussed in detail in Chapter 7 by Berners-Price. There is a growing recognition

in the recent literature that Ru(arene) compounds might have protein targets, in

addition to the long-suspected DNA interaction of those compounds. This topic is

covered elsewhere in this book, and also not mentioned further here (Chapters 1

and 5). We do, however, cover the newly discovered Ru-based kinase inhibitors as

highly successful examples of a structure-based design of inorganic enzyme in-

hibitors. We do not deal with metal complexes that mimic enzymes (such as

nuclease or protease mimics), because such compounds are not usually developed

for medicinal chemistry applications. There are, however, good reviews available

on such compounds [1–4]. This chapter is really concerned with the role of metal

ions and complexes in binding to enzymes and their role in enzyme inhibition.

Consequently, we do not cover metal complexes (which could have a therapeutic

purpose such as radio-metals) that have been covalently linked to a biomolecule

(say a peptide) [5, 6], in which the biomolecule, and not the metal moiety, is pri-

marily responsible for target binding. Also not included are approaches where the

metal complex has primarily a role to induce a structural change, for example, by

working as a peptide turn mimic [7].

Bioinorganic Medicinal Chemistry. Edited by Enzo Alessio
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Lastly, a very interesting approach is inhibition of metallo-enzymes by design of

a suitable ligand that will specifically bind to the metal ion in the active site,

thereby shutting down enzyme activity. This approach has been applied success-

fully to several classes of metallo-enzymes with medicinal relevance, most recently

by Cohen and coworkers to the inhibition of Zn enzymes. The field has been

reviewed and is beyond the scope of this chapter [8].

While we have tried to summarize current knowledge in the field within

the chosen limitations described above, this chapter certainly also represents the

preferences of the authors. Several additional, and partly more specialized, reviews

exist on closely related topics, for example by Meade [9], Meggers [10], Fricker

[11], and Sadler [12]. Moreover, organometallic compounds constitute a very in-

teresting and promising class of metallodrugs by themselves [13, 14]. For many of

them, enzyme inhibition is a valid assumption for the mode of action. Organo-

metallic drug candidates, in particular with antiproliferative activity, are covered in

several recent reviews [15–19].

12.2

Kinase Inhibitors

Protein kinases regulate most aspects of cellular life [20]. As their mutations and

deregulation play causal roles in many human diseases, kinases are an important

therapeutic target [10]. Currently, eight kinase inhibitors are clinically approved,

about 40 are in clinical trials, and many more are in earlier stages of development

[21]. Most of these inhibitors bind competitively into the ATP binding site, with hy-

drogen bonding and hydrophobic interactions contributing to the high binding

constant and specificity [22]. In 2002,Meggers et al. embarked on an original program

to rationally design Ru(II) metal complexes that mimic the shape of staurosporine, a

lead structure for a natural kinase inhibitor (see Scheme 12.1 for a comparison of the

structure of themetal complexes with staurosporine) [10, 24, 25]. Rumetal complexes

were found to be ideal candidates for the purpose of this research [10]. They have a

great structural variety, far more diverse stereochemistry than organic compounds

(for an octahedral complex with six different ligands, 30 stereoisomers exist!). They

are also air and water stable – even in aqueous buffers containing millimolar con-

centrations of thiols. Synthetic routes for their preparation are well-established, and

Scheme 12.1 Schematic view of how the metal complex mimics the overall shape of

staurosporine.

Adapted from References [10, 23].
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their general toxicity is low [10]. Importantly, in these compounds, the metal is not

playing any direct role in the inhibition; it only allows the spatial organization of the

substituents around the metal center as an inert scaffold. This original concept in-
creases substantially the opportunity to build complicated three-dimensional enzyme

inhibitor structures. This point is crucial for the design of selective kinase inhibitors, as
kinases form one of the largest families of enzymes with very conserved ATP binding

sites, rendering such design very challenging [10].

Meggers et al. have prepared numerous metal-containing kinase inhibitors, the

majority of them being Ru(II) complex derivatives [20, 26–39], and more recently Pt

[23] and Os [27] derivatives. Figure 12.1 presents a selection of metal complexes

from this group. Hence, they successfully designed nanomolar and even picomolar

ATP-competitive ruthenium-based inhibitors. This concept has been confirmed by,

so far, six different X-ray structures of Ru complexes that co-crystallized with protein

kinases [see Figure 12.2 for an example of the binding of kinase PAK1 with the

Figure 12.1 Examples of Ru(II) metal complexes as kinase inhibitors.

Figure 12.2 X-ray structure of protein kinase

PAK1 that was co-crystallized with the Ru(II)

complex L-FL172 (2). Displayed are the most

important H-bonding interactions (a) and a

view of the surfaces, displaying the shape

match between the inhibitor and the kinase

enzyme (b).

Reproduced from Reference [10] with

permission of the publisher.
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Ru(II) complex L-FL172 (2)] [28, 33, 34, 38–40]. As expected, the metal ion played a

solely structural role. However, the organic ligands can be optimized to occupy the

available space in the active site, as well as to provide additional hydrogen bonding

interactions, thus making the individual inhibitors highly specific. Moreover, phy-

siological functions as a consequence of kinase inhibition were demonstrated within

mammalian cells [26], Xenopus embryos [31], and zebrafish embryos [36].

12.3

Proteasome Inhibitors

Most damaged and misfolded proteins in eukaryotic cells are degraded through an

ATP- and ubiquitin-dependent pathway. The proteins to be ‘‘destroyed’’ are first

conjugated to multiple molecules of the polypeptide ubiquitin – this process is also

referred to as tagging. These tagged proteins are then translocated to the 26S

proteasome and subsequently degraded by proteolysis [41, 42]. The enzyme activity

of the 26S proteasome is mediated by the 20S proteasome core, which contains

three pairs of catalytic sites responsible for its chymotrypsin-, trypsin, and caspase-

like activities [43–45]. Interestingly, inhibition of 26S proteasomase is currently

a field of active research since it has been shown that human cancer cells are

more sensitive to such inhibition than normal cells [45]. Indeed, Bortezomib was

the first proteasome inhibitor to be approved by the FDA for the treatment of

multiple myeloma [46, 47].

Verani, Ping Dou, Peng et al. recently embarked on a project to employ Ga(III),

Cu(II), Ni(II), and Zn(II) complexes to inhibit purified 20S proteasome and/or 26S

proteasome (see Figure 12.3 for a few examples) [45, 48–50]. They discovered that

all the complexes presented in Figure 12.3 were indeed good inhibitors with the

exception of 8, which did not show any inhibition effect. As for theirmode of action, it

has been suggested that they dissociate, at least partially. The metal ion with its free

Figure 12.3 Examples of metal complexes as proteasome inhibitors.
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coordination site would then bind the N-terminal threonine amino acids present in

the active sites, thus inhibiting the protein. In this assumed mode of action, com-

pounds 6 and 7 already possess a free coordination site at themetal, while compounds

5, 8, and 9 are actually prodrugs, and the labile ligands are necessary to prevent un-

desired non-specific interactions during cell uptake [49, 50].

Gallium coordination complexes have been investigated for quite some time. They

are covered in more detail in Chapter 5 and in two leading references [51, 52].

12.4

Carbonic Anhydrase Inhibitors (CAIs)

Carbonic anhydrases (CAs) form a family of ubiquitous metalloenzymes, which

catalyze the rapid conversion of carbon dioxide into bicarbonate and protons [53, 54].

In mammals, 16 different CA isozymes or related proteins are known with different

subcellular localization and tissue distribution [54, 55]. All CAs possess a metal ion,

usually Zn(II), in their active site, which is coordinated by three proteinogenic

imidazole rings from histidines and a fourth non-proteinogenic ligand (chloride or

water). The marine CA in Thalassiosira weissflogii is a rare example of a naturally

occurring Cd enzyme [56]. CAs are involved in a multitude of crucial physiologic

and pathologic processes [57]. Their inhibition is currently clinically exploited, or is

thought to have potential, for the treatment of glaucoma agents, obesity, osteo-

porosis, bacterial and fungal infections, in the treatment of epilepsy or diverse

neuromuscular disorders, for the treatment of Alzheimer’s disease, as well as for the

management of a multitude of tumors [55, 57, 58]. Two main classes of carbonic

anhydrase inhibitors (CAIs) are known: the metal complexing anions and the un-

substituted sulfonamides and their bioisosteres (sulfamates and sulfamites). These

inhibitors bind to the Zn(II) ion of the enzyme either by substituting the non-

proteinogenic zinc ligand to generate a tetrahedral adduct or by addition to the metal

coordination sphere, generating trigonal-bipyramidal species (Figure 12.4) [53, 55].

Sulfonamide compounds possessing CA inhibitory properties such as acet-

azolamide (AAZ),methazolamide (MZA), ethoxzolamide (EZA), dichlorophenamide

Figure 12.4 Zn(II) ion coordination in the hCAII active site (a); CA inhibition mechanism by

sulfonamide (b); and anionic (c) inhibitors. Figure adapted from references [53, 55].
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(DCP), and Indisulam (IND) (Figure 12.5) have been used, some of them for

more than 40 years, as systemic eye-pressure-lowering drugs in the treatment of

open-angle glaucoma as well as other diseases associated with acid/base secretory

disequilibria [59]. However, only more recently, the Supuran and Borras groups

undertook complexation studies of different main group and transition metal ions

with such CAIs [57, 60–66]. Interestingly, they found that these complexes strongly

inhibited two CA isoforms, being generally 10–100 times more effective than the

parent sulfonamides from which they were prepared [67]! This observation was later

explained as a dual enzyme inhibition due to the relative instability of the metal

complexes, which are easily dissociated to metal ions and sulfonamidate ions. The

sulfonamide anion binds to the usual catalytic Zn(II) ion within the CA active site

while the metal cation binds to critical histidine residues of the catalytic cycle,

enhancing therefore the inhibitory power of the metal complex compared to the

non-metallic derivatives [65, 67].

Nonetheless, the clinically used sulfonamide agents cited above have numerous

side-effects, which include augmented diuresis, fatigue, parethesias, anorexia, and

others. These drawbacks are the consequence of the inhibition of CAs in other tis-

sues/organs than those targeted. However, these side-effects could be overcome by

topical application.Hence, dorzolamide (DZA) and brinzolamide (BRZ) (Figure 12.5)

were clinically launched in 1995 and 1999 respectively [59]. In contrast to the other

sulfonamide compounds, these two agents contain secondary aminemoieties, which

can be easily transformed into hydrochloride salts. This protonation increases the

water solubility of the compounds, which is needed for topical applications.However,

due to the acidity of the salt solutions of DZA (pH 5.5), new undesired adverse effects

such as local burning, stinging and reddening of the eyes, blurred vision, and a bitter

taste were observed after topical application of DZA [59]. More serious side-effects

such as contact allergy, nephrolithiasis, anorexia, depression, dementia as well as

corneal decompensation in patients already presenting corneal problems were also

reportedwithDZA [59]. To tackle thesemajor side-effects, Supuran et al. envisioned a
general approach to obtain water-soluble, high-affinity sulfonamide CAIs, whose

solubility is not engendered by formation of hydrochloride salts. They attached

Figure 12.5 Clinically used sulfonamide derivatives as CAIs.
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diethylenetriaminopentaacetic acid (dtpa) [68] and other polyamino-polycarboxylic

acid moieties [59, 67] to aromatic/heterocyclic sulfonamides. These new compounds

were shown to be highly water soluble at neutral pH and to display strong CA in-

hibition. Evenmore interestingly, Zn(II), Cu(II), and Al(III) complexes of a selection

of these derivatives (Figure 12.6) were also investigated and some of themwere found

to behave as nanomolar CAIs against different CA isozymes [59, 67, 68]. Some of

these sulfonamides and their respective Zn(II) and Cu(II) complexes strongly low-

ered intraocular pressure (IOP) when applied topically, directly into the normoten-

sive/glaucomatous rabbit eye [59, 68].

However, due to the high number of isoforms of CAs and their rather diffuse

localization in many tissues/organs, the current CAIs lack selectivity [58].

Recently, an extracellular, transmembrane isoform of CA, Human CA IX, was

shown to be a novel and interesting target for anticancer therapy [58]. With this in

mind, Winum, Supuran et al. prepared a novel class of copper-containing sulfo-

namides that show excellent CA IX inhibitory properties and, importantly,

selectivity over the cytosolic, housekeeping isozymes hCA I and II [58]. The copper

complexes inhibited more efficiently CA IX than the corresponding ligand sulfo-

namides and, importantly, showed membrane impermeability, having therefore

the possibility to specifically target the transmembrane CA IX, which has an ex-

tracellular active site [58]. Furthermore, the potential incorporation of radioactive

copper isotopes in this type of CAI could lead to interesting diagnostic/therapeutic

applications [58]. A critical point might be the stability of these complexes in vivo,
on which, at present, no data are available.

Mallik et al. have also demonstrated the use of copper complexes as selective

inhibitors of CA over albumin and lysozyme – the copper complexes recognize the

unique pattern of histidine residues on the protein surface [69, 70]. Even more

Figure 12.6 Water-soluble sulfonamides, built around the diethylene-triamine-

pentacarboxylate (dtpa) core, as CAIs.
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interestingly, Srivastava, Mallik et al. envisaged a two-prong approach to increase

the potency of known CAIs. They attached to a weak CAI (benzenesulfonamide) a

Cu2þ -chelating iminodiacetic acid (IDA) derivative (Figure 12.7). The metal

complex extends beyond the active site pocket of the enzyme and interacts with the

surface-exposed histidine residues [71–73]. Hence, they succeeded in converting a

poor inhibitor into a good inhibitor. With this concept, the binding energy of the

inhibitors is derived not only from the interactions of the sulfonamide to the

Zn(II) center of the CA but also from the interactions of the copper complex to

the surface-exposed histidine residues [72]. Unsurprisingly, the length of the

spacer between the two moieties played a crucial role in the binding affinity [73].

Last but not least, X-ray crystallographic studies of human CA I and II complexed

with these ‘‘two-prong’’ inhibitors were also reported by these research groups

[74]. As presented in Figure 12.8a for 15, two inhibitors co-crystallized with

the protein: one in the rim of the active site cavity and another one near the

N-terminus of the enzyme. As shown in Figure 12.8b, binding near the active site

indeed occurred through two different coordination sites: the ionized NH� group

of the benzenesulfonamide coordinates to the active site Zn(II) ion of the CA while

the IDA-Cu2þ prong binds to a specific histidine residue on the surface of the

protein [74]. Recently, these researchers have extended their strategy for designing

‘‘multi-prong’’ enzyme inhibitors by incorporating selective ligands to the lipo-

somal surface [75]. In another study, they have blocked the active site accessibility

of metalloproteinases-9 by ‘‘multi-prong’’ surface binding groups [76].

12.5

Cyclooxygenase Inhibitors

Cyclooxygenases (COXs) are enzymes that are responsible for the formation of

important biological mediators called prostanoids, including prostaglandins,

Figure 12.7 Examples of ‘‘two-prong’’ CAs.
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prostacyclin, and thromboxane. COXs convert arachidonic acid (AA) into pros-

taglandin H2 (PGH2). COXs contain two active sites: a heme with peroxidase

activity, responsible for the reduction of the hydroperoxy-endoperoxide pros-

taglandin G2 (PGG2) to PGH2, and a cyclooxygenase site, where AA is converted

into PGG2. Interestingly, two of the most famous common drugs on the market

for pain and inflammation relief, namely aspirin and ibuprofen, exert their activity

through the inhibition of COX. Both belong to the class of nonsteroidal anti-

inflammatory drugs (NSAIDs), which have been recently found to be beneficial for

cancer chemoprevention and combination chemotherapy [77, 78]. Clinical studies

Figure 12.8 Crystal structure of human

carbonic anhydrase II with 15. (a) Two metal

complexes co-crystallized with the enzyme:

one in the rim of the active site cavity and

another one near the N-terminus of the

enzyme; (b) enlargement on the active site.

The zinc atom (magenta) binds to three

histidines of CAII and to the ionized NH�

group of the benzenesulfonamide of 15. The

copper atom (orange) binds to a specific

histidine residue on the surface of the

protein. (PDB code 2FOV).
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on aspirin and other non-steroidal anti-inflammatory drugs indicated a correlation

between the long-term intake of NSAIDs and positive effects for cancer patients,

mainly a substantial decrease of recidive risks [79]. However, the exact mode of

chemopreventive action of these NSAIDs is still the subject of debate [80]. Ott,

Gust, and coworkers have demonstrated that an alkyne hexacarbonyldicobalt,

Co2(CO)6, derivative of an aspirin-derived ligand [Co-ASS (19), Figure 12.9a] is a

very effective antiproliferative agent [81, 82]. Co-ASS was found to strongly inhibit

the NSAID’s main target enzymes COX-1 and COX-2 [82]. Owing to the high

stability of Co-ASS [83], it is anticipated that the active species is indeed the intact

organometallic complex. Importantly, it was recently confirmed that Co-ASS ex-

hibits several biochemical properties related to the reported antitumoral effects of

NSAIDs, including apoptosis induction, inhibition of PGE2, and triggering of anti-

angiogenic effects [80]. To evaluate the molecular interaction of Co-ASS with COX-

2, peptide fragments generated by trypsin digestion after incubation of the enzyme

with either aspirin or Co-ASS were examined by LC-ESI tandem mass spectro-

metry [80]. The enzyme was also analyzed alone for comparison [80]. It was

Figure 12.9 (a) Structure of Co-ASS (19). (b)
Theoretical model of COX-2 and the relevant

amino acids (catalytic activity: green carbons;

Co-ASS acetylation: orange carbons); left-hand

side: full view, right-hand side: close-up.

Based on the PDB entry 1v0x and reproduced

from Reference [80] with permission of the

publisher.
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demonstrated that Co-ASS acetylated several lysine residues (Lys 166, 346, 432,

and 598) of its putative main target COX-2. This is in contrast to aspirin, which

mainly acetylates a serine residue (Ser516) close to the active site of the enzyme

(Figure 12.9b) [80].

Notably, various other hexacarbonyl-dicobalt species with interesting biological

properties have been reported, including several other NSAIDs [82], nucleosides

[84], carbohydrate derived complexes [85], peptide derivatives [86], or complexes

with hormonally active ligands [87–89]. However, no COX-2 related mechanism,

as for Co-ASS, have been observed. Given the great structural diversity of all

Co2(CO)6 derivatives, and the fact that IC50 values between 5 and 30 mM were

reported for all those compounds, it could also be possible that the biomolecule

part serves as a drug carrier for cellular uptake of the Co complex. The metal

complex with Co in zero oxidation state is then slowly decomposed by (enzy-

matic?) oxidation inside the cell. Finally, the cytotoxic action is mediated by the

general toxicity of the hydrated Co(II) or Co(III) ions.

12.6

Acetylcholinesterase Inhibitors

Acetylcholinesterase (AChE) is an enzyme that hydrolyzes the ester bond of the

neurotransmitter acetylcholine. It is mainly found in cholinergic synapses in

the central nervous system where its activity terminates the synaptic signal

transmission. In addition to several approved drugs, famous inhibitors of AChE

include nerve gases such as the organophosphate Sarin. These molecules inhibit

AChE irreversibly by alkylating a serine residue that is essential for catalysis

(see also section on serine proteases below). It was recognized very early that

cationic metal polypyridyl complexes are able to inhibit AChE at mM concentra-

tions [90, 91]. Since then, the 3D structures of several AChEs were solved and

SARs were derived [92]. It is assumed that the metal complexes bind at the

so-called peripheral anionic site through a combination of electrostatic and

hydrophobic interactions, thereby inhibiting AChE reversibly.

Very recently, Meggers and coworkers developed a solid-phase synthetic strategy

for tris-heteroleptic Ru(II) complexes. By using a combination of differently sub-

stituted bipyridyl and phenanthroline ligands they synthesized a library of 28

complexes of the type [Ru(pp)(ppu)(ppv)]2þ , which were subsequently screened for

AChE inhibition (pp ¼ general polypyridyl ligand) [37]. The complex 20 (Figure

12.10) proved to be the best inhibitor of AChE from Electrophorus electricus in this

series (IC50 ¼ 200 nM), with an IC50 value 50 times lower than the parent [Ru

(phen)3]
2þ (IC50 ¼ 10 mM). Interestingly, the D-enantiomer of 20 had a slightly

higher IC50 of 400 nM. It seems reasonable to assume that even better, and possibly

very specific, AChE inhibitors can be designed by using this versatile synthetic

approach in combination with the structural information on AChEs that is already

available. Notably, in this context, the same group has recently reported a strategy for

the stereospecific synthesis of such tris-heteroleptic Ru(II) polypyridyl complexes [93].
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12.7

Protein Phosphatase Inhibitors

Protein phosphatases (PP) are enzymes that remove or transfer phosphate groups

by hydrolysis of phosphate ester bonds. As such, they are the direct opposite of

kinases, which were discussed above. They are classified by their substrate spe-

cificity (e.g., tyrosine-specific PP, serine/threonine-specific PP), or by their active

site such as cysteine PP. Another class of PP is dependent on metal ions as co-

factors, such as, inter alia, Mg2þ or Zn2þ . In a more general sense, phosphatases

remove phosphate groups from any type of substrate, for example, nucleotides,

carbohydrates, or even alkaloids. Names such as the well-known alkaline phos-

phatase suggest that the optimum pH value for this enzyme is above neutral.

Evidently, there are numerous inhibitors for specific phosphatases. Depending on

the active site, very different metal complexes can be among phosphatase in-

hibitors. Here, we restrict our discussion to just a few instructive examples. The

general mechanism of phosphate hydrolysis, in particular in comparison with

amide or ester bond hydrolysis that is relevant to some other sections in this

chapter, has been summarized [94].

Cysteine PPs can be effectively blocked by stable pentacoordinate vanadate ions,

which serve as analogs for the pentacoordinate transition state [95]. A crystal

structure of the inhibited bovine low molecular weight phosphotyrosyl phospha-

tase has been obtained and clearly shows the trigonal bipyramidal vanadate ion

binding to the catalytic Cys12 residue (PDB code 1Z12) [96]. Considering the

available structures of phosphatases and the well-established chemistry of vana-

dium [97], highly specific vanadate-based phosphatase inhibitors can be synthe-

sized. One recent example is the complex 21 with two 3-hydroxypicolinate ligands

(Figure 12.10). Complex 21 selectively inhibits the phosphinositide-3-phosphatase

PTEN [98], which has a rather wide catalytic pocket [99], but leaves other phos-

phatases with smaller active sites untouched. This type of inhibition can be

Figure 12.10 A chiral, octahedral Ru(II) AChE inhibitor (20) and a vanadyl-bis

(hydroxypicolinate) complex as a potent phosphatase inhibitor (21).
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further modified to make the inhibition irreversible, that is, by using pervanadate

instead of simple vanadate. Here, the peroxo group serves as a strong oxidant

to transform the cysteine sulfhydryl group into a sulfoxide, which is no longer

catalytically active, as shown for the protein tyrosine phosphatase PTP1B by mass

spectrometry [100]. Further proof for this irreversible mode of action comes from

the fact that the inhibition can be prevented if reductants are added to the med-

ium. Following this mode of action [98, 101], inhibition of the above-mentioned

phosphatases by vanadate could be related to the well-established insulin-

enhancing activity of vanadium complexes [102–104].

12.8

Trypsin and Thrombin Inhibitors

Trypsin and thrombin are both serine proteases, meaning that they are enzymes

that cleave peptide bonds in proteins and that serine is an essential amino acid in

their active site. The design of inhibitors of these two proteins is of high relevance,

notably as new antithrombotic agents in the case of thrombin. Amidine and

guanidine derivatives have been shown to be potent inhibitors of trypsin-like

enzymes. X-Ray crystallographic studies have demonstrated that the strong in-

hibition arises from the interaction between the cationic amidinium or guanidi-

nium group of the inhibitor and the anionic carboxyl group of Asp189 in the S1

specificity pocket of trypsin and other similar enzymes [105]. With this in mind,

Tanizawa and coworkers investigated amidine-containing Schiff base Cu(II) and

Fe(III) chelates as thrombin inhibitors and guanidine-containing Schiff base

Cu(II), Zn(II), and Fe(II) chelates as trypsin inhibitors [105–109]. They notably

reported a copper chelate (22, Figure 12.11a), which inhibits thrombin in the

low nanomolar range (27 nM) – this value is comparable to that of argatroban

(MD-805), which is a clinically used compound [109]. Furthermore, X-ray crys-

tallographic analyses of bovine b-trypsin with four different amidino-containing

Cu(II) and Fe(III) complexes revealed a novel mode of interaction between metal-

chelate inhibitors and serine proteases. Similar to the ‘‘non-metallic’’ inhibitors

discussed above, the cationic amidino group of chelates forms a salt bridge with

the carboxylate of Asp189 in the S1 pocket of trypsin. As shown in Figure 12.11b,

the metal ion of the Fe(III) complex 23 did not participate in the binding, thus

playing a purely structural role. However, for one copper complex, the data

revealed that the metal ion and the phenolic oxygen of the Schiff base also interacted

with His57 and Ser195 of trypsin. Upon coordination, the copper center changes its

coordination sphere from tetrahedral to distorted octahedral or square pyramidal.

Mead, Gray, and coworkers used a Co(III)-peptide bioconjugate (24, Figure
12.12) as a human a-thrombin inhibitor. The peptide employed was known to have

a high affinity for the enzyme active site and was used as a reversible inhibitor to

direct the metal complex towards the active site [110]. The metal complex was then

assumed to coordinate to histidines or other amino acid side-chains in, or near, the
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active site through substitution at the axial positions of the Co(III) center. Thus, a

selective, irreversible inhibition was obtained.

Notably, Katz, Janc, and coworkers have designed a new class of serine protease

inhibitors whose potencies and selectivities were dramatically enhanced (1000-

fold) by co-administration of Zn(II) salts [111, 112].

Figure 12.12 Co(III) human a-thrombin inhibitor [110].

Figure 12.11 (a) Most potent Cu(II) inhibitor of trypsin (22) and example of a Fe(III)

inhibitor of trypsin (23); (b) crystal structure of the iron complex 23 bound to bovine b-trypsin
(PDB code 1G3C), in which the iron atom plays only a structural role.
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12.9

Cysteine Protease Inhibitors and Glutathione Transferase Inhibitors

Mammalian cysteine proteases such as cathepsins, caspases, and calpains are

involved in many important cellular metabolism processes. As the name implies,

and in contrast to the family of serine proteases, they have a cysteine amino acid in

their active site that is essential for the catalytic proteolysis of amide bonds. Their

malfunctioning is responsible for numerous diseases, making them consequently

interesting targets for new drug developments. Notably, the search for selective

cathepsin B (cat B) inhibitors is an active research area as cathepsins were im-

plicated in tumor progression, angiogenesis, and arthritis [113]. Several different

types of metal complexes were shown to inhibit cat B: ruthenium complexes such

as RAPTA-T (25) [15, 114], palladium complexes such as the dimeric palladacycles

26 [115, 116], 27 [117], and 29 [113], gold complexes such as Auranofin (30) [118]
(see also Chapters 1 and 7) and rhenium complexes such as the oxorhenium(V)

complex 31 [11, 119] (Figure 12.13).

The ferrocene-containing palladium complex 26 was found to inhibit cat B ac-

tivity in a reversible fashion. It binds to free cat B (E) as well as to the enzyme–

substrate complex (ES) with a dissociation constant of KH ¼ 12 mM and aKH ¼
2.4 mM, respectively. Furthermore, 26 has no cytotoxic activity. Even more striking,

in vivo experiments showed that subcutaneous inoculations of 106 tumoral cells

into Walker tumor-bearing rats produced solid tumors with a mass of 4.0 g in 12

Figure 12.13 Examples of metal complexes as cat B inhibitors.
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days. When the rats were treated with 26 (2.0 mg kg–1), the tumoral mass was

reduced to 0.3 g! Furthermore, toxicology studies did not show any alteration in

red and white blood cell morphology as well as hepatic, kidney, and spleen tissues

14 days after the drug administration, even at high doses [115, 116]. These results

have been associated with the cat B inhibition by 26 as several studies have de-

monstrated that cat B is involved in metastatic tumor development [116]. The same

research group also reported the ionic mononuclear palladacycle complex 28
(Figure 12.13), which triggers lysosomal membrane permeabilization with release

of lysosomal enzymes, especially of cat B to the cytosol of K562 cells. This cell line

lacks the oncoprotein p53 [116, 120]. This finding is of high interest for the de-

velopment of new anticancer agents with different modes of action, notably to

overcome resistance to established drugs. Importantly, toxicology studies have

shown that 28 has low toxicity for normal tissues, suggesting a good selectivity for

tumor cells. Encouraged by these stunning results, Spencer et al. recently in-

vestigated other palladacycles such as 27 and 29 (Figure 12.13) and found that

these organometallics were cytotoxic, contrary to 26, but, as for 26, inhibited cat B

with IC50 values in the low mM range [113, 117].

The rhenium complex 31 shows a remarkably low nanomolar binding affinity for

cat B (IC50 ¼ 9 nM) and, interestingly, also a 44-fold selectivity for cat B over the

closely related cat K [119]. Mechanistic studies indicated the coordination of 31 to

the active site cysteine by substitution of the labile chloride ligand of 31, as for most

organic cysteine protease inhibitors, which form a reversible or irreversible covalent

bond with the reactive cysteine residue in the active site. The selectivity for cat B over

cat K is most likely due to the specific size and shape of the active site of cat B.

The plant enzymepapain fromCarica papaya is also a cysteine protease and shares
many similarities with cathepsins and calpains. Several studies, notably by Salmain

et al., have demonstrated the possibility to use organometallics as papain inhibitors

through different approaches. Irreversible inactivation of papain was successfully

obtained with organometallic maleimide derivatives 32–39 as a result of Michael

addition or nucleophilic substitution reactions (40 and 41) to the sulfhydryl group of
Cys25, which constitutes the active site of papain together with His159 (Figure

12.14) [121–124]. Interestingly, Rudolf et al. studied the inhibition of papain with

the Z1-N-succinimidato analogs 42–44 of the maleimides 35–37 [125]. As expected,
42–44 did not irreversibly inactivate the enzyme as they lack the ethylenic bond

responsible for alkylation of Cys25. However, 42–44 behave as reversible inhibitors
with IC50 values depending on the metal complex. Docking studies confirmed the

binding of the complexes to the enzyme’s catalytic pocket [125].

Jaouen and coworkers have also reported that compound 46 (Scheme 12.2) is a

mixed competitive and non-competitive inhibitor of glutathione S-transferase
(GST) – meaning that 46 can bind to either the free enzyme or the enzyme–

substrate complex [126]. Interestingly, upon photochemical removal of the orga-

nometallic moiety of 46 to give 47, the inhibition properties of 46 were lost. These

data suggest that 46 can enter the electrophilic substrate binding site of GST

(H-site) and also, at least partially, the glutathione binding site (G-site). This
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assumption was verified by studying the biochemical behavior of compound 42,
which closely resembles 46, except that the glutathione part is missing (Scheme

12.2). Compound 42 was found to act as a competitive inhibitor of the conjugation

of 1-chloro-2,4-dinitrobenzene (CdNB) to GSH with an inhibition constant Ki of

66 mM. In comparison, 46 was found to be a competitive inhibitor of CdNB (Ki ¼
35 mM), while 47 was found to be an uncompetitive inhibitor (Ki ¼ 56 mM). The

high inhibition activity of 46 was attributed to the presence of the organometallic

CpFe(CO)2 moiety [126].

It should also be stated that Kraatz et al. used another approach to inhibit

papain, namely, ferrocene derivatives of known peptide inhibitors of papain such

as derivative 45 in Figure 12.14 [127–129]. While the metal complex did not

Scheme 12.2 Organometallic inhibitors of GST.

Figure 12.14 Examples of metal complexes as papain inhibitors.
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influence the inhibition itself, it served as an electrochemical tag for the detection

of the binding between the peptide and papain. This elegant assay system opens

possibilities for an alternative screening method for papain and cysteine protease

inhibitors in general.

12.10

HIV-1 Reverse Transcriptase and Protease Inhibitors

Human type 1 immunodeficiency virus (HIV-1) has become one of the most

studied of all viruses due to its massive threat to health on a global scale. HIV-1

protease (PR) and HIV-1 reverse transcriptase (RT) are two essential enzymes for

the life-cycle of HIV-1, the retrovirus that causes AIDS. They are therefore con-

sidered as major targets in the treatment of AIDS. Currently, treatment regimes

against AIDS infections usually contain a combination of RT and PR inhibitors.

Two main sites have been identified as potential targets for the inhibition of HIV-

1 PR: the active site itself and the interface, which is largely responsible for the

stabilization of the enzyme’s dimeric structure [130]. In an effort to propose original

non-peptide HIV-1 PR inhibitors by rational drug design, Lebon, Reboud-Ravaux et
al. hypothesized that a metal ion could bind HIV-1 PR in place of a water molecule

and then further block the activity of the enzyme, presumably by binding additional

water molecules. With this in mind, they used the distinct Cu(II) coordination

geometry to design compounds that would bind selectively into the HIV-1 PR

binding pockets (Figure 12.15a). The most potent copper(II) complex 48 (Figure

12.15b) displayed an IC50 value ofB 1 mM for HIV-1 PR [130]. Molecular modeling

suggested that the pyridyl groups of 48 occupy the S2/Su2 pockets, while the

Figure 12.15 (a) Pharmacophore for the

inhibition of HIV-1 PR by Cu(II) complexes.

The enzyme residues are represented in bold

style. The octahedral geometry around the

metal ion forces the interaction elements into

the shape of the active site of the PR. Y

represents an H-bond acceptor. S1/Su1 and S2/

Su2 represent the enzyme sub-sites following

the Schechter–Berger nomenclature [131].

Figure adapted from reference [130]. (b)

Copper complex 48 as competitive inhibitor of

HIV-1 PR (X corresponds to CH3OH) [130].
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trimethoxybenzyl groups are located in the bigger S1/Su1 sub-sites [132]. However,

CuII complexes such as 48 are kinetically labile and cupric chloride (CuCl2) itself

acts as an inhibitor of HIV-1 PR by targeting the thiol group of cysteines [133, 134].

CuCl2 displays the same IC50 value as 48. Therefore, it might well be that the in-

hibitory effect of 48was solely due to free cupric ions. Interestingly, however, Lebon,
Reboud-Ravaux et al. showed that 48 was still able to partially inhibit a recombinant

protease devoid of the cysteine residues C67A and C95A, while cupric chloride was

not. This suggests a dual effect: part of the inhibition is attributed to free Cu2þ and

the other part to 48 itself. Other Cu(I) [135] and Cu(II) [136] complexes were also

reported as inhibitors of HIV-1 PR, but these compounds did not emerge from a

rational design aimed at using the unique structural properties of metal complexes.

Polyoxometalates (POMs) are early transition metal oxygen anion clusters or,

more specifically, oligomeric aggregates of metal cations bridged by oxide anions

that form by a self-assembly process [137]. Interestingly, these compounds have

been shown to exhibit promising in vitro and in vivo biological activity, ranging from
anticancer, antibiotic, antiviral to antidiabetic effects [137–139]. The antiviral activity

of POMs has been associated with multiple modes of action, but inhibition of viral

enzymes such as reverse transcriptase (RT) [140] and/or protease [141, 142], or in-

hibition of surface viral proteins such as gp120 for HIV [143, 144], is the most likely

cause [137]. The negative charge of POMs is thought to be one of the key features for

their interactions with proteins, with POMs binding primarily to positively charged

protein regions. However, as most POMs are unstable under physiological condi-

tions, the identification of the active species is problematic and consequently their

mechanism of action remains elusive [145]. Nonetheless, Che et al. reported recently
a ruthenium-oxo oxalate cluster, Na7[Ru4(m3-O)4(C2O4)6], that is stable under phy-

siologically relevant conditions for 7 days [146]. But, most importantly, they found

that this POM was a very strong HIV-1 RT inhibitor (1.9 nM), much more effective

than the commonly used drug AZT-triphosphate (IC50 ¼ 68 nM) [146].

POMs were also found to inhibit or interact with several other enzymes such as

ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDases) [147], NADPH

oxidase and dehydrogenase, succinoxidase [148], or collagen [149]. However, in no

case has the interaction been explored on a structural or atomic level. On the other

hand, a recent biochemical paper identifies several POMs as potent (IC50 o 5 nM)

and highly selective inhibitors of protein kinase CK2. This paper also studies in

detail possible modes of binding and the cellular response to CK2 inhibition [150].

12.11

Telomerase Inhibitors

Telomerase is a ribonucleoprotein with DNA polymerase activity that maintains

the length of telomeric DNA by adding hexameric units to the 3u single strand

terminus. The enzyme is crucial for cancer progression, making cancer cells es-

sentially immortal [151]. Knowing that quinoline derivatives show interesting

biological properties, especially as enzyme inhibitors [152], Rosenberg, Osella, and
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coworkers investigated a series of water-soluble benzoheterocycle triosmium

clusters as telomerase inhibitors (Figure 12.16) [153]. They discovered that only the

negatively charged clusters (by virtue of the sulfonated phosphines) exhibit good

anti-telomerase activity when tested on semi-purified enzymes in a cell-free assay.

However, unfortunately, these compounds were found to be ineffective in vitro on
Taq, a different DNA polymerase. Furthermore, none of the organometallics tested

decreased the telomerase activity in the MCF-7 breast cancer cell line, probably

because of the low aptitude of these compounds to cross the cell membrane. But,

interestingly, all the clusters were found to be acutely cytotoxic, possibly due to

their accumulation on cell membranes.

These workers also examined the interaction of related positively and negatively

charged triosmium carbonyl clusters with albumin, using the transverse and

longitudinal relaxation times of the hydride resonances as 1H NMR probes of

binding to the protein [154]. Evidence of binding was observed for both the po-

sitively and negatively charged clusters with, however, distinctly different rota-

tional correlation times [154]. It was assumed that the negatively charged clusters

bind more tightly than their positive analogs as albumin is rich in positively

charged amino acids [154].

Several other metal complexes were found to be potent telomerase inhibitors,

including, for example, Cu(II) [155, 156], Ni(II) [157], Fe(II) [158], Ru(II) [156, 159],

Zn(II) [156], Mn(III) [160], and Pt(II) [156, 161–165] complexes (see Figure 12.17

for a few examples).

The cationic porphyrin TMPyP4 (56, Figure 12.18) is themost extensively studied

G-quadruplex inhibitor to date; 56 inhibits both telomerase (IC50 E 0.7–10 mM)

Figure 12.16 Triosmium clusters as potential inhibitors of telomerase enzyme. The symbol

(�) indicates the position of additional CO ligands.
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and TaqDNA polymerase (IC50E 2 mM) [151]. However, 56 binds to duplex, triplex,
G-quadruplex, single-stranded, and bulk genomic DNA with similar affinities and

cannot therefore be considered a structure-selective ligand [151]. Interestingly,

Hurley et al. analyzed in-depth the influence of metal complexation of the por-

phyrin on the telomerase inhibition of 56 [166]. They found that the complexes

where the porphyrin offered an unhindered face for stacking were the better in-

hibitors: the square-planar Cu(II) complex and the pyramidal Zn(II) complex [166].

In contrast, octahedral complexes [e.g., Mn(III) and Mg(II)], in which the metal ion

is coordinated to two axial ligands, are less active as these ligands block the stacking

interactions [166]. A very nice example of the use of metal complexes for enzyme

inhibition purposes was recently demonstrated by Luedtke et al. They reported a

Zn-phthalocyanine (57, Figure 12.18), which has the highest affinity reported to

Figure 12.17 Examples of potent telomerase inhibitors.

Figure 12.18 Structures of the G-quadruplex inhibitors TMPyP4 (56) and Zn-DIGP (57).
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date to the c-Myc oncogenic promoter G quadruplex DNA (Kd r 2 nM) [167].

Furthermore, 57 exhibits luminescence upon binding nucleic acids (‘‘turn-on’’

luminescence) [167].

12.12

Zinc Finger Protein Inhibitors

Zinc finger proteins are involved in various DNA transcriptional and repair

functions. Their zinc finger domains, which mediate sequence recognition for a

large number of DNA-binding proteins, consist of sequences of amino acids

containing cysteine and histidine residues coordinated to a tetrahedral Zn2þ ion.

Zinc finger proteins have received interest as potential targets for anticancer drugs

as well as for HIV inactivation [168, 169]. To inhibit protein function, chelators

have been designed to remove the Zn2þ ion from its protein coordination en-

vironment. For example, Farrell et al. have shown that different platinum com-

plexes such as 58 [170, 171] and 59 [168] were indeed able to coordinate to the zinc

finger by replacing zinc from the C-terminal knuckle (residues Lys34-Glu53) of the

HIV nucleocapsid NCp7 protein (Figure 12.19). A loss of tertiary structure ac-

companies the loss of the zinc ion [171]. Meade et al. have also succeeded in se-

lectively inhibiting zing finger proteins by preparing a Co(III)salen complex (60,
Figure 12.19), which contained an oligonucleotide as a human transcription factor

Sp1 recognition unit. They showed that 60 could selectively inhibit the function of

Sp1 in a mixture of six other transcription factors, with no nonspecific inhibition

of other DNA-binding proteins [169]. Notably, the gold compound aurothiomalate,

which is an antiarthritic drug, inhibits the in vitro DNA binding of the model zinc

finger transcription factor progesterone to its DNA response element (PRE) at

concentrations low enough to be therapeutically relevant [172].

12.13

CXCR4 Inhibitors

The CXCR4 chemokine receptor is a seven-helix transmembrane G-protein cou-

pled receptor with multiple critical functions in both normal and pathological

physiology [173, 174]. It is expressed on a wide variety of not only leukocytes, but

Figure 12.19 Metal complexes as zinc finger protein inhibitors.
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also cells outside the immune system [175]. This cell surface protein also assists in

the entry of HIV into cells and anchors stem cells in the bone marrow [10, 176].

Currently, the most potent antagonist available is the nonpeptide bicyclam derivative

AMD3100 (61 in Figure 12.20; also known as Mozobil or Plerixafor) [177, 178].

AMD3100 was approved by the US FDA in December 2008 for use in clinical trials

for stem cell mobilization to allow harvesting and transplantation of hematopoietic

stem cells in patients with lymphoma and multiple myeloma [179]. It is also a potent

anti-HIV agent and has been in clinical trials as an anti-HIV cell entry inhibitor [177,

180, 181]. The affinity of AMD3100 to the CXCR4 receptor was shown to be increased

by a factor of 7, 36, and 50 upon complexation with Cu(II), Zn(II), and Ni(II),

respectively [175]. This increased binding affinity is obtained through enhanced

interaction of one of the cyclam ring systems with the carboxylate group of Asp262, on

top of other hydrophobic and H-bonding interactions [175].

Upon metal coordination of AMD3100, the cyclam ring can adopt six possible

configurations [182]. Depending on the configurations of the metal complex, its

interaction with the protein is strongly influenced. This theme was investigated in-

depth by Sadler and coworkers with the Zn(II), Ni(II), and Cu(II) complexes of

AMD3100 [180, 183–185]. As a model to study the recognition of proteins by

metallomacrocycles, the same researchers also examined the binding of the Cu(II)

and Ni(II) complexes of AMD3100 to lysozyme [184, 185]. X-Ray diffraction stu-

dies showed that crystals of lysozyme (hen egg white lysozyme – HEWL – from

egg white) soaked in Ni(II)-cyclam or Ni2AMD3100 contain two major binding

sites. One involves Ni(II) coordination to Asp101 and hydrophobic interactions

between the cyclam ring and Trp62 and Trp63. The second is related to hydro-

phobic interactions with Trp123 [185].

To optimize coordination of the metal drug to the protein, Archibald, Hubin,

and coworkers have recently investigated a ‘‘trick’’ to obtain only one chelator

‘‘shape’’ for binding. Hence, they have used configurationally restricted bis-

macrocycles such as compound 62 (Figure 12.20) [173, 179, 186]. The bis-copper

complex of 62 ([Cu2(62)]
4þ ) showed improved anti-HIV properties compared to

both AMD3100 and [Cu2AMD3100]4þ . This confirms that it is not only the metal

coordination that improves the drug interaction – no difference would have been

observed between [Cu2(62)]
4þ and [Cu2AMD3100]4þ – but also the coordination

environment of the copper(II) [179]. A highly rigid chelator such as 62, with an

open face of exchangeable ligands, favors the metal coordination of carboxylate

Figure 12.20 Structures of the CXCR4 inhibitors AMD3100 (61) and 62.
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oxygen atoms from the aspartate or glutamate side chains of CXCR4 [179]. No-

tably, the same group reported a Cu(II) complex enabling fluorescent labeling of

the CXCR4 receptor [187].

12.14

Xanthine Oxidase Inhibitors

Xanthine oxidase (XO) is an enzyme that catalyzes the hydroxylation of hypox-

anthine and xanthine to yield uric acid and superoxide anions. The enzyme is

responsible for the medical condition known as gout, which is caused by the de-

position of uric acid in the joints, leading to painful inflammation [188]. Fur-

thermore, the superoxide anions formed by the enzyme have also been linked to

postischemic tissue injury and edema as well as to vascular permeability [188]. The

most common potent inhibitor of XO is allopurinol (63, Figure 12.21). However,

this drug suffers from important disadvantages: its dosing is complex, some pa-

tients are hypersensitive to it and it does not prevent the formation of free radicals

by the enzyme. To provide alternatives to this drug, Zhu, You, and coworkers used

metal complexes to inhibit XO. They reported the preparation and biological

evaluation of a series of transition metal complexes derived from Schiff bases,

which were obtained from cheap, eco-friendly, and commercially affordable re-

agents [188, 189]. Among the many compounds reported, the Zn(II) complex 64
and the polymer Cd(II) complex 65 were found to be promising agents with IC50

values of 7.23 and 2.16 mM, respectively (Figure 12.21). In comparison, allopurinol

displays a value of 10.3 mM. The XO inhibition of the Schiff base metal complexes

was assumed to result from the direct interaction of the metal complexes in its

‘‘whole complex form’’ with the active center of the enzyme. Nonetheless, the

mechanism of the inhibitory activity requires further investigations.

12.15

Miscellaneous Protein Inhibitors and Conclusions

Interestingly, more and more protein targets are being identified as biochemical

experiments are carried out to identify the mode of action of metallodrugs. This

Figure 12.21 Structures of xanthine oxidase inhibitors.
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amounts almost to a change in paradigm, considering that 20 years ago DNA was

automatically assumed as the target for any metallodrug candidate, following

the work on cisplatin. On the one hand, this change in target identification is a

consequence of increasing interdisciplinary work, bringing inorganic chemists

and biochemists closer together to work on metallodrugs. It also testifies to

new and improved methods for the study of interactions between metal com-

pounds and biomolecules.

In closing, we highlight just three recent examples that underscore this point,

two of them related to the cytotoxic Ru(arene) compounds. For this relatively long

known class of compounds with anti-proliferative activity, DNA interaction was

also originally assumed as the primary target. Recently, Sheldrick and coworkers

have used an automated multidimensional protein identification technology

(MudPIT), which combines biphasic liquid chromatography with electrospray

ionization tandem mass spectrometry (MS/MS), to analyze tryptic peptides from

Escherichia coli, which were first treated with [(Z6-p-cymene)RuCl2(dmso)] [190].

They showed that five proteins, namely, the cold-shock protein CspC, the three

stress-response proteins ppiD, osmY, and SucC, as well as the DNA damage-in-

ducible helicase dinG were the targets of this Ru-arene compound [190]. Using

electrophoretic mobility shift assays, Brabec, Sadler, and coworkers have examined

the binding properties of the mismatch repair (MMR) protein MutS in E. coli with
various DNA duplexes (homoduplexes or mismatched duplexes), all containing a

single centrally located adduct of RuII arene compounds [191]. They showed that

the presence of the RuII arene adducts decreased the affinity of MutS for DNA

duplexes that either had a regular sequence or contained a mismatch and that

intercalation of the arene contributed considerably to this inhibitory effect [191].

Both examples underscore progress in methodology applied to metal-containing

drug candidates, but also an increasing openness of researchers for inter-

disciplinary work and uncommon ways of looking at seemingly well-known

compounds. We are confident that such work will continue to open new vistas on

old compounds, and also inspire inorganic chemists to devise wholly new classes

of active agents by a biologically informed design. As a final example, a chromium

derivative, which mimics a fatty acid biosynthesis enzyme inhibitor in bacteria,

was reported recently [192]. This compound draws its inspiration from organic

natural product synthesis [193, 194], molecular docking experiments, and bio-

chemical screening. The idea was put into place by a twelve-step organometallic

synthesis, hence underscoring the high level of sophistication that medicinal in-

organic chemistry has achieved [14, 15].
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13

Biomedical Applications of Metal-Containing Luminophores
Albert Ruggi, David N. Reinhoudt, and Aldrik H. Velders

13.1

Introduction: Luminescence in Diagnostics and Imaging

The development of medical imaging techniques can be considered a major

milestone in medicine, ranking with crucial discoveries like antibiotics and vac-

cines. Indeed, during the past 20 years the advancements in techniques and

processes used to create images of the human body for clinical purposes (reveal-

ing, diagnosing, and examining diseases) have substantially improved the quality

of medical care [1]. The possibility of visualizing the inside of the human body,

without invasive techniques like explorative surgery and with a high level of detail,

permits nowadays an early and less traumatic detection of major diseases (e.g.,

cancer) at its more curable stages. The most widely used techniques for medical

imaging [2, 3] (Table 13.1) are currently based on X-rays (like radiography and

computed axial tomography, CAT), radiofrequency interacting with nuclei (like

magnetic resonance imaging, MRI), ultrasounds (e.g., obstetric sonography), and

nuclear emission from radionuclides (like positron emission tomography, PET,

and single photon emission computed tomography, SPECT) [4].

Optical imaging (i.e., imaging techniques based on the emission of light from

biological or chemical moieties) is a rapidly developing field and a central research

line is the development of specific imaging contrast agents suitable for biological

and diagnostic applications [5–8]. Despite the wide range of technologies available

for cell and small animals applications (e.g., fluorescent proteins [9] and biolu-

minescence [10]) fluorophore-labeled agents (i.e., labeled with a fluorescent moi-

ety) are the most promising for human diagnostic. Owing to their high sensitivity,

optical imaging techniques are already widely used for ex vivo analysis of tissues

(e.g., after biopsy), for in vitro screening (e.g., in drug discovery), and are a very

promising tool for intra-operative imaging [11].

The emission of light that follows the absorption of photons by a species (lu-

minophore) is called photoluminescence [12]. Generally speaking, it is possible to

distinguish between two forms of photoluminescence, namely fluorescence (spin-

allowed emission of light from an electronic excited state) and phosphorescence

(spin-forbidden emission of light from an electronic excited state). These two
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emission mechanisms can be schematically illustrated with a Jablonski diagram

(Figure 13.1) in which the excitation and the relaxations pathways are shown.

Quantum yield and fluorescence lifetime are the most important characteristics

of a luminophore. Fluorescence anisotropy (the extent to which a luminophore

rotates during the excited-state lifetime) is another interesting property shown by

some molecules, which can be used for the determination of molecular volume of

labeled species [12]. Some examples of these anisotropy probes will be discussed in

the following sections. The quantum yield (f) can be defined as in Eq. (13.1):

f ¼ kr
kr þ

P
knr

(13.1)

Table 13.1 Examples of imaging techniques in clinical use.

Imaging

technique

Detection Common contrast

agentsa
Clinical applications

CAT X-rays Lopamidolt, Ioversolt Intracranial hemorrhage

MRI Magnetic field Gadoteridolt,

Gadodiamidet

Cerebral and coronary

angiography

PET g-Rays 18FDG, 15OH2 Cerebral blood flow,

degenerative diseases

SPECT g-Rays 99mTc-HMPAO,
99mTc-ECD

Ischemia, cardiac imaging

Ultrasonography Ultrasonic waves Microbubbles Echocardiography

aDG¼ deoxyglucose, HMPAO¼hexamethylpropylene amine oxime, ECD¼ ethyl cysteinate

dimer.

Adapted from Reference [3].

Figure 13.1 Simplified Jablonski diagram for a generic

luminophore, showing the possible pathways of excitation and

relaxation.
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where kr is the radiative kinetic constant and knr are the non-radiative kinetic

constants. The quantum yield can be close to unity if the radiationless decay rate is

much smaller than the emissive one. The lifetime (t) of the excited state is the

average time the molecule spends in the excited state prior to return to the ground

state, and is defined as in Eq. (13.2):

t ¼ 1

kr þ
P

knr
(13.2)

Luminophores can be divided into different families, according to their chemical

nature [13]. Organic and coordination compound-based dyes are among the most

popular classes of luminescent compounds. More recently semiconductor nano-

particles (quantum dots) and lanthanide-doped nanoparticles have received great

attention due to their remarkable luminescent properties. Organic dyes [14] (Figure

13.2) are the most used fluorophores, due to their generally high quantum yield

(often close to unit) and due to the large number of commercially available com-

pounds, which virtually cover the entire visible spectrum, from blue to near-infrared

(NIR). Among the most used organic labels we can cite fluorescein and Rhodamine

derivatives, cyanines, BODIPYs, and Alexas dyes. All these compounds are widely

used in biological applications, for instance in protein labeling [15–17]. Despite the

good luminescence and the availability of a large number of fluorescent derivatives,

organic dyes show several serious drawbacks, like the small Stokes shift (the

difference between the excitation and emission maxima), which often causes

Figure 13.2 Examples of organic dyes: (a) fluorescein, (b)

Cy5.5s, (c) Alexas, and (d) BODIPYs.
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self-absorption with a consequent decrease of the fluorescence emission upon

multiple labeling, the generally poor photochemical stability, the decomposition

under repeated excitation (photobleaching), and the very short lifetime (which

makes these compound unsuitable for time-resolved detection techniques).

Owing to their interesting properties and to their versatility (which allows cov-

erage of the entire spectrum from blue to NIR), coordination compound-based

dyes are currently among the most promising agents for the future development

of luminescent imaging dyes. Most of the above-mentioned drawbacks of organic

dyes can be overcome by using inorganic dyes [18, 19], which actually show very

interesting properties like a large Stokes shift (which permits us to label a biolo-

gical molecule with multiple luminophores without reduced fluorescent intensity

due to the self quenching), a long-lived emission (which permits us to remove the

background interference of the biological molecules � autofluorescence � by

using time-resolved detection) [20], interesting anisotropic properties (which can

be used for the hydrodynamic study of proteins) [21], and a sensitive response to

the local environment (which can serve as luminescent reporter of the biological

surroundings) [22]. Despite these interesting properties, current diagnostic ap-

plications that take advantage of inorganic luminophores are relatively limited:

among the most important we can cite fluoroimmunoassay [23] and electro-

chemiluminescence (i.e., immunoassay techniques based on the luminescence

generated by electrochemical reactions) [24].

In this chapter we summarize the utilization of luminescent inorganic dyes for

biodiagnostics, showing the advantages and the open challenges and giving a

short perspective on the new frontiers in metallic-luminophore based imaging. In

Section 13.2 we give an overview of the most representative examples of transition

metal-luminescent complexes (mainly based on ruthenium, iridium, rhenium, and

platinum) developed for biological imaging. In Section 13.3 selected examples of

luminescent lanthanide complexes used as labels for bioimaging are summarized.

Section 13.4 is a short overview of inorganic nanoparticles (quantum dots and

lanthanide-doped nanoparticles) that could find application in biological imaging.

Lastly, in Section 13.5 the most promising perspectives in the field of metal-

containing luminophores for biomedical applications are discussed. Non-imaging

related applications, like photodynamic therapy, are omitted, as are the metal-con-

taining systems in which luminescence does not derive from the metallic moiety

(e.g., sensors with an organic dye and a non-fluorescent metal complex).

13.2

Transition-Metal Containing Luminescent Agents

13.2.1

Photophysical Properties of Transition Metal Complexes

Transition metal complexes have unique properties due to their unique electronic

structure, compared to an organic molecule [25]. The electronic structure of
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transition metal complexes can be described with the molecular orbital (MO)

theory, in which the molecular orbitals of a complex are constructed as a linear

combination of metal and ligand orbitals. A typical MO diagram of a d6, low-spin

metal ion complex with octahedral geometry is shown in Figure 13.3, together

with the possible electronic transitions and their nomenclature. A metal complex

is emissive only if there is a large energy gap between the lowest excited state and

the ground state. The magnitude of the splitting between these two states is de-

noted as D (ligand-field splitting parameter) and depends on the metal ion (for

instance D is proportional to the d orbitals quantum number) and on the strength

of the ligands (i.e., their position in the spectrochemical series). The presence of a

heavy atom induces a certain degree of spin�orbit coupling. Because of this effect,

the spin-forbidden electronic relaxation pathways may become partly allowed and,

for this reason, most of the luminescent transition metal complexes show an

emission in which spin-allowed (fluorescence) and spin-forbidden (phosphores-

cence) transitions are combined in varying degrees. The first consequence of this

effect is the usually longer lifetimes of the excited state in transition metal com-

plexes compared to organic dyes. In this section some examples of transition

metal-based luminophores based on Ru(II), Ir(III), Re(I), and Pt(II) are reported,

together with the photophysical properties and diagnostic applications.

Figure 13.3 MO diagram of a d6, low-spin

metal ion complex with octahedral geometry,

showing possible electronic transitions: metal

centered (MC), ligand centered (LC), ligand to

metal charge transfer (LMCT), and metal to

ligand charge transfer (MLCT) electronic

transitions are shown. The splitting of d

orbitals eg (LUMO) and t2g (HOMO) and the

ligand-field splitting parameter (D) are also

shown.
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13.2.2

Ruthenium(II) Complexes

Ruthenium(II) complexes have a low-spin d6 electronic structure and generally

form octahedral complexes. Complexes with bidentate chelating ligands (chel) are

the most common; these complexes have the general formula [Ru(chel)3]
2þ and

are chiral (D, L isomerism, Figure 13.4). Since the first observation of [Ru

(bpy)3]
2þ (1a) luminescence (Figure 13.4, bpy ¼ 2,2u-bipyridine) [26], ruthenium

complexes have been the most widely studied among the transition metal-based

luminophores [27], especially for their applications in dye-sensitized solar cells

(Grätzel cells) [28]. The usually straightforward synthesis and the remarkable

photophysical properties make these [Ru(chel)3]
2þ complexes very interesting for

biological imaging, despite their relatively low quantum yield. Ruthenium com-

plexes generally show absorption bands both in the UV region (200�300 nm) and

in the visible region (400�450 nm) with a typical emission centered around 600

nm. In this section we report some selected applications of Ru(II) luminophores

for DNA binding, protein labeling, and cell imaging.

13.2.2.1 DNA Binding

The first example of interaction of Ru(II) luminophores with DNA was reported in

1984 by Barton et al. [29], who described the stereoselective non-covalent binding

of [Ru(chel)3]
2þ complexes to DNA. Since then research on Ru(II) luminophores

as DNA labels focused on two different approaches: the interaction with ds-DNA

oligonucleotides by non-covalent interactions (e.g., intercalation, groove binding,

Figure 13.4 [Ru(chel)3]
2þ complexes with chel ¼ bipyridine (bpy) (a), phenanthroline

(phen) (b), and phenazine (c). The latter has been used as molecular probe for DNA. D and

L enantiomers of the complexes are shown on the left.
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electrostatic interaction, etc.), and the synthesis of nucleosides labeled with lu-

minescent [Ru(chel)3]
2þ [30].

The first approach concerns the selective non-covalent interaction of lum-

inescent Ru(II) probes with oligonucleotides. [Ru(phen)3]
2þ (1b, phen ¼ 1,10-

phenanthroline) (Figure 13.4) can intercalate into double stranded DNA [29], but

only with low changes in the absorption/emission properties of the luminophore

and with relatively weak binding constant (K ¼ 103 M�1). In 1990 Friedman et al.
[31] described an improved molecular probe for DNA based on the Ru(II)-

phenazine complex 1c (Figure 13.4). This new probe has two main advantages

over the [Ru(phen)3]
2þ dye: the intercalation in between DNA bases is stronger

(K ¼ 106 M�1) and in aqueous buffer the compound is luminescent only upon

DNA intercalation. Furthermore, the probe shows a sensitive response to the

changes of the helix structure: the emission maximum varies from 628 to 640 to

650 nm in the presence of B, Z, and A-form helices, respectively. A very recent

example of an RNA probe has been reported by O’Connor et al.: by functionalizing
a [Ru(bpy)3]

2þ luminophore with an intercalating ethidium moiety the authors

were able to achieve a ninefold increase of luminescence upon RNA binding, both

in solution and in living cells [32].

The second approach of DNA labeling involves the synthesis of nucleosides

modified with luminescent Ru(II) derivatives that are then incorporated into oli-

gonucleotides by solid-phase synthesis. For instance, the modified uridine com-

pound 2 (Figure 13.5), reported in 1999 by Kahn et al., was incorporated into an

oligonucleotide by using an automated DNA synthesizer with a standard coupling

protocol [33]. More recently, Hurley et al. have described the synthesis of Ru(II)-

and Os(II)-modified nucleosides 3 (Figure 13.5) and their incorporation into DNA

oligonucleotides [34]. The authors studied also the donor�acceptor interactions of

the dyes on different ds-DNA [35]. Another strategy for post-modification of nu-

cleotides is the introduction of a reactive unit (e.g., an activated ester) suitable for

the reaction with a modified nucleoside previously introduced in the DNA se-

quence [36].

Figure 13.5 Nucleosides modified with [Ru(bpy)3]
2þ moieties (2) and with Ru(II)/Os(II)

complexes (3).
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13.2.2.2 Protein Binding

The functionalization of a luminophore with a chemical reactive moiety is the

easiest way to bind the luminescent moiety to a target molecule. Despite the ap-

parent simplicity of this strategy, the first reactive luminophore based on transi-

tion metals was described in 1992 by Ryan et al. [37]: by introducing on

phenanthroline an isothiocyanate (NCS) group that reacts easily with primary

amines the authors were able to decorate different albumins, immunoglobulins,

and polylysines with the [Ru(bpy)2(phen)]
2þ unit 4 (Figure 13.6). More recently,

luminescent Ru(II) derivatives of 5 decorated with biotin (suitable for avidin

binding) [38] and estradiol moieties [39] were described by Lo et al. These probes

(Figure 13.6) can be used to selectively bind proteins and receptors for in vitro
imaging or bioassays.

13.2.2.3 Cell Staining

The mechanism of the interaction of Ru(II)-based dyes with living cells and small

animals has been thoroughly studied [40] to elucidate the cellular uptake and

toxicity mechanisms. [Ru(phen)3]
2þ has been used by Paxian et al. [41] for in vivo

visualization of oxygen distribution in liver by exploiting the oxygen quenching of

the Ru(II) fluorescence. These compounds show potential for future in vivo
applications.

Figure 13.6 Ru(II) complexes suitable for protein labeling.

From References [37–39].
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13.2.3

Iridium(III) Complexes

Iridium(III) complexes have a low-spin d6 electronic structure and form octahedral

complexes, often with covalent carbon�iridium bonds, beside nitrogen�iridium

coordinative bonds. Although the first example of fluorescence emission from the

iridium cyclometallate compound [Ir(ppy)3] (ppy ¼ 2-phenylpyridine) was already

reported in 1985 [42], iridium(III)-fluorescent derivatives [43] have received major

interest only in the last ten years, especially for their application in organic light

emitting diode (OLED) technology [44]. Compared to the other transition metal

complexes, iridium(III) complexes possess unique photochemical and photo-

physical properties such as the possibility of tuning the emission along the

whole visible spectrum by changing the electronic density of the substituents on

the aromatic ring. The excitation is usually in the UV (200�300 nm) or in the

visible (400 nm) region [45]. Furthermore, the iridium derivatives normally posses

higher emission quantum yield (up to 60%) and longer emission lifetimes (on the

order of milliseconds) due to the higher spin�orbit coupling; the excited state of

the complex is usually a combination of singlet and triplet states. On the other

hand, in general, Ir(III) complexes are synthetically more demanding than other

coordination complexes with chelate ligands (like bpy) because of the high acti-

vation energies required for the formation of the Ir�carbon bond. Surprisingly,

there are only relatively few examples of application of Ir(III) derivatives as bio-

logical labels. The group of Lo, in particular, has worked extensively on this topic

and has reported most of the examples available in literature.

The first use of the cyclometallated Ir(III)-based fluorophore 6 (Figure 13.7) as

biological label was reported by Lo et al. in 2001 [46]. By exploiting the reactivity of the

peripheral isothiocyanate and iodoacetate towards primary amines and thiols,

Figure 13.7 Ir(III) complexes suitable for protein labeling.

From References [46, 47].
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respectively, the authors prepared some oligonucleotides and human serum albu-

min (HSA) conjugates that show intense fluorescence in deareated buffers. In

particular, the HSA conjugate shows only a small decrease in emission intensity and

lifetime in the presence of molecular oxygen, due to the shielding effect given by the

protein matrix. The same group also reported different examples of luminescent Ir

(III)-cyclometallated complexes functionalized with biotin (7) [48] (Figure 13.7).

In 2008, Lo et al. reported a dual emissive cyclometallated Ir(III) complex 8
(Figure 13.8), which can be used as an environment-responsive biological probe

for polarity. In fact, the compound shows a shift of emission from 500 to 600 nm

in apolar (e.g., CH2Cl2) and polar (e.g., CH3CN) solvents, respectively [49]. In the

same year, Lai et al. reported the synthesis of Fe3O4/SiO2 nanoparticles decorated

with a luminescent [Ir(piq)2(pp)]
þ (piq ¼ 1-phenylisoquinoline and pp ¼ pyridyl

pyrazole) complex [50]. This luminescent complex is used both as luminophore for

optical imaging and as 1O2 photosensitizer for photodynamic therapy.

13.2.4

Rhenium(I) Complexes

Rhenium(I) complexes have a low-spin d6 electronic structure and form octahedral

complexes. Since the first description of their photophysical properties [51], Re(I)-

based complexes have gained interest for their high stability and versatility.

However, the first examples of application in biomolecular imaging are relatively

recent [52, 53]. Re(I)-luminophores can be excited in the UV (300 nm) and in the

visible (400 nm) region and usually show an emission band at around 500 nm. In

2005 Wei et al. reported the synthesis of thymidine and uridine functionalized

with a Re(I) tricarbonyl luminophore (9, Figure 13.9) [55]. In 2001 Lo et al. reported
the Re(I) tricarbonyl functionalized with an isothiocyanate unit 10 (Figure 13.9)

suitable for biomolecule labeling [54]. The compound was conjugated with nu-

cleosides and albumin. In 2002 the same group reported the functionalization of

the luminophore with a maleimide moiety [56]. The reactivity of the maleimide

towards thiols was exploited to functionalize a thiolated oligonucleotide and

Figure 13.8 (a) Dual emissive Ir(III) complex (8); (b) luminescence in CH3CN and CH2Cl2.

Reproduced from reference [49] with permission from Wiley VCH.
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cysteine containing peptides and proteins. In 1997 Guo et al. showed Re(I)-

tricarbonyl derivative 11 (Figure 13.9) as luminescent and anisotropy probe [47],

which was conjugated with biomolecules (immunoglobulin, albumin, and lipid),

and the anisotropy properties were studied to evaluate the hydrodynamic radii.

13.2.5

Platinum(II) Complexes

Platinum(II) complexes have a d8 electronic structure and generally form low-spin

square-planar complexes. Platinum(II) complexes with amine and carboxylic acid

ligands are well known for the possibility of strong DNA interaction and have been

extensively investigated as antitumor drugs [57]. These compounds, however, are

usually not luminescent and therefore not interesting for labeling purposes. In

contrast, several luminescent Pt(II) complexes with aromatic ligands have been

developed and used as probes for DNA. Platinum(II) luminophores can be excited

around 400 nm and usually show luminescence around 600 nm. Polypyridine

complexes, for instance, can intercalate DNA [58] or form covalent [59] or hydro-

gen bonds (12, Figure 13.10) [60]. Liu et al. reported the cyclometallated complex

[Pt(II)(dpp)(CH3CN)]
þ (dpp ¼ 2,9-diphenyl-1,10-phenanthroline), which can be

utilized as a molecular probe for DNA [61]. The complex [Pt(ppy)(dppz-CO2H)]þ

(dppz-CO2H ¼ 11-carboxydipyrido[3,2-a:2u,3u-c]phenazine) has been recently re-

ported as luminescent probe for the G-quadruplex structural motif [62]. Lumi-

nescent platinum(II) complexes have also been used for protein labeling, like

the Pt(II)-terpyridyl complex 13 (Figure 13.10) used by Wong et al. for albumin

labeling [63]. Che et al. have reported the water-soluble complex [Pt(hbpp)Cl],

hbpp ¼ 4-(4-hydroxyphenyl)-6-phenyl-2,2u-bipyridine, supported on a poly(ethy-

lene glycol) polymer that can be used as a protein detector [64].

13.2.6

Other Metal Complexes

As shown before, Ru(II), Ir(III), Re(I), and Pt(II) complexes have been the most

popular choice for imaging luminophores. Although many more examples of

Figure 13.9 Re(I) complexes for nucleosides (9) and protein (10, 11) labeling.

From References [54, 55, 47].
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luminescent complexes of transition metals are described in the literature [44, 65,

66], only a few examples of luminophores for biological applications based on

other transition metals are known. Osmium(II) compounds can be considered as a

logical extension of ruthenium(II) systems, due to the chemical similarity of these

two metals. In fact, Os(II)-polypyridine complexes have been exploited as DNA

probes for energy and electron transfer studies [67]. Hurley et al. reported the

synthesis of a nucleoside decorated with an [Os(bpy)3]
2þ luminophore [34, 35] and

its application in energy transfer between Ru(II) and Os(II) (dyads), which can be

used for the evaluation of the distance between the two luminophores. [Os

(phen)3]
2þ and [Os(bpy)3]

2þ labels have also been employed as anisotropic probes

[68, 69]. Copper(II)-based luminophores have also been studied as DNA probes

and some examples of these luminophores are based on phenanthroline [70] and

porphyrin [71] derivatives. In both cases, a luminescence increase upon DNA in-

tercalation has been observed, due to the shielding effect of the nucleic acid that

prevents solvent quenching. Few examples of palladium(II)-based luminophores

for biological imaging have been reported, mainly based on coproporphyrin li-

gands [72, 73].

13.3

Lanthanide-Based Luminophores

13.3.1

Chemical and Photophysical Properties of Lanthanide Complexes

Lanthanide complexes are perhaps the most investigated class of inorganic lu-

minophores since the 1980s [74]. Lanthanide compounds have been extensively

used for many different applications [75], especially in the field of phosphors

preparation (e.g., the phosphors of TV screens and lighting tubes are made of

Figure 13.10 Pt(II) complexes for DNA (12) and protein (13) labeling.
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inorganic oxides doped with Eu2þ and Eu3þ ) [76]. Complexes of Ln(III) ions

posses unique photophysical properties [77]. First of all, due to the shielding of the

4f orbitals by the filled 5p and 5s orbitals, the selection rules forbidding f�f tran-

sitions are weakly relaxed. As a consequence, the transitions keep their atomic

nature: the emission appears sharp and the transition energy is almost not influ-

enced by the metal surroundings. On the other hand, the same shielding results in

a very low molecular absorption coefficient (very often o 1 M�1 cm�1). As a

consequence, the direct excitation of Ln3þ ions is not a suitable strategy for

achieving efficient luminophores, and a sensitization process (‘‘antenna excita-

tion,’’ vide infra) is necessary. Most of the Ln(III) ions form luminescent complexes

(Figure 13.11), but some are more emissive than others: the emission properties

are directly related to the availability of non-radiative processes. Therefore, the ions

with a small energy gap between the lowest emissive state and the highest sublevel

of its ground multiplet (e.g., Nd3þ , Er3þ , and Ybþ 3, Figure 13.11) usually show

low quantum yields in aqueous solutions. With respect to the energy gap re-

quirement, Gd3þ , Eu3þ , and Tb3þ ions are the best emitters; however, Gd3þ

shows UV emission and therefore is not very useful for luminescence applications

in biological systems. To overcome the low molecular absorption coefficient of Ln

(III) ions it is possible to exploit energy transfer from the surroundings of the metal

ion with a three-step mechanism: absorption of the light by a suitable ligand

(‘‘antenna’’), transfer onto the lanthanide ion, and consequent light emission. This

sensitization strategy has also the advantage of remarkably increasing the Stokes

shift, which is very useful in biological applications.

Lanthanide(III) luminophores are ideal luminescent probes for biological sys-

tems [78]: the sharp emission bands are usually well separated from the fluores-

cence emission of the organic moieties in the matrix and the long lifetimes of the

excited states (often in the order of ms) permit the use of time-resolved techniques.

For preparation of effective lanthanide probes for biological applications there are

three main problems to overcome: the choice of a system with effective sensiti-

zation, prevention of non-radiative deactivation processes, and the design of ki-

netically and thermodynamically stable systems [79] (to avoid the toxicity of free

Ln3þ ions [80]). Among the most commonly used ligands are polydentate [81] (in

particular DTPA and DOTA derivatives, b-diketonates, and acyclic Schiff bases)

and macrocyclic ligands [82]. As in the case of organic and transition metal-based

Figure 13.11 Typical luminescence of selected lanthanide(III) ions.

Reproduced from reference [78] with permission from the Chemical Society of Japan.

Lanthanide-Based Luminophores | 395



dyes, the easiest way to conjugate lanthanide luminophores with a biological

substrate is the introduction of a reactive group on the dye [83]. Many examples

have been reported in literature and some of them are shown in Figure 13.12.

Owing to the wide application of these luminophores in biological sensing [84],

below we focus our attention on the different fields of application, that is, im-

munoassay, nucleic acid probes, and molecular imaging. A selection of the most

relevant examples of clinical applications of those luminophores is also reported.

13.3.2

Europium(III) and Terbium(III) Complexes

13.3.2.1 Immunoassays

Europium(III) and terbium(III) have f6 and f8 electron configurations, respec-

tively, and form eight- or nine-coordinated complexes with chelating ligands. If

ligands with less coordinating atoms are used, the coordination sphere can be

filled by water molecules, which causes a fluorescence quenching. Most applica-

tions in biomedical diagnosis are based on immunoassays, often with detection by

time-resolved luminescence. The most common approach makes use of antibodies

labeled with luminescent Ln(III) (usually Eu3þ ) complexes. In the first developed

process (heterogeneous immunoassay, Figure 13.13a) [85], the labeled antibody

interacts with the immobilized analyte and, after washing, the pH is lowered and

the Eu3þ is released and quantified by spectrofluorimetry after complexation with

a suitable ligand. A more advanced technique, homogeneous immunoassay,

Figure 13.12 Some common ligands for luminescent lanthanide(III) complexes.
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Figure 13.13b) [86] is based on the energy transfer between an Eu3þ luminophore

and a red-emitting protein (allophycocyanin). Each luminescent dye is conjugated

to a different, specific monoclonal antibody. Upon UV irradiation, the excitation

energy is transferred in a non-radiative way (Förster resonance energy transfer,

FRET) from the lanthanide to the fluorescent protein. Since the latter is excited by

the de-excitation of the long-lived state of the Eu3þ , the long lifetime typical of the

lanthanides is preserved. The strict distance requirements (7�10 nm between

Eu3þ and the acceptor) for an effective energy transfer make the assay quite

specific (Figure 13.14). Many examples of clinical applications of these techniques

have been reported [87]: assays for diabetes-related antibodies, kallikrein for

prostate screening, prion protein on animal tissues, and detection of different

infectious microbes as potential terror and warfare agents [88].

Figure 13.13 Heterogeneous (a) and homogeneous (b) luminescent immunoassay.

Reproduced from reference [75] with permission from RCS Publishing.

Figure 13.14 A FRET based nucleic acids probe. See text for details.

Reproduced from reference [75] with permission from RCS Publishing.
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13.3.2.2 Nucleic Acid Probes

Nucleic acid probes are widely used in medicine, for instance for the recognition of

genetic predisposition to diseases and for virus detection [89]. Radioisotopes have

been the traditional probe for such applications, but lanthanide luminophores

have proved to be a safer alternative [90]. An energy-transfer-based DNA assay was

reported in 1990 by Oser and Valet [91], who exploited the energy transfer between

two complementary DNA sequences decorated with an Eu3þ chelate and a Cy-5s

dye, respectively. Upon hybridization of the two DNA strands, the donor and

the acceptor are brought within a suitable distance for an effective FRET and the

emission of the sensitized Cy-5s can be detected without interference from

the remaining Eu3þ luminescence (Figure 13.14). Chemical labeling of DNA with

lanthanide luminophores has also been reported with several different strategies,

for instance by enzymatic transamination of deoxycytidine residues of DNA with

an Eu3þ chelate [92]. Luminescent lanthanide complexes have also been used to

detect PCR products [93].

13.3.2.3 Molecular Imaging

The first example of cellular staining with a luminescent lanthanide complex was

reported in 1969 by Scaff et al., who described the internalization of luminescent [Eu

(tta)] (tta ¼ 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione) into Escherichia coli [94].
Terbium(III) complexes have been used for time-resolved imaging [95], exploiting

the long luminescence lifetime of the complex. Lanthanide complexes have been

used for the selective labeling of cancer cells in vivo. For instance, Bornhop et al.
reported the [Tb(20)] complex (Figure 13.15) suitable for the early-stage detection

of oral cancer lesions [96]. Manning et al. reported in 2004 the [Tb(21)] complex

Figure 13.15 Selected polydentate ligands for lanthanide ions for in vitro sensing

applications.
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(Figure 13.15) which shows interesting properties for use as abnormal tissue marker

[97]. An extensive series of luminescent lanthanide chelates has been reported by the

group of Parker, who developed many examples of Eu3þ and Tb3þ luminophores

both for cellular imaging and for in vitro sensing of pH, pO2, and anions (Figure

13.15) [98]. A luminescent Tb3þ complex has recently been used by Akiba et al. to
selectively detect phosphotyrosine in the presence of other phosphate-containing

biomolecules [99].

13.3.3

Neodymium(III) and Ytterbium(III) Complexes

Above we focused on lanthanide complexes that emit in the visible region of the

electromagnetic spectrum (i.e., Eu3þ and Tb3þ ). On the other hand, Nd3þ and

Yb3þ complexes have also been of interest because of their emission in the NIR

region. NIR emitters have recently found application in diagnostics, especially for

non-invasive in vivo imaging [100], exploiting the low absorption of biological

tissues in the NIR region [6]. The first example of NIR luminophores based on

Yb3þ was described in 1990 with porphyrin-based complexes [101]. Despite the

efficient accumulation of these complexes in cancer cells, a high phototoxicity and

low contrast were serious drawbacks. In more recent years, Zhang et al. have re-

ported that the tropolone ligand is suitable for NIR sensitization of several lan-

thanide ions (Yb3þ , Nd3þ , Tm3þ , Er3þ , Ho3þ ) in solution [102].

13.4

Nanoparticle-Based Luminophores

13.4.1

Chemical and Photophysical Properties of Luminescent Nanoparticles

The study of nanoparticle properties is an extremely popular field, related to the

‘‘nanotechnology revolution’’ observed in the last ten years [3]. Nanoparticle (e.g.,

semiconductor quantum dots (QDs), transition metal and lanthanide-doped silica

nanoparticles, nanobeads) applications as contrast or imaging agents have been

reported by many groups, but here we summarize only the achievements in the

field of luminescent nanoparticles for biological applications. The emission of

transition metal and lanthanide-doped silica nanoparticles follows the same me-

chanism given in the corresponding previous sections, so here only the emission

mechanism of semiconductor QDs is discussed.

QDs [103, 104] are semiconductor nanocrystals with dimensions of 1�10 nm,

made mainly of II�V group elements (CdS, CdSe, InP, etc.). The light emission

mechanism is based on the phenomenon of quantum confinement. Rapidly, upon

excitation, an electron is promoted from the filled valence band to the conduction

band, creating a positive vacancy (hole) in the valence band (Figure 13.16). The

spatial separation (Bohr radius) of this electron�hole pair (exciton) is typically of
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the order of 1�10 nm and the quantum confinement effect is due to the fact that

the size of the semiconductor crystal is of the same order as that of the Bohr

radius. Fluorescence occurs upon recombination of an electron�hole pair usually

with lifetimes in the order of milliseconds. The emission bands are usually very

narrow (30�40 nm full width at half maximum) and the emission wavelength

strictly depends on the crystal size: the larger the crystal, the lower the emission

energy. QDs have very interesting properties, which are highly valuable for optical

imaging: the emission spectrum is narrow whereas the excitation spectrum is

extremely broad (Figure 13.16) [103].

13.4.2

Semiconductor Quantum Dots

It is, virtually, possible to excite QDs at every wavelength shorter than the emission

peak and this feature can be used for multiple labeling. Furthermore, QDs do not

show photobleaching (which is a typical problem of organic dyes) even under strong

irradiation [106]. QDs usually show also very large molar extinction coefficients and

high quantum yield (up to 80%), whichmake them bright probes. Toxicity of QDs is

still a main controversial point and many studies have been carried out to evaluate

this crucial parameter [107]. ‘‘Naked’’ QDs (without any capping agent) are known

to be toxic [108] because of a UV-induced photolysis process that oxidizes the crystal

with consequent release of toxic ions (e.g. Cd2þ ). On the other hand, studies on

capped QDs (capping is actually necessary also to obtain water solubility, which is

convenient for biological applications) proved that the capping is useful in pre-

venting crystal photooxidation, resulting in non-observable toxic effects in a mouse

model even over a period of months after injection [109].

The first examples of biological application of QDs were reported in 1998 [104,

110]. In the last ten years, QDs conjugated with different moieties (e.g., streptavidin,

thiolated peptides, proteins, antibodies) have extensively been used for in vitro and in
vivo imaging [111]. For instance, multiple color imaging of living cells was reported

by Jaiswal et al. in 2003 (Figure 13.17) [106]. Antibody-labeled QDs were used for in

Figure 13.16 Luminescence mechanism (a) and typical QD absorption�emission spectrum (b).

Reproduced from reference [105] with permission from ACS Publications.
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vivo cancer targeting and imaging by Gao et al. in 2004 [112] and in the same year

NIR-QDs emitters were used for intraoperative imaging of sentinel lymph nodes by

Kim et al. (Figure 13.17b) [100]. These three examples show the impressive results

Figure 13.17 Multicolor cell imaging with QDs (a) and intraoperative imaging of a sentinel

lymph node labeled with a NIR-QD (b).

Reproduced from references [100], [111] with permission from Nature Publishing Group.
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achieved using QDs as luminophores, to date. Many more examples are available in

the literature and are summarized in the cited reviews.

13.4.3

Metal-Doped Nanoparticles

Lanthanide-doped nanoparticles (LNs) generally consist of an inorganic matrix

(e.g., SiO2) doped with Ln3þ ions [113]. The inorganic matrix acts as lanthanide

sensitizer and the emission retains the same characteristics of Ln3þ complexes

(i.e., narrow emission band and long lifetimes) and can be tuned by adding dif-

ferent dopant ions to obtain different emission colors. In addition, some LNs show

the capability of emission in the visible spectrum upon irradiation at IR wave-

lengths (up-conversion) [114]. This unique feature can be usefully exploited for

biological applications due to the high penetration of IR radiation in tissue and the

low optical background (owing to the absence of biomolecules’ autofluorescence

upon NIR irradiation). LNs have been used as nucleic acid reporters [115] and for

the labeling of antibodies, albumins [116], and avidin [117].

Lastly, SiO2 nanoparticles doped with luminescent [Ru(bpy)3]
2þ [118] have also

been reported. The latter shows an improvement of Ru(II) emission in terms of

quantum yield, due to the shielding effect of the SiO2 shell against solvent

quenching. Ruthenium(II)-doped SiO2 nanoparticles have been used for the

synthesis of multimodality agents: for instance, silica nanoparticles doped with

[Ru(bpy)3]
2þ and functionalized with [Gd-Si-DTTA] (Si-DTTA ¼ (trimethox-

ysilylpropyl)diethylene-triaminetetraacetate) have been investigated [119]. The si-

lica matrix prevents the oxygen quenching and the photobleaching of [Ru(bpy)3]
2þ

and provides a reactive surface (SiO2) that can be easily functionalized with the

Gd3þ complex to act as MRI contrast agent.

13.5

Conclusions and Perspectives

Metal-based luminophores present many interesting chemical and photophysical

properties and can be usefully applied in biomedical diagnostics and imaging.

Despite the numerous examples reported in the literature, the in vivo application

in humans is still an unachieved goal. In fact, we are still far from a ‘‘perfect’’ label

for diagnostic optical imaging and the research in this field requires a focus on a

compromise between luminophore performances and the drawbacks that are in-

cidental to each luminescent species. Transition metal-based luminophores show,

generally speaking, a relatively modest quantum yield, which is a serious limita-

tion for their in vivo application because of the high concentrations needed. On the

other hand, these complexes can be usually excited with visible light, which

constitutes a strong point for their biological application, since UV radiation is

harmful. Lanthanide-based luminophores usually show relatively high quantum

yields, but the wavelengths used for the antenna’s excitation are mostly in the UV

region. Both transition metal and lanthanide complexes show quite long lifetimes
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(in the range of microseconds to milliseconds), which makes them eligible for

time-resolved techniques; moreover, these complexes are in general very stable,

which avoids release of free heavy metal ions in the body. Finally, coordination

complexes can readily be modified with an exact and known stoichiometry, which

is a great advantage for the assembly of molecular architectures suitable for in vivo
biological applications like targeting. Quantum dots show extremely high quan-

tum yields, but the possibility of releasing the heavy metals of which QDs are

constituted is the most serious obstacle to their application in vivo. Furthermore,

functionalization of QDs cannot be completely controlled with an exact and known

stoichiometry, which constitutes a second obstacle to their application in diag-

nostic imaging.

The combination of different imaging agents for the development of multimodal

agents has recently received great attention [120]. The possibility of conjugating

different agents in one system allows us to overcome the intrinsic drawbacks of the

separate imaging techniques and allows the design of a ‘‘perfect’’ imaging agent.

The most popular multimodality agents developed till now are based on the con-

jugation of moieties suitable for MRI imaging and optical imaging. Other techni-

ques (e.g., based on radionuclides) have also been implemented in multimodality

agents and the availability of many different kinds of imaging agents and scaffolds

make this field extremely wide and interesting. In conclusion, metal-containing

luminophores play a crucial role in the development of luminescent labels for in
vitro and in vivo biomedical diagnostic and imaging applications.
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CPA-1 129

CPA-7 129

Cremophor EL 165

CTC-96 (Doxovir) 17

cucurbit[n]uril 135

CXCR4 16f., 58f., 376

– fluorescent labeling 378

– inhibitor 376

Cy-5s dye 402

cyanine 389

cyclams 16

cyclobutane-1,1-dicarboxylic acid (CBDA)

ligand 131

b-cyclodextrin 136

cyclodiphosphazene 206

cyclooxygenase (COX) 362

– COX-1 364

– COX-2 364f.

– inhibitor 362

cycloplatam 81

cysteine (Cys) 101, 209

cysteine protease inhibitor 369

cytochrome oxidase (Cox) 320

cytokine 204

– proinflammatory 204
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cytosolic NADPþ -dependent isocitrate
dehydrogenase 188

cytotoxic agent

– Au compound 200

– Au(III) complex 210

– PtII 23

cytotoxicity 85

– cisplatin 86

– non-HMG protein 85

– organotin-induced 32

d
darinaparsin 34, 168

De-NolTM 10

deferasirox 317

deferiprone 317

delivery

– Pt drug 130

– small molecule 35

– system 87ff.

delocalized lipophilic cation (DLC)

207, 294

dequalinium chloride (DEQ-B) 294

desferrioxamine B 317

destrin 188

detoxification

– increased 101

diabetes 18

diagnostic agent 36

diagnostics

– luminescence 387

1,2-diaminocyclohexane (trans-R,R-
diaminocyclohexane, DACH) 131, 187

cis-diamminedichloridoplatinum(II) 79

dicarba-closo-dodecaboranes(12) 291

dichloroacetate (DCA) 91

dichlorophenamide (DCP) 359

diethylenetriaminopentaacetic acid

(DTPA) 266

L-4-dihydroxyborylphenylalanine

(BPA) 290ff.

(1,3-dimethyl-4,5-dichloroimidazole-2-

ylidene)silver(I) acetate 10

N,N-dimethyl-phenylazopyridine 29

S-dimethylarsinoglutathione 34, 168

dimethylcantharidin (DMC) 187

directing effect 64

disease-modifying antirheumatic drug

(DMARD) 197ff.

diseases of metabolism 18

– metal 6

distannooxane salt 32

dithiocarbamate 206

divalent metal transporter DMT1 312

DKK1 183f.

DNA 155

– chemical labeling 402

– chromosomal 292

– G-quadruplex inhibitor 374

– G-quadruplex structure 69

– 1,2-d(ApG) intrastrand crosslink 99

–1,2-d(GG) intrastrand crosslink 119

– 1,2-d(GpG) intrastrand crosslink 99

– 1,3-GNG intrastrand crosslink 111

– 1,2-intrastrand cisplatin–DNA

crosslink 85

– 1,3- and 1,4-intrastrand crosslink 118

– oligonucleotide-functionalized gold nano-

particle (DNA-Au NP) 87

DNA adduct 99

DNA assay

– energy-transfer-based 402

DNA binding 98, 139, 188, 392

DNA break 299

DNA damage

– increased tolerance 101

DNA damage recognition protein 99

DNA free radical 51

DNA intercalation 393ff.

DNA label 392

DNA repair 139

– enhanced 101

DNA targeting 66

– metallo-compound 67

DNA–DNA crosslink 107, 156

DNA-metallointercalator

– Pt(II)-based 292

DNA–platinum–protein ternary

crosslink 108

DNA–protein crosslink 107, 156ff.

dorzolamide (DZA) 360

DOTA 236, 263ff.

DOTA-Gd 232

DOTA-NCS 272

Dotarems 228ff.

Doxovir 17

drug accumulation

– decreased 100

drug container 71

DTPA 263ff.

duplex DNA

– 9,10-phenanthrenequinone diimine (phi)

complex of Rh(III) 67

– sequence selectivity 66

DW1/2 25

dye-sensitized solar cell 392

dysprosium

– amphiphilic Dy(III) complex 240
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e
ECF, see extracellular fluid
EDTA (ethylenediaminetetraacetic acid)

325

electrolytic metabolism

– imbalance 327

electron capture (EC) 261, 273

a-emitter 271

end stage renal disease (ENRD) 345

enhanced green fluorescent protein

(EGFP) 91

enhanced permeability and retention

(EPR) effect 54, 88

enloplatin 81

enzyme inhibitor

– metal compound 355ff.

enzyme reporter 250

enzyme responsive agent 238

Eovists 232

epidermal growth factor (EGF) 134

epidermal growth factor receptor

(EGFR) 134

– ERBB1 115

ERBB-3 186

essential element

– metal 6

essential metal 6, 311

– metabolic disorder 311

essentiality 311

estrogen receptor

– ERa 298

– ERb 298

estrogen response element (ERE) 63

estrogen-tethered Pt(IV) complex 132

ethoxzolamide (EZA) 359

(2-ethyl-3-hydroxy-4-pyronato)oxovanadium

(IV) (BEOV) 18

ethylenediaminetetramethylphosphonate

(EDTMP) 268

ethylenedicysteine (ECD) ligand 278

europium

– Eu(III) 400

– Eu(III) complex 400

– [Eu-DOTAMGly]� complex 248

– [Eu(tta)] [tta¼ 4,4,4-trifluoro-1-(2-thienyl)-

1,3-butanedione] 402

– macrocyclic Eu(III) complex 252

– tricationic Eu(III) macrocyclic

complex 246

excision repair cross complementing-group 1

(ERCC1) protein 86, 102

extracellular fluid (ECF) agent 231ff.

extracellular signal-regulated kinase

(ERK1/2) 159

f
18F-BPA (4-borono-2-[18F]-fluoro-D,L-

phenylalanine) 296
18F-DOPA 296

familial pseudohyperkalemia (FP) 335
18FDG (18F-deoxyglucose, 2-[18F]-fluorodeoxy-

D-glucose) 259, 278, 296

Fe, see iron
ferritin (Ft) 138

ferrocene-derived anticancer agent 166

ferrocifens 62, 167

ferroquine 14

L-FL172 61, 358

fluorescein 389

fluorescence 391

fluorescence anisotropy 388

fluorescence lifetime 388

fluorine

– 18F imaging agent 296

folate receptor (a-FR) 89

folate receptor mediated endocytosis (FRME)

pathway 89

Förster resonance energy transfer

(FRET) 401

Fowler’s solution 168

free radical

– DNA-damaging 51

Friedreich’s ataxia (FRDA) 316

g
G-quadruplex inhibitor 374

G-quadruplex structure 69

gadolinium 298ff.

– carborane Gd-DTPA species 301

– DOTA-Gd 232

– 157Gd neutron capture reaction 299

– Gd(III) chelate 235

– Gd(III) complex 300

– Gd(III) contrast agent 233ff.

– Gd-BOPTA 232

– Gd-DOTA 232f.

– Gd-DTPA 231, 299

– Gd-DTPA-BMA 232

– Gd-EOB-DTPA 232

– Gd-HPDO3A 232

– [Gd-Si-DTTA] [Si-DTTA¼ (trimethoxysilyl-

propyl)diethylene-

triaminetetraacetate] 406

– Gd-texaphyrin complex 169

– GdAAZTA 234

– GdAAZTA-C17 236

– GdHOPO 234

– hybrid boron–gadolinium agent 301

– paramagnetic Gd(III)-based complex 231
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gadolinium neutron capture therapy

(GdNCT) 298f.

– archetypal agent 299

gadopentetate dimeglumine 299

galectin-3 184

gallium 33, 273

– 68Ga3þ 275

– Ga(III) 33

– Ga(III) compound 164

– oral Ga complex 164

– tris(3-hydroxy-2-methyl-4H-pyran-4-onato)

gallium (GaM) 33

– [tris(maltolato)gallium(III)] 164

– [tris(8-quinolinolato)gallium(III)]

33, 164

gallium maltolate 33

gallium nitrate 164, 176

Ganites 33

GB-10 290

gene expression alteration

– profiling in response to metal-based antic-

ancer drug treatment 185

gene expression microarray technology 181

germanium 167

– N-(3-dimethylaminopropyl)-2-aza-8,8-

diethyl-8-germaspiro-4,5-decane

dihydrochloride 167

– germanium-132 (carboxyethylgermanium

sesquioxide) 168

glioblastoma multiforme (GBM) 287ff.

glucantime 13

glucosamine 278

glucose tolerance factor (GTF) 347

glucuronyl-[Pt(NO3)2(chxn)] conjugate

[chxn¼ cyclohexane-1,2-diamine)] 71

GLUT-1 transporter 278

glutathione (GSH) 101

glutathione S-conjugate export (GS-X)

pump 84, 101

glutathione peroxidase 3 (GPX3) 184

glutathione S-transferase (GST) 84, 101,

127, 370

– GST omega 1 188

– organometallic inhibitor 371

glutathione transferase inhibitor 369

glycogen synthase kinase-3 25

gold 31, 199

– antiarthritic drug 202ff.

– anticancer agent 205

– antiparasitic agent 214

– Au(I) 200f.

– Au(I) compound 205ff.

– Au(I) diphosphine antitumor

compound 199

– Au(I) N-heterocyclic carbene (NHC)

complex 200ff.

– Au(I) N-heterocyclic carbene

compound 209

– Au(I) oxidation state 200

– Au(I) phosphine 199ff.

– AuI tetraphosphine complex 31

– Au(I) thiolates 198ff.

– Au(III) antitumor compound 199

– Au(III) complex with aminoquinoline

ligand 210

– Au(III) complex with 1,4,7-triazacylononane

(TACN) ligand 210

– Au(III) compound 210ff.

– AuIII dithiocarbamates 31, 213

– AuIII meso-tetraarylporphyrin (gold

TPP) 31

– Au(III) metabolite 204

– Au(III) oxidation state 202

– Au(III) porphyrin 214

– Au(III) terpyridine derivative 210

– Au(III) thiocarbamates 214

– [Au(III)(TPP)]Cl 212

– [Au(bipy)(OH)2]PF6 210

– [Au(bipydmb-H)(OH)]PF6 [bipy
dmb¼ 6-(1,1-

dimethylbenzyl)2,2u-bipyridine] 210

– [Au2(C^N^C)2(m-dppp)]
2þ 211

– [Au(C^N^C)(PPh3)]
þ 211

– [AuCl2(damp)] [damp¼ 2-[(dimethylamino)

methyl]phenyl)] 210

– [Au(CN)2]
� 203

– [Au(cyclam)]3þ 210

– [Au(d2pypp)2]
þ [d2pypp¼ propyl-bridged 2-

pyridyl-phosphine ligand] 207f.

– [Au(dien)Cl]Cl2 210

– [Au(DMDT)Br2] [DMDT¼N,N-
dimethylthiocarbamate] 212

– [Au(DMDT)X2] 212

– [Au(dnpype)2]Cl 207

– [Au(dppe)2]
þ

[dppe¼ diphenylphosphinoethane] 31,

201ff.

– [Au(dppp)(PPh3)Cl] 208

– [Au(en)2]Cl3 210

– [Au(ESDT)X2]

[ESDT¼ ethylsarcosinedithiocarbamate,

X¼Cl, Br)] 212

– [Au2(m-O)2(6,6u-Me2bipy)2](PF6)2 210

– [Au(P(CH2OH)3)4]Cl 208

– [Au(PPh3)(CQ)]PF6 216

– [Au(PPh3)(Hxspa)] complex

[Hxspa¼ sulfanylpropenoate ligand] 208

– [Au(PPh3)(xspa)]
þ 208

– [Au(R2P(CH2)nPR2)2]Cl 206
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– [Au(terpy)Cl]Cl2 210

– [AuX2(damp)] complex 211

– auranofin 21, 198ff., 214, 369

– aurothiomalate 21, 202ff., 376

– biological activity 28

– biological chemistry 200

– cationic Au(I) NHC complex 209

– ClAu(Ph2P(CH2)nPPh2)AuCl 207

– complex 369

– cytotoxic Au compound 200

– cytotoxic Au(III) complex 210

– DNA-Au NP 87

– [(iPr2Im)2Au]
þ 209

– mode of action 204, 212

– NP as delivery vehicles for Pt

compound 90

– organogold(III) compound 213

– oxidation state 28

– polymeric Au(I) thiolates 206

– [(R2Im)2Au]
þ 209

– RSAu(dppe)AuSR 201

– tetrahedral Au(I) diphosphines 206

– therapeutic agent 197

– XAu(dppe)AuX 207

Grätzel cell 392

h
Hallervorden–Spatz syndrome (HSS) 316

HAMP (hepcidin antimicrobial peptide)

gene 313

haematoporphyrin derivative (HpD) 35

heart imaging

– Tc-based radiopharmaceuticals 280

hemochromatosis 313

– hereditary (HH) 313

– type 1 HH 313

– type 2 HH (juvenile

hemochromatosis) 313

– type 3 HH 315

– type 4 HH 315

heptaplatin 79

Herceptin-10[PtCl2(L)] [L¼ 2,2u-(1R,2R)-
cyclohexane-1,2-diylbis (azanediyl)bis

(methylene)bis(4-methylphenol)] 72

Herceptin-Pt(II) binding complex 72

heteropolyoxotungstate 15

HFE (hemochromatosis) gene 313

high mobility group (HMG) protein 85

– cytotoxicity associated 85

– HMG1 111

high mobility group box (HMGB)

protein 84f.

HIV-1 protease (PR) 15, 372

HIV-1 reverse transcriptase (RT) 372

HJV (type 2A juvenile hemochromatosis)

gene 313

HOPO (hydroxypyridinone) 235

human TATA binding protein (hTBP) 105

human type 1 immunodeficiency virus

(HIV-1) 372

hybrid boron–gadolinium agent 301

8-hydroxy quinoline 20

hydroxy-phenylazopyridine 29

N-(2-hydroxypropyl)methacrylamide (HPMA)

copolymer 138

1-hydroxypryidine-2-thione (pyrithione) 325

hypercalcemia 341

hyperkalemia 335

hypermagnesemia 333

hypernatremia 331

hyperparathyroidism (HPT) 343

– primary 343

– secondary 344

hyperphosphatemia 339

hypertonicity 331

hypervalent carbon 61

hypocalcemia 341

hypokalemia 334

hypomagnesemia 332

hyponatremia 330

hypoparathyroidism 342

hypophosphatasia 338

hypophosphatemia 337

hypoxia inducible factor (HIF)-1 51

i
ibritumomab-tiuxetan 267

ICP-AES 295

ICP-MS 295

imaging

– luminescence 387

iminodiacetic acid (IDA) derivative 362

immunoassay 400

immunological targeting 69

in vivo imaging

– radiolabeling of boronated agent 295

indisulam (IND) 360

indium 273

– 111In-DTPA 274

– 111In-Oxine 273

– 111In-pentetreotide 274

– In-DOTA-monoamide 268

inflammation 18ff.

interferon-inducible protein 9–27

(IIP 9–27) 186

interleukin-1 (IL-1) 204

IodoGens (1,3,4,6-tetrachloro-3a,6a-
diphenylglucoluril) 297
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iproplatin ([cis,trans,cis-[Pt(i-PrNH2)

(OH)2Cl2]) 24, 81

iridium

– cyclometallated Ir(III)-based

fluorophore 395

– Ir(III) complexes 395

– Ir(III) fluorescent derivatives 395

– [Ir(piq)2(pp)]
þ [piq¼ 1-phenylisoquinoline,

pp¼pyridyl pyrazole] 396

– [Ir(ppy)3] [ppy¼ 2-phenylpyridine] 395

– luminescent Ir(III)-cyclometallated com-

plexes functionalized with biotin 396

iron

– accumulation in the brain 315

– CpFe(CO)2 371

– Fe(II) chelates 367

– Fe(III) chelates 367

– Fe(III) chelator 317

– Fe(III) complex 367

– Fe(III)-salen complex [salen¼N,N-bis(sali-
cylidene)-ethane-1,2-diimine) 53

– [Fe(bpy)(SPh)2(CO)2] 36

– Fe(mmst)(salen) system 53

iron deficiency anemia (IDA) 318

iron homeostasis 311

iron metabolic disease 311

– acquired 311

– genetic 311

iron overload 313

– disease 315

– genetic disease 314

–treatment of disorder 317

iron oxide particle 239

isotope-coded affinity tags (ICAT) tandem

mass spectrometry (MS/MS) technique

(ICAT/MS/MS) 188

IST-FS 35 32

j
JM-11 81

JM118 125

JM216 24, 125

JM221 52

juvenile hemochromatosis 313

k
K, see potassium
kinase inhibitor 356

KP46 33, 164

KP418 154ff.

KP772 169f.

KP1019 25f., 154f., 176

KP1339 154

l
lambda-FL172 61, 358

labeling

– chemistry 262

lanthanide 266

– chemical and photophysical properties of

complexes 398

– Ln compound 169

– Ln(III) 400

– Ln(III) complex 246

– Ln(III) ion 399

– Ln(III) luminophores 399

– Ln-doped nanoparticle (LN) 406

– [Ln-DOTAMGly]� complex 246ff.

– luminophores 398

lanthanum

– tris(1,10-phenanthroline)tri(thiocyanato-

kN)lanthanum(III) (KP772) 169

leaky red blood cell 335

leishmaniasis 214

ligand-field splitting parameter 391

light activated prodrug 55

linear energy transfer (LET) 289

lipoxal 81

lithium salt 22

LMWCr (low molecular-weight chromium

binding substance) 347

lobaplatin 79

lovastatin 14

luminescence

– diagnostics 387

– imaging 387

luminescent agent

– transition-metal containing 390

luminophore 389

– biomedical application 387ff.

– metal-containing 387ff.

– NP-based 403

lutetium texaphyrin (motexafin lutetium,

Lutrin, Lu-Tex) 35

m
M-40403 (Metaphore Pharmaceuticals

Inc.) 21

macrophage inhibitory cytokine 1

(MIC1) 186

magnesium 332

magnetic resonance imaging (MRI) 227ff.,

387f.

– contrast agent 227

magnetization transfer (MT) procedure 240

Magnevists 228ff., 299

malaria-causing plasmodia 214

MALDI-TOF mass spectrometry 188f.
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Mangafodipir trisodium 233

manganese 348

– Mn(II) based complex 233

– MnIII salen chloride [salen¼N,N’-bis(sali-
cylidene)ethylenediamine] 22

– MnDPDP (Mn dipyridoxyl-diphosphate,

Mn-dipyridoxal diphosphate) 37, 233

– [Mn(PaPy2Q)(NO)]ClO4 [PaPy2Q¼N,N-
bis(2-pyridylmethyl)amine-N-ethyl-2-
quinoline-2-carboxamide] 56

marimastat (mmst) 53

matched pair 269

matrix metalloproteinase (MMP) 25, 159

– inhibitor 53

medicinal inorganic chemistry 1ff.

– BNCT 291

meglumine antimonite (glucantime) 13

melarsoprol 169

Menkes disease (MD) 321

merbromin 11f.

mercurous chloride 12

mercury 11f.

– organometallic complex 11

metabolic disease 18

metabolism

– disease 6

metabolite reporter 251

metal 6f.

– diseases of metabolism 6

– essential element 6

– therapeutic agent 6

metal carbonyls 36

metal chelating agent 19

metal complex

– [M(chel)3]2
þ [M¼metal center,

chel¼ bidentate chelating ligand] 67

– [M(madd)]þ [madd¼ 1,12-bis(2-hydroxy-3-

methoxybenzyl)-1,5,8,12-

tetraazadodecane] 15

– papain inhibitor 371

metal compound

– enzyme inhibitor 355ff.

metal coordination complex 7

metal homeostasis 19

metal-based anticancer drug 176ff.

– cytotoxic 190

– non-cytotoxic 190

– proteomic approach 187

– tumor-targeted 191

metal-based therapeutics

– targeting strategy 49

metal-containing luminophore 387ff.

– biomedical application 387ff.

metal-doped nanoparticle 406

metal-regulatory transcription factor

MTF-1 324

metallo-compound

– DNA targeting 67

metallothionein (MT) 101

methazolamide (MZA) 359

methionine (Met) 101

methyl mercury 12

microarray technology 181

milk-alkali syndrome 344

mismatch repair (MMR)

– pathway 102

– protein 379

mitaplatin 87ff.

mitochondrial transition pore (MTP) 92

mitogen activated protein kinase (MAPK)

signaling pathway 159, 214

molecular imaging 402

molecular targeting 57

molybdenum 35, 345f.

molybdenum cofactor (MoCo) 346

motexafin gadolinium 169, 299

motexafin lutetium (Lutrin, Lu-Tex) 35

Mozobil 16, 377

multi-prong enzyme inhibitor 362

multidimensional protein identification

technology (MudPIT) 379

multidrug resistance-associated protein 1

(MRP1) 13, 169

MultiHances 232

Myocrisin 21, 202

n
Na, see sodium
Na-K pump 336

NAMI-A 25, 156ff., 176

– chemical feature 157

– mechanism of action 159

NAMI-A-type complex 158

NAMI-AR 158

nanoparticle (NP) 89, 403

– chemical and photophysical properties of

luminescent NP 403

– gold NP as delivery vehicles for Pt

compound 90

– lanthanide-doped 406

– metal-doped 406

– targeted NP for delivery of cisplatin for

prostate cancer 89

nanoscale coordination polymer (NCP) 137

naphthalimide 206

NCI-60 panel 177ff.

necroptosis 180

necrosis 180
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nedaplatin 79

neodymium(III) complex 403

neonatal hemochromatosis (NH) 315

nephrogenic systemic fibrosis (NSF) 233

neutron capture therapy (NCT) 288

– boron 288

– cancer 287ff.

nickel 345

– Ni(II)-cyclam 377

– Ni2AMD3100 377

nitric oxide 35

2-nitrophenol-4-arsonic acid 37

NODASA 275

non-HMG protein 85

non-steroidal anti-inflammatory drug

(NSAID) 363

NOTA 275

NOTP 275

nuclear factor NF-kB 204f.

nuclear localization signal (NLS) 64

nucleic acid probe 402

nucleotide excision repair (NER) 84, 102

o
obesity 18

Octreoscans (111In-pentetreotide) 274

oligonucleotide-functionalized gold nanopar-

ticle (DNA-Au NP) 87

Omniscans 228

ONCO4417 28

organic cation transporter 103

organic dye 389

organic light emitting diode (OLED)

technology 395

ormaplatin 81

osmium 29

–[(Z6-p-cymene)Os(pico)Cl]

[pico¼ picolinate] 162

– Os(II)-arene complex 162

– Os(II)-modified nucleosides 393

– Os(II)-polypyridine complexes 398

– [Os(bpy)3]
2þ luminophore 398

– [Os(phen)3]
2þ 398

osteomalacia 344

oxaliplatin 23, 79, 97, 178ff.

oxaliplatin–GG adduct 102

oxoplatin 187

oxygen photosensitizer

– photodynamic therapy 396

p
p21/WAF1 161

p38 mitogen activated protein kinase 214

– MAPK14 85

p53 85, 102, 161

p73 85

PAD 81

palladacycles

– dimeric 369

palladium(II)-based luminophores 398

palladium complex 369

– ferrocene-containing 369

papain 370

– metal complex as inhibitor 371

PARACEST 245ff.

– agent 248ff.

– responsive agent 248

paramagnetic liposome 239

paramagnetic relaxation

– theory 228

parathyroid hormone (PTH) 341f.

D-penicillamine 323

Pentostam 13

peptide nucleic acid (PNA) 64

peptide targeting 57

peptide tethering 63

Pepto-Bismol 10

permeability glycoprotein (P-gp) 13

peroxynitrite 35

pertechnetate 264

pH reporter 248

9,10-phenanthrenequinone diimine (phi)

complex

– Rh(III) and duplex DNA 67

phosphate clamps 122

phosphatidylinositol 3 kinase (PI3K)

inhibitor 115

phosphole 206

phosphorescence 391

phosphorus 336

photoactivated tumor therapy 56

photobleaching 390

photodynamic therapy (PDT) 35, 55,

288, 396

photofrin 35

photon activation therapy (PAT) 288

photophysical property

– transition metal complex 390

photosensitizer 35

physiological targeting 49

picolinate 29, 162

picoplatin 104, 178ff.

plasma protein

– interaction 25

Plasmodium falciparum 15

platinum

– cis-amminedichloro(cyclohexylamine)plati-

num(II) 125
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– asymmetric trans-Pt(II) complex 110

– biological activity 27

– boron agent 292

– trans-dihydroxoplatinum(IV) complex 127

– dinuclear Pt(II) complex 117

– DNA-metallointercalator 292

– estrogen-tethered Pt(IV) complex 132

– gold NP as delivery vehicles for Pt

compound 90

– iproplatin ([cis,trans,cis-[Pt(i-PrNH2)

(OH)2Cl2]) 24

– monofunctional Pt(II) complex 103

– multinuclear Pt(II) complex 114ff.

– oxidation state 27

– photoactivatable PtIV complex 25

– photolabile Pt(IV) complex 129

– Pt(II) amine complex 292

– Pt(II) complex 397

– trans-Pt(II) complex 107ff.

– Pt(II) complex containing bis(1,2-

carboranylpropoxycarbonyl)-2,2u-bipyridine
ligand 292

– PtII cytotoxic agent 23

– Pt(II) luminophores 397

– Pt(II)-2,2u;6u,2uu-terpyridine (terpy)

complex 292

– [Pt(II)(dpp)(CH3CN)]
þ [dpp¼ 2,9-diphenyl-

1,10-phenanthroline] 397

– Pt(II)-terpyridyl complex 397

– Pt(IV) complex 88, 124ff.

– Pt(IV) complex containing bis(1,2-

carboranylpropoxycarbonyl)-2,2u-bipyridine
ligand 292

– Pt(IV) compound 87ff.

– Pt(IV) diazide complex 130

– Pt(IV) encapsulated PSMA 136

– PtIV prodrug 24, 52

– c,t,c-[Pt(caproate)2Cl2(NH3)2] 71

– trans-[PtCl2(2-butylamine)(PPh3)] 112

– [PtCl(dien)]Cl

[dien¼ diethylenetriamine] 103

– trans-[PtCl2(NH3)2] 107

– [PtCl(NH3)3]Cl 103

– [{trans-PtCl(NH3)2}2(m-trans-Pt
(NH3)2{NH2(CH2)6NH2}2)](NO3)4
(BBR3464) 24, 81, 117, 186

– cis,trans,cis-[PtCl2(OC(O)
CH3)2(NH3)2] 124

– cis,trans,cis-[PtCl2(OC(O)
CH2Br)2(NH3)2] 124

– [Pt(R,R-DACH)(DMC)] 187
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