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ABSTRACT

Four tumour active trinuclear complexes. DHA4CI: [{trans-PtCI(NHs),} m{trans-

PA(NH;z)2(H2N(CH2)4NH>)2] Cly, DH5CI: [{trans-PtCI(NHs),} om{trans-
Pd(NHs)2(H2N(CH2)sNH>)2] Cla, DH6CI: [{trans-PtCI(NH3).} om{trans-
Pd(N H3)2(H2N(CH2)6N Hz)z] C|4 DH7CI; [{ trans- PtC|(N H3)2} zm{trans- Pd(N H3)2-

(HoN(CH2)7NH2)]Cly,  and  one dinuclear complex DHD: [{trans-PtCI(NH3)2} -
{H2N(CH>)sNH.} {trans-PdCI(NHs),] CI(NO3), have been prepared and characterised based
on elemental analyses, IR, Raman, mass and 'H NMR spectra measurements. For the
trinuclear complexes, the synthesis has been carried out using a step-up method branching
out from the central palladium unit. A purity of about 95% has been obtained by repeated
dissolution and precipitation. The activity against human cancer cell lines including ovary
cell lines, A2780, A2780°R  A27807P%™R non small lung cell line: NCI-H640 and
melanoma: Me-10538 have been determined based on MMT assay. Cell uptakes, DNA-
binding have been determined for ovary cell lines. A2780, A2780°R. The nature of
interaction with pBR322 plasmid DNA and ssDNA has been studied for trinuclear complexes
DHACI, DH5CI, DH6CI and DH7CI and the dinuclear complex DHD. Interaction of DH6CI
with adenine and guanine has aso been studied by HPLC. The compounds are found to
exhibit significant anticancer activity against cancer cell lines especialy ovarian cancer cell
lines: A2780, A2780° and A2780“P%"3R DH6CI in which the linking diamine has six

carbon atoms is found to be the most active compound. As the number of carbon atomsin the
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linking diamine is changed from the optimum value of six, the activity is found to decrease,
illustrating the structure-activity relationship. The increase in uptake of the trinuclear
complexes in A2780 cell line with the increase in size of the linking diamine coupled with
the low molar conductivity values found for the solutions of the compounds suggest that the
compounds would remain in solution as undissociated ‘molecules’ and hence could cross the
cell membrane by passive diffuson. Much lower resistance factors for the all the
multinuclear compounds including DHD as applied to A2780° cell line, as compared to
that for cisplatin, suggest that the compounds are able to overcome multiple mechanisms of
resistance operating in the cell line. All of the multinuclear complexes are expected to form
long-range interstrand GG adducts with DNA, causing irreversible global changes in the
DNA conformation but unlike cisplatin do not cause sufficient DNA bending to be
recognized by HMG 1 protein. Increasing prevention of BamH1 digestion with the increase
in concentration of the multinuclear compounds also provide support to the idea that the
compounds because of the formation of a plethora of interstrand GG adducts are able to
cause irreversible changes in DNA conformation. The results of the study show that indeed
new trinuclear tumour active compounds can be found by replacing the central platinum unit

in BBR3464 with other suitable metal units.
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CHAPTER ONE

1. LITERATURE REVIEW

11.  INTRODUCTION

1.1.1. CANCER

Cancer may be defined & a disease or a group of diseases in which the cells divide and
multiply without control, have the capacity to metastasise in the body, destroy healthy tissue,
and endanger life (Salmon and Santorlli 1987; Cooper 1992a). It is one of the major causes of
death in many countries of the world (McGrew and McGrew 1985; Salmon and Santorelli

1987).

A tumour or a neoplasm is any group of cells, which may be either benign or malignant
(Cooper 1993). Neoplasms that have only the characteristic of encapsulated localized growth
are classified as benign. On the other hand neoplasms with characteristics of invasiveness
and the capacity to metastasise are classified as malignant (Calman et al. 1980). The term
malignancy should be limited to refer to malignant neoplasm only (Pitot 1986). Thus only

malignant tumours are called cancer.

Diagnosis of cancer is achieved through the integration of clinical history, microscopic
appearance of tumour including X-ray appearance in the case of bone and breast tumours and

microscopic examination (Jass 1999).



Differential diagnosis of benign ard malignant tumours usually involves obtaining a tissue
specimen by biopsy surgical excision or exfoliative cytology. The commonly diagnosed
cancers in men are prostate, lung, colon, urinary bladder and the most common cancers in

women are the breast, colon, lung, and then the ovary and uterus.

Cancer can be classified histologicaly into one of three main groups:

Carcinomas. These are of endodermal or ectodermal origin and constitute approximately
90% of al human cancers such as the lung, stomach and intestine or from glands such as the

breast and prostate.

Sarcomas. These are rare in human and begin in connective tissue such as muscle, bone,

tendons and cartilage.

Leukaemias and lymphomas: These constitute about 8% of al human cancers and arise from

the blood forming cells and cells of lymph system (Calmanet al. 1980; Murphy et al. 1997).

Within cancers of the same organ there may be marked variations in the histological
appearance. For example, lung cancer can be divided into adenocarcinomas, sguamous
carcinoma, small cell and large cell carcinomas. Skin cancers can be divided into basal cell

carcinomas, squamous cell carcinomas and melanomeas.

Also there can be marked variations in the degree of cellular differentiation. Leukaemia
commonly is one of four types. acute myelocytic leukaemia (AML) and chronic melocytic
leukaemia (CML), acute lymphocytic leukaemia (ALL) and chronic lymphocytic leukaemia

(CLL) (Ruddon 1995). These differences in histological classification and the degree of



cellular differentiation may determine the treatment protocol used, especialy with

chemotherapeutic agents.

Cancers are also classified based on the extent of tumour progression. The classification is
based on a system called TMN system developed by the International Union Against Cancer
and American Joint Committee on Cancer. In the abbreviation ‘TMN’, T defines the primary
tumour, N indicates the involvement of regional lymph nodes and M indicates the absence or
presence of metastases (Rubin 1973; Rubin and Cooper 1993). The system describes how far
cancer has spread anatomically, what is important in planning treatment and in evaluating

result of treatment.

An understanding of the normal cell cycle and behavior of cancerous cells is necessary in
order to comprehend how chemotherapy destroys cells, in particular how compounds such as

cisplatin effects the cancer cellsin the dividing state.

Normal cell cycle consists of two overall phases. division and interphase. Division comprises
both nuclear division (mitosis M) and cell fission. Before cell division can occur, the cell
must double its mass and duplicate al its contents. This period of growth in the cell cycle is
referred to as interphase. Interphase makes up ninety percent of the total cell cycle and
consists of three phases: gap phase G1 which is between M phase and S phase, a synthesis
phase S in which the DNA content of the cell is doubled and the chromosomes are replicated

and a second gap phase G2 which is between S phase and mitosis (Alberts 2002).

1.1.2. CAUSES OF CANCER

Some forms of cancer may be inherited; the defective genes are passed down from parents to

their children (Stoler 1991; Cavenee and White 1995). Family history has long been



recognized as an important risk factor for the majority of common cancer such as breast,

colon, ovarian and prostate cancer (Phillips 1999).

Some other cancers are caused by outside factors eg cigarette smoking. Tobacco is estimated
to be responsible for about 2.6% of total world burden of death (Bishop 1999a; Burton and
Giles 1999) and a key factor in causing about 30% of al cancers (Pratt 1994). Smoking is a
risk factor not only for lung cancer but also for cancers of mouth, pharynx, larynx,

oesophagus, urinary bladder, pancreas, liver and kidney (Doll and Peto 1981; Doll 1996).

Some other risk factors include unhedthy dietary habits (especially high fat intake and
alcohol use), vira infection, ultraviolet radiation, exposure to large doses of radiation from
medica X-rays, hormone replacement therapy and exposure to some chemicals such as

arsenic, ashestos, nickel, chromium, cadmium and vinyl chloride.

1.1.3. TREATMENT OF CANCER

The principle in cancer treatment is to cure the cancer patient with minima functional and

structural impairment (Rubin et al. 1993).

There are three main methods of cancer treatment, which are: (1) surgery, (2) radiation
therapy and (3) chemotherapy. The actua choice of the method of treatment depends on the

type of cancer and its developmental stage.

The rate of survival is better when the disease is localised to primary site. Once regiona
spread has occurred survival rate goes down, and decreases dramatically once distant

metastasis has occurred (Pratt 1994).



Surgery in combination with radiation therapy and chemotherapy is still the best method of

treatment in most of the cancer cases.

1131 SURGERY
It is the first line treatment against cancer depending on its stage of development, location
and type of the tumour. Surgical removal of the tumour at an early stage in the cancer often
can cure it completely except for some tumour locations like brain tumour. Surgical resection
of malignant primary tumour may cure or control the tumour depending on whether or not all

of the cancer cdlls have been removed.

Unfortunately, about 70% of cancers have already metastasized by the time of diagnosis and
therefore cannot be cured by surgery alone (Cooper 1992b). In spite of that, surgery remains

the most effective method of treatment for patients with solid tumour.

1.1.32. RADIATION
Radiation therapy involves the use of ionising radiation to kill cancerous cells. It is usually
used for the treatment of localized tumours, both benign and malignant. The primary target of

radiation is deoxyribonucleic acid (DNA) (Dizdaroglu 1992).

This kind of therapy like chemotherapy does not have the ability to distinguish between the

cancer cellsand normal cells and because of that it shows significant toxicity.

Radiation therapy can be used aone in different kinds of tumour including early stage head
and neck cancers (Lee et al. 1993), Hodgkin's disease (Farahet al. 1988) and cervical cancer

(Perezet al. 1986).



Radiation therapy has also been used in combination with surgery and/or chemotherapy to

eliminate cancer cells that have invaded normal tissue post-operative or during surgery.

The three treatment methods can be used together in many cases. A good example is locally
advanced breast cancer (Bonadonnaet al. 1990). In general, the effectiveness of radiation is
enhanced when it is used in combination with either surgery or chemotherapy or both. A
better example is cervix cancer where radiation plus cisplatin has improved survival for early

stage cancey.

1133. CHEMOTHERAPY
The modern chemotherapy treatment began in the late 1940s mainly with purine and
pyrimidine analogues and the research in this area continues to provide the best action, more
effective but less toxic drugs. Chemotherapy is different from surgery and radiation. It is a
systemic treatment because the chemotherapy drugs enter the blood stream, are distributed
throughout the body and can attack cancer cells wherever they are in the body. Numerous
compounds have been developed, but at present there are only a limited number of anticancer
drugs in clinical use. Cytotoxicity of these drugs is often due to the damage caused to DNA
or interference with DNA synthesis. Most of the anticancer drugs that are in use today are
nonselective in their mechanism of action (Ratain and Ewesuedo 1999). Often, they can
have smilar effects on both normal and cancer cells, thus producing a number of side-effects,
which include nausea, vomiting, diarrhea, anaemia, ineffective blood clotting, syppression of
immune system, hair loss and toxicity to specific organs such as kidney, bladder, liver and
heart. Most of the side effects are dose dependant (Bishop 1999b). Notable examples of

successes with chemotherapy include the treatment of Burkitt's lymphoma, Hodgkin's



disease, acute lymphocytic leukaemia, chorio carcinoma, ovarian cancer and testicular cancer

(Cooper 1992b; Pratt 1994).

Chemotherapy is dten administered before or after local therapy with surgery or radiation.
This form of therapy shows a definite benefit in a subset of patients with breast cancer and
colorectal cancer (O'Connell et al. 1988). The use of two or more drugs with different
mechanisms of action in combination offers a more effective method of trestment as it
reduces the chances of the development of drug resistance (Wittes and Goldin 1986) which is
one of the maor problems in anticancer chemotherapy. Drug resistance is usually mediated
through more than one pathways including gene amplification, dcreased drug uptake,
increased efflux, detoxification and decreased engagement of apoptosis. The selection of
standard chemotherapy combination regimes to treat individual patients is based upon tumour

histology and extent of disease (Chabner 1990).

Anticancer drugs can be classified based on whether they interfere with DNA synthesis or
cause damage to DNA. Anti- metabolite drugs interfere with DNA synthesis. Examples are 5-
fluorouracil, methotrexate and tomudex. Other drugs interfere with cell division. For
example, L-asparaginase bacteria enzyme inhibits cell growth by depleting circulating L-
asparagin, thus inhibiting protein synthesis. Some other drugs, which act by damaging DNA,
include akylating agents such as cyclophosphamide, melphaan, and platinum compounds

such as cisplatin and carboplatin (Miller et al. 1992; Clarke and Rivory 1999).

Drugs that interact with DNA can be divided into several classes based on the nature of
interaction. Some drugs interact with DNA non-covaently such as intercalation (eg.

daunorubicin) or groove binding (e.g. distamycin A). Some other drugs such as cisplatin and



mitomycin C form covalent adducts with DNA. A third class binds to DNA and subsequently
causes the breskage of DNA backbone (eg bleomycin) (Yang et al. 1999).
Electrochemotherapy is a new method of treatment that consists of a combination of a
chemotherapeutic agent and pulsed electric field. The eectrical field destabilizes cell
membranes, allowing increased movement of the molecules into the cell (Jaroszeski et al.

1997; Heller et al. 1999).

In addition to the three approaches to cancer treatment described above, there are a number
of new treatment methods still under clinical trials. Two examples are immunotherapy and

bone marrow transplants.

1.14. STRACTURE OF DNA

Since the subject of present research is platinum-based tumour active compounds that bind
covaently with DNA (as a result of which DNA conformations are changed), it is
appropriate to have a brief look a the structure of DNA. The word DNA stands for

deoxyribonucleic acid. It is the molecule of heredity that stores the genetic information. It is a

long molecule made by joining together of many deoxyribonucleotide subunits. Each
nucleotide in DNA is composed of a molecule of 2’ -deoxyribose (S), a nucleobase (NB), and
an inorganic phosphate (P). Figure 1.1 gives a symbolic representation of the structure of a

nucleotide.



NB

Figure 1. 1 Representation of a nucleotide

The four bases found in DNA are adenine (A), guanine (G), thymine (T) and cytosine (C).
These are also known as nucleobases. Adenine and guanine are derivatives of purine whereas
thymine and cytosine are derivatives of pyrimidine. The following figure gives the structures

of purine and pyrimidine.

L §

N

Purine Pyrimidine

Figure 1. 2 Structures of purine and pyrimidine



The following figure gives the structures of adenine, guanine, thymine and cytosine.

NH, o NH, C‘)
\ N e
N XN NH N NH
NH N/ NH N NH, NH o NH o
Adenine Guanine Cytosine  Thymine

Figure 1. 3 The structures of adenine (A), guanine (G), thymine (T) and cytosine (C)

In DNA, C1 of a2’-deoxyribose is linked to N1 of a pyrimidine base or N9 of a purine base.
A phosphate group joins two adjacent 2' -deoxyribose units by phosphodiester bonds. Each
2 -deoxyribose in turn is joined to two phosphates through its C3' and C5' centres so that in
each DNA strand the sugar at one end has 5’ hydroxyl group free and that at the other end

has 3' hydroxyl group free.
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Base

0O Base

Figure 1. 4 Representation of a polynucleotide chain

DNA usudly exists in the form of a double helix in which two polynuclectide chains run in
opposite directions. The bases in the double helix are always linked in pairs. adenine with
thymine by two hydrogen bonds and guanine with cytosine by three hydrogen bonds (Figure

1.5).
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Figure 1. 5 The hydrogen bonding, between adenine and thymine, and between guanine and
cytosine.

DNA has been found to exist in a number of forms (A to E and Z). These forms are
distinguished by a number of parameters. (1) the number of base pairs that occupy each turn
of the helix, (2) the pitch or angle between each base pair, (3) the helical diameter and (4)-

the handedness of double helix (right or left).

B form of DNA is most common. It exists as a right- handed double helix. It has a length of

3.4 nm per turn and within asingle turn 10 base pairs exist. The width is 2.0 nm.



Figure 1. 6 Representation of double helical DNA.

B-DNA has two different kinds of grooves called major and minor grooves. These grooves
have different width and depth. The major groove is deeper than the minor groove. These are
a consequence of glycosyl bonds between the sugars and bases in a given base pair being not

directly opposite to each other.
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Proteins can interact with B DNA through its grooves - specifically with exposed atoms of
nucleotides. This interaction is usualy mediated through hydrogen bonds (Stryer 1988;

Granner 1990).

1.1.5. METALSIN CHEMOTHERAPY

The history of medicine shows that metal compounds were used extensively in the medical
therapy. For example, antimony compounds were used as emetics and in the treatment of
tropica disease, whereas bismuth compounds were used as dermatological antiseptics

(Asperger and Centina- Cizmek 1999).

It is well known that many metals are essential for physiology of the human body and
compounds of the essential elements eg iron can be used as therapeutic drugs. Vanadate and
vanadyl ions have potential as insulin mimetic agents in the treatment of human diabetes

mellitus (Melchior et al. 1999; Thompsonet al. 1999).

For several decades manic-depressive psychoses have been treated with lithium salt (Lithium
carbonate). The Li* ion is therapeutically valuable because it counteracts both phases in the

typically cyclic course of this disorder (Birch and Philips 1991).

Figure 1.7 highlights the thirty elements that are believed to be essential for life. A number of
inorganic compounds, which are non-essential according to the present knowledge, are used

in chemotherapy.
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Figure 1. 7 The thirty highlighted elements believed essentid to life (Bowser 1993)

Chemotherapy involves the use of drugs to injure an invading organism ideally without
causing any injury to the host. This definition covers antibacterial, antiviral and anticancer
agents (Farrell 1999) and would cover alot of the compounds based on nonessential €l ements

that are used in chemotherapy. The greatest success of inorganic chemotherapy is the advent

of cisplatin and its analogue carboplatin, their adoption into clinical use and the number of
tumour active compounds based on platinum that are currently under clinical trials. The

details of platinum based anticancer drugs are given in chapter 2.

Following the success of cisplatin and similar platinum-containing anticancer drugs, a large
number of complexes of other metals also have been studied and in severa cases subjected to
clinical trial. The compounds that have reached the clinical trial include compounds of
germanium such as carboxyethylgermanium, gallium salts such as galium chloride and

titanium compounds such as budotitane (Keppler and Vogel 1996)

Compounds of other metals that have been investigated as anticancer drugs include those of
ruthenium, gold, copper, cobalt, paladium, rhodium and tin. In genera palladium(ll)
compounds are far more labile than their platinum counterparts and therefore less tumour
active and more toxic. However, some palladium complexes such as [Pd(meorot)(trans-

dach)] have been reported to show activity close to that of cisplatin (Buckley 1994). In
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another study of platinum and paladium compounds containing ligands: [3-carboline
alkaloids, pyrazoles, DMSO and ferrocenylphosphines, it was found that: (1) cis-palladium
compounds were more active than the corresponding platinum compounds and (2) palladium
compounds were more active in the trans-form than in the cisform (al-Allaf and Rashan
2001). Two dinuclear palladium(ll) complexes, {[Pd(en)Cl]2(bpse)}(NOs), and
{[Pd(en)Cl] 2(bpsu)} (NO3), have also been reported to show greater activity than cisplatin

against the HCT8 cell line (Zhao et al. 1998a).

It will be seen later than the antitumour properties of platinum compounds are attributable to
a great extent to the sow kinetics of their ligand displacement reactions. In that respect,
ruthenium complexes behave like platinum complexes although ruthenium compounds are
generally found to be dlightly less reactive than the corresponding platinum compounds.
Thus, it is logical to expect that ruthenium compounds also should display antitumour
activity (Van Houtenet al. 1993). Ruthenium complexes are found mainly as ruthenium(ll)
and ruthenium(l11) in agueous solution. In both the oxidation states, the metal ion is found to
be in an octahedral geometry. Like platinum(ll), ruthenium ions have a high affinity for
nitrogen and sulfur donor ligands. During the last two decades, ruthenium complexes with
diverse coordination environments have shown promising results in the biological field not
only as antitumour agents but also as NO scavengers and immunosuppressive agents.
Ruthenium(l11) complexes are generally more inert than the corresponding ruthenium(ll)
complexes. It is believed that the inert, and therefore inactive ruthenium(l11) complexes act as
pro-drugs which are activated by reduction in situ to the corresponding more active
ruthenium(l1) species. Ruthenium(l11) species may be expected to be reduced more easily in

tumour masses which are generally considered as reducing, hypoxic environments compared
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to surrounding more aerated tissues. Therefore larger amounts of reactive ruthenium(ll)
species might be generated in tumour tissues so that selective cytotoxicity may be produced

against solid tumours (Clarke 1993)

Ruthenium(I11) and  ruthenium(ll) complexes such as transRuCl,(DMSO),,
(DM SO);H[trans-RuCL(DMS0O), and trans-Him[RuCl(im),] were extensively studied for
their anticancer activity. Some of the ruthenium complexes show activity against several
cancer cell lines with a spectrum of activity different from that of cisplatin (Clarke 1993;
Keppler et al. 1993; Mestroni et al. 1993; Sava 1994; Pieper et al. 1999). The Ru(lll)
complex sat NatransRu(Im)MeSO)CL,J(NAMI) was found to inhibit selectively
spontaneous lung metastases in a model of solid metastasing tumour MCa mammary
carcinoma of CBA mice (Sava et al. 1992; Sava 1994). Compared to cisplatin, it was found
to be less active in inhibiting primary tumour growth. It is currently under a clinica tria

(Zhang and Lippard 2003).

Gold complexes are aso known for their use in the treatment of primary chronic
polyarthritis. The most important antirheumatics gold complexes are gold(l) sodium
thiomalate (myochrysin), gold(l) thioglucose (solganol), trisodium bis(thiosulphato) aurate(l)
and 2,3,4,6-tetrakis- O-acetyl 1-thio- b -D- glucopyranosato-S(triethyl phosphine)gol d(1)

(auranofin) (Asperger and Centina-Cizmek 1999).

As dtated earlier, some of gold complexes show antitumour activity eg.
triphenyl phosphine(8-thiotheophyllinato)gold, which is found to be active against several

tumour cell types (Show I11 1999).
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Since this project deals with new multinuclear tumour active compounds containing both
platinum and palladium centres, it is appropriate to review first the current state of the

development of platinum-based anticancer drugs.
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CHAPTER TWO

2. PLATINUM BASED ANTICANCER
DRUGS

Platinum is a third row transition metal that has eight electrons in the outer d sub
shell. Palladium and nickel, which occupy the second and first transition series, have a

similar configuration of outer electrons.

Platinum has two dominant oxidation states +2 or +4, designated as Pt(l1) and Pt(IV)
respectively. It can be found in the +5 and +6 oxidation states as well. In Pt(ll)
complexes, the coordination number of platinum is usually four and it has a square

planar geometry.

The complexes of Pt(IV) have coordination number of six in an octahedral
configuration.  Both Pt(Il) and Pt(IV) complexes can have ciss and trans
configurations. Platinum coordination complexes represent a unique and an important
class of antitumour agents (Reed 1990) one of which namely cisplatin has been used
in chemotherapy for more than 30 years. Cisplatin is considered to be the parent

compound among tumour active platinum complexes.
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21 CISPLATIN

As stated in chapter 1, two commonly used platinum-based anticancer drugs are
cisplatin and carboplatin. Cisplatin is cis-diamminedichloroplatinum(ll), abbreviated
also as cis-DDP. It is the first inorganic antitumour drug used in clinics (Drobnik
1983) and is one of the most widely used and successful drugs in cancer
chemotherapy (Pil and Lippard 1997; Bierbachet al. 1999). It was first described by
Michele Peyrone in 1895 (Kelland 1993). More than a century later, the compound
was coincidentally discovered as an anticancer drug by Barnett Rosenberg in 1964
when he examined the effect of an electric field on bacterial growth (Rosenberget al.
1965; Rosenberg et al. 1967). He found that there was a strong filamentous growth
but no cell division. Platinum electrodes used in the experiment produced (in presence
of ammonium chloride) a number of Pt(11) and Pt(IV) compounds including cisplatin,
that inhibited cell division causing the bacteria to become long and filamentous
(Rosenberg et al. 1969). This accidental discovery led him and his associates to
synthesize some simple platinum complexes and examine their antitumour activity. In
1971 the first clinical use of cisplatin was initiated (Hill et al. 1971) and now it is

widely used for cancer treatment (Loehrer and Einhorn 1984).

Today cisplatin is routinely used alone or in combination with other anticancer drugs
for the treatment of cancers of lung, ovary, testes and bladder (Di Blasi et al. 1998).
More about the development of cisplatin as anticancer drug will be considered later in

section 2.1.2.
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211. CHEMISTRY OF CISPLATIN

As dated earlier, cisplatin (dso known as csDDP) is cis
diamminedichloroplatinum(ll). It is a simple inorganic neutral, square planar complex
containing platinum(ll) bonded to two non-labile anmmonia ligands and two labile
chloro ligands oriented in acis-configuration. The labile ligands are also known as the
leaving groups whereas the nonlabile ligands are also known as the carrier ligands.
Transplatin (also known as trans-DDP) aso has the same ligands but in a trans-

geometry. The chemical structures of cisplatin and transplatin are shown in figure 2.1.

a a
H3N Pt c HsN Pt NH;
NH; Cl
Cigplatin (cis-DDP) Transplatin (trans-DDP)

Figure2.1 Structures of cisplatin and transplatin

Whereas cisplatin is active compound against a wide variety of tumours, transplatin is
inactive but toxic (Lippert 1996). Thisis believed to be associated with the difference
in reactivity of the two compounds. Transplatin is found to be more reactive than
cisplatin so that ligand displacement reactions would be faster for transplatin than for
cisplatin. The two compounds may aso differ in the nature of adducts formed with

DNA. Whereas both cisplatin and transplatin can form monofunctional adducts

21



amogt a the same rate, they differ in the rate of closure of the monofunctional
adducts (faster for cisplatin than transplatin) and in the actual types of bifunctional
adducts formed. Cisplatin monofunctional adducts can close to form 1,2-intrastrand
bifunctional crossinks (Milkevitch et al. 1997) and transplatin monofunctional
adducts can close mainly to form interstrand bifunctional cross links. For this reason,
a great deal of effort has been placed on discovering the specific proteins that
recognize cisplatinDNA complexes and examining how the interaction of these
proteins with the complexes might lead to cell death (Pil and Lippard 1997). Figure
2.2 illustrates the formation of different bifunctional adducts by cisplatin and

transplatin.
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1,2-ntrastrand 1,3-mirastrand Interstrand

Cisplatin bifunctional adducts

Interstrand Intrastrand

Transplatin bifinctional adducts

Figure 2. 2 Bifunctional adducts on DNA of cisplatin (top) and transplastin (bottom)
[Based on (Farrell 1996)]

As stated earlier, the antitumour activity of cisplatin and other platinum-based
anticancer drugs is attributed to a great extent to the kinetics of ligand displacement
reactions (Berners-Price and Appleton 2000). The primary target of cisplatin is the
nitrogen centres in the nucleobases of DNA. It is believed that the bonds between the

metal ion and the nitrogen centres of nucleobases are sufficiently longlived to
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interfere with the process of cell division or to trigger other intracellular mechanisms
that recognize irreparable damage to cells. On the other hand, the compounds should
be sufficiently reactive for the injected drug to undergo in a relatively short period of
time a sequence of reactions that allows the “leaving groups’ present initially on the

compound to be replaced by nitrogen centres in nucleobases.

Cigplatin is a relatively inert molecule that does not directly react with molecules in
the biological systems that bind to platinum through nitrogen or oxygen donor
centres. It enters the cell by both passive diffusion (Jamieson and Lippard 1999) and
carrier-mediated transport (Andrews and Howell 1990; Gately and Howell 1993;
Andrews 1994). Recently cisplatin has also been found to enter cells by active
transport mediated by the copper transporter CtrlP in yeast and mammals (Ishida et
al. 2002). Cisplatin in aqueous solution is slowly hydrolyzed in which the two labile
chloride ligands are progressively replaced by water molecules in a rather
complicated manner (Orton et al. 1993) to produce cis-[PtCl(H.0)(NHs)2]" and cis-
[Pt(H20)2(NHs),]** (Figure 2.3). Depending on the pH of the solution, the bound
water molecules may deprotonate to produce hydroxo complexes. The first step of
hydrolysis is the rate-determining step (ty2 = 1.9 h) in the reaction of cisplatin with
DNA(Gelasco and Lippard 1999) as the positively charged agua species are more
reactive than the neutral molecule and react readily with donor nitrogen ligands such
as nucleobases. Although the high chloride ion concentrations (> 100 mM) present in
blood plasma and extracellular fluid would prevent the hydrolysis of cisplatin, once it
crossed the cell membrane such reactions can occur easily since chloride

concentration in the intracellular fluid is much lower (about 4 mM).

Thus, activated agua species are produced within the cell, and these then react with

nucleobases (Bloemink and Reedijk 1996).
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Figure 2. 3 Hydrolysis of cisplatin in agueous solution.[Based on Berners-Price et d
and El-Khateeb et al (EI-Khateeb et al. 1999; Berners-Price and Appleton 2000)]

On a smple level, cisplatin causes apoptosis by covalent binding with nucleophilic
sites on guanine present in all DNA in the cancer cells (Jamieson and Lippard 1999).
Once cis-[Pt(H.0)(NHs),]" is formed, binding occurs mainly at N7 position of
guanine followed by N7 position of adenine and then N3 position of cytosine (Mansy
et al. 1973; Rahn 1984). It has been suggested that in vivo the positively charged cis
[Pt(H20)(NHz)2]" ion diffuses to the polynegatively charged DNA and then rapidly

migrates along the helix to the preferred dGpdG binding sites (Dunham et al. 1998).
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Binding of cisplatin to GN7 leads to stability due to the large intrinsic basicity of G
N7 and the additional stablization produced by the formation of hydrogen bond
interaction between the coordinated water molecule and G O6 unlike that in the case

of adenine where repulsive interaction is produced (Arpalahti 1996) figure 2.4.

H H

HsN o}

NG
H3N/ \Nf\ H3N/ \N+ AN
</NH ‘ N)\NHz </NH ‘ N)

Figure 2. 4 Hydrogen bonding stabilization in guanine and destabilization in adenine
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X
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As staed earlier, cisplatin monofunctional adducts close mainly to form intrastrand
bifunctional adducts. The actual adducts formed are intrastrand dGpdG (60-65%) and
intrastrand dApdG (20-25%), intrastrand dGpXpdG (5-6%), where p stands for
phosphate and X stands for a deoxyribonucleotide and interstrand GG (Fichtinger-
Schepman et al. 1982; Fichtinger-Schepman et al. 1985; Eastman 1986, 1987). It can
be seen that intrastrand dGpdG and dApdG adducts together account for about 90% of

the total adducts.

The structure of platinated DNA is significantly distorted, resulting in a decrease in
melting temperature (Hermann et al. 1979), shortening (Cohen et al. 1979),
unwinding (Macquet and Butour 1978) and even some local denaturation of the DNA

(Scovell and Capponi 1982).
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Because cisplatin and its analogues were found to be tumour active but transplatin and
its analogues were found to be inactive, it was suggested that to be tumour active
platinum compounds need to satisfy the following requirements, which are known as

the classical structure activity relationships (Connors et al. 1979).

Complexes should be neutral

A cis geometry is required with general formula cis-PtX,(amine), for Pt(I1)

compounds and cis-PtX,Y2(amine), for Pt(1V) compounds.

The complexes should have two anionic leaving groups of intermediate

binding strength such as CI and oxalate.

The complexes should have two nontleaving groups (also called carrier
ligands) that are usualy primary or secondary amines (but not tertiary

amines as they cannot form hydrogen bonds with nearby bases).

Even with such relatively broad requirements, it was found that at least four series of
compounds that violated the above structure-activity relationship could be tumour
active (Farrell 1993). For example, compounds with a trans-geometry and multiple
metal centres (that have structures very different from that of cisplatin), have aso
been found b be tumour active. Because of a different nature of interaction with
DNA, such compounds are expected to have a different spectrum of activity. These

‘rule breaker’ platinum compounds will be considered more fully later in the chapter.

21.2. USESAND LIMITATIONS OF CISPLATIN

As stated earlier, cisplatin is one of the most potent and widely used anticancer drugs

that show activity against slow-growing as well as the rapidly-growing tumours.
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However, it has a number of side effects and also cancer cells can have intrinsic

resistance to the drug or develop resistance due to the continued use of cisplatin.

2121 USESOF CISPLATIN
Cigplatin is administrated intravenoudy, diluted in physiological saline every 3-4
weeks at doses from 50-120 mg/nt (Kelland 2000b). The drug has been shown to be
more effective when given regionally (Howell et al. 1983). As stated earlier, cisplatin
is an effective drug against a wide variety of cancers when given aone or in
combination with other anticancer drugs. It is highly effective against testicular and
ovarian cancers (Hay and Miller 1998); it has greater than 90% cure rate in testicular
cancer (Zhang and Lippard 2003). Cisplatin is also used to treat other kinds of cancers
such as non small cell lung cancer, head, neck, cervix, bladder, oesophageal, breast as
well as some paediatric malignancies (Hill et al. 1971; Higby et al. 1974; Von Hoff

and Rozencweig 1979; Loehrer and Einhorn 1984; Highley and Hilary Calvert 2000).

Some of the drugs that can be given in combination with cisplatin are 5-fluorouracil
(Esaki et al. 1992), arabinofuranosylcytosine (Swinnen et al. 1989) and aphicicolin
andhydroxyurea (Masuda et al. 1990). There is a broad consensus that cisplatin
together with paclitaxel provides a significant advantage in the treatment of advanced
ovarian cancer (Adams et al. 1998) over the use of the drugs alone. As stated in
chapter one, cisplatin as some other anticancer drugs can exert synergistic effect aso,

when used in combination with radiotherapy.

Both acquired and intrinsic resistances to cancer chemotherapeutic agents limit the

cure rates (Scanlonet al. 1989).
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21.22. LIMITATION OF CISPLATIN

As stated earlier, cisplatin is one of the most widely used and successful drugs in
cancer chemotherapy, hut it has a number of limitations including severe toxicity,
development of resistance, poor and low activity against some kinds of cancers and

poor solubility (Eastman 1991; Kim et al. 1994; Bloemink and Reedijk 1996).

Drug resistance

One of the most significant limitations toward the successful treatment of tumour with
platinum compounds including cisplatin is the development of resistance in tumour
cells (Johnson et al. 1993). Some cancer cells have intrinsic resistance to cisplatin and
others develop resistance to its continued use (Scanlon et al. 1989). Cisplatin
resistance can operate by a number of mechanisms. The three mgor mechanisms in
cisplatin resistance are stated below. Two or more of these mechanisms operate

together in most resistant cells.

Decreased cellular accumulation of cisplatin, limiting the formation of drug-
DNA adducts. The decrease in cellular accumulation is generally due to
changes in membrane properties (Kawai et al. 1990) that may lead to changes
in cisplatin transport and/or efflux. Decreased level of platinum accumulation
has been reported in severa different cell lines having acquired cisplatin
resistance (Eastman and Schulte 1988; Gately and Howell 1993; Chu 1994). It
has been suggested this was due to decreased drug uptake rather than
enhanced drug efflux. It may be noted that cisplatin can cross the cell
membrane by both passive diffusion and carrier-mediated transport (Gately
and Howell 1993). Whereas the entry into the cell is more likely to be due to

passive diffusion, the efflux out of the cell is more likely to be carrier-
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mediated since the aquated forms of cisplatin produced inside the cell are
positively charged. Increased efflux of cisplatin was observed in cisplatin-
resstant cdl line in vitro (Fujii et al. 1994). In multidrug-resistant cell lines it
has been found that a P-glycoprotein acts as a pump and prevents the
accumulation of drugs in the cell (Gottesman and Pastan 1993). Shen et d
reported that the loss of folate binding protein was associated with decreased

cellular accumulation of cisplatin (Shenet al. 1998).

Cytosolic inactivation due to binding with various platinophiles including
sulfur-containing molecules such as glutathione (GSH) and metallothionine
(MT) (Reedijik and Teuben 1999), thus preventing binding of cisplatin with
DNA. Increased glutathione level has been found in some cisplatin-resistant
cells (Perez et al. 1990; Mistry et al. 1993). Cisplatin forms a 2:1 complex
with GSH that can be eliminated from the cell by an ATP-dependent
glutathione export pump (Ishikawa and Ali-Osman 1993). Like GSH,
metallothionein (MT) is aso involved in the deactivation of cisplatin. MT is
believed to be involved in detoxification of heavy meta ions inside the cell
(Chu 1994). Elevated levels of MT have been found in some cisplatin-resistant
cells (Kelley and Rozencweig 1989). In fact, regulation of intracellular levels
of sulfur-containing compounds appears to be important for eliminating some

features of resistance of tumour cells to platinum drugs (Zhang et al. 2001).

Increased DNA repair making the cell more resistant to cisplatin (Masuda et
al. 1988; Masuda et al. 1990; Johnson et al. 1994). CisplatinrDNA adducts
may be removed due to hydrolysis of phosphdiester bonds on both sides of the
lesion following which the DNA is repaired. Mismatch repair (MMR) plays

an important role not only in drug resistance but also in maintaining the
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integrity of the genome. Expresson of MMR proteins is found to be
associated with the sensitivity of mammalian cells to an ever increasing range
of DNA-damaging agents including platinum-based anticancer drugs (Fink et
al. 1998). Thus increased DNA repair may be due to the presence of certain
proteins such as XPE-BF that recognizes many DNA lesions including those
induced by UV radiation and cisplatin (Patterson and Chu 1989; Hwang and
Chu 1993). Levels of XPE-BF were found to increase early in the
development of cisplatin resistance (Chu 1994). Another example of DNA
repair proteins is ERCC1-XPF, which is a heterodimer. It is believed to cut the
strand on the 5’ side of the damage and the XPG protein incises on the 3' side
(Gibson 1997). On the other hand the high mobility group (HMG-domain)
proteins, play an important role in cisplatin activity. Most of the HMG-domain
proteins have the capacity to bind with cisplatinrDNA adducts (specifically to
1,2d(GPG)-cisplatin intrastrand cross-link) and prevent the repair mechanism

(Zamble and Lippard 1999).

Toxicity

The second major limitation of cisplatin is its toxicity. These include renal

dysfunction, nausea and vomiting, peripheral neuropathy, auditory impairment,

mylosuppression, visual impairment and pancreatitis (Screnci and McKeage 1999;

Highley and Hilary Calvert 2000). The dose-limiting nephrotoxicity of cisplatin

amost prevented its development as anticancer drug until a solution in terms of

forced hydration was suggested (Cvitkovic et al. 1977; Hayes et al. 1977). Hydration

before and after, with or without mannitol is now routinely used to reduce

nephrotoxicity (Weiss and Christian 1993). Even then glomerular filtration rate can

decrease by 25% or more.
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To reduce the toxic side effects of cisplatin and to widen the spectrum of activity,
thousands of cisplatin analogues have been prepared by varying the nature of leaving
groups and the carrier ligands. However, only a few drugs have reached the clinical
trial and the rest of these have been discarded due to lack of advantage over cisplatin.
When the nature of the leaving groups was modified, it was possible to make changes
in toxicity profile of the compounds but no changes in the spectrum of activity could
be achieved eg carboplatin which has 1,1-cyclobutanedicarboxylate as the leaving
groups is found to be less toxic than cisplatin (van der Vijgh 1991). More about
carboplatin will be considered in the next section. When the nature of the leaving
groups was changed, it was possible to cause a limited change in the spectrum of
activity eg oxaliplatin which has DACH (1,2-diaminocyclohexane) carrier ligand is
found to be active against colorectal cancer whereas cisplatin and carboplatin are not

(Misset et al. 2000). More about oxaliplatin will be considered in the next section.

Since all the cisplatin analogues generally form similar adducts with DNA that
trandate often into a similar spectrum of activity, it has been suggested that to have a
spectrum of activity markedly different from that of cisplatin we need to develop
compounds that would have novel chemical structures and biological properties. One
such class of compounds are dinuclear and trinuclear platinum complexes. Before we
consider polynuclear platinum compounds, we will review the development of
cisplatin analogues and related compounds which are commonly known as second

and third generation drugs.
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22.  SECOND AND THIRD GENERATION
MONONUCLEAR PLATINUM BASED
ANTICANCER DRUGS

As stated earlier, because of the limitations of cisplatin, many platinum compounds
have been synthesized (Kelland 1993; Hay and Miller 1998) by changing the nature
of the leaving groups and that of the carrier ligands. In the development of platinum
compounds which are commonly known as second generation platinum drugs, the
primary goa was to reduce the toxic side effects and to a lesser extent widen the
spectrum of activity (Kelland et al. 1995). So far more than 23 cisplatin analogues
have been tested in cancer patients but most were found to be unsuitable for further
development because of poor agueous solubility, formulation difficulties or severe
toxicity (Kelland 1993). As noted earlier, the nature of the leaving groups plays a key
role in determining the toxicity profile whereas that of the carrier ligand plays a
dominant role in determining the spectrum of activity. Compounds with very labile
ligands such as nitrate are found to be toxic rather than anticancer active as these may
be deactivated before entry into cell. Compounds with strongly coordinating ligands
such as SCN™ are also found to be inactive as these may not be replaced by
nucleobases in DNA. Compounds with moderate labile ligands such as chloride and
carboxylate are found to display higher antitumour activity (Bloemink and Reedijk

1996).

During the last thirty years, thousands of cisplatin analogues have been prepared by
varying the nature of the leaving and the non-leaving groups. When the nature of the
leaving groups was modulated it was possible to reduce toxicity but not the spectrum
of activity. When the structure of carrier ligands was modified, it was possible to

achieve alimited change in the spectrum of activity eg oxaliplatin which has a DACH
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(1,2-diaminocyclohexane) carrier ligand is found to be active against colorecta
cancer. The search for a less toxic drug based on the modification of the leaving
groups a the Institute of Cancer Research in the U.K led to the development of
carboplatin (Harrap 1995), which Is [cis-diammine-1,1-
cyclobutanedicarboxylateplatinum(ll)]. It is now routinely used as aternative to
cisplatin. It has a similar spectrum of activity to that of cisplatin but with reduced

toxicity (van der Vijgh 1991).

In general cisplatin and its second generation analogues are administrated
intravenously whereas third-generation compounds such as IM216 and ZD0473 can
be administrated orally allowing a greater flexibility in dosing and increase in the

potential use in palliative care (Barnard et al. 1999).

22.1. CARBOPLATIN

Carboplatin is cis-diammine-1,1-cyclobutanedicarboxylatoplatinum(l1) abbreviated as

CBCD (figure 2.5).

H3N OCO
Pt

HsN OCO

Figure 2. 5 Structure of carboplatin

As stated earlier, carboplatin was developed in the Institute of Cancer Research in the
U.K. The development of the drug was actualy a collaborative effort between

Johnson Matthey (JM) and Institute of Cancer Research (ICR). It entered into clinical
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trial in 1981(Kelland 2000a). Carboplatin is the only analogue of cisplatin that is
approved worldwide for clinical use (Ozols 1992). Carboplatin and cisplatin have
been shown to form identical type of adducts with DNA (Perez 1998). The
cyclobutanedicarboxylate ligand found in carboplatin is less labile than the chloride
ligands present in cisplatin. This makes carboplatin less toxic but because of the
presence of the same carrier ligands as in cisplatin activity is retained (Calvert et al.
1992; Lebwohl and Canetta 1998). Carboplatin has significantly less neurotoxicity
and nephrotoxicity than cisplatin (Goddard et al. 1994 122) so that there is no need
for hydration, facilitating its use in out-patients setting. Nausea and vomiting are also
reduced compared to that in cisplatin (O'Dwyer et al. 1999). However
myelosuppression is increased which is the dose-limiting toxicity of carboplatin
(Blommaert et al. 1995). Carboplatin has now replaced cisplatin in many clinics, on
the basis of its broadly similar spectrum of activity and reduced toxicity (Judson and
Kelland 2000) and has emerged as the first-line treatment of choice for patients with
advanced ovarian cancer (Kelland et al. 1999). Carboplatin can be given aone or in
combination with other drugs. Combination of carboplatin with paclitaxel has been
found to reduce carboplatin-induced thrombocytopenia and potentiate their activity

against urothelial cancer (Lebwohl and Canetta 1998; Judson and Kelland 2000).

2.2.2. CISPLATIN ANALOGUES

Several analogues of cisplatin or carboplatin that belong to the second and third
generation of platinum compounds have been synthesized and studied in pre-clinical
trial. Only a handful of these compounds entered the clinical trial and most of these
have been discarded due to lack of advantage over cisplatin or caboplatin. The

chemical structures of some of these compounds are shown in figure 2.6
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Figure 2. 6 Chemical structures of cisplatin analoguesin clinical trial

2221 NEDAPLATIN (245-S)
Nedaplatin is cis-diammine(glycolato-0,0")platinum(ll). This is a water soluble
platinum compound that was synthesized by Shionogi Pharmaceutical Company of
Osaka, Japan in the mid 1980s and is registered for use in Japan (Judson and Kelland
2000). The compound has a novel structure involving a glycolate ring bound to

platinum atom as a bidentate ligand. Phase 11 studies have shown that nedaplatin has a
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spectrum of activity similar that of cisplatin but with lower nephrotoxcitiy (Akaza et
al. 1992). Myelosuppression associated with thrombocytopenia is the dose-limiting

toxicity of nedaplatin (Akaza et al. 1992; Kelland 1993).

2222. TETRAPLATIN (ORMAPLATIN)

Tetraplatin -~ aso  known as ormaplatin  is tetrachloro-(dl-trans)-(1,2-
diaminocyclohexane)platinum(lV). It is one of the DACH complexes that entered
clinica trial. Like cisplatin and carboplatin, tetraplatin has to be administered
intravenoudly. Tetraplatin was found to overcome cisplatin-resistance in murine L120
tumour (Goddard et al. 1991). In other studies on different human tumour cells with
acquired resistance to cisplatin it was found that tetraplatin shared either partial or full
cross-resistance with cisplatin (Hills et al. 1989; Kelland et al. 1992; Meijer et al.
1992; Mellishet al. 1993). The clinical trial of tetraplatin has been abandoned during

phase | clinical trial due to its severe neurotoxicity (Figg et al. 1997).

2223. OXALIPLATIN

Like tetraplatin, oxaliplatin is also a DACH containing platinum drug but unlike that
in tetraplatin, platinum in oxaliplatin isin +2 oxidation state. Oxaliplatin is (1,2-trans-
diaminocyclohexane)oxalatoplatinum(ll). It was first synthesized by Kidani in 1978
(Kidani et al. 1980) and developed in Europe, primarily in France (Mathe et al. 1985).
Severa studies have shown that oxaliplatin with its slowly reacting leaving group
(namely the oxalate) reduces the nephrotoxicity compared to that of cisplatin (Mathe
et al. 1989). Neurotoxicity is the only major dose-limiting toxicity associated with
oxaliplatin (Extraet al. 1990). The nature of binding of oxaliplatin with DNA is found

to be similar to that of cisplatin but the rate of formation of intrastrand adducts is
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lower (Saris et al. 1996). The actual number of DNA adducts formed by oxaliplatin is

also found to less than that formed by cisplatin (Woynarowski et al. 1998).

Oxaliplatin has been found to be active against advanced colorectal cancer (Barefoot
2001) both as single agent (Becouarn et al. 1998) and in combination with flurouracil
(Levi et al. 1994; Rixe et al. 1996). In contrast, cisplatin and carboplatin essentially
have no activity against colorectal cancer (Misset et al. 2000). Oxaliplatin was also
found to be active against a number of cisplatin- and carboplatin-resistant tumour
cells (Rixe et al. 1996). Thus the development of oxaliplatin provides a clear example
of change in toxicity profile and spectrum of activity due to a combination of changes

in the leaving groups and the carrier ligands.

Recently it has been found that oxaliplatin is more potent than cisplatin in induction
of apoptosis (Faivre et al. 2003). Oxaliplatin is currently registered for use in
advanced colorectal cancer in United States, Europe, Asia and Latin America (Faivre

et al. 2003).

2224. |PROPLATIN
Iproplatin is cis-dichloro-trans-dihydroxo-bis(isopropylamine)platinum(lV), aso
known as CHIP and JM6. It was selected for clinical evaluation on the basis of its
improved therapeutic index. In preclinical studies, it showed activity to cisplatin
responsive tumours (Foster et al. 1990). Myelosuppression is the dose-limiting
toxicity of iproplatin similar to that for carboplatin (Lebwohl and Canetta 1998).
However, in phase [11 clinical trials, it was found to be more toxic and less active than
carboplatin. Further development of iproplatin was abandoned because of its lower

activity as compared to carboplatin (Trask et al. 1991).
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22.25. ENLOPLATIN
Enloplatin is 1,1-cyclobutanedicarboxylato-0',0’ tetrahydro-4H-pyran-4,4-dimethyl
amine-N,N’ platinum(I1). The compound is highly water soluble. It entered the phase |
clinical trials. Myelosuppression and nephrotoxicity were found to be the dose-
limiting toxicity of enloplatin. However further development of enloplatin was

abandoned because of nephrotoxicity and low activity (Lebwohl and Canetta 1998).

2226. LOBAPLATIN

Lobaplatin is 1,2-diaminomethylcyclobutane-platinum(I1)- lactate. It is a water soluble
platinum(l1) compound. Lobaplatin was developed in Germany and evaluated in other
parts of the world and is currently used in China (Welink et al. 1999). In phase | trials
it was found that thrombocytopenia was the dose-limiting toxicity of lobaplatin and
no nephrotoxicity was noted (Kelland 1993). Lobaplatin has shown antitumour
activity with incomplete cross-resistance in human gastric, testicular, lung and ovarian
cancer xenografts (Gietema et al. 1993a; Gietema et al. 1993b). Both in phase | and
phase Il clinical trials lobaplatin demonstrated activity against esophageal, breast,

head and neck, small lung and ovarian cancers (Welink et al. 1999).

223. ORALLY ACTIVE PLATINUM DRUGS

Like cisplatin and carboplatin, al the second generation platinum based anticancer
drugs are administered by intravenous infusion. When given oraly, cisplatin and
carboplatin are found to be less toxic but aso less active (Kelland 2000a). It was
stated earlier that oxaliplatin had a somewhat different spectrum of activity and
toxicity profile as compared to that for cisplatin and carboplatin but like cisplatin and
carboplatin the drug can only be given intravenously. Thus the structure of oxaliplatin

was modified to obtain orally active compounds (Kizu et al. 1996). The aim of a
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continued collaborative program between Johnson Matthey (JM) and Institute of
Cancer Research (ICR) has also been to develop an orally active platinum drug that
would have activity at least comparable to cisplatin and toxicity similar to that of
carboplatin. Currently, a number of orally active platinum compounds are under

clinical trials (Figure 2.7).

OCOCH 4 OH
HaN Cl H,N Cl
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A cl NA, oy,
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Figure 2. 7 Chemical structures of MJ335 and the orally active compounds M J216,
AMDA473 and C5-OHP-CI

2231 JM216

JM216 is bis(acetato)ammine-dichloro(cyclohexylamine)platinum(lV). It is given

ordly rather than by intravenous injection. The compound has been developed by
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Bristol-Myer Company in collaboration with IM and ICR (Kelland 1993). It differs
from cisplatin and carboplatin in the sense that it is a platinum(IV) compound rather
than platinum(ll). This feature makes IM216 more stable, which could be important
in its passage through the gastrointestinal tract. IM216 is aso found to be more
lipophilic than other platinum drugs, a feature that may aid its absorption through the
membranes of the gastrointestinal wall. It is however believed that as in the case of
other platinum(lV) compounds, platinum is reduced from IV to Il state before it

interacts with DNA (Kelland 2000a).

IM216 entered clinical trial in 1992 (McKeage et al. 1995). In phase | trias, it was
found that myelosuppression was the dose-limiting toxicity of the drug (McKeage et
al. 1997). The antitumour activity of JM216 is equivalent to that of cisplatin and
carboplatin (Barefoot 2001). JM216 could replace cisplatin for combined radio-

chemotherapy treatment (Amorino et al. 1999).

2232 JM335

JM335 is trans-ammine(dichlorocyclohexylamine-dihydroxo)platinum(lV). It
provides an example of compounds that break the classica structure activity
relationships. It is a rationally designed complex that forms a different spectrum of
adducts with DNA (Kelland et al. 1999). It showed comparable activity to its cis
isomer and cisplatin against ADJPC6 plasmacytoma, L1210 and CH1 ovarian
cancers (Perez et al. 2000) and was found to induce apopotosis in CH1 cell line
(O'Nelill et al. 1996). Early study with IM335 suggested that in vitro it succeeded in
circumvention of acquired cisplatin resistance against some cell lines including

4IM R and CH1%R (Kelland et al. 1994).
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2233 ZD0473

ZD0473 formerly known as AMDA473 or JM473 is cis-amminedichloro(2-
methylpyridine)platinum(Il). It entered phase | clinical trials in 1997 at the Royal
Marsden NHS Trust Hospital under the auspices of the UK Cancer Research
Campaign. It is a novel platinum compound that has been designed to overcome
acquired or intrinsic resistance to cisplatin (Judson and Kelland 2000). It has been
suggested the bulkier methylpyridine ligand would increase steric hindrance so that
the substitution reaction pathway is shifted more towards a dissociative rather
associative mechanism. Thus the compound would have reduced susceptibility to
inactivation by elevated intracellular thiol concentrations (Kelland 1999). As stated
earlier, inactivation of cisplatin by GSH or MT is one of the common mechanisms of
cisplatin resistance. ZD0473 was found to be less reactive than cisplatin towards
thiourea and methionine (Holford et al. 1998a). However it was found that ZD0473
shares some mechanisms of resistance with cisplatin in A2780 &l line including
reduced drug transport, increased GSH level and loss of MLH1 DNA mismatch repair
(Holford et al. 2000). In vitro studies show that the antitumour activity of ZD0473 lies
in between that of cisplatin and carboplatin (Holford et al. 1998b). ZD0473 has been
found to show significant activity against four lung cell lines: PC-14/CDDP, PC-
9/CDDP,SBC-3/CDDP and HE9/CDDP that are resistant to cisplatin (Kawamura-
Akiyama et al. 2002). The compound is also found to be quite active against 41M°
ovarian cell line that is resistant to cisplatin (Judson and Kelland 2000), indicating
that ZD0473 has been able to overcome multiple mechanisms of resistance operating
in the cell line. Preclinical studies showed that the dose-limiting toxicity of ZD0473

was myelosuppression similar to that of carboplatin (Raynaud et al. 1997). Phase |
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clinical study also confirmed that the dose-limiting toxicity of ZD0473 was bone

marrow suppression (Judson and Kelland 2000).

2234. C5-OHP-CI
With the aim of obtaining orally active derivatives of oxaliplatin, different compounds
having the generd formula trans,cis,cis-[Pt(1V)(OCOCHy+1)(0xal ate)(1R,2R
cyclohexanediamine)] were prepared by Kidani et al, (Kizu et al. 1996). The trans-
bis(n-valerato)(1R,2R-cyclohexanediamine)(oxalate)platinum(lVV) code named C5-
OHP-CI was found to be the one that was most absorptive and most active (Kizu et
al. 1998). It was found to be more effective than cisplatin in different tumour models

(e.g L1210 leukemia and LMFS sarcoma) (Saegusa et al. 2001).

The following figure summarizes the development of different platinum-based tumour
active compounds as a result of a cooperative program between Johnson Mathey and

Institute of Cancer Research in the U K.

CISPLATIN CARBOPLATIN JM216 AMDA473
OCOCH,;

H3N cl

HsN 0oCco HsN Cl H3N cl

>P< \Pt/ \Pt/ (JM335) \ /
Pt

. N Nl @Hz/ N AN

OCOCH; A c

CH,

1971 1981 1992 1997
Nephrotoxicity Oral drug Must circumvent
Nausa/'vomiting Myelosuppression Myelosuppression acquired and/or
Neurotoxicity I intrinsic cisplatin

Improved quality of life resistance

Figure 2. 8 Summary of the ICR/IJM platinum drug program from carboplatin to
ZD0473 (Based on Keland (Kelland 2000a))
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23. MULTINUCLEAR PLATINUM COMPOUNDS

In the previous section we have reviewed the development of second and third
generation platinum-based anticancer drugs. It was found that changes in toxicity
profile of the compounds could be achieved by changing the nature of the leaving
groups whereas modulation of the carrier ligands could cause a limited change in the
spectrum of activity. However, it is found that all cisplatin analogues generally form
similar adducts with DNA that often trandate into a similar spectrum of activity.
Thus, it was suggested by Farrell that for platinum drugs to have a spectrum of
activity very different from that of cisplatin, the compounds need to have structures
distinctly different from that of cisplatin (Farrell 1993). Dinuclear and trinuclear
platinum complexes represent a new class of tumour active compounds with
structures and properties (including biological ones) distinctly different from those of
cisplatin. The understanding that cisplatin acts by delivering the cis-[Pt(NHs)2] moiety
to DNA provided a rationale for systematically altering the structure of the platinum
coordination sphere to arrive at altered activity/toxicity profiles (Farrell et al. 1999).
As stated earlier, while only one analogue of cisplatin namely carboplatin entered full
clinical use world wide, a number of other analogues such as oxaliplatin, ZD0473,
JM216 and lobaplatin are being evaluated in Phase | and Phase Il clinical trias. A
number of other platinum-based compounds, such as tetraplatin and iproplatin, that
previously entered clinical trials, are no longer under development, because of
unacceptable toxic side effects, insufficient efficacy or a limited spectrum of activity.
Attempts to design new platinum complexes with comparable antitumour activity but
no cross-resistance with cisplatin and carboplatin led to development of a number of

polynuclear platinum complexes (Perego et al. 1999a). In a recent review, Wheate et



al, summarise the development over the last 15 years of multinuclear platinum

complexes as anticancer agents (Wheate and Collins 2003).

23.1. DINUCLEAR PLATINUM COMPLEXES
The dinuclear motif that was first reported in 1988 consisted of two cis-[Pt(NHz)2]

units linked together by a flexible diamine chain (Farrell et al. 1988; Farrell et al.
1990b). Systematic variation of the coordination sphere, chain length and steric
effects within the linkers by Farrell and co-workers produced a wide range of possible
structures some of which are given in figure 2.9. In terms of the adducts formed in
DNA, the dinuclear complexes can be diverse ranging from being bifunctiona to
tetrafunctional bindersto DNA. It was found that among the dinuclear complexes, the
so-called 1,1/1,t series (where 1,1 indicate the presence of one chloro ligand on each
platinum unit and the letter ‘t" stands for trans-geometry) gave consistently higher
antitumour activity in cisplatin-resistant cells (Farrell and Spinelli 1999; Farrell
2000). It was aso found that the length of diamine chain played an important role in
the activity of the compounds. The 1,1/t,t compound with two platinum units linked
by 1,6-diaminohexane was found to be much more active than the other dinuclear
compounds (Menta et al. 1999). As the length of the linking diamine was increased

above six or decreased below six, the activity of the compound was found to decrease.
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Figure 2. 9 Structures of different classes of dinuclear Pt(I1) complexes and the
trinuclear compound BBR3464

Cisplatin binds to DNA, forming mainly monofunctional adducts and bifunctional
intrastrand adducts. DNA-DNA interstrand GG cross-links and DNA-protein
crosslinks are produced to a much lesser extent with cisplatin. Inhibition of DNA

synthesis and transcription is believed to be a consequence of Pt-DNA adducts
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formation. In contrast, the predominant DNA binding mode of dinuclear platinum
compounds is DNA-DNA interstrand cross-linking where one Pt coordination sphere
binds to one DNA strand (Farrell 1995). The extent of interstrand cross-linking is
dependent on the exact structure of the compound. At [drug] : DNA binding ratio (in
terms of phosphate) ri > 0.025 the 1,1/tt compounds were found to produce
significantly more interstrand cross-links than their 2,2/c,c counterparts (where 2,2/c,c
indicate the presence of two chloro ligands in cis-geometry on each platinum unit).
The other difference between 1,1/t,t and 2,2/c,c compounds is that whereas for 2,2/c,c
complexes the extent of overall binding with DNA increases linearly with the increase
in Pt concentration, for 1,1/t;t complexes the extent of interstrand binding rises to a
maximum and then falls off. It may be noted that for the dinuclear complexes, the
formation of DNA-DNA cross-linking requires the presence of only one substitution
labile Pt-Cl bond on each Pt centre. Tetrafunctional 2,2/c,c dinuclear complexes have
the ability to produce DNA-protein ternary cross-links and interhelical DNA-DNA

cross-links, where two double helices are linked together (Buning et al. 1997).

Table 2.1 conpares the in vitro cytoxicity of dinuclear and mononuclear platinum

compounds in a human ovarian tumour panel (Farrell et al. 1999).
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Table2. 1 Comparison of in vitro cytotoxicity of dinuclear and mononuclear
platinum compounds in a human ovarian tumour panel® (Farrell et al. 1999)

Compound HX/62 | SKVO-3| PXN/94 | 41IMER | 41M | CH1®R | CH1

[{Pt(mal)(NHg)}2 | 445 20.8 9.9 |43@B1°| 1.4 | 2444 | 054
NH2(CH2)4sNHy] | £ 35 +3.7 +28 +1.4 |[+044| £044 | £003

[{PtCI(NH3)} 2 46 57 143 |51071) | 7.2 [ 63(24)| 26
NHo(CH2)aNH,]>" | £ 147 | +8.8 +1.8 | +078 |[+033| +42 | +14

Cisplatin 12.6 4.4 3 1.46.1) | 023 | 0676.7)| 0.1
+15 | +14 | +057 | +0.1 |[+003| +01 |+0014

Carboplatin 70 38 31 | 104(28) | 3.7 | 4.2(4.2) 1
+7 +9 +5 +09 |+04| 02 | 202

a Dy (UM) and b RF is resistance factor

Relative toxicity in hypoxic tissue provides an example of differences in biological
activity that may exist among dinuclear complexes. It is known that tumours often
have regions of hypoxia as a result of poor vascularization. As the cells are deprived
of oxygen they may become resistant to radiotherapy and aso to some forms of
chemotherapy. As stated earlier, a common mode of treatment against cancer is to
combine chemotherapy with radiation. Whereas radiosensitization and toxicity of the
drug are found to be greater in hypoxic than aerobic cells as applied to cisplatin
(Matthews et al. 1993) and 2,2/c,c dinuclear compounds in the form of malonates
(Skov et al. 1998), the bifunctional 1,1/t,t and 1,1/c,c cmplexes do not display any
such selectivity. According to Matthews et al, DNA-protein cross-linking may be an
important determinant in hypoxic toxicity (Matthews et al. 1993). It can be seen that

the hypothesis is supported by the above results. In vivo studies in human ovarian
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carcinoma IGROV-1 show that the dinuclear compounds are more potent and less
toxic than carboplatin at equivalent dose. No toxicity is observed at doses up to 80
mg/kg (Farrell et al. 1999). Elevated activity in cisplatin-resistant cells, and in some
cases different spectrum of activity, suggest that the dinuclear platinum drugs have a

potentially different mechanism than that proposed for cisplatin-analogues.

A commonly observed feature of cellular resistance to cisplatin is decreased cellular
accumulation of the drug in the resistant cell line than in the parent one. The cellular
accumulation of carboplatin and dinuclear complexes did not show change (Farrell et

al. 1999).

In addition to the dinuclear platinum compounds described by Farrell and co-workers,
other investigators such as Broomhead and co-workers also prepared dinuclear
compounds but using 4,4’ -dipyrazolylmethane as the linker instead of aliphatic
diamines used by Farrell and co-workers (Broomhead et al. 1992; Broomhead et al.
1993). Zaho et a prepared dinuclear platinum complexes with dipyridyl linkers,
which showed activity against L1210 cell line similar to or less than that of cisplatin.
However, the compounds were found to be more active than cisplatin against
cisplatin-resistant cell line HCT8. (Zhao et al. 1998a, 1998b). Azole-bridged
dinuclear platinum(ll) complexes [{cis-Pt(NH3)2} 2(u-OH)-(u-pz)][NOs], and [{cis
Pt(NHs)2} 2(u-OH)-(1-1,2,3-ta)|[NOs]. were prepared by Kemedo et al. These
compounds showed much higher activity than that of cisplatin against MCF7 and
EVSA-T (breast cancer), WIDR (colon cancer), IGROV (ovarian cancer), M19
(melanoma), A978 (rena cancer) and H226 (non small cell lung cancer (Komeda et
al. 2000). Wheate et a have prepared a number of multinuclear compounds linked
with the 4,4'-dipyrazolylmethane (dpzm) ligand including dinuclear platinum

complex (di-Pt) and trinuclear platinum complex (tri-Pt), which are analogues of
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BBR3005 and BBR3464 (Wheate et al. 2001). Figure 2.9 shows the chemical

structure for some of the dinuclear complexes.

2.32. TRINUCLEAR Pt(I11) COMPLEXES

Trinuclear platinum complexes may be considered as a logical progression from the
dinuclear compounds. Farrell and his associates as well as other researchers (Rauter
et al. 1997; Farrell and Spinelli 1999; Wheate et al. 2001) have prepared and studied a
number of trinuclear complexes based on platinum. A number of these complexes
have been found to be highly active against both murine and human cancer cell lines.
A notable example of trinuclear platinum complexes is BBR3464 that contains the
trinuclear cation: [{trans-PtCl(NHz)2} o{ p-trans Pt(NHs)o(NHo(CHo)sNH.)2} 1+ and
for which the balancing anions can be nitrate or chloride. For smplicity of discussion,
references to BBR3464 are commonly used to mean the trinuclear cation rather than
the neutral molecule. Thus BBR3464 consists of three trans-platinum units joined
together by two 1,6-diaminohexane chains (Figure 2.9). As described later, the
compound showed a very high activity against a large number of cisplatin-resistant
cancer cell lines. The compound entered clinical trials during 1998 (Pratesi et al.
1999; Judson and Kelland 2000). The following table summarizes the cytotoxicity
and antitumour activity of a number of dinuclear compounds, the trinuclear compound

BBR3464 and cisplatin in murine leukaemia LX-1 human tumour xenograft.
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Table 2. 2 Cytotoxicity and antitumour activity of polynuclear platinum complexesin
murine leukaemia sensitive (L1210) and resistant to cisplatin (L1210/cis-DDP) and in
LX-1 human tumour xenograft (data adapted from Farrell (Farrell 2000))

In vitro 1Csp (Mg/mL) In vivo Invivo LX-1
(L1210/cis-DDP only)
Compound | L1210 | L1210/cis- Dose TIC% Dose TWI%
DDP (mg/kg/d) (mg/kg/d)

BBR3537 0.76 4.40 2 100 _ _
BBR3571 0.042 0.0062 0.25 261 0.25 83
BBR3535 0.55 11 1 161,178 0.7 85
BBR3610 | 0.0012 0.0011 0.025 457 _ _
BBR3611 | 0.0005 0.00041 0.006 256 _ _
BBR3005 2.3 18 4.5 133 3 60
BBR3464 | 0.116 0.093 0.25 239,389 0.3 73
Cisplatin 0.9 8.3 6 110 4 38

1Cs: inhibiting concentration 50% of cellular growth after 48 h of drug exposure
TWI: tumour weight inhibition

T/C: median survival time of treated mice/median survival time of control X 100

As stated earlier, BBR3464 has been found to be highly active against a number of
cisplatin-responsive and cisplatin-resistant cancer cell lines. The compound is able to
circumvent inherent and acquired cisplatin-resistance in vitro and in vivo in a panel of
human adult tumour models (Manzotti et al. 2000; Riccardi et al. 2001). It exhibits
complete lack of cross-resistance in U2-OS/Pt (Perego et al. 1999a). The high level of
antitumor activity in cisplatin-resistant cancer cell lines suggests that BBR3464 is
able to overcome the multiple mechanisms of cisplatin resistance (Perego et al.

1999a; Prates et al. 1999). BBR3464 shows very high activity against cisplatin-
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sensitive murine leukemia (L1210) and has complete lack of crossresistance in

(L1210/CDDP)(Di Blasi et al. 1998).

p53 is a tumour suppressor protein that is involved in the control of cell cycle, DNA
repair and apoptosis (Brabec and Kasparkova 2002). According to Farrell a plausible
explanation for the hypersensitivity of human tumours with mutant p53 to BBR3464
is that apoptosis induced by the drug is not mediated by p53. This is in contrast to
apoptosis induced by cisplatin which is believed to be mediated by p53 (Kasparkova
et al. 2001). The result supports the idea that antitumour activity of BBR3464 is
mediated by a mechanism different from that of cisplatin and other classical platinum-
based anticancer compounds (Farrell and Spinelli 1999; Pratesi et al. 1999; Farrell
2000). But the cellular determinants responsible for the activity of BBR3464 remain

largely unknown (Colellaet al. 2001).

Table 2.3 shows the cytotoxicity of cisplatin and BBR3464 in human tumour cell

lines with different p53 status or expression based on (Pratesi et al. 1999).
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Table2.3 Cytotoxicity of cisplatin and BBR3464 in human tumour cell lines with

different p53 status or expression

ICs0 (Hg/mML) (£SD)

Cigplatin BBR3464
Cdl line P53 status 1lh 72h 1h 72h
(tumour type)
A2780 Wild-type 1.2+ 0.06+0.01 | 0.032+0.001 | 0.012+0.004
. 0.03
(ovarian
carcinoma)
A2780/CP Wild-type | 35+2.8 | 0.73+0.2 2.0+0.2 0.29+0.2
(ovarian
carcinoma)
IGROV-1 Wild-type | 4.3t1.3 8.0+2.8
(ovarian
carcinoma)
U2-0S Wild-type | 2.4+0.1 1.7+0.01
(osteosarcoma)
SW626 Mutant 6.3+3.0 0.08+0.03
(ovarian (codon273)
carcinoma)
SAOS Null 3.0 0.1+0.01
(osteosarcoma)
POGB Mutant 0.25+0.07 0.009+0.006
(SCLC) (codon282)
A431 Mutant 10.4+3 3.1+1.8
(cervica (codon273)
carcinoma)
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In general, the interaction with DNA of polynuclear platinum complexes is different
from that of mononuclear platinum drugs (Farrell 2000). BBR3464 and other
polynuclear complexes were designed to form long-range interstrand and intrastrand
DNA crosslinks (Manzotti et al. 2000). The long-range interstrand crosslinks formed
by BBR3464 are not recognized by HMG domain protein (Zehnulova et al. 2001).
Also the rate of binding of the polynuclear complexes is found to be different from
that of mononuclear complexes. For example, trinuclear compound BBR3464 binds to
DNA more rapidly than cisplatin and the dinuclear compound BBR3005. BBR3005
forms more of shorter-range interstrand cross links than BBR3464. (Brabec et al.

1999).

From phase | and phase Il clinical trials, it was found that the dose-limiting toxicity of
BBR3464 was neutropenia and diarrhoea. However, the compound had no significant

nephrotoxicity or neurotoxicity (Judson and Kelland 2000).

A number of dinuclear and trinuclear compounds using 4,4’-dipyrazolylmethane
(dpzm) as the bridging ligand were prepared by Wheate et a (Wheate et al. 2001)
(Figure 2.9). The compounds show lower activity than their analogues BBR3005 and
BBR3464, which is attributed to the rigid nature of the dpzm ligand (Wheate et al.
2001). According to Wheate at a (Wheate and Collins 2003), the following structure-
activity relationships applying to polynuclear platinum(ll) complexes emerged from
the systematic study of Farrell and his associates (Roberts et al. 1999a; Farrell 2000)

and other researchers (Wheate et al. 2001).

1 1,0,1/ttt complexes are more active than their 1,0,1/ct,c or 1,0,1/t,c,t

homologues (where the numerals 1,0,1 indicate the number of chloride
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ligands bonded to platinum centres and the letters ‘t' and ‘c’ stand for

trans- and cis- respectively).

2. The presence of one or two central -NH.- groups appears to be essential to

provide compounds with high toxicity and potency.

3. The length of linker chains also appears to play a key role in determining
activity. Maximum activity is found for a certain length so that activity
decreases when the length of the linker chain is ether increased or
decreased above or below the optimum value. This is found to be true for
both spermine family of complexes where the central positive charge is
provided by a protonated amine and trinuclear complexes where the

central chargeis provided by a metal centre.

It is generally accepted that cis-[Pt(NHs)2(Cl)(H.0)]", formed by hydrolysis of one
Pt-Cl, pre-associates with DNA (Wang et al. 2001; Wheate and Collins 2003) before
binding to specific nucleobases in DNA. Wheate at a point out that since pre-
association is stabilized largely by electrostatic forces, the pre-association of cationic
multinuclear gatinum complexes with DNA would be even stronger and therefore
more important. It has been suggested that the pre-association of multinuclear
platinum complexes with polyanionic DNA will significantly affect the rate and site
of platination because an increased local concentration will increase the probability of
a covaent interaction at these