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Cisplatin and carboplatin are among the most active and widely used cytotoxic anticancer drugs.

However, the acquisition or presence of resistance signi®cantly undermines the curative potential of

these drugs against many malignancies. Multiple potential mechanisms of resistance have been iden-

ti®ed at the cellular and molecular levels. Alterations in cellular pharmacology, including decreased

drug accumulation, increased cellular thiol levels and increased repair of platinum±DNA damage,

have been observed in numerous model systems. More recently, it has become apparent that an

enhanced capacity to tolerate cisplatin-induced damage may also contribute to resistance. Alterations

in proteins that recognise cisplatin±DNA damage (mismatch repair and high-mobility group (HMG)

family proteins) and in pathways that determine sensitivity to apoptosis may contribute to damage

tolerance. It remains to be determined whether any of these mechanisms contribute signi®cantly to

resistance in the clinical setting. Ongoing biochemical modulation and translational correlative trials

should clarify which speci®c mechanisms are most relevant to clinical cisplatin resistance. Such

investigations have the potential to improve the ability to predict likelihood of response and should

identify potential targets for pharmacological or molecular intervention. # 1998 Elsevier Science Ltd.

All rights reserved.
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INTRODUCTION

Cisplatin and carboplatin are among the most widely used

and broadly active cytotoxic anticancer drugs. Platinum-

based chemotherapy is curative for the majority of patients

with advanced testis cancer, which was almost uniformly fatal

in the pre-cisplatin era [1]. Cisplatin and carboplatin also

have major eYcacy and are components of standard treat-

ment regimens for ovarian, bladder, cervical, head and neck

and small-cell and non-small cell lung cancers (NSCLC)

[2, 3]. Unfortunately, many patients with these malignancies

eventually relapse and become refractory to chemotherapy. In

addition, cisplatin and carboplatin have minimal activity

against some common tumour types, such as colorectal or

pancreatic carcinoma. Thus, the acquisition or presence of

resistance to cisplatin and carboplatin is a major clinical pro-

blem that undermines the curative potential of these drugs.

Considerable eVort has been invested in de®ning the cellular

and molecular mechanisms responsible for cisplatin resistance.

Most published data are derived from preclinical model systems

of varying complexity, where a large number of potential resis-

tance mechanisms have been identi®ed. Such mechanisms can

be broadly grouped into two categories: mechanisms that limit

the extent of drug-induced damage and mechanisms that alter

the cellular response to damage that is induced.

Cellular pharmacology and cellular responses to cisplatin

Cisplatin enters cells by mechanisms that remain incom-

pletely de®ned. The available data are most consistent with

the hypothesis that cisplatin enters cells via transmembrane

channels [4], though these data are also consistent with high-

capacity facilitated transport. Once inside cells, cisplatin and

carboplatin undergo aquation hydrolysis to form identical active

species, which is rate-limiting for subsequent interactions with

cellular target molecules.
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Cisplatin and carboplatin react with many potential target

molecules, including genomic DNA, RNA and protein [5].

Approximately 1% of the intracellular cisplatin or carboplatin

reacts with genomic DNA yielding a variety of intra- and

inter-strand mono-adducts and crosslinks, the most common

being an intrastrand crosslink between adjacent guanines

[6, 7]. Cisplatin and carboplatin form identical lesions in

DNA, although carboplatin reacts with slower kinetics [8].

DNA is clearly an important target for cisplatin. Direct

correlations between cisplatin±DNA damage and cytotoxicity

or clinical response have been reported and cell lines with

nucleotide excision-repair defects are hypersensitive to the

drugs [9±11]. In addition, some cisplatin-resistant cell lines

have an increased capacity to repair cisplatin±DNA damage

and cisplatin cytotoxicity can be potentiated by DNA repair

inhibitors in some models [12±17]. At present, the potential

contribution of cisplatin-induced RNA or protein damage to

cytotoxicity is less clearly de®ned.

The fate of cells following cisplatin exposure depends both

on the extent of damage induced and on the cellular response

to damage. One potentially important way that cisplatin may

kill cells is by induction of apoptosis. Apoptosis is a ubiqui-

tous, genetically regulated mechanism of active cell death that

is conserved in multicellular organisms [18±20]. It has unique

morphological and biochemical features, including cell

shrinkage, loss of cell±cell contact (`rounding-up'), chromatin

condensation and fragmentation and characteristic DNA

degradation. These changes are accompanied by loss of vital

dye exclusion and loss of mitochondrial membrane potential.

Considerable evidence indicates that cisplatin can kill cells

by apoptosis [21±24]. Internucleosomal DNA cleavage and

ultrastructural changes characteristic of apoptosis have been

observed following cisplatin in murine L1210 leukaemia and

Chinese hamster ovary cell lines [21, 22] and in proliferating

rat hepatoma cells, but not in proliferating thymocytes [23].

These data suggest that apoptosis may be more readily trig-

gered in rapidly proliferating cells. Apoptosis has also been

detected by DNA degradation and 30 nick-end labelling

assays following cisplatin treatment of human bladder and

ovarian carcinoma cell lines [25±27]. Whether apoptosis is a

clinically signi®cant mechanism of cancer cell death following

treatment with cisplatin remains to be established.

The speci®c mechanism(s) that trigger apoptosis in

response to cisplatin have not yet been de®ned. Logically,

such mechanisms must include ways to detect damage as well

as to determine whether damage is suYciently severe to be

lethal. Much attention has recently focused on identi®cation

and characterisation of proteins that recognise cisplatin-

induced DNA damage [28]. At present, at least two such

types of proteins have been identi®ed: mismatch repair pro-

teins and high-mobility group (HMG) proteins.

Mismatch repair is a post-replication repair system that

corrects unpaired or mispaired nucleotides. Mismatch repair

de®ciency predisposes cells to genomic instability and also

confers tolerance to damage induced by certain alkylating

agents in some model systems [29, 30]. De®ciencies of mis-

match repair are thought to be aetiologically important in

hereditary nonpolyposis colon cancer and have also been

identi®ed in a variety of sporadic tumours [29, 30].

Human ovarian carcinoma cell lines selected for cisplatin

or doxorubicin resistance in vitro acquired mismatch repair

defects (de®ciency of MutLa complex (a heterodimer of the

MLH1 and PMS2 mismatch repair proteins)) and genomic

instability [31, 32]. In one of these model systems, loss of

mismatch repair was accompanied by loss of p53 function,

which could disrupt cell cycle and apoptosis regulation and

contribute to further genomic instability [33]. Mismatch

repair de®ciency was also associated with cisplatin resis-

tance in other models, including HCT116 colon and

HEC59 endometrial carcinoma cell lines [34]. In these cell

lines, mismatch repair de®ciency was not associated with

resistance to trans-diamminodichloroplatinum(II), DACH±

platinum compounds (tetraplatin, oxaliplatin), or mixed

ammine±amine platinum compounds (JM216, JM335),

which are incompletely cross-resistant with cisplatin in many

preclinical model systems. One recent preliminary report

suggests that some cell lines with mismatch repair defects

may also be less pro®cient at nucleotide excision repair, the

primary mechanism by which platinum±DNA adducts are

repaired [35]. Finally, knockout cell lines de®cient in either

MSH2 or PMS2 mismatch repair proteins demonstrate

similar low-level resistance to cisplatin or carboplatin [36].

The relationship between damage recognition by mis-

match repair proteins and cytotoxicity is currently being

de®ned. Mismatch repair proteins recognise but do not

remove the cisplatin±DNA adducts. The human mismatch

repair complex hMutSa (a heterodimer of the proteins

hMSH2 and hMSH6) has been shown to recognise speci®-

cally a single cisplatin G-G intrastrand adduct within a syn-

thetic duplex oligonucleotide [37, 38]. It is hypothesised that

mismatch repair proteins attempt to insert the `correct' base

on the non-damaged strand opposite to the adduct. Estab-

lishment of such a `futile' repair cycle might then generate a

signal triggering apoptosis. According to this hypothesis, loss

of mismatch repair proteins confers resistance through failure

to recognise and initiate apoptosis in the response to unre-

pairable DNA damage. Resistant cells thus acquire the ability

to tolerate damage that would otherwise be lethal.

The HMG proteins are a multifunctional family of small

non-histone chromatin-associated proteins [39]. These pro-

teins are involved in gene regulation and maintenance of

chromatin structure. HMG proteins recognise some struc-

tural distortions of DNA, and their interactions with distorted

DNA regulate transcription either directly or by facilitating

interactions of other transcription factors at the same site.

Several HMG-family proteins speci®cally recognise cisplatin±

DNA adducts. HMG1 and HMG2 proteins recognise

intrastrand guanine±platinum±guanine diadducts [40]. An

HMG family protein, called structure speci®c recognition

protein-1 (SSRP-1), speci®cally binds to cisplatin-DNA

intrastrand adducts [41]. Finally, the ribosomal RNA

(rRNA) transcription factor hUBF, another HMG-family

protein, binds cisplatin G-G intrastrand adducts with equal

aYnity to its normal target, the rRNA promoter [42].

The immediate potential consequences of the hUBFÐ

cisplatin adduct interaction are relatively straightforward.

High levels of damage could sequester hUBF by binding

to cisplatin±DNA adducts (termed transcription factor

`hijacking') [42]. Sequestration of an rRNA transcription

factor in this manner could decrease the expression of

several additional genes. Whether such events trigger apop-

tosis or otherwise contribute signi®cantly to cisplatin cyto-

toxicity is unknown.

Several hypotheses have been proposed to explain how

interaction of other HMG proteins with cisplatin±DNA

adducts might aVect cytotoxicity [28]. HMG protein binding
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to cisplatin±DNA adducts could trigger apoptosis, modulate

cell cycle events subsequent to DNA damage, or protect cis-

platin adducts from recognition by DNA repair enzymes. In

this latter model, unrepaired adducts would either be

repaired very slowly or trigger apoptosis. These hypotheses

are not necessarily exclusive. It has recently been reported

that Rat HMG1 protein prevents in vitro translesion DNA

synthesis on a template damaged by cisplatin [43]. Another

HMG protein that speci®cally binds cisplatin-DNA adducts,

the product of the Ixr1/ORD1 gene, has been isolated in yeast

[44, 45]. Compared with parental strains, Ixr1 deletion

mutants contain fewer platinum±DNA adducts and are 2-fold

resistant to cisplatin. These data suggest that loss of Ixr1 may

facilitate repair, consistent with the hypothesis that this pro-

tein protects cisplatin±DNA adducts from repair. Similar

studies in human cells have not yet been reported.

Mechanisms that limit damage: altered accumulation, thiols,

DNA repair

Since cisplatin cytotoxicity depends at least in part on the

extent of drug-induced damage, mechanisms that limit

damage are a ®rst line of cellular defence against the drug.

Alterations in drug accumulation, cellular thiol levels and

DNA repair are consistently seen in cisplatin-resistant cell

lines. These mechanisms, which have been reviewed in con-

siderable detail previously [46±48], will be brie¯y discussed

(Figure 1). In most models, resistance at the cellular level is

multifactorial.

Decreased accumulation is common in cell lines selected

for cisplatin resistance in vitro [4, 46, 47]. The methods used

in most of these investigations have generally not allowed

discrimination between decreased in¯ux and increased eZux

as determinants of decreased cisplatin accumulation. How-

ever, increased active eZux of cisplatin was recently observed

in a cisplatin resistant cell line in vitro [49]. Although

decreased accumulation has been observed in most cisplatin

resistance models, such changes do not generally correlate

with the magnitude of resistance observed. Thus, it is prob-

able that additional mechanisms contribute to resistance.

Cytosolic inactivation is another mechanism that can pre-

vent cisplatin from reacting with intracellular target mol-

ecules. Intracellular non-protein (glutathione (GSH)) and

protein (metallothionein (MT)) sulphydryl compounds have

been proposed to function in this manner. GSH covalently

binds cisplatin at physiological concentrations [50, 51]

and can inhibit conversion of platinum±DNA mono-

adducts to potentially cytotoxic crosslinks [52]. Direct

interaction between GSH and cisplatin in cells has been

reported and cisplatin±GSH conjugates are exported by

an ATP-dependent pump [53]. Metallothionein is a low

molecular weight, cysteine-rich metalloprotein that can react

directly with cisplatin [54]. However, while metallothionein

expression has been associated with cisplatin resistance in some

models, no association was seen in other models [55±57].

There is considerable evidence linking GSH to cisplatin

resistance. Linear correlations between GSH levels and cis-

platin resistance have been reported in human renal [58],

bladder [58, 59] and ovarian [60±62] cancer cell lines and in

human ovarian tumour biopsies [63]. Depletion of GSH by

buthionine sulphoximine (BSO), an inhibitor of g-gluta-

mylcysteine synthetase (g-GCS; the rate limiting enzyme for

GSH synthesis), enhanced cisplatin sensitivity in some cell

lines [60, 61] but not others [64±66].

Finally, cisplatin-induced damage can be minimised by

removal of the drug from its molecular targets. Increased

DNA repair has been observed in several cisplatin-resistant

human ovarian cancer cell lines [12±16]. In some model sys-

tems, certain types of DNA damage are preferentially

repaired in actively transcribed genes relative to the overall

genome [67]. Thus, cisplatin-resistant cells might excel at

gene-speci®c repair in order to increase the probability of

survival. Preferential cisplatin interstrand crosslink (ICL)

removal from actively transcribed genes has been reported in

some cisplatin resistant human ovarian cancer cell lines [68]

but not in others [16, 69].

Further evidence supporting a role for DNA repair in

cisplatin resistance has come from studies with aphidicolin

glycinate, an inhibitor of DNA polymerases a, d and e.
Aphidicolin inhibited DNA repair and enhanced cisplatin

cytotoxicity in A2780 and A2780/CP70 cells in a dose-

dependent manner [12]. In the 2008/DDP human ovarian

cell line, aphidicolin exhibited strong synergism with cisplatin

following short-term drug exposure, whilst the parental, cis-

platin-sensitive cell line (2008) showed no change [17].

Altered cellular and molecular responses to cisplatin-induced

damage

Although DNA is an important cytotoxic target of cispla-

tin, signi®cantly greater platinum±DNA damage may be

required to kill resistant cells compared with sensitive cells

[69, 70]. In one model system, equitoxic (IC50) cisplatin

treatment yielded 3-fold higher levels of platinum in DNA

following completion of repair in a cisplatin-resistant human

ovarian carcinoma cell line compared with cisplatin-sensitive

parental cells [15] Johnson and colleagues investigated

Figure 1. Mechanisms of cisplatin resistance. Drug accumula-
tion may be decreased, either due to decreased in¯ux (1) or
increased eZux (2). Cisplatin may be inactivated by cytoplasmic
or nuclear molecules (3), such as glutathione (GSH), metal-
lothioneins (MT), or proteins. GSH levels are determined by
the synthetic enzyme 
-glutamyl cysteine synthetase (
-GCS)
and the salvage enzyme 
-glutamyl transpeptidase (
-GT).
Export of platinum±GSH conjugates (Pt-GSH) could poten-
tially also contribute to increased eZux. GSH may also bind
cisplatin±DNA monoadducts (4), preventing crosslink forma-
tion. Finally, resistant cells may have enhanced capacity for
repair or tolerance (5) of drug-induced DNA damage. Toler-
ance may be related to alterations in proteins that recognise
damage (mismatch repair (MLH1, MSH2) or HMG proteins)

or in pathways that modulate apoptosis.
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several potential resistance mechanisms in a series of unre-

lated human ovarian carcinoma cell lines. In these cell lines,

DNA damage tolerance was strongly correlated with cisplatin

sensitivity, whereas no correlation was apparent for platinum

accumulation, GSH levels, or platinum±DNA adduct repair

[71]. These data suggest that tolerance to damage is a

common and potentially important determinant of cisplatin

sensitivity.

The precise mechanisms that confer tolerance to DNA

damage are being de®ned. Tolerance may result from the

capacity of resistant cells to synthesise DNA past adducts.

Alternatively, DNA damage in resistant cells may no longer

serve as a signal to undergo apoptosis. At present, it is not

known whether alterations in mismatch repair or HMG pro-

teins contribute to tolerance, though this would be consistent

with known properties of these proteins.

The capacity for DNA synthesis on damaged templates has

been clearly shown in some models. Mamenta and colleagues

[72] demonstrated a 4.5 and 2.3-fold increased Pt±DNA

replicative bypass capacity of cisplatin-resistant C13 and

A2780/CP70 human ovarian cancer cell lines, respectively,

compared with the parental 2008 and A2780 cell lines. It is

interesting to note that mismatch repair defects have been

documented in both of these model systems [31±33]. A

recent preliminary report has shown correlation between

de®cient mismatch repair and enhanced replicative bypass

capacity in cisplatin-resistant human ovarian carcinoma cell

lines [73]. Further investigations should clarify whether mis-

match repair defects in these resistant cell lines are mechan-

istically related to tolerance.

The potential contribution of altered sensitivity to apopto-

sis to resistance has been increasingly studied as genes reg-

ulating apoptosis are de®ned. One critical regulator of

apoptosis in response to irradiation or anticancer drugs is

p53. Cisplatin, g-irradiation, and other DNA damaging

agents induce stabilisation and nuclear translocation of p53

[74±76]. p53 is a strong transcriptional activator of the gene

encoding p21WAF1/CIP1, a protein that mediates cell-cycle

arrest [77]. Although best characterised as a cell cycle reg-

ulator, p21WAF1/CIP1 protein may also protect cells from

apoptosis [78, 79].

Potentially compelling evidence implicating p53 in cispla-

tin resistance comes from recent experiments using p53

genetic suppressor elements (GSE; short gene fragments

expressed as either antisense RNA or dominant negative

peptides). Gallagher and colleagues isolated six independent

p53 DNA binding domain GSEs that conferred up to 8-fold

cisplatin resistance to the A2780 human ovarian carcinoma

cell line [80]. GSE expression was associated with decreased

p53 protein levels and loss of p53 function, including cell

cycle arrest and apoptosis. These data provide direct evidence

that inactivation of the p53 DNA binding domain can confer

resistance to cisplatin.

p53 also directly aVects expression of downstream genes

that regulate sensitivity to apoptosis (Figure 2), activating

transcription of BAX (promotes apoptosis) and repressing

transcription of BCL2 (inhibits apoptosis) [81±83]. It has

been proposed that the ratio of apoptotic to antiapoptotic

proteins (for example, Bax:BCL2) ultimately determines the

propensity of a cell to undergo apoptosis [81]. The BAX

promoter contains consensus binding sites for p53 and its

activity is unregulated by wild-type, but not mutant, p53

[84±87]. Transcription of BCL2 is repressed by wild-type

p53 [85±87]. Thus, wild-type p53 can produce reciprocal

changes in BAX and BCL2 transcription that favour apoptosis.

Altered expression of the BCL2, BCLx, and/or BAX genes

can aVect cisplatin sensitivity. Reduced BAX expression was

seen in association with p53 mutation and MDM2 expression,

in a cisplatin-resistant subline of the IGROV human ovarian

carcinoma cell line [88, 89]. Transfection of BCL2 or BCLXl

conferred resistance and inhibited apoptosis following cispla-

tin and other anticancer drugs in several models

[82, 83, 90, 91]. Transfection of the BCL2 gene into A2780

human ovarian carcinoma cells conferred approximately

3-fold resistance to cisplatin [92]. Thus, apoptosis regulatory

genes downstream from p53 clearly can aVect sensitivity to

cisplatin.

We investigated expression of p53 and downstream genes

in the A2780 human ovarian carcinoma cell line and a cis-

platin-resistant subline, 2780/CP [25]. Following equimolar

cisplatin treatment, nuclear p53 protein levels increased to a

greater extent in A2780 cells than in the 2780/CP cell line.

However, BAX mRNA expression in both cell lines was

unchanged from baseline post-cisplatin. In contrast, mRNA

for another p53-regulated gene, p21WAF1/CIP1, increased

dramatically in both cell lines after cisplatin. These data are

consistent with speci®c disruption of the p53-BAX interac-

tion in our model system. The potential signi®cance of

these observations remains to be determined in ongoing

experiments.

It should be noted that the eVects of p53 are complex and

diYcult to study in isolation. It is estimated that between 200

and 300 human genes are transcriptionally activated by p53

[93]. p53 can also act as a repressor of transcription (as, for

example, with BCL2) and there is presently no estimate of the

number of additional genes that may be repressed by p53.

The eVects of many of these genes could potentially oVset

one another. Thus, much additional work remains to be done

in order to clarify the precise role of p53 as a determinant of

cisplatin sensitivity.

The problem of clinical relevance

It is apparent that preclinical models have facilitated identi®ca-

tion of many potentially important resistance mechanisms.

Figure 2. p53 eVects on downstream genes that modulate cell
cycle and sensitivity to apoptosis. p53 activates transcription
of p21WAF1/CIP1, which produces cell cycle arrest. p53 also
activates transcription of BAX and represses transcription of
BCL2, changes which favour apoptosis. Finally, p53 poten-
tially autoregulates its own activity, by induction of expression

of an inhibitor, MDM2.
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However, the clinical relevance of these models is unclear.

For example, most data are from cell lines selected for resis-

tance to cisplatin in vitro. It is not clear whether drug con-

centrations and schedules approximate those achieved in

patients, nor is it clear whether tumour cells respond similarly

to cisplatin in vitro and in vivo. There are also relatively few

data demonstrating relationships between any of the above

mechanisms and clinical outcomes.

The problem of clinical relevance is diYcult to address,

Some potential resistance mechanisms are not readily studied

in patients. For example, methods used to quantitate repair

of DNA±platinum adducts in vitro analysed serial specimens

within 12±24 h post-treatment. Acquisition of similar timed

specimens in large numbers of patients is constrained by

practical considerations, including accessibility of tumours

for biopsy and availability of surgical and tissue procurement

staV. In addition, acquisition of serial biopsies may raise

ethical issues, including whether tissue procurement diverts

tissue needed for diagnosis and whether informed consent is

appropriately addressed.

Two main approaches are being used to de®ne the clinical

relevance of cisplatin resistance mechanisms identi®ed in

preclinical models. First, clinical trials are planned or in pro-

gress to test whether biochemical modulation of particular

mechanisms can increase the activity of chemotherapy. Sev-

eral potential biochemical modulators have been identi®ed

(Table 1). Second, potential determinants of resistance are

being assayed in tumour specimens and analysed for inde-

pendent prediction of clinical outcomes. One would expect

that clinically signi®cant resistance mechanisms would inde-

pendently predict outcomes.

A detailed discussion of biochemical modulation trials is

beyond the scope of this review. However, clinical attempts

to modulate GSH will be discussed as one potentially impor-

tant example of the types of investigations that are underway

at various centres.

GSH is a logical target for biochemical modulation

because it potentially aVects cisplatin sensitivity in several

ways. As noted above, GSH can bind cisplatin in the cyto-

plasm or which is monofunctionally bound to DNA. GSH-

platinum complexes are actively transported out of cells,

which could contribute to cisplatin eZux. This would be

consistent with the inverse correlation between GSH levels

and cisplatin accumulation we observed in spontaneously

transformed rat ovarian surface epithelial cell lines [94]. In

addition, GSH may directly or indirectly participate in DNA

repair. Depletion of GSH by buthionine sulphoximine (BSO)

inhibits DNA repair (assayed by unscheduled DNA synthesis)

in cisplatin-resistant human ovarian cancer cells [95]. Moreover,

active site cysteine residues of the HMG-1 and HMG-2

proteins must be in a reduced state in order to recognise

cisplatin-damaged DNA [96]. GSH, as the predominant

intracellular non-protein thiol, is likely to have a major role

in reducing these residues. Finally, GSH may modulate

induction of transcription factors that potentially aVect DNA

repair and apoptosis, such as c-fos and c-jun [97±99].

Cellular GSH can be depleted by BSO, a speci®c inhibitor

of the GSH-synthetic enzyme g-GCS. Depletion of GSH

with BSO enhanced the cytotoxicity of cisplatin in several in

vitro and in vivo preclinical models [100, 101]. BSO has been

administered in combination with the alkylating agent mel-

phalan in phase I trials [101±103]. Depletion of GSH was

apparent in tumour samples and in peripheral lymphocytes

from the majority of BSO-treated patients. Increased g-GCS

mRNA expression was detected in peripheral lymphocytes of

BSO-treated patients, consistent with a compensatory

response to pharmacological inhibition of g-GCS [104].

Trials of BSO plus carboplatin are also planned. However,

the availability of BSO is limited, which may impede attempts

to de®ne its utility as a modulator of clinical resistance.

Investigations of novel strategies to modulate GSH levels are

therefore warranted.

At Roswell Park, a phase I trial has been initiated to

determine whether the alkylating agent ifosfamide is an

eVective clinical modulator of GSH levels [105]. This trial is

based on preclinical reports showing GSH depletion in cul-

tured cell lines by ifosfamide and its metabolites, as well as

data reporting GSH depletion in peripheral leucocytes, of

some ifosfamide-treated patients [106±108]. Data from the

initial dose levels of this trial (� 4 g/m2 ifosfamide by 24 h

infusion followed by carboplatin) demonstrate � 80% deple-

tion of cysteine, a precursor for GSH synthesis, in peripheral

blood, in the majority of patients [105]. Depletion of GSH

in peripheral leucocytes has not yet been seen. However,

dose escalation is ongoing and no conclusions regarding the

eYcacy of this approach can presently be drawn.

CONCLUSIONS

In recent years, a large number of potential determinants of

cisplatin resistance have been identi®ed in preclinical models.

In addition to `classical' resistance mechanisms related to

altered cellular pharmacology, several additional mechanisms

are now being characterised at the molecular level. In parti-

cular, alterations in mismatch repair and apoptosis appear to

be potentially important. At present the clinical signi®cance

of many of these mechanisms is unknown. However, the pace

at which determinants of cytotoxicity are being characterised

is quite rapid.

Improved understanding of cisplatin resistance mechan-

isms may facilitate prediction of clinical response to therapy.

Continued eVorts to understand the cellular and molecular

mechanisms of cisplatin resistance may also identify novel

targets for pharmacological or molecular intervention. Such

eVorts have the potential to enhance the eYcacy of cisplatin

Table 1. Biochemical modulators of cisplatin sensitivity

Resistance mechanism Modulator

Accumulation Dipyridamole

Hyperthermia

Glutathione Buthionine sulphoximine (BSO)

? Ifosfamide

DNA repair

Damage recognition/ Novobiocin

DNA packaging/ Nalidixic acid

Repackaging Topoisomerase inhibitors

Damage incision Calmodulin inhibitors

Gap ®lling Aphidicolin

Azidothymidine (AZT)

Cytarabine (Ara-C)

Dideoxythymidine triphosphate

Fludarabine

Gemcitabine

Hydroxyurea

PALA

Ligation 3-Aminobenzamide
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and carboplatin against many types of cancer, which may

allow the curative potential of these drugs to be more fully

realised.
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