
It all started by accident over 40 years ago in the labora-
tory of physicist-turned-biophysicist Barnett Rosenberg 
at Michigan State University, East Lansing, United States. 
Rosenberg was interested in applying electromagnetic 
radiation to bacterial and mammalian cells to investi-
gate whether electric or magnetic dipole fields might 
be involved in cell division. Inadvertently, in the early 
experiments using Escherichia coli, a set of platinum 
electrodes (considered to be inert) was included in 
the growth chamber. When the field was turned on, the 
bacteria appeared as very long filaments (300 times the 
usual length) rather than as the normal short rods. This 
effect was shown not to be due to the electric field but, 
rather, to electrolysis products arising from the platinum 
electrodes (TIMELINE). Detailed chemical analysis iden-
tified two active complexes — the neutral cis-isomer 
[PtII (NH3)2Cl2], which went on to be cisplatin, and 
a platinum(IV) analogue, cis-diamminetetrachloro-
platinum(IV) — as the causative molecules of this 
intriguing biological effect. The trans isomer was much 
less active. As it turned out, the group had rediscovered 
a known platinum coordination complex that was 
originally synthesized and described in 1845, known 
as Peyrone’s chloride. These findings were published 
in 1965 (REF. 1). In 1968, following further tests against 
various bacteria, cis-diamminedichloroplatinum(II) 
(cisplatin) was administered intraperitoneally to mice 
bearing a standard murine transplantable tumour of the 
day, sarcoma-180, at the non-lethal dose of 8 mg per kg, 
and was shown to cause marked tumour regression2. 
With confirmatory in vivo tests performed at the Chester 

Beatty Institute in London, United Kingdom, cisplatin 
was taken on by the US National Cancer Institute (NCI) 
for clinical testing. The first patients were treated in 1971 
— a remarkably short time, in modern terms, from the 
original ‘bench’ discovery. Approval by the US Food and 
Drug Administration (FDA) was granted in 1978.

This precipitated a renaissance in inorganic chem-
istry and led to the synthesis and biological evalua-
tion of many thousands of cisplatin analogues, and 
a thorough investigation of other nearby elements 
from the periodic table (for example, palladium and 
gold). Much of the early effort in the design of new 
platinum drugs was aimed at making cisplatin-based 
therapy safer to patients, in particular, lessening or 
removing unpredictable and severe nephrotoxicity 
and/or providing oral bioavailability. A second major, 
ongoing, initiative is to overcome tumour resistance 
to cisplatin, either that acquired during cycles of 
therapy with cisplatin (as occurs in patients with, for 
example, ovarian cancer) or intrinsic resistance (such 
as that seen in patients with, for example, colorectal, 
prostate, lung or breast cancer). This has proven to 
be a much more challenging goal, and is a story that 
has encountered many twists and turns over the past 
three decades (TIMELINE). Building on an underlying 
knowledge of how cisplatin induces its antitumour 
effects and, more importantly, how tumours are or 
become resistant, there is now renewed optimism 
and interest in translating the ‘second-generation and 
third-generation’ platin drugs into clinical practice to 
provide benefit to cancer patients.

Cancer Research Technology 
Development Laboratories, 
Wolfson Institute for 
Biomedical Research, 
University College London, 
Gower Street, London, 
WC1E 6BT, UK.
e-mail: lkelland@
cancertechnology.com
doi:10.1038/nrc2167
Published online 12 July 2007

The resurgence of platinum-based 
cancer chemotherapy
Lloyd Kelland

Abstract | The accidental discovery of the anticancer properties of cisplatin and its 
clinical introduction in the 1970s represent a major landmark in the history of 
successful anticancer drugs. Although carboplatin — a second-generation analogue that 
is safer but shows a similar spectrum of activity to cisplatin — was introduced in the 
1980s, the pace of further improvements slowed for many years. However, in the past 
several years interest in platinum drugs has increased. Key developments include the 
elucidation of mechanisms of tumour resistance to these drugs, the introduction of 
new platinum-based agents (oxaliplatin, satraplatin and picoplatin), and clinical 
combination studies using platinum drugs with resistance modulators or new 
molecularly targeted drugs.
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Aquation
A chemical reaction in which 
water molecules are 
incorporated into a compound; 
in the case of cisplatin, with 
either displacement of one 
chlorine (monoaqua species) or 
both chlorines (diaqua 
species).

‘Leaving’ groups
During its reaction with DNA 
the dichloro groups of cisplatin 
are displaced or substituted 
but the two ammine groups 
remain intact, leading to a 
convention to refer to the 
groups within platinum cancer 
drugs that are displaced as 
‘leaving groups’ (and those that 
remain as stable or carrier 
ligands).

Prehydration
The process of administering 
large amounts of water (or 
fluid) to patients before 
chemotherapy.

Myelosuppression
A decreased bone-marrow 
function that results in lower 
numbers of red blood cells, 
white blood cells and platelets.

Thrombocytopenia
A decrease in the number of 
platelets in the blood.

How does cisplatin work?
There is overwhelming evidence to support the view 
that the major mechanism of action of cisplatin is that it 
becomes activated intracellularly by the aquation of one 
of the two chloride ‘leaving’ groups, and subsequently 
covalently binds to DNA, forming DNA adducts (BOX 1). 
This activates various signal-transduction pathways; 
for example, those involved in DNA-damage recogni-
tion and repair, cell-cycle arrest, and programmed cell 
death/apoptosis (see REF. 3 for a review).

There is continued debate as to which of the various 
platinum–DNA adducts might be the more biologically 
significant. These adducts cause distortions in DNA, 
including unwinding and bending, and are recognized 
by several cellular proteins4; some of which are involved 
in DNA-repair pathways (discussed further below). The 
final cellular outcome is generally apoptotic cell death5, 
although the pathway(s) from platinum–DNA binding 
to apoptosis remains incompletely elucidated. The plati-
num–DNA adducts can impede cellular processes, such 
as replication and transcription, that require DNA-strand 
separation to different extents. In some cases, prolonged 
G2 phase cell-cycle arrest occurs. Signal-transduction 
pathways that control growth, differentiation and stress 
responses, involving proteins such as ataxia telangiectasia 
and RAD3-related (ATR), p53, p73, JUN amino-terminal 
kinase (JNK; also known as MAPK8) and p38 mitogen-
activated protein kinase (p38MAPK; also known as 
MAPK14), have also been implicated3.

The drive to safer platinum-based chemotherapy 
Cisplatin is a very effective cancer drug and has had a 
major clinical impact, particularly for patients with tes-
ticular or ovarian cancers. But, it is notoriously toxic to 

the kidneys (nephrotoxicity) and gastrointestinal tract. 
Indeed, it is a matter of conjecture whether it would 
even be approved if it were to be presented to regulatory 
authorities today, especially if aggressive prehydration tech-
niques had not been developed and adopted to ameliorate 
nephrotoxicity6. Hence, the first wave of drug-develop-
ment activity was to discover a less-toxic analogue that 
retained anticancer activity. An industry–academia 
platinum-drug discovery and development collabora-
tion between Johnson Matthey Plc (JM) and the Institute 
of Cancer Research (ICR) in London provided a major 
breakthrough in this regard, with the introduction of car-
boplatin (cis-diammine-[1,1-cyclobutanedicarboxylato]
platinum(II)) into the clinic in the mid-1980s7 (TIMELINE). 
Carboplatin was based on the hypothesis that a more 
stable leaving group than chloride might lower toxicity 
without affecting antitumour efficacy. This hypothesis 
turned out to be correct.

Compared with cisplatin, carboplatin is essentially 
devoid of nephrotoxicity, and is less toxic to the gas-
trointestinal tract and less neurotoxic; by contrast, 
myelosuppression, principally thrombocytopenia, is dose-
limiting for carboplatin. Interestingly, the adducts 
formed by carboplatin on DNA are essentially the same 
as those formed by cisplatin, but 20–40-fold higher con-
centrations of carboplatin are required, and the rate of 
adduct formation is around 10-fold slower8. Numerous 
randomized clinical trials have demonstrated essentially 
equivalent survival rates for carboplatin and cisplatin 
in patients with ovarian cancer9, and in most countries, 
a carboplatin-based regimen is the standard of care 
for ovarian cancer; FDA approval was granted in 1989 for 
this indication (TABLE 1).

Why are some tumours resistant to cisplatin?
Soon after the initial promising clinical trial data with 
cisplatin, and later with carboplatin, attention shifted to 
laboratory and translational studies that were aimed at 
determining how tumour resistance was acquired dur-
ing courses of therapy to these drugs, and why some 
tumours were intrinsically resistant. Conversely, 
other studies investigated the underlying causes of the 
hypersensitivity of testicular cancer to cisplatin (BOX 2).

Other studies of cisplatin and carboplatin drug 
resistance have been dominated by observations made 
in cell lines, and demonstrate that resistance might be 
mediated through two broad mechanisms: first, a failure 
of a sufficient amount of platinum to reach the target 
DNA; and, second, a failure to achieve cell death after 
platinum–DNA adduct formation. Many resistant cells 
show a pleomorphic phenotype that consists of various 
altered pathways involving drug uptake, DNA-damage 
recognition and repair, and apoptosis.

Resistance through insufficient DNA binding. A common 
observation, repeatedly reported over many years, in 
many tumour cells with acquired resistance to cisplatin is 
that of reduced platinum accumulation in comparison to 
the parental cells (for example, see REF. 10). However, until 
recently, the underlying complex molecular mechanism 
by which cisplatin enters cells remained poorly defined. 

At a glance

• Since the accidental discovery of its biological properties over 40 years ago, cisplatin 
has made a major impact in the chemotherapeutic treatment of testicular and ovarian 
cancers and is still widely used today.

• The initial driver for further platinum-drug development was the discovery of the 
severe safety issues that are raised with cisplatin, especially nephrotoxicity. This 
resulted in the development of carboplatin, which is, broadly speaking, equally 
effective to cisplatin, but with a more acceptable side-effect profile.

• The mechanism of action of cisplatin (and carboplatin) involves covalent binding to 
purine DNA bases, which primarily leads to cellular apoptosis.

• Much is now understood as to how tumours all too commonly exhibit resistance to 
cisplatin, either intrinsically or as acquired during courses of therapy. Major mechanisms 
include: decreased membrane transport of the drug, increased cytoplasmic 
detoxification, increased DNA repair, and increased tolerance to DNA damage.

• The second driver for new platinum-drug development was to circumvent 
mechanisms of resistance, and thereby broaden the clinical utility of this class of 
agents. These efforts have resulted in oxaliplatin (active in patients with colorectal 
cancer), satraplatin (the first orally administered platinum drug, which shows promise 
in patients with prostate cancer) and picoplatin.

• Improved delivery of platinum drugs to tumours is being studied in early clinical trials 
using liposomal-based or co-polymer-based products, as well as by the use of localized, 
intraperitoneal administration of cisplatin or carboplatin in patients with ovarian cancer.

• It might also be possible to circumvent platinum-drug resistance in the clinic through 
modulating resistance mechanisms; for example, those involving increased 
glutathione or loss of DNA mismatch repair.
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Cisplatin is highly polar and enters cells relatively slowly 
in comparison to other classes of small-molecule cancer 
drugs. The uptake of cisplatin is influenced by factors 
such as sodium and potassium ion concentrations, pH, 
and the presence of reducing agents; and a role for trans-
porters or gated channels has been postulated in addi-
tion to passive diffusion11 (FIG. 1). In the past few years, 
the major plasma-membrane transporter involved in 
copper homeostasis, copper transporter-1 (CTR1), has 
also been shown to have a substantial role in cisplatin 
influx12,13. Ctr1–/– mouse embryonic fibroblasts that were 
exposed to a clinically relevant concentration of 2 μM 
cisplatin or carboplatin accumulated only around 35% of 
the amount of platinum that was taken up by Ctr1 wild-
type cells; loss of CTR1 also led to a 2–3-fold increase in 
drug resistance14. Both copper and cisplatin (at clinically 
relevant concentrations) cause a rapid downregulation 
of CTR1 expression in human ovarian cancer cell lines; 
this occurs through the internalization of CTR1 from 
the plasma membrane by macropinocytosis, followed by 
proteasome-based degradation15.

In contrast to the mechanism of multidrug resistance 
(MDR) to mainly natural-product-based drugs — which 
is caused by the overexpression of ATP-dependent efflux 
pumps such as P-glycoprotein — it is generally decreased 
uptake rather than increased efflux that predominates 
in platinum-drug resistance11. There were early reports 
of a partial role for efflux proteins such as MDR1 (also 
known as ATP-binding-cassette, subfamily B ABCB1), 
multidrug resistance protein-1 (MRP1, also known as 
ABCC1), MRP2 (also known as CMOAT or ABCC2), 
MRP3 (also known as ABCC3) and MRP5 (also known 
as ABCC5) in platinum-drug efflux. However, in recent 
years, efflux proteins that are involved in copper transport 
— the ATPases ATP7A and ATP7B — have been shown 
to modulate cisplatin export16. For example, human ovar-
ian carcinoma cells that were transfected with ATP7A 

showed a small (1.5-fold) increase in ATP7A expression, 
but this was sufficient to cause resistance to cisplatin and 
carboplatin owing to increased sequestration of platinum 
into the vesicular fraction17.

There is also an extensive body of evidence implicating 
increased levels of cytoplasmic thiol-containing species as 
causative of resistance to cisplatin or carboplatin. These 
species, such as the tripeptide glutathione and metal-
lothioneins, are rich in the sulphur-containing amino 
acids cysteine and methionine, and lead to detoxifi-
cation because platinum binds avidly to sulphur. For 
example, early studies using a panel of eight human 
ovarian carcinoma cell lines showed a significant 
correlation between sensitivity to cisplatin and carbo-
platin, and levels of the sulphur-containing tripeptide, 
glutathione18. The conjugation of cisplatin with glutath-
ione might be catalysed by glutathione S-transferases 
(GSTs), which makes the compound more anionic and 
more readily exported from cells by the ATP-dependent 
glutathione S-conjugate export (GS-X) pump (that is, 
MRP1 or MRP2)19. A study of two ovarian cancer cell 
lines that were derived from the same patient before and 
after the onset of drug resistance showed 2.9-fold higher 
levels of GST in the cells derived from the drug-resistant 
tumour20. In addition, some, but not all, translational 
studies that involve tumour biopsies from patients (for 
example, lung cancer21) support a role for the glutath-
ione metabolic pathway in acquired and inherited drug 
resistance to the platinum drugs (as well as to other 
DNA-damaging drugs such as the alkylating agents). 
Increased levels of other low-molecular-weight thiol-
containing proteins that are involved in heavy-metal 
binding and detoxification, the metallothioneins, have 
also been shown to lead to resistance to cisplatin; over-
expression in either mouse cells22 or human ovarian 
cancer cells23 led to fourfold or sevenfold increases in 
cisplatin resistance, respectively.

Timeline | Milestones in the development of platinum drugs for cancer therapy

FDA, Food and Drug Administration

Cisplatin shown to 
be active against a 
mouse model of 
cancer.

First patient 
treated with 
cisplatin.

First patient 
treated with 
carboplatin.

Regulatory 
approval of 
carboplatin 
(ovarian cancer).

Correlation of 
increased nucleotide-
excision repair with 
lower responses to 
platinum-based 
chemotherapy in 
patients with ovarian 
cancer.

Approval of bevacizumab 
in non-small-cell lung 
cancer used in 
combination with 
carboplatin and paclitaxel.

Identification of the 
role of the copper 
transporter CTR1 in 
transporting cisplatin 
into cells.

First patient 
treated with an 
orally administered 
platinum drug, 
JM216 (satraplatin).

Discovery of the 
biological 
properties of 
cisplatin in bacteria.

Regulatory approval of 
cisplatin (testicular and 
bladder cancer).

Description of 
the various 
cisplatin-induced 
adducts formed 
on DNA.

First clinical study 
showing the promise 
of oxaliplatin when 
used in combination 
with 5-fluorouracil in 
patients with 
colorectal cancer.

Identification of 
the role of elevated 
glutathione in 
causing tumour 
resistance to 
cisplatin.

Satraplatin being 
considered for 
approval by the US FDA 
for prostate cancer. 

First patient treated with 
JM473 (picoplatin).

Identification of the molecular 
defect in nucleotide-excision 
repair that causes 
hypersensitivity of some 
testicular cancers to cisplatin.

1965 1968 1971 1978 1982 1985 1989 1991 1992 1993 1997 1999 2002 2006 2007

Initial US FDA 
approval of oxaliplatin 
(colorectal cancer).
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Resistance mediated after DNA binding. After platinum–
DNA adducts have been formed, cellular survival (and 
therefore tumour drug resistance) can occur either by 
DNA repair or removal of these adducts, or by tolerance 
mechanisms (FIG. 2). As mentioned in BOX 2, there is good 
evidence to indicate that the hypersensitivity of testicular 
cancer to cisplatin results from DNA-repair deficiency. By 
contrast, many cisplatin-resistant cell lines that are derived 
from various tumour types have been shown to have 

increased DNA-repair capacity in comparison to sensitive 
counterparts24. Of the four major DNA-repair pathways 
— nucleotide-excision repair (NER), base-excision repair 
(BER), mismatch repair (MMR) and double-strand-break 
repair — NER is the major pathway known to remove 
cisplatin lesions from DNA. Particular attention, in both 
cell lines and clinical biopsy specimens, has focused on 
the NER endonuclease protein ERCC1 (excision repair 
cross-complementing-1) and resistance to platinum 
drugs. ERCC1 forms a heterodimer with XPF (xeroderma 
pigmentosum (XP), complementation group F) and acts 
to make a 5´ incision into the DNA strand, relative to the 
site of platinated DNA. For example, increased NER in 
cisplatin-resistant ovarian cancer cells was associated 
with increased expression of ERCC1 and XPF (pre-
dominantly ERCC1)25, and knockdown of ERCC1 by 
small interfering RNAs enhanced cellular sensitivity to 
cisplatin and decreased NER of cisplatin-induced DNA 
lesions26. Moreover, clinical studies in ovarian cancer 
patients have correlated increased ERCC1 mRNA levels 
(2.6-fold, p=0.015) with clinical resistance to platinum-
based chemotherapy27. In some cases, (for example, in 
the tumours of patients with colorectal cancer) a poly-
morphism of ERCC1 might occur; this is associated with 
reduced translation of the gene and improved response to 
platinum-drug-containing chemotherapy28.

Increased tolerance to platinum-induced DNA dam-
age can also occur through loss of function of the MMR 
pathway. Loss of this repair pathway leads to low-level 
resistance to cisplatin and carboplatin (but, impor-
tantly, not oxaliplatin (Eloxatin, Sanofi-Aventis) — see 
below)29. During MMR, cisplatin-induced DNA adducts 

Table 1 | FDA-approved platinum drugs and the main platinum drugs in development 

Indication Approval year or approval/
development status

Dose-limiting toxicities

Cisplatin (IV injection)

Metastatic testicular cancer 1978 Nephrotoxicity

Metastatic ovarian cancer 1978 Neurotoxicity, ototoxicity

Transitional bladder cancer 1993 Nausea and vomiting

Carboplatin (IV injection)

Ovarian cancer (palliative after previous 
chemotherapy)

1989 Myelosuppression (thrombocytopenia 
and neutropenia)

Ovarian cancer, first line 1991 Nausea and vomiting (but less than 
with cisplatin)

Oxaliplatin (IV injection)

Accelerated approval, metastatic colorectal 
cancer (second line with 5FU with LV)

2002 Neurotoxicity (sensory peripheral 
neuropathy)

Colorectal cancer (previously untreated or 
adjuvant treatment with 5FU with LV)

2004 Nausea and vomiting

Satraplatin

Hormone-refractory prostate cancer Under consideration for 
approval by the FDA

Myelosuppression (thrombocytopenia 
and neutropenia)

Picoplatin

Small-cell lung cancer Phase III trial about to begin Myelosuppression (thrombocytopenia 
and neutropenia)

FDA, Food and Drug Administration; 5FU with LV, 5-fluorouracil with leucovorin; IV, intravenous.

Box 1 | The chemistry of cisplatin binding to DNA

The neutral cisplatin has to be activated before it can bind to its target of DNA. This 
occurs by intracellular activation through aquation to monoaqua species (in which one 
of the two chlorine groups is replaced by water) and is facilitated at chloride 
concentrations below 100 mM, as found inside cells94. Early studies, conducted in vitro 
with salmon sperm DNA exposed to cisplatin, showed platinum binding to the N7 
position of the imidazole ring of the purine bases of DNA — guanine (G), and to a lesser 
extent, adenine (A) — to form either monofunctional (via one leaving group) or 
bifunctional adducts (via both leaving groups)95. Most occur on the same DNA strand 
and involve bases adjacent to one another, and are therefore known as intrastrand 
adducts or crosslinks, namely GpG 1,2 intrastrand (60–65% of all adducts) and ApG 1,2 
intrastrand (20–25%). Other less frequently produced same-strand adducts are the 
GpXpG 1,3 intrastrand crosslink (where there is another base in between the two 
platinated guanines; approximately 2%) and monofunctional adducts on guanines 
(approximately 2%). In addition, around 2% of adducts involve guanines on opposite 
DNA strands, so-called G–G interstrand crosslinks. In all cases, the two ammine groups 
(‘carrier ligands’) remain bound to platinum. Subsequently, the structures of some of 
these platinum–DNA adducts have been elucidated by X-ray crystallography (for 
example, the intrastrand GpG major adduct96) or in solution by nuclear magnetic 
resonance (for example, the G–G interstrand crosslink97 and the GpXpG 1,3 intrastrand 
crosslink98). Such structural information has provided a better understanding of how 
cisplatin produces its anticancer activity.
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Carrier ligand
Stable groups on platinum 
drugs that are not replaced by 
substitution reactions.

Objective response rate
The proportion of patients 
with defined tumour 
shrinkage; generally the sum 
of partial responses plus 
complete responses.

are recognized by the MMR proteins MSH2, MSH3 and 
MSH6 (homologues of the bacterial protein MutS)30. It is 
postulated that cells then undergo several unsuccessful 
repair cycles, finally triggering an apoptotic response; 
loss of MMR with respect to cisplatin–DNA adducts 
therefore results in reduced apoptosis and, consequently, 
drug resistance. The clinical relevance of the loss of 
MMR to platinum-drug-containing chemotherapy 
resistance, for example, in patients with ovarian cancer, 
is under active study; some data indicate a possible role 
in acquired drug resistance31, whereas other data show 
no correlation with intrinsic resistance32. Another toler-
ance mechanism involves enhanced replicative bypass, 
whereby certain DNA polymerases such as β and η can 
bypass cisplatin–DNA adducts by translesion synthe-
sis33; polymerase η has been shown to have a role in 
cellular tolerance to cisplatin and carboplatin34. Finally, 
tolerance might occur to platinum, and other cancer 
drugs, through decreased expression or loss of apop-
totic signalling pathways (either the mitochondrial or 
death-receptor pathways) as mediated through various 
proteins such as p53, anti-apoptotic and pro-apoptotic 
members of the BCL2 family, and JNK35.

Overall, our knowledge of how tumours are, or 
become, resistant to cisplatin or carboplatin has largely 
arisen from studies that have been carried out in cell 
lines in vitro; often numerous mechanisms seem to 
be involved. Translation and validation of laboratory-
based findings to the clinic are emerging, but are often 
still lacking. Nevertheless, the studies in cell lines have 
provided valuable insights that have formed the basis 
of several rational approaches to circumvent resistance 
in patients.

Circumvention of clinical cisplatin resistance
In the 1990s, the field of platinum-drug development 
was waning; cisplatin and carboplatin were established, 
marketed drugs, and offered significant clinical activity 
in patients presenting with a few notable tumour types. 
Several other platinum analogues had entered clinical 
trials but none had provided significant benefit com-
pared with cisplatin or carboplatin36. However, armed 
with the newly acquired information described above, 
concerning mechanisms of action and tumour resistance, 
four major strategies can now be proposed to circumvent 
platinum-drug resistance in cancer patients (FIG. 3): first, 
new, improved platinum drugs; second, improved deliv-
ery of platinum to tumours; third, co-administration 
of platinum drugs with pharmacological modulators of 
resistance mechanisms; and fourth, combining platinum 
drugs with new molecularly targeted drugs. Each of these 
strategies will be considered in turn.

New, improved platinum drugs. Many tens of platinum 
analogues have entered the clinic in the past 30 years 
and interest in this strategy has waxed and, in particular, 
waned, as early optimism has faded to clinical demise 
(for example, with tetraplatin). However, since the turn 
of the new millennium, this strategy seems to finally be 
proving successful.

Oxaliplatin (1R,2R-diaminocyclohexane oxalato-
platinum(II)) is based on the 1,2-diaminocyclohexane 
(DACH) carrier ligand and was originally described in 
the late 1970s37 (FIG. 4). It is a more water-soluble deriva-
tive of the failed drug tetraplatin. Interestingly, oxali-
platin showed a differing pattern of sensitivity to that of 
cisplatin in the NCI 60-cell human tumour panel38. In 
addition: in contrast to cisplatin and carboplatin, the 
accumulation of oxaliplatin seems to be less dependent 
on the copper transporter CTR1 (REF. 14); MMR recog-
nition proteins do not recognize oxaliplatin-induced 
DNA adducts29; some differences exist in the structure 
of oxaliplatin-induced 1,2-intrastrand DNA crosslinks39; 
and oxaliplatin retains activity against some cancer cells 
with acquired resistance to cisplatin40.

Early clinical trials with oxaliplatin, which were con-
ducted in France, revealed modest single-agent activity 
in patients with colorectal cancer (10% objective response 
rate from >100 patients)41, but a more promising level of 
activity when used in combination with 5-fluorouracil 
(5FU) and leucovorin (LV) (58% objective response rate 
from 93 patients)42. Before these studies were reported, 
colon cancer had been widely acknowledged in the 
medical community as being insensitive to platins.

Between the years 2000 and 2004, four independent 
large phase III trials all demonstrated that oxaliplatin 
is active against metastatic colon cancer when used 
in the 5FU–LV combination (TABLE 1). In the first of 
these studies, patients with advanced colon cancer 
received 5FU with LV with or without oxaliplatin, 
as first-line treatment43. The addition of oxaliplatin 
significantly improved antitumour efficacy (median 
progression-free survival of 6.1 months without, 
versus 8.7 months with oxaliplatin added, p=0.048). 
Another study in patients with previously untreated 

Box 2 | Why can’t all cancers respond to cisplatin like testicular cancer?

The introduction of cisplatin-containing regimens in the mid-1970s (with vinblastine 
and bleomycin) for men with metastatic testicular cancer changed the cure rate 
from 5% to 60%; the subsequent substitution of vinblastine with etoposide has 
pushed cure rates to around 80% (REF. 99). In the context of cancer chemotherapy 
for adult solid tumours, particularly metastatic ones, these are unusually high 
response and cure rates. Cell lines derived from testicular cancer were also shown to 
be intrinsically hypersensitive to cisplatin, in comparison to lines derived from 
bladder cancer100.

We now have some answers to why this occurs: the hypersensitivity often relates to a 
reduced DNA-repair capacity in response to platinum–DNA adducts. Tumour cells that 
were originally derived from a patient with testicular cancer were repeatedly exposed 
to cisplatin in vitro, thereby generating acquired resistance to the drug. Although the 
amount of platinum binding to DNA was similar in both cell lines, the resistant cells 
removed platinum from their DNA at the normal rate, but the parent cells had an 
inherent defect, and repaired DNA at only half this rate101. Subsequent studies showed 
that testicular cancer cell lines were also defective, in comparison to bladder cancer 
cell lines, at removing platinum from specific genes (so-called gene-specific repair)102. 
Using cell extracts to examine the specific DNA-repair pathway, nucleotide-excision 
repair (NER), it was shown that extracts from testicular cancer cells had low 
constitutive NER capacity and, in particular, low levels of the protein XPA (xeroderma 
pigmentosum (XP), complementation group A)103. Further studies have shown low 
levels of XPA and two other NER proteins, XPF (XP, complementation group F) and 
ERCC1 (excision repair cross-complementing-1), in testicular versus several additional 
tumour types104. Together, these studies reveal that testicular cancer cells often 
possess a low DNA-repair capability, and so, upon exposure to cisplatin, will undergo 
relatively more apoptosis.
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colon cancer used bolus 5FU with LV followed by a 
22-hour infusion of 5FU, alone or with oxaliplatin44. 
Again, the group receiving oxaliplatin had significantly 
longer progression-free survival (median 9.0 versus 6.2 
months, p=0.0003) and a better response rate (50.7% 
versus 22.3%, p=0.0001). In a third trial, patients who 
had progressed on bolus 5FU with LV and irinotecan 
(Camptosar, Pfizer; IFL), received bolus and infusional 
5FU and LV (LV5FU2), single-agent oxaliplatin, or the 
combination of LV5FU2 and oxaliplatin (FOLFOX4). 
The FOLFOX4 regimen had significantly better clinical 
activity as measured by objective response rate (9.9% 
versus 0% for LV5FU2, p<0.0001) and median time 
to progression (4.6 months versus 2.7 months for 
LV5FU2, p<0.0001)45. Finally, patients with previously 
untreated metastatic colorectal cancer received either 
IFL or oxaliplatin and infused 5FU with LV (FOLFOX) 
or irinotecan and oxaliplatin (IROX). Significantly 
higher response rates and increased median time to 
progression and median survival times were observed 
for the FOLFOX arm (for example, median survival 
of 19.5 months versus 15.0 months for IFL and 17.4 
months for IROX)46. Oxaliplatin became the third pla-
tin to be approved by the US FDA in 2002 (TABLE 1).

Satraplatin (Spectrum Pharmaceuticals/GPC 
Biotech) and picoplatin (Poniard Pharmaceuticals, see 

below) emerged from a continuation of the ICR/JM 
collaboration after the development of carboplatin. 
Satraplatin (bis-acetato-ammine-dichloro-cyclohexy-
lamine platinum(IV), JM216) (FIG. 4) was originally 
developed to be an orally active version of carboplatin 
(that is, to possess a carboplatin rather than cispla-
tin-like toxicity profile). Preclinical studies showed 
that the drug possessed good antitumour activity by 
the oral route, at least comparable to intravenously 
administered cisplatin or carboplatin, in mice with 
human ovarian cancer xenografts47, especially when 
administered over a 5-consecutive-day schedule48. 
It also retained activity in  human cancer cells with 
acquired cisplatin-resistance, in which resistance was 
due to reduced platinum transport49. In vivo satraplatin 
is biotransformed to around six products, the major one 
being JM118 (cis-amminedichloro-cyclohexylamine-
platinum(II)50. JM118 retained activity in cells that had 
lost the copper-influx transporter CTR1 (REF. 51), and 
has been shown to bind DNA in a very similar manner 
to that described for cisplatin52 and to be repaired by the 
NER pathway with similar kinetics53.

Early clinical trials with satraplatin demonstrated 
the feasibility of administering a platin by the oral route, 
especially when dosed on a daily basis for 5 consecutive 
days54. Satraplatin showed promising clinical activity in 

Figure 1 | Tumour resistance to cisplatin and carboplatin mediated by inadequate levels of platinum reaching 
target DNA. Platinum might enter cells using either transporters — a significant one being the copper transporter CTR1 
— or by passive diffusion. Loss of CTR1 results in less platinum entering cells and, consequently, drug resistance. Once 
inside cells, cisplatin is activated by the addition of water molecules to form a chemically reactive aqua species. This is 
facilitated by the relatively low chloride concentrations that are found within cells. In the cytoplasm, the activated aqua 
species preferentially reacts with species containing high sulphur levels by virtue of their containing many cysteine or 
methionine amino acids. These species include the tripeptide glutathione or metallothioneins. In some platinum-resistant 
cancer cells, glutathione and metallothionein levels are relatively high, so activated platinum is effectively ‘mopped up’ in 
the cytoplasm before DNA binding can occur, thereby causing resistance. Finally, active export of platinum from the cells 
through the copper exporters ATP7A and ATP7B as well as through the glutathione S-conjugate export GS-X pump (also 
known as MRP2 or ABCC2) can contribute to platinum drug resistance. GSTs, glutathione S-transferases.
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a small randomized trial in 50 patients with hormone-
refractory prostate cancer; median overall survival 
was 14.9 months in patients receiving satraplatin plus 
prednisone, versus 11.9 months for prednisone alone 
(hazard ratio (HR) of 0.84)55–57. Subsequently, a phase III 
trial involving a similar comparison in 900 patients who 
had failed previous chemotherapy was completed. Final 
progression-free-survival data, released by the sponsor-
ing company (GPC Biotech), showed that satraplatin 
significantly reduced the risk of disease progression, 
irrespective of the type of previous chemotherapy (HR of 
0.6, p=0.0000003)56. These data have recently prompted 
the submission of a new drug application to the FDA for 
this indication. Combination trials are also ongoing with 
paclitaxel, erlotinib (Tarceva, Genentech), capecitabine 
(Xeloda, Roche) or radiotherapy.

Picoplatin (cis-amminedichloro, 2-methylpyridine, 
platinum (II); JM473) (FIG. 4), the third and final drug to 
emerge from the ICR/JM collaboration, was rationally 

designed to provide steric bulk around the platinum 
centre58. This was suggested, and subsequently shown, 
to lead to a relative reduction in inactivation by thiol-
containing species such as glutathione59 and metal-
lothionein23, in comparison to cisplatin. Picoplatin retains 
activity against a wide range of cisplatin-resistant58 and 
oxaliplatin-resistant60 cells in vitro, which was independ-
ent of whether resistance was due to reduced transport, 
increased cytoplasmic detoxification or increased DNA 
repair. It also possesses antitumour activity in vivo by both 
the intravenous and oral routes61; in addition, synergy has 
been demonstrated for picoplatin when used in combi-
nation with paclitaxel62. Picoplatin has shown evidence 
of antitumour activity in phase II trials of ‘platinum-
sensitive’ ovarian cancer63 and cisplatin-resistant small 
cell lung cancer (response rate of 15.4% in one trial64 
and a median overall survival of 26.7 weeks in a recently 
completed second trial). Based on these data, the spon-
soring company, Poniard, is planning a phase III trial of 

Figure 2 | Tumour resistance to cisplatin and carboplatin mediated after DNA binding. Once the activated aqua 
platinum species (see FIG. 1 and note that this is the same for cisplatin and carboplatin) has entered the nucleus, 
preferential covalent binding to the nitrogen on position 7 of guanine occurs. The major covalent bis-adduct that is 
formed involves adjacent guanines on the same strand of DNA (the intrastrand crosslink); a minor adduct involves 
binding to guanines on opposite DNA strands (the interstrand crosslink). The main removal pathway for these DNA 
adducts is that of nucleotide-excision repair (NER); increased NER, especially through increased activity of the 
endonuclease protein ERCC1 (excision repair cross-complementing-1) can occur in tumours, and can lead to platinum 
drug resistance (as adducts are removed before apoptotic signalling pathways are triggered). In addition, resistance can 
occur through increased tolerance to platinum–DNA adducts — even though the DNA adducts are formed — either 
through loss of DNA mismatch repair, bypassing of adducts by polymerase β and η, or through downregulation of 
apoptotic pathways. BAX, BCL2-associated X protein; BID, BH3 interacting domain death agonist; HR23B, human 
Rad23B; MLH1, MutL homologue 1; MSH2/3/6, MutS homologue 2/3/6; PCNA, proliferating cell nuclear antigen; 
PMS2, postmeiotic segregation increased-2; RPA, replication protein A; TFB5, tenth subunit of TFIIH; TFIIH, general 
transcription factor IIH; XPA/B/C/D/F/G, xeroderma pigmentosum (XP), complementation group A/B/C/D/F/G.
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picoplatin in patients with small-cell lung cancer; trials are 
also ongoing for picoplatin in combination with docetaxel 
(Taxotere, Sanofi-Aventis) against prostate cancer and 
with 5FU with LV against colorectal cancer (Poniard 
Pharmaceuticals).

The dose-limiting toxicities of these new platins are 
generally different from those observed with cisplatin. 
For example, in contrast to cisplatin and carboplatin, 
the dose-limiting toxicity of oxaliplatin is a cumulative 
sensory peripheral neuropathy that is exacerbated by 
exposure to cold41. Clinical studies with satraplatin and 
picoplatin have revealed dose-limiting toxicities similar 
to those of carboplatin, with reversible thrombocytopenia 
and neutropenia observed but no marked nephrotoxicity 
or neurotoxicity55,65.

In addition to oxaliplatin, satraplatin and picoplatin, 
another interesting platinum drug that entered phase I 
clinical trials in the late 1990s was the ‘rule-breaking’ 
cationic trinuclear agent BBR3464 (REF. 66). This drug 
forms interstrand crosslinks over a much longer range 
than cisplatin or carboplatin — that is, across up to 
six DNA base pairs — and encouraged the concept of 
designing platinum drugs with different modes of DNA 
binding. However, the clinical development of BBR3464 
was stopped after initial phase II trials showed a relatively 
poor response rate. Furthermore, nedaplatin (254-S, cis-
diammine-glycolatoplatinum(II)) is a platinum agent 
that is closely related in chemical structure to cisplatin, 
and has been used exclusively in Japan for the past 15 
years to treat various cancers, such as head and neck, 
ovarian and lung cancer67.
 
Improved delivery of platinum to tumours. The strat-
egy of using delivery  vehicles to selectively transport 
more of a tumour-killing agent to tumours is attrac-
tive, and has now been clinically validated with the 
cytotoxics doxorubicin (liposomal doxorubicin; Doxil, 
Ortho Biotech Products68 and paclitaxel (nanoparti-
cle albumin-bound paclitaxel; Abraxane, Abraxis 
BioScience)69. Unsurprisingly, given their clinical 

importance, liposomal preparations of cisplatin-like 
molecules have been prepared, and one, SPI-77, has been 
tested clinically70. Although there was minimal toxicity 
with SPI-77, it had only modest antitumour activity in 
comparison to cisplatin; this might reflect the challenge 
of not only having to deliver platinum to the tumour in 
a relatively inactive form, but also the subsequent need 
to achieve good release and activation. The current lead 
platinum liposomal drug is based on the DACH stable 
ligand found in oxaliplatin (DACH-L-NDDP; Aroplatin, 
Antigenics)71 (FIG. 4). A phase II trial in 20 patients with 
advanced colorectal cancer that was refractory to 5FU with 
LV, capecitabine or irinotecan, reported that DACH-L-
NDDP was well tolerated and produced a modest tumour 
response rate of 5.6%, which is broadly comparable to that 
of single-agent oxaliplatin in this patient population71. 
Trials are continuing with a reformulated product in an 
attempt to improve the antitumour activity of the agent.

A second strategy, which is also being tested in early-
stage clinical development, is to link a platinum-based 
drug to a water-soluble, biocompatible co-polymer, such 
as hydroxypropylmethacrylamide (HPMA), in order to 
exploit the enhanced permeability and retention (EPR) 
effect of macromolecules in tumours. As with the lipo-
some approach, initial clinical studies have progressed 
from using a cisplatin-like platin (AP5280)72 to ongoing 
trials with a derivative that is based on the DACH carrier 
ligand, AP5346 (ProLindac, Access Pharmaceuticals)73 
(FIG. 4). Preclinical studies showed that AP5346 possessed 
superior antitumour activity to oxaliplatin in a mouse 
model of melanoma and a xenograft model of human 
ovarian carcinoma. Furthermore, at equitoxic doses, 
AP5346 delivered 16.3-fold more platinum to the tumour, 
and 14.2-fold more platinum to tumour DNA, than 
oxaliplatin73. Another feature was that the rate of release 
of platinum for AP5346 was sevenfold higher at pH 5.4 
versus pH 7.4. As the extracellular pH of solid tumours 
has been shown to often be more acidic than normal tis-
sues, this might also explain, in part, the increased tumour 
delivery of this agent. A phase I clinical trial with AP5346 
recommended a dose of 640 mg m–2 for progressing to 
phase II, and reported two partial responses (in patients 
with metastatic melanoma and ovarian cancer)74. Phase II 
trials are ongoing in patients with recurrent ovarian or 
head and neck cancers.

Finally, in particular situations, such as in patients 
with ovarian cancer, localized platinum-drug admin-
istration through intraperitoneal injection might be 
applied. In support of this strategy, a recently completed 
phase III trial of over 400 patients (who had undergone 
surgery for ovarian cancer), compared the activity of 
intravenous paclitaxel on day 1 plus intravenous cispla-
tin on day 2 with that of intravenous paclitaxel followed 
by intraperitoneally administered cisplatin on day 2 and 
intraperitoneally administered paclitaxel on day 8 (REF. 

75). Overall survival was significantly improved in the 
intraperitoneal arm (median of 65.6 months versus 49.7 
months, p=0.03). This was the third such randomized 
trial showing a clinical advantage with intraperitoneal 
cisplatin in the treatment of ovarian cancer, which might 
encourage its further application.

Figure 3 | Major ongoing strategies to circumvent cisplatin and carboplatin 
resistance. Resistance can be tackled by: increasing the levels of platinum reaching 
tumours (for example, liposomal platinum products) thereby resulting in greater killing; 
combining existing platinum drugs with molecularly targeted drugs (for example, 
bevacizumab); using novel platinum drugs such as oxaliplatin that are capable of 
circumventing cisplatin-mediated resistance mechanisms; and using other drugs either 
alone (for example, TLK286) or in combination (for example, decitabine), which exploit 
particular cisplatin-mediated resistance mechanisms. GSH, reduced glutathione; GST, 
glutathione S-transferase.
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Platinum-resistance modulation. As described above, 
much is now known about how tumours are, or 
become, resistant to cisplatin and carboplatin. This, in 
turn, has provided clinical opportunities to specifically 
target these resistance mechanisms (either alone or in 
combination with platins). The glutathione-mediated 
detoxification pathway is an important determinant of 
platinum-drug sensitivity and resistance, and phase I 
clinical trials were performed using an inhibitor of 
glutathione synthesis, buthionine sulfoximine (in 
combination with the alkylating agent melphalan). An 
alternative approach is exemplified by TER286/TLK286 
(canfosfamide; Telcyta, Telik), a prodrug that is prefer-
entially activated to release a nitrogen mustard alkylat-
ing agent by the glutathione-metabolizing enzyme, 

GST pi-1 (GSTP1)76. This exploits the increased levels 
of GSTP1 in platinum-resistant tumours and uses 
it to activate the drug and preferentially kill cancer 
cells. TLK286 showed in vivo antitumour activity in 
preclinical models, especially in tumours possess-
ing high GSTP1 levels76, and retained activity against 
acquired cisplatin-resistant ovarian cancer cells77. A 
phase I clinical trial with TLK286 administered weekly 
showed that the drug was well tolerated at doses up 
to 960 mg m–2 (REF. 78). A phase II trial involving 34 
patients with platinum-refractory or platinum-resistant 
ovarian cancer reported that 15% of patients had an 
objective tumour response (including one long-term 
complete response) and 50% of patients had disease 
stabilization79. TLK286 is currently being evaluated 
in four phase III trials. Three trials involve patients 
with ovarian cancer who are resistant or refractory to 
platinum drugs, and are investigating: TLK286 plus 
liposomal doxorubicin versus liposomal doxorubicin 
alone; TLK286 versus liposomal doxorubicin or topo-
tecan; and TLK286 plus carboplatin versus liposomal 
doxorubicin. A fourth trial is comparing TLK286 with 
gefitinib (Iressa, AstraZeneca) as third-line therapy for 
patients with non-small-cell lung cancer.

A second approach exploits loss of the DNA MMR 
pathway through hypermethylation of the MutL homo-
logue-1 (MLH1) gene, which has been shown to lead 
to resistance to cisplatin and carboplatin, and predicts 
for poor survival of patients with ovarian cancer (see 
above)31. This has led to the concept of using a DNA 
demethylating agent such as 2′-deoxy-5-azacytidine 
(decitabine; Dacoge, MGI Pharma) in combination 
with cisplatin or carboplatin to reverse this resistance 
mechanism. Preclinical studies have used platinum-
drug-resistant human ovarian or colon carcinoma cells 
that are MMR deficient owing to MLH1 hypermeth-
ylation. Nude mice with xenografts of these cells were 
treated with decitabine in combination with either cis-
platin or carboplatin, which decreased tumour growth 
further than is seen with either platinum drug alone, 
thus demonstrating proof of principle for the combi-
nation therapy of a demethylating agent and a platin80. 
A phase II clinical trial is now ongoing in the UK to 
test this hypothesis using decitabine with carboplatin 
in patients with ovarian cancer.

Combination therapy with molecularly targeted 
drugs. Most contemporary cancer drug discovery 
and development involves the targeting of specific 
molecular abnormalities that are characteristic of 
cancer, described in terms of various phenotypic ‘hall-
marks’81. This strategy has recently been successful; 
see for example: imatinib (Glivec, Novartis), trastuzu-
mab (Herceptin, Genentech), bevacizumab (Avastin, 
Genentech), erlotinib, gefitinib, sunitinib (Sutent, 
Pfizer) and sorafenib (Nexavar, Bayer Pharmaceuticals/
Onyx Pharmaceuticals)82. An emerging clinical theme 
is that, in some cases, these agents might not possess 
spectacular activity as monotherapy, but are used opti-
mally in combination with existing cytotoxics; herein, 
the platinum drugs feature prominently.

Figure 4 | The current platinum drug ‘family tree’ and generalized rationale 
underlying their development. Dates indicate when each drug was first given to 
patients. DACH, diaminocyclohexane as contained in oxaliplatin and aroplatin. Note: the 
platinum drugs lobaplatin (limited use and exclusively in China) and Nedaplatin (limited 
use and exclusively in Japan) are not included owing to their limited worldwide use.
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Bevacizumab, a humanized monoclonal antibody 
that targets vascular endothelial growth factor (VEGF), 
did not possess marked single-agent antitumour efficacy 
in phase II trials. But it has subsequently been shown to 
significantly improve responses and survival of patients 
with non-small-cell lung cancer when added to car-
boplatin–paclitaxel combination chemotherapy83. The 
median survival was 12.3 months in the bevacizumab 
combination arm compared to 10.3 months in the chemo-
therapy-alone group (HR for death of 0.79, p=0.003). 
In 2006, the FDA granted approval of bevacizumab for 
use in combination with carboplatin and paclitaxel in 
patients with unresectable, locally advanced, recurrent or 
metastatic, non-squamous, non-small-cell lung cancer. 
Also in patients with non-small-cell lung cancer, recently 
released phase II data show that the vascular-disrupting 
drug (that is, an agent that targets established tumour 
vasculature rather than the anti-angiogenics that target 
neo-vasculature) dimethylxanthenone-4-acetic acid 
(DMXAA, AS1404) might have clinical activity when 
used in combination with carboplatin and paclitaxel84.

The approved platinum drugs have traditionally not 
found widespread utility in the treatment of advanced 
breast cancer. However, recent data indicate that, under 
some circumstances, platins might be useful. First, 
preclinical data showed that a mouse antibody against 
ERBB2 (also known as HER2) synergized with cisplatin 
through a mechanism involving inhibition of the repair 
of platinum induced DNA damage85. Subsequently, 3 
phase II clinical trials in patients with ERBB2-positive 
breast cancer using the anti-ERBB2 humanized antibody 
trastuzumab in combination with cisplatin or carbopla-
tin and docetaxel, have shown promising clinical activ-
ity86,87. Second, platins might be particularly useful in 
breast cancers harbouring BRCA1 or BRCA2 mutations 

(approximately 5–10% of cases) as mouse-derived Brca1-
negative cell lines have been shown to be fivefold hyper-
sensitive to cisplatin, compared with wild-type cells88. 
This seems to be related to a lower DNA-repair capacity, 
and a clinical trial is ongoing to test this hypothesis89.

Preclinical data also indicate that platins might use-
fully be combined with mammalian target of rapamycin 
(mTOR, also known as FRAP1) inhibitors, such as the 
rapamycin derivative RAD001 (everolimus; Certican, 
Novartis). Inhibition of mTOR by RAD001 was shown 
to sensitize cancer cells to cisplatin by increasing 
cisplatin-induced apoptosis; this related to inhibiting 
p53-induced p21 expression90. Other approaches 
such as short-hairpin-RNA-based screening91, cDNA-
microarray screening92 and genome-wide expression 
profiling or in silico analyses93 might reveal additional 
drug targets for sensitizing tumours to cisplatin or 
carboplatin.

Future directions and prospects
The three approved platinum drugs, cisplatin, carbo-
platin and oxaliplatin, continue to have a major role in 
contemporary medical oncology. Additional platins such 
as satraplatin and picoplatin might further broaden their 
applicability to tumour types such as prostate cancer and 
small-cell lung cancer, respectively. There will probably 
be continued and extended use of platin-containing 
regimens with the new generation of molecularly tar-
geted therapies, as exemplified by the recent approval 
of bevacizumab in combination with carboplatin and 
paclitaxel in patients with lung cancer; breast cancer 
provides additional possibilities. Improved tumour-
delivery strategies and co-administration with specific 
modulators of prevalent platin-resistance mechanisms 
might also provide future clinical benefits.
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