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Introduction 

1.1 CISPLATIN: INTRODUCTION 
Clsplatln Is one of the most potent cytotoxic drugs and Is frequently 

applied In the treatment of various solid tumors, for example testicular, 
ovarian, cervical, endometrial, bladder, lung, head and necK cancer (H/N), 
mesothelioma and cancer of unKnown primary site (CUP)' The cytotoxic effect 
of cisplatln is most closely related to the Interaction with nuclear DNA, 
characterized by the formation of inter· and Intrastrand cross·linKs (adducts). 
The clinical application of clsplatin Is limited because of the existence or 
development of resistance and induction of severe side effects. In the clinic 
wide variability exists In the response to clsplatln chemotherapy. This may be 
due to pharmacoKlnetic variability, pharmacodynamic variability or both. It is 
clinical practice to treat patients with a standard dose per unit of body 
surface area. This may result in wide variation between patients In the 
magnitude of exposure to the active I.e. non·protein bound clsplatin. To 
date, It has not clearly been established whether Individualized treatment 
with clsplatin using predefined target levels of exposure Increases the 
response rate and disease·free survival. In addition, in contrast to the 
clsplatln analogue carboplatin no simple and validated procedures are 
available to Individualize the dose of clsplatln with the aim to reduce the 
pharmacoKlnetic variability. Several mechanisms of resistance have been 
characterized for clsplatin, such as Increased repair of DNA-adducts, Increased 
intracellular inactivation by thlols, reduced cellular accumulation of clsplatin 
by decreased uptaKe and Increased efflux of clsplatln-glutathlone complexes. 
These mechanisms may contribute to clinical resistance to clsplatln. Based on 
this, there Is a strong need for combination therapy with highly active 
anticancer agents, which show synergistic cytotoxicity with clsplatln and non­
overlapping patterns of toxicity. Topoisomerase I Inhibitors are ideal 
candidates for this role. Irlnotecan (CPT11), topotecan and 9-
amlnocamptothecln are presently undergoing clinical evaluation. They act on 
the topolsomerase I by stabilizing the topolsomerase I-DNA cleavable complex 
and inhibit DNA and RNA synthesis. It Is of great clinical Importance to 
characterize the Interpatlent variability In the dose-response relationship of 
clsplatln, to further elucidate mechanisms of resistance to cisplatln and 
mechanisms of interaction between clsplatln and topoisomerase I Inhibitors 
in vitro and in vivo. 

In addition, taxanes such as paclitaxel and docetaxel are excellent 
candidates for combination therapy with cisplatin. Taxanes are 
anti microtubule agents, which show high activity as single agent against 
many solid tumor types. The toxicity profile overlaps only partly with that of 
cisplatin. optimal combination chemotherapy Is currently being Investigated. 
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Chapter 1 

1.1.1 Clinical application 
clsplatin (flg.1) is one of the most widely applied anticancer agents. It Is 

mostly used in the treatment of solid tumors especially carcinomas. Clsplatin 
is standard therapy In the treatment of advanced testicular and ovarian 
cancer (Loehrer and Einhorn, 19841. Before Its Incorporation in combination 
therapy schedules with vinblastine and bleomyclne, few patients with 
advanced nonseminomatous testicular cancer could expect to survive beyond 
1 to 2 years. Since the Implementation of clsplatln In the combination 
chemotherapy nearly 80% of the patients achieve a complete remission 
(Loehrer and Einhorn, 19841. A 10-year follow-up study of patients with 
disseminated testicular nonsemlnomatous cancer revealed a cure rate of 63% 
in responders to clsplatln based combination chemotherapy (Stoter et aI., 
1989). Long-term survival data of patients with advanced epithelial ovarian 
cancer showed that clsplatln based combination chemotherapy (CHAP-5) 
increased the 10-year survival by more than 10% compared to the best 
treatment of the preclsplatin era: Hexa-CAF (Neljt et aI., 1991). 

Figure 1. Chemical structure of cls·dlammlnedlchloroplatlnum (II) le/splatlnl. 

In addition, great Improvements have been achieved In the adjuvant 
setting of ovarian cancer with clsplatln. other trials revealed high response 
rates and Increase of the disease free and/or total survival of locally advanced 
and metastatic bladder cancer (Stoter et aI., 1987), non-small cell lung cancer 
(NSCLC) (Fukuoka et aI., 1992; souquet et aI., 1993) and small cell lung cancer 
(Hansen, 19921. Favorable response rates have been documented with weekly 
high-dose cisplatin In NSCLC, mesothelioma (Planting et aI., 1993) and H/N 
cancer (Planting et aI., 1993a) or with cisplatln In cycles of 3 weeks (Verwelj et 
aI., 1989; Morl et aI., 19921. Clsplatln is also the single most active cytotoxic 
agent In the treatment of recurrent or metastatic squamous cell cancer of 
the cervix (Alberts et aI., 19911. 
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Introduction 

1.1.2 Clinical toxicoloM 
Application of clsplatln Is associated with a wide spectrum of side-effects, 

but most frequently encountered are renal toxicity, neurotoxicity Including 
hearing loss and gastrointestinal toxicity. The renal toxicity is related to the 
dose (Blachley and Hill, 1981; Ries and Klastersky, 1986>' In addition, the renal 
toxicity Increases with the duration of therapy (Campbell et aI., 1983). Age, 
sex and pretreatment creatinine do not predict nephrotoxicity (Campbell et 
aI., 1983; skinner et aI., 1992). It Is unclear whether dose reductions should be 
pursued In the case of a preexisting moderate reduction In renal function 
(Blachley and Hill, 1981; campbell et aI., 1983) After Lv. administration cisplatin 
is eliminated through the kidneys. The pathway follows glomerular filtration 
and active tubular secretion. The accumulation of reactive forms of clsplatln 
In the renal tubules leads to their disruption and loss of functions. one of the 
early signs Is tubular loss of electrolytes such as magnesium, potassium and 
sodium (Blachley and Hili, 1981; Rles and Klastersky, 1986; Daugaard and 
Ablldgaard, 1989). This can lead to severe and even life threatening 
symptoms. Since the mechanism of the toxicity has been recognized cisplatin 
Is administered with active pre· and posthydratlon. In treatment schedules 
with high dose·intenslty clsplatin is dissolved In hypertonic saline to further 
reduce the risk of renal dysfunction IBaldew et aI., 1990>. Employing this 
regimen allows administration of dosls of clsplatln as high as 200 mg/m' on a 
3·weekly basis (Kehoe et aI., 1992) or >80mg/m' on a weekly basis without 
significant loss of renal function (Planting et aI., 1993>' Neuropathy and 
ototoxicity are other significant problems associated with clsplatln therapy. 
These toxicities are usually cumulative with clinical signs and symptoms 
appearing after a total dose In excess of 300 mg/m' (Cersoslmo, 1989; 
Cavalettl et aI., 1991). symptoms of gastrointestinal toxicity are nausea and 
vomiting (de Mulder et aI., 1991>' The severity of these symptoms Is clearly 
related to the dose per course (Seynaeve et aI., 1991, 1991a>. It Is unclear 
whether single exposure Intensity (AUC) or total exposure intensity 
(cumulative AUC) are better predictors for neural and other toxicities than 
single or total dose intensity, because literature data are sparse. 

1.2 PHARMACOKINETICS 
In clinical practice clsplatln Is administered Intravenously In 3 to 24 h 

Infusions. The pharmacokinetics of cisplatin are linear and the plasma 
concentration, time curves can be fitted best to a model with zero order rate 
of Input and a one·exponentlal (Crom et aI., 1981; Himmelstein et aI., 1981; 
Corden et al., 1985) or sometimes two·exponentlal (Vermorken et al., 1982) 
decline of the curve post·lnfuslon. The terminal half·llfe varies from 18 to 49 
min and the volume of distribution form 47-94 I (Himmelstein et al., 1981; 
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Vermorken et aI., 1982; Bajorin et aI., 1986), The curves of the unbound 
cisplatln In plasma and cisplatln which Is bound to plasma proteins do not 
run parallel (Himmelstein et aI., 1981; Vermorken et aI., 1982). This Indicates 
that the protein binding is a nonreversible process or a very slowly reversible 
process (Hegedus et aI., 1987; Yotsuyanagl et aI., 1991; Melvlk et aI., 1992). 
Hence, the clearance of clsplatln Is so·called restrictive and for a 
representative calculation of the AUC and the clearance the unbound 
clsplatln concentrations are to be used (Glbaldl and Perrier, 1982), clsplatln 
also binds extensively to all types of tissue components (Holler et aI., 1993), 
Clsplatln Is eliminated primarily through the kidneys. During the first 4 h after 
clsplatln administration 17 to 22% of the dose Is excreted In the urine 
IBajorln et aI., 1986), The remaining part of the dose is excreted very slowly 
due to the extremely long retention and accumulation of clsplatln In deep 
tissues 1T0thili et aI., 1992), The renal clearance of unbound cisplatln exceeds 
the creatinine clearance by approximately 50%, Indicating active tubular 
secretion (Jacobs et aI., 1980; Corden et aI., 1985; Bajorin et aI., 1986). Clsplatln 
is excreted to a minor extent via the bile (caspar et aI., 1979l. 

1.3 PHARMACODYNAMICS 

1.3.1 Mechanism of action: clsplatln-DNA adduct formation and repair 
The exact mechanism of action of clsplatln Is stili unclear. It Is well 

established that clsplatin binding to DNA contributes to cellular toxicity 
(Scanlon, 1991), At least four adducts have been Identified. The two major 
products are cis·Pt(NH,),d(pGpG), cls'PtlNH,),d(PApGl, both derived from 
Intrastrand crossllnks of clsplatln on neighboring guanlnes and adenines. Two 
minor adducts are Pt(NH,),dGMP resulting from monofunctionally bound 
cisplatln to guanine and cis'Pt(NH,l,d(GMP), originating from Interstrand 
crossllnks IICLl on two guanine nucleotldes as well as from intrastrand 
crosslinks on two guanines separated by one or more bases (Flchtlnger­
schepman et aI., 1982, 1984, 1985; Eastman 1986)(flg. 2), During the whole 
process of cisplatln-DNA adduct formation, first cisplatin is hydrolysed by 
replacement of cr with H,O which reacts to DNA to form monofunctional and 
subsequently bifunctional adducts (fig. 3), It Is stili debatable whether the 
major Pt·GG Intrastrand crossllnks or the ICL's are responsible for the 
cytotoxic effect. Studies have outlined the Importance of the Intrastrand 
crosslink (HIli et aI., 1994), In addition, studies using HeLa cell extracts have 
shown that the Pt·GG Intrastrand crosslink In duplex M13 DNA Is refractory to 
repair (Szymkowski et aI., 1992), In contrast, studies In two ovarian cancer cell 
lines and resistant subllnes have revealed significant and consistent increase 
in the ICL repair In the dihydrofolate reductase gene (Zhen et aI., 1992), In an 
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earlier study using the SUSa testicular teratoma cell line, a deficiency In the 
removal of ICl'S was observed (Hili et aI., 1994al. 

d a 

b 
e 

f c 

Figure 2. schematic representation of the known clsplatln·DNA adducts, (a) clsplatln 
bound mono functionally to a guanine; (bl the Interstrand cross·llnks to two guanlnes; Icl 
the DNA·proteln cross-links; (d) the GpO Intrastrand cross-links; (el the GpNpG Intrastrand 
cross-links; and (f) the ApG Intrastrand cross-links. (the figure was taken from ref. 
Flchtlnger·schepman et a11985) 

At the molecular level, several genes and proteins have been 
characterized which are Involved In the repair of clsplatln DNA adducts 
(schaeffer et aI., 1993; Sancar, 1994; Kelland, 1994). Cellular "damage 
recognition proteins (oRp·SI" have been characterized which bind to clsplatln 
induced damaged DNA. The role In the Initial stage of events which lead to 
DNA repair has not yet fully been elucidated (Donahue et aI., 1990; Chu and 
chang, 1990; Chao et aI., 1991; Bissett et aI., 1993; Jones et aI., 19911. one such 
proteins has been identified as the hlgh·mobility group proteins HMG1 (Pil 
and Lippard, 19921. They even may delay repair of DNA. Another hypothesis Is 
that the DRp·s are factors which are Important for transcription and that 
binding to damaged DNA reduces the amount of DRP's available for 
transcription, resulting In toxicity of clsplatln. It has been well established 
that the nucleotide excision repair (NERI pathway Is Involved in the repair of 
the cisplatin intrastrand adducts (Clugston et aI., 1992; Sancar, 19941. In 
humans and Escherichia coli the Involved exclnuclease, an operational 
definition of repair activity, Is the sole system for removing bulky DNA 
adducts (Sancar, 19941. The activity results from sequential and partly 
overlapping activities of at least 17 polypeptides. RecentlY, several human 
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Figure 3. Kinetic mechanism of clsplatln binding to DNA In vitro. Double strand DNA Is 
symbolized by two parallel lines. Monofunctional adducts by clsplatln are Indicated by single 
"bonds", bifunctional adducts Irrespectively of their type of crosslink by double "bonds". 
symbole ..... refers to negative and" +" to positive charges. Ammlne ligands are omitted from 
the graph. The arrows In the electrostatic complex Indicate one dimensional diffusion of the 
platinum till complex along the DNA backbone. (figure was taken from ref. Holler 19941 
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repair genes have been cloned. The high homology between the 
components of nucleotide excision repair derived from human cells and 
yeast cells demonstrates that the mechanism of excision repair Is highly 
conserved between eukaryotes. Important In this development has been the 
characterization and cloning of saccharomyces cerevlsiae excision repair 
proteins, such as RAD1, 2, 3, 4, 10, 14 and 25. They are structurally and 
functionally homologues of the human excision repair proteins XPF, XPG, XPD, 
XPC, XPA, ERCC1 and XPB (prakash et aI., 1993), some of which are subunits of 
the general transcription factor TFIIH. After recognition, a nuclease subunit 
binds to the DNA, and after incision a subset of the exclnuclease unit remains 
bound to the DNA. Catalytic turnover of the enzyme Is facilitated with 
proliferating cell nuclear antigen (PCNAl. The exclnuclease subunit is replaced 
by repair synthesis proteins and subsequently gap filling and ligation take 
place. Recently, the human excision repair gene ERCC·1, part of NER, was 
shown to be more involved In the repair of ICL'S than of intrastrand adducts 
(Larmlnat and Bohr, 1994l. ERCC·1 is a determinant for resistance In CHO cells 
(Lee et aI., 1993). The ERCC·1 gene encodes a protein of 297 amino acids of 
which the first 214 amino acids show a high degree of homology with the 
sequence of the yeast RAD10, which is required for both NER and mitotic 
recombination (van Duin et aI., 1986). 

Transcription and repair are closely coupled processes (Selby and Sancar, 
1990; Drapkin et aI., 1994; Feaver et aI., 1993). Some repair proteins partiCipate 
in initiation or elongation steps of transcription and thus couple repair to 
transcription (8ootsma and Hoeijmakers, 1993; Hanawalt, 1994; Hanawalt et 
aI., 1994a; Sancar, 1994; Donahue et aI., 1994l. In addition, there is preferential 
repair of the transcribed strands of expressed genes (Bohr et aI., 1985; Mellon 
et aI., 1987; Mellon and Hanawalt, 1989; Hanawalt and Mellon, 1993l. 
Furthermore, gene products Implicated In transcrlption·coupled repair are 
defective In three human hereditary disorders (xeroderma plgmentosum XP, 
Cockayne's syndrome and trichthiodystrophy) (Venema et aI., 1990; Hanawalt, 
1994). In XPC cells only the transcribed strands of active genes are repaired 
whereas in cockayne B cells there is no preferental repair of active genes. 
Recent studies (Verhage et aI., 1996) In s. cerev/s/ae revealed that there exist 
indeed two sub pathways for nucleotide excision repair: one pathway nCR) is 
coupled to transcription whilst the other is a global system (GGR) that can 
repair the whole genome. TCR Is more efficient than GGR resulting In 
preferential repair of transcribed strands. The GGR system Is dependent of 
the presence of the RAD7 and RAD16 gene products (Verhage et aI., 1994l. 
rad7 and rad16 mutants have the same repair phenotype as cells derived 
from XPC patients. The TCR system Is dependent on transcription and Is 
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stimulated by the RAD26 gene product. RAD26 is the yeast homologue of the 
human ERCC/CS·B gene (van Gool et aI., 1994>. 

1.3.2 Assavs for measurement of cisplatin·DNA adducts 
After exposure to clsplatin DNA adducts can be determined quantitatively 

using a number of different procedures. one of the assays measures total Pt 
bound to DNA with atomic spectroscopy (MS)' This method has frequently 
been used In In vitro and in vivo experiments (Reed et aI., 1988; Ma et aI., 
1994, 1995), Studies were directed to validate this procedure (chapters 2 and 
7 and Ma et aI., 1994, 1995) and reproducible. The limitations of AAS are that 
the assay does not discriminate between the Individual adducts or 
monofunctional and bifunctional bound adducts. In addition, in vitro cisplatin 
concentrations have to be used exceeding the IC90 value In the cell culture 
system. This significantly limits the Interpretation of the results. An elegant 
but extremely laborious ELISA method has been developed which can 
Identify the (bifunctional! Individual adducts (Flchtinger·Schepman et aI., 
1987, 1989, 19901. The p"·postlabeling assay is a promising alternative to the 
ELISA (Forstl and Hemmlnki, 1994; Blommaert and Saris, 1995, Maliepaard et 
aI., 1996), It quantitates the 2 major Intrastrand adducts (Pt·GG and Pt·AG) at 
very low concentrations (at the fmol range) and has a higher sensitivity than 
MS. The p"·postlabeling was shown to be 2 to 10 fold more sensitive than 
the ELISA (Blommaert and saris, 1995), Another great advantage is that the 
assay can also be used for the quantitatlon of DNA adducts originating from 
other platinum analogues, such as carboplatin or lobaplatin and oxallplatln. 
ICL's can be quantitated with an ethidium bromide or an alkaline elution 
method (de Jong et aI., 1986; AIi·osman et aI., 1993), 

Comparison of the previously described ELISA and AAS methods for the 
quantitation of adduct levels reveals striking differences. The adduct levels in 
WBC of patients measured with the ELISA method of Reed et al. (1986, 1990) 
are substantially lower (amol/pgDNA·range) than when the adduct levels are 
measured with the AAS method (fmol/pgDNA·range) of Reed et al. (1988 and 
1993), This methodological difference has not fully been explained (Poirier et 
aI., 1993). The adduct levels measured with AAS showed very high interpatlent 
variation (> 100·fold) in patients with ovarian cancer who were treated with 
cisplatin in cycles of 3 weeks (Parker et aI., 1991), In several studies, using 
ELISA or AAS, the range of adduct levels In the responders and 
nonresponders was almost completely overlapping (Reed et aI., 1988a, 1990, 
1993; Parker et aI., 1995), The ELISA method developed by Fichtlnger· 
schepman showed adduct levels in the same range as the AAS method of 
Reed et al. (1988) and the validated AAS method developed by Ma et al. (1994), 
which is presented in chapters 2, 3 and 7. A new WBC sample preparation 
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method (Ma et aI., 1995) demonstrated that DNA-adduct levels shortly post­
Infusion and DNA-repair in WBC by the method of Flchtlnger-schepman et al. 
(1987, 1990) are overestimated. The range of the adduct levels determined 
with the new method shows only S-fold interpatient variation (chapter 2). 
The mean adduct level was about S-fold lower than the mean level reported 
by Reed (1993) in the patients who were treated with combination of 
cisplatin and carboplatin and It was In accordance with the range of data In 
the ELISA of Fichtlnger-Schepman et aI., (1987) although, as outlined, the 
adduct levels In the latter method shortly post-clsplatln Infusion are higher. 
Another indirect method for the measurement of the dynamics of cisplatin is 
the measurement of adducts In buccal smears (Blommaert et aI., 1994). These 
data correlated with the adduct levels in WBC which were measured in the 
same patients. Recently, another promising method for quantitatlon of DNA­
adducts using an antibody technique has been described (Meijer et aI., 1995) 
This observation supports the concept that adduct formation In WBC parallels 
adduct formation in other tissues which most likely includes tumor tissue. 

1.3.3 Relationship between adduct kinetics and cytotoxicity 
The level of DNA adduct formation and the rate of repair are correlated to 

the cytotoxicity of cisplatin (Eastman and Schulte, 1988; Johnson et aI., 1994a). 
Differential repair of platinum DNA adducts has been observed in human 
bladder and testicular cell lines which are resistant and sensitive to clsplatln 
respectively (Bedford et aI., 1988J. The sensitive testicular cancer cell lines 
were deficient in the repair of intrastrand crosslinks as well as ICL's. Resistant 
sublines derived from clsplatin sensitive human ovarian cancer cell lines 
showed significantly higher levels of total DNA platinatlon levels as well as 
ICL's at equltoxlc concentrations Indicating that increased DNA-damage 
tolerance may also be a component of the resistance mechanism (Johnson et 
aI., 1994 and 1994aJ. The analysis of cell death Induced by the presence of 
clsplatln DNA adducts reveals DNA fragmentation and subsequent processes 
consistent with induction of programmed cell death or apoptosls (Chu, 1994J. 

1.3.4 Relationship between adduct formation and antitumor response 
Due to lack of tissue samples and several technical difficulties only a small 

number of patient tissues have been analyzed for clsplatln DNA-adduct 
formation. In a series of studies an ELISA and an AAS method were used to 
correlate clsplatln-DNA adducts in WBC with the antitumor response (Reed et 
aI., 1986, 1988a, 1990, 1993; Flchtlnger-schepman et aI., 1987, 1990; parker et 
aI., 1991J. In these studies significantly higher adduct levels post clsplatln 
Infusion were found In patients who showed a partial or complete response 
than in non responding patients (stable or progressive dlseaseJ. With the ELISA 
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method the pattern of Individual adducts was determined whereas with the 
AAS method the total number of adducts was quantitated. It Is important to 
realize that the relative occurrence of the four adducts obtained from DNA 
of the blood of testicular cancer patients and a sample from a testicular 
tumor of a patient was strikingly similar (Flchtlnger·Schepman et aI., 1990). In 
addition, the relative distribution Is also very similar to the distribution of 
the adducts In various normal tissues and In a tumor in rats (Fichtinger· 
schepman et aI., 1989) and similar to the adducts induced in cultured human 
cells such as bladder and testicular cell lines (Bedford et aI., 1988), normal and 
repair deficient human fibroblasts (Dijt et aI., 1988) and multiple tissues of 
cancer patients (Poirier et aI., 1992, 1993). From these results It can be 
postulated that measurement of the total number of adducts in WBC instead 
of the pattern of individual adducts does not reduce the discriminative 
power of the method if clinical antitumor response Is correlated to DNA· 
adduct formation In WBC. No data are available on a relationship between the 
profile of the individual adducts in WBC and tumor tissue In patients and the 
antitumor response. 

1.3.5 Mechanisms of cisplatin resistance 
Resistance to cisplatin is multl·factorlal. It includes reduced accumulation 

of platinum, increased platlnum·DNA repair, and increased cellular 
detoxification systems by GSH and metallothlonelns (Andrews et aI., 1991; 
Kelland et aI., 1992a, 1992b; Schellens et aI., 1995; Eastman et aI., 1988; Hosper 
et ai, 1988). It is believed that the cell's ability to repair either Pt·GG or Pt·AG 
adducts contributes to cisplatin resistance (Fichtinger·schepman et aI., 1985; 
Plooy et aI., 1985; Hospers et aI., 1990; Eastman et aI., 1988; Cal sou et aI., 1992>' 
There appears to be a relationship between repair of cisplatin·DNA damage 
and cytotoxicity in vitro (Scanlon et aI., 1989 and 1991) and in vivo (Kashanl· 
sabet et aI., 1990). Several enzymes Involved In the process of DNA· repair have 
been found to be involved In the development or existance of clsplatln 
resistance <Timmer·Bosscha et aI., 1992>' 

As outlined, gene selective removal of adducts has been demonstrated, 
which may contribute to a resistant phenotype (Jones et aI., 1991>' Several 
other biochemical pathways of resistance Ilave been described In vitro, 
however the contribution to development or existance of resistance in vivo 
has not yet been clearly established. These mechanisms relate to reduced 
cellular uptake of cisplatln (Scanlon et aI., 1989 and 1991; Morlkage et aI., 
1993), increased Intracellular inactivation by glutathione (GSH) and/or 
metallothlonelns (Hospers et aI., 1988; Kelland et aI., 1994; Andrews, 1994), or 
disruption of signal transduction pathways which may contribute to the 
evolution of drug resistant clones (Scanlon et aI., 1991>' possibly, also 
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Increased efflux of cisplatin-glutathlone complexes through the multi drug 
related protein (MRP) pump contributes to resistance (Ishikawa et aI., 1994; 
MOiler et aI., 1994), In addition, replicative bypass of platinum-DNA adducts 
may also be associated with cisplatln resistance (Mamenta et aI., 1994), 
presently, third generation platinum II and IV analogues are under clinical 
investigation. preclinical tumor models have revealed high cytotoxic activity 
in cell systems with documented cisplatin resistance and circumvention of 
outlined resistance mechanisms (Kelland et aI., 1992a) 

1.3.6 Circumvention of cisplatln resistance 
AS the mechanisms of cisplatin resistance become more and more 

elUCidated, rational strategies emerge to exploit or circumvent the 
phenotypic properties of cisplatin resistant cells (Scanlon et aI., 1991), 
Biochemical modulators have been Identified that modulate cisplatin 
resistance by inhibition of DNA·repalr, increase the reduced cisplatin cellular 
accumulation, depletion of cellular GSH, and interference with the signal 
transduction or through schedule·dependent cytotoxic combinations 
(Timmer-Bosscha et aI., 1992; Morikake et aI., 1993), Increase in the dose· 
Intensity Is another clinically Important approach to prevent development of 
resistance (ozols, 1989), The latter approach is based on the established 
relationship between concentration and cell kill in vitro and dose·lntenslty 
and antitumor response in vivo (Ozols, 1989; ROSSO et aI., 1991; Kaye et aI., 
1992; Dittrich et aI., 1993), one of the schedule dependent modulators of 
cytotoxicity Is etoposide (VP16l, an inhibitor of topolsomerase II. This Is one 
of the nuclear enzymes Involved In the repair of cisplatin induced DNA­
damage (Eder et aI., 1990; Tepper and Studzinsky, 1992; AIi·osman et aI., 1993), 
In several clinical studies clsplatln and etoposide have been shown to act 
synergistically (Hainsworth et aI., 1992; O'Dwyer et aI., 1985; Bonomi, 1986; 
Evans et aI., 1986; Henwood and Brogden, 1990; Murphy et aI., 1992), without 
significant mutual pharmacoklnetlc Interactions (Minami et aI., 1991), In 
addition, topolsomerase II Inhibition by VP16 and novobiocin in vitro resulted 
in more than additive cytotoxicity when combined with cisplatin (Eder et aI., 
1990; de Jong et aI., 1993), Inhibition of topoisomerase II in vitro impaired 
cisplatln DNA adduct repair in a glioblastoma cell line (AII·osman et aI., 1993), 
Inhibition of topoisomerase II activity in vitro with a selective topoisomerase 
II Inhibitor novobiocin resulted in reduction of clsplatln Induced DNA·repalr 
and synergistic cytotoxicity (Eder et aI., 1990). 
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1.4 INTERPATIENT VARIATION IN PHARMACOKINETICS ANO ADDUCT 
FORMATION OF CISPLATIN 

It is not sufficiently elucidated which clinical, biochemical and 
pharmacologic parameters contribute to the observed Interpatlent variation 
In drug disposition and DNA adduct kinetics. After administration of the same 
dose or narrow dose·range three· to four·fold variation has been observed in 
the terminal half·llfe, AUC and volume of distribution of unbound clsplatln 
(Cord en et aI., 1985; Himmelstein et aI., 1981; Vermorken et aI., 1982, 1986). 
previous limited studies have suggested that the AUC of unbound clsplatln 
correlates with the creatinine clearance and serum albumin although the 
latter correlation coefficient was relatively low (0.49, p = 0.002) Nermorken et 
ai, 1986; Tanabe et aI., 1991). These results were obtained with single linear 
regression analysis. our results indicate significant but also relatively low 
correlations between the dose and the AUC and between the creatinine 
clearance and the AUC (Schellens et aI., 1996a). The renal clearance of clsplatln 
which Is 50-200 ml/mln contributes for only 20-30% to the plasma clearance 
of unbound cisplatin which is of the order of 250-600 ml/mln Nermorken et 
aI., 1986). Hence unbound clsplatln disappears mainly through other pathways 
such as binding to plasma and tissue components. In addition, no data are 
available to describe the Inter- and intrapatient variability In DNA adduct 
formation in terms of variation In clinical, biochemical and pharmacological 
parameters. considering the almost lacking population kinetic data of 
clsplatln (Thomson and Whiting, 1992) there Is a strong need for 
characterization and quantitatlon of sources of variability In prospective 
studies. 

1.5 CLINICAL PHARMACOKINETICS AND DYNAMICS OF THE CISPLATIN 
ANALOCUI! CARBOPLATIN 

carboplatln Is a cisplatin analogue which is frequently applied in the 
treatment of solid tumors, for example testicular, ovarian cancer and small 
cell lung cancer (Childs et aI., 1992; Jodrell et aI., 1992; posthumus et aI., 1992), 
The cytotoxic effect is also mediated through DNA adduct formation 
(Hengstler et aI., 1992), Relationships between pharmacokinetics (AUC) and 
dynamics (thrombocytopenia) have allowed the development of equations 
for rational dosage individualization (van der V1l9h, 1991). Simple formulae 
have been established based on renal function to individualize the dose of 
carboplatln and achieve a predefined target AUC (Egorln et aI., 1985, 1992; 
Calvert et aI., 1989; Newell et aI., 1993), There was evidence for an AUC­
response relationship in a study in good prognosis metastatiC 
nonsemlnomatous testis tumors (Childs et aI., 1992), There was also a 
significant relationship between the AUC and the toxicity In patients with 
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ovarian cancer (Jodrell et aI., 1992; Reyno et aI., 1993), For carboplatln a 
pharmacologic based dosing allows a better prediction of toxicity to normal 
tissues (Jodrell et aI., 1992; Hande, 1993), In addition, there appeared to exist 
an AUC-antitumor response relationship (Childs et aI., 1992), No randomized 
study results are available to compare the fixed dose regimen with the dose­
Individualized approach, which Is proposed for clsplatin_ The outlined 
pharmacokinetic-dynamic relationship of carboplatln greatly encourages the 
development and prospective evaluation of a pharmacologic-based dosing 
method for cisplatin. 

1_6 TOPOISOMERASI! (TOPO) I INHIBITORS: CLINICAL APPLICATION 
A number of to po I inhibitors are presently undergoing clinical testing: 

irinotecan (CPT11), topotecan, 9·amino-20(S)-campthothecln and 01-147211 
(fig.4) (Tanlzama et aI., 1994), Phase II clinical studies yielded favourable 
response rates of ± 25% In colorectal cancer, 32% In nonsmall cell lung 
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Figure 4. Chemical structure of topolsomerase I Inhibitors. 

cancer, 30% in non-Hodgkin lymphoma and 25% In acute leukaemia. The dose 
limiting toxicities are neutropenia and diarrhea. other side effects are 
thrombocytopenia and anaemia, alopeCia, nausea and vomiting and fatigue 
(Scheliens et aI., 1996b)' Using the recommended dose for phase II testing of 
60 mg/m2 of irinotecan on days 1, 8 and 15 and 80 mg/m2 of cisplatln on day 1 
every 4 weeks, Masuda et al. (1992) reported a high response rate of 54% 
combined with acceptable toxicities in advanced non-small cell lung cancer. 
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Phase II trials with topotecan are ongoing and favourable response rates have 
been observed In ovarian cancer and small cell lung cancer. Preliminary 
evaluation of the activity of topotecan revealed responses in head and neck 
cancer, in soft tissue sarcoma and In glioma (Schellens et aI., 1996 for revlewl. 
The bloavallability of topotecan after oral administration of 32 ± 11.5% 
illustrates significant exposure to the drug (Schellens et aI., 1996bl. Repeated 
oral administration would enable chronic treatment and reduce the 
inconvenience of intravenous administration. Topolsomerase I inhibitors are 
of great clinical Interest because of their unique mechanism of action, high 
activity In preclinical tumor models and high expression of the enzyme in 
various human tumor types (van der Zee et aI., 1994; Slichenmeyer et aI., 
1993; Potmesil et aI., 1994; McLeod et aI., 1994). 

1.7 PHARMACODYNAMICS OF TOPO I INHIBITORS 

1.7.1 Mechanism of action 
DNA· to poi some rases are essential nuclear enzymes that are Involved In 

multiple nuclear functions such as chromosomal recombination, DNA 
synthesis and repair, transcription and chromatic assembly (Pommier et aI., 
1985; Wang et aI., 1985; LlU, 1989; Gedik et aI., 1990). TOPO I produces single 
strand breaks by forming a covalent intermediate between topo I and DNA, 
the so-called cleavable complex (Llu, 1989; Liu et aI., 1993). Topo I poisons 
reversibly Inhibit topo I activity by stabilizing the cleavable complex. This 
results In collision of the replication fork and finally double strand breaks and 
cell death (TSao et aI., 1993l. In addition to reversible fragmentation of DNA 
and inhibition of DNA and RNA synthesis, topo I inhibitors Induce a number of 
cellular responses such as S-phase-speclflc cytotoxicity, G2-phase cell cycle 
arrest, cellular differentiation and sister-chromatid exchange (Tsao et aI., 
1993; Potmesll, 1994l. Camptothecin analogues undergo a pH dependent 
reversible hydrolysis yielding the lactone ring-opened hydroxy acid form. At 
physiologic pH the hydroxy acid form, which Is pharmacologically Inactive, 
predominates. Preclinical testing revealed impressive cytotoxicity against a 
large number of experimental tumor models (Kingsbury et aI., 1991l. In vitro 
studies have also depicted that the cytotoxicity Is greatly Increased by 
prolonged exposure to the drug (Burris et aI., 1992). 

In yeast, three to po enzymes have been characterized encoded by the 
genes TOP1, TOP2 and TOP3 (Kim and Wang, 1992l. The strain Saccharomyces 
(S.I cerev/s/a and many others have been used as a model to study the 
cytotoxic activity of the classical topo I poison camptothecin (Bjornstl et aI., 
1989, 1994l. Studies with yeast DNA topo mutants Indicate that topo I is 
normally required to relax transcriptionally Induced supercolls (Brill and 
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sternglanz, 1988), In S. cerevlsiae a general transcription repression and 
reduction of mRNA's was observed in the stationary cell phase which was 
dependent on topo I (Choder, 1991), overall, yeast was found to be a 
excellent model to study the topo I enzyme and pharmacodynamics of the 
topo I inhibitor camptothecin (Bjornsti, 1994; Nltlss and wang, 1988), 

1.7.2 Mechanism of resistance 
Unfortunately, existence or development of drug resistance to these 

agents Is a matter of clinical importance. The etiology seems to be 
multifactorial, involving decreased conversion of Irlnotecan to SN38 in 
resistant tumor cell lines (Kanzawa et aI., 1990), reduced to po I content, or 
catalytic activity as well as decreased formation of cleavable complex were 
noted In some of those resistant cell lines (Sorensen et aI., 1995; Fujimori et 
aI., 1995), Also, presence of a mutant form of the enzyme or rearrangement 
of the gene of this enzyme have been reported (sugimoto et aI., 1990; 
Madelaine et aI., 1993;), Reduced accumulation of topotecan, due to Pgp 
overexpresslon, has been reported to yield resistance to topotecan as well 
(Hendricks et aI., 1992), In addition, resistance may Involve Increased ability of 
cells to repair DNA· breaks (Beck and Danks, 1991; Chen and Liu, 1994), The 
implications of these mechanisms have to be considered in ongoing and 
future (clinicail studies. In yeast, single amino acid mutants of S. cerevisiae 
have been developed which were significantly resistant to camptothecln 
(Knab et aI., 1993), 

1.7.3 Rationale for the combination of clsplatin and tapa I inhibitors 
preclinical studies have revealed strong synergy between tapa I Inhibitors 

and clsplatln (Kana et aI., 1992; Masumoto et aI., 1995; Chou et aI., 1994; 
Schellens et aI., 1995a). Of note, the combination was synergistic In a cisplatin 
resistant human ovarian cancer cell line (schell ens et aI., 1995a). Topo I is 
highly expressed In tumors of the colon, cervix (McLeod et aI., 1994), ovaries 
(van der Zee et aI., 1994) and prostate (Husain et aI., 1994), In the clinic, tapa I 
Inhibitors are potent anticancer agents with a pattern of toxicity which does 
not overlap with clsplatln. In addition, It Is of great clinical Interest to 
determine the effect of combinations of a tapa I Inhibitor and new third 
generation platinum compounds In clsplatln resistance. 

1.8 TAXIOD DRUCS: PACLITAXEL AND DOCI!TAXEL 

1.8.1 Mechanism and clinical application 
Paclitaxel (fig.S) Is a plant·derlved antitumor agent which was extracted In 

the later 1960's from the bark of pacific yew and has shown high activity In a 
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variety of solid tumors (Spencer et al. 1994; Rowinsky 1991, 1991al. Docetaxel 
Is another novel compound with the taxene ring (flg.5) which has been found 
to be extremely potent against different types of mouse and human cancer 
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Figure 5. ChemIcal structure of paclitaxel and docetaxel. 

models In vitro and in vivo (Verwelj et aI., 1994l. Clinical studies with docetaxel 
have revealed high activity against a great number of solid tumors (Schellens 
et aI., 1996b for review). The mechanism of action of paclltaxel and docetaxel 
is associated with preferential and reversible binding to tubulln subunits In 
the microtubule system (Schiff et al.,1980; parness and Horwitz, 1981; 
Manfredi and Horwitz, 1984). The binding of taxoids enhances polymerization 
of the tubulin into stable microtubules and Inhibits microtubule de· 
polymerlsatlon, thereby Inducing the formation of stable microtubule 
bundles (Rowlnsky and Donehower, 1991; Horwitz, 1992l. This disruption of 
the normal equilibrium finally leads to cell death. In preclinical studies the 
activity of docetaxel was about 2.5-fold higher than that of paclitaxel (Kelland 
and Abel, 1992; Bissery et aI., 1991l. 

In the phase 1/11 trials, both paclltaxel and docetaxel show promising 
activity in the treatment of ovarian cancer, breast cancer and NSCLC 
(schellens et al.,1996l. The toxicity profiles show many similarities and Include 
early and short time'lastlng neutropenia and thrombocytopenia. The non-
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hematologic toxicity consist for example of nausea andlvomltlng, diarrhoea 
and mucositis. Docetaxel Is associated with fluid retention. 

1.8.2 Rational for the combination of cisplatin and docetaxel 
Clsplatln and docetaxel have documented high activity against a number 

of solid tumors. As outlined, the mechanism of action of the two drugs is 
different, clsplatln acts through direct Induction of DNA·damage, whereas 
docetaxel Inhibits the tubulin/microtubule system. The toxicity pattern of 
clsplatln and docetaxel is only partly overlapping. Clsplatln mainly induces 
neurotoxicity and renal toxicity, whereas the dose·limltlng toxicity of 
docetaxel is myelosuppression and fluid retention. These characteristics form 
a strong basis for evaluation of the feasibility of combination chemotherapy. 
For investigation of the optimal combination two sequences of 
administration should be evaluated: docetaxel followed by cisplatin and the 
reverse sequence. Pharmacokinetlc·dynamlc analysis should reveal 
mechanisms of any sequence related Influence on the dose·effect 
relationship of the two drugs. A sequence dependent effect on the toxicity 
has been described for the combination of clsplatin and paclitaxel. Cisplatin 
given prior to paclltaxel was associated with Increased myelosuppression, 
which may be related to a reduction in clearance of paclltaxel by clsplatln 
(Rowlnsky et aI., 1991a). 

1.9 SCOPE OF THE INVESTIClATIONS 

1.9.1 General objectives 
The aim of the studies was to Investigate concentratlon·effect 

relationships of clsplatln In clinical and preclinical models when given as 
single agent and in combination with topoisomerase I Inhibitors or taxanes. 
Clsplatin was applied with or without dally low·dose etoposide In a large 
clinical pharmacologic study to characterize concentratlon·effect 
relationships of clsplatin when given on a weekly dose·intensive schedule. 
The pharmacodynamics were determined as well as the formation of DNA· 
adducts in white blood cells, a surrogate pharmacodynamic end·polnt. 
Furthermore, two sequences of administration of the combination of 
cisplatin and docetaxel were investigated In a large phase 1111 study In patients 
with various types of solid tumors. The pharmacokinetics of both compounds 
were investigated as well as relationships between pharmacokinetics and 
toxicity. 
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1.9.2 Analytical procedures 
For any pharmacokinetlc and pharmacodynamic study It Is a 

prerequisite to measure concentrations of active drug and/or metabolites 
and pharmacodynamic end·polnts. For cisplatin, an AAS method for the 
measurement of total and unbound platinum and cisplatin induced DNA· 
adducts was validated as well as a method for optimal WBC sample 
preparation. 

1.9.3 studies using topoisomerase I inhibitors and taxanes 
Topo I inhibitors and taxanes are promising novel anticancer agents 

which are currently Investigated in patients as single agent and in 
combination with other anticancer agents. In this thesis mechanisms of 
interaction between clsplatin and the topo I inhibitors topotecan and SN38 
(active metabolite of irlnotecan) and between clsplatin and the taxanes 
paclltaxel and docetaxel have been Investigated In vItro. 

Furthermore, experiments have been directed to unravel mechanism of 
resistance of sublines of the human ovarian cancer cell line IGROV·1 to 
cisplatin and topotecan. 
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SUMMARY 
DNA·adduct levels were measured with atomic spectroscopy In white 

blood cells (WBCs) of patients with solid tumours who were treated with six 
weekly courses of cisplatln. In 21 patients (I) the WBCs were collected after 
thawing frozen whole blood samples according to a previously described 
method. In 32 other patients Ull WBC were collected immediately after blood 
sample collection. The two methods for WBC collection were also compared 
In vitro. The maximal DNA·adduct levels In vivo after the first course in I were 
2.48 ± 1.14 and in 111.28 ± 0.40 Pg of platinum per pg of DNA (p<O.0001). The 
DNA·'repair' in the first course <DNA·adduct leve'l at the end of the infusion 
minus 15 h post Infusion) was in I 40 ± 29% and In II 18 ± 29% (p~O.OO9). 
These differences were consistent In all measured courses. In vitro, the DNA· 
adduct levels in the freshly prepared WBC were significantly lower at 0, 1 and 
4, but not 24 h, after start of the Incubation with cisplatin than in the wac 
collected after freezing and thawing the blood sample. The same experiment 
with carboplatln In vitro resulted also in significantly lower adducts In freshly 
isolated WBCS. The higher DNA·adduct levels and DNA·'repalr' in I are caused 
by remaining unbound cisplatin in the sample tubes, which can form DNA· 
adducts ex· vivo. The same results In vivo can be anticipated when carboplatin 
is used. 

INTRODUCTION 
cls·Dlamminedichloroplatinumll (clsplatln) Is one of the most potent 

anticancer agents with substantial clinical activity against testicular cancer, 
ovarian cancer, head and neck (HiN) cancer and other tumours (Loehrer & 

Einhorn, ~984; Reed et al., 1987). The anti tumour activity of clsplatin 
correlates with Its interaction with DNA, resulting In a limited number of 
Inter· and intrastrand crosslinks ("ad ducts") (Fichtinger·schepman et al., 1990l. 
In previous studies wide interpatlent variation was established in the DNA· 
adduct kinetics In white blood cells WBCS, which was monitored with 
different enzyme·llnked Immunosorbent assays (ELISAs) as well as with atomic 
spectroscopy (AAS) (Reed et al., 1987 and 1988 and 1990; Flchtlnger·schepman 
et al., 1987 and 1989 and 1989a; Parker et al., 1991l. The DNA adduct levels In 
WBCs correlated to the clinical response In testicular, ovarian and other 
cancer patients who were treated with cisplatin, however substantial overlap 
In DNA adduct levels was observed between responding and non·respondlng 
patients (Reed et al., 1987 and 1988 and 1993). It Is Important to realize that 
quantitation of the DNA adduct kinetics with different published ELISA and 
AAS methods (Fichtlnger·schepman et al., 1987 and 1990; Reed et al., 1987 and 
1987a and 1988 and 1988a; Parker et al., 1991; poirier et al., 1993) and 
different sample preparation techniques (Reed et al., 1987; Fichtlnger· 
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Schepman et al., 1987 and 1990) resulted In >10·fold differences In the DNA· 
adduct levels and shape of the DNA adduct·time curve In patients treated 
with the same dose range of cisplatin. Hence cross·valldatlon of the 
published methods Is very much needed. 

We monitored the DNA adduct kinetics in WBC of patients who were 
treated with six weekly courses of cisplatin. In the first group of patients we 
applied the protocol for sample preparation which Is described by Fichtlnger­
Schepman et al. (1987 and 1990) and which Is also applied In other ongoing 
studies. During the study we modified the sample preparation procedure, 
because we suspected that application of the previously published method 
resulted In overestimation of the DNA adduct levels shortly post·lnfuslon and 
of the DNA·repair. We describe the two procedures and the influence on the 
quantitation of the DNA adduct levels In vivo. We measured the DNA adduct­
time curve from WBCs In patients to determine the time point at which the 
DNA adduct level reaches its maximal value. Furthermore, we simulated the 
two sample preparation procedures In vitro using cisplatin as well as 
carboplatln as model substrates, to clearly Identify the mechanism behind 
the difference of the two assays. 

PATIENT SELECTION, MATERIALS ANO METHODS 

Patient select/on and treatment schedUle 
All patients gave informed consent according to local regulatory 

requirements. Eligibility for the clinical study required a pathologically 
confirmed mesothelioma, melanoma, non·small·cell lung cancer, colon 
cancer, adenocarcinoma of unknown primary or H/N cancer. The 
performance status had to be ,;1 on the WHO scale and life expectancy ;,,3 
months. Each patient had a complete medical history taken and underwent 
physical examination, complete blood count and platelet count and serum 
tests. All patients had adequate renal and liver function, i.e. serum creatinine 
< 120 IImolil (1.4 mg/dll and total bilirubin < 25 IImolil (1.5 mg/dll, WBC > 
4.0X10'/I and platelet count >100X10'/1. Additional pretreatment 
Investigations Included an audiogram and a neurologic examination. 

H/N cancer patients received six weekly courses of 80 mg/m2 clsplatln. 
Patients with colon cancer received 75 mg/m2 cisplatln In combination with 
oral VP16 (50 mg, day 1·15 and 29·43) and all other patients 70 mg/m2 clsplatln 
in 6 weekly courses on day 1, 8, 15, 29, 36 and 43 In combination with oral 
VP16. Cisplatln was dissolved in a 3% sodium chloride solution and 
administered as a 3 hour infusion with pre- and posthydratlon. 
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Blood sample collection 
In all patients 20 ml heparlnlsed blood samples were drawn during the 

first, third and sixth course: before clsplatin infusion (baseline), after the end 
of the infusion and 15 hours after the end of the Infusion. In the first group 
of 21 patients II) the second blood sample was taken after the end of the 
infusion, whereas in the second group of 32 patients (II) the sample was taken 
at 60 min after the end of the Infusion. 

The whole blood samples collected in group I were frozen immediately 
at -80aC until analysis. The whole blood samples which were drawn In group II 
were centrifuged Immediately for cOllection of the WBCS. 

In 7 of the 32 patients of group II more blood samples were collected 
for measurement of the DNA·adduct levels. The sampling times in these 
patients were at base line and at 0, 1, 2, 5 and 15 hours after the end of the 
3·hour Infusion of clsplatln. 

Chemicals 
Platln (Pt) standard solution (500 p.p.m.l and ammonium chloride were 

obtained from Baker IDeventer, The Netherlands), DNAse I (EC 3.1.21.1) and 
RNAse (EC 3.1.27.5) from Sigma (St. Louis MO, USA), proteinase K and cesium 
chloride from Merck (Darmstadt, Germany), sodium dodecyl sulphate (SDS) 
from Brunschwig (Amsterdam, The Netherlands); all other chemicals from 
Baker and were of analytical grade or higher. 

Instruments 
A flameless Perkin·Elmer Model 3030B atomic spectrometer was equipped 

with an AS60 autosampler and HGA600 controller system (Uberlingen, Germa­
ny). The UV spectrophotometer was a Beckman DU62 (Fullerton CA, USA). 

Determination of total and unbound platinum in plasma and DNA·adducts In 
WBCs 

Total and unbound platinum and DNA adduct levels were analyzed by AAS 
according to the method of Reed et al. (1988b) with modifications which 
have previously been described (Ma et al., 1994), The DNA was quantitated by 
UV spectrophotometry at 260 nm (Kirby et al., 1968). 

Collection of WBC from freshlv drawn whole blood samples 
Immediately after collection of a volume of 20 ml of whole blood from a 

patient, the sample was centrifuged for 5 minutes at 4aC and 1500 g. The 
buffy coat of WBC was taken with a glass pipet and transferred to a 50 ml 
plastic tube (Greiner, type 210261, Alphen aid Rljn, The Netherlands). Ice·cold 
phosphate buffered saline (PBS) was added to a final volume of 10 ml. 
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Remaining red blood cells were lysed by addition of 30 ml of a buffer (0.83% 
ammonium chloride, 0.1% potassium bicarbonate, 1mM EDTAl. The mixture 
was shaken gently and put on Ice-water for 10 minutes afterwards. After 
centrifUgation (5 min at 4°C and 1500 g) the WBC were collected and washed 
with PBS and a Tris-EDTA buffer (10 mM Trls, 2 mM EDTA, pH 7.35), The WBC 
were resuspended In 9 ml of the Tris-EDTA buffer and stored at -80°C. The 
DNA was Isolated and analyzed within 2 months. The DNA was Isolated 
according to a previously published method (Miller et al., 1988), with minor 
modifications. Briefly: after thawing the sample 0.9 ml of ammonium 
bicarbonate (1.1 MI was added. The cell Iysates were digested overnight at 
42°C with 0.45 ml of 20% SDS and 0.6 ml of a 10 mglml proteinase K solution. 
After the digestion was complete, 3 ml of saturated NaCI (6 M) was added to 
each tube and shaken vigorously for 15 sec, followed by centrifugation at 
2500 g for 15 min. The preCipitated protein pellet was left at the bottom of 
the tube and the supernatant containing the DNA was transferred to another 
50 ml polypropylene tube. Exactly two volumes of room temperature 
absolute ethanol were added and the tubes inverted several times until the 
DNA preCipitated. The preCipitated DNA strands were removed with a glass 
pipet, washed twice with 70% ethanol and subsequently dissolved in a Tris­
EDTA buffer (10 mM Trls-HCI, 0.2 mM Na,EDTA, pH 7.35). Before quantitating 
the DNA, It was allowed to dissolve overnight at room temperature. 

Collection of WBC from frozen whole blood samples 
This method Is described by Flchtlnger-schepman et al. (1987). Briefly: 

two portions of 10 ml of frozen whole blood are thawed and a volume of 30 
ml of the lysis buffer Is added to each of the portions. The rest of the 
procedure is the same as outlined above. 

In vitro simUlation of the 2 sample preparation methods 
A volume of 120 ml of whole blood was taken from 4 healthy 

volunteers. The whole blood was Incubated with clsplatln (approximately 10 
jig/mll at 3JOC In a humidified atmosphere of 5% carbon dioxide In air. After 
o (j.e. no incubation after addition of cisplatin), 1, 4 and 24 hours after start 
of the Incubation 30 ml of blood was taken and divided Into two portions. In 
one portion the WBCs were collected and frozen Immediately as described 
above. The second whole-blood portion was frozen Immediately at -80°C. on 
a second occasion a volume of 30 ml of whole blood was collected from the 
same volunters and Incubated with cisplatin (same concentration of 10 
ji9/mll. After 0 hours of Incubation the sample was divided into two portions: 
one for immediate collection of WBCS before storage at -80oC and the other 
for immediate storage at -800C. These samples were stored at -80°C for only 

47 



Chapter 2 

20 min thawed and processed Immediately afterwards. All other samples 
were stored at ·800 C for two weeks. Subsequently, the WBCS were collected 
as outlined above. The DNA adduct levels of these samples were measured on 
the same day. 

In another experiment a volume of 120 ml was collected from the four 
volunteers for the Incubation experiment with carboplatin. The Incubation 
concentration was 200 pg/ml. The Incubation conditions were the same as In 
the experiment with cisplatln. The storage of duplicate samples for only 20 
min at ·800 C was not repeated with carboplatin. 

To study the influence of addition of RNAse on the DNA yield and DNA­
adduct level a separate experiment was carried out. A volume of 20 ml of 
heparlnlsed whole blood was drawn from four other subjects. The WBCS were 
collected Immediately and the DNA Isolated as outlined. The DNA was 
dissolved In a volume of 2 ml of a Tris-EDTA buffer (10 mmol Trls, 2 mmol 
EDTA, pH 7.35) and divided into 2 equal portions. RNAse, which was heated 
before use for 5 min at 80o C, was added to one of the portions to a final 
concentration of 100 pg/ml and Incubated for 2 h at 37o C. The other portion 
served as control. After 2 hours the DNA was Isolated again as outlined by 
addition of 0.33 ml of saturated NaCI (6 M) and subsequently precipitated 
with absolute ethanol. The DNA content and the DNA adduct levels were 
compared with the control samples. Each experiment was carried out using 
four samples In duplicate. 

statistical analvsls 
The unpaired student Hest was used to describe differences between 

the DNA adduct levels In vivo In patient groups I and II. The paired student t­
test was used to describe differences between the DNA adduct levels in vitro. 
The paired student Hest was also used to describe differences between the 
DNA adduct levels In vivo measured at the end of the infusion of cisplatln and 
at 1 hour post-Infusion in the outlined group of seven patients. 

RESULTS 

patients and treatment 
The 21 patients of group I received In the first course a dose of 1665 

mg/m' (mean ± s.d. = 74.0 ± 4.6 mg/m') and a total dose of 2610 mg 
clsplatln (141 ± 16 mg) and the 32 patients of group II 2355 mg/m' (73.6 ± 4.8 
mg/m') and a total dose of 4318 mg (135 ± 21 mg) (I and II not significantly 
different). Seven patients in group I and ten in group II had H/N cancer and 
received 80 mg/m' cisplatin. Three patients of group I and 1 of group II 
received 75 mg/m' cisplatln. All others received 70 mg/m' cisplatln. No 
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significant differences in age and gender distribution or renal function and 
plasma protein level were observed between the two groups of patients. 

DNA adduct levels In the two groups of patients 
The DNA-adduct levels at the three time pOints during the three 

observed courses are given In Figure 1. The maximal adduct level (AmaXl after 
the end of the infusion is significantly higher in group ( than In group II. The 
Amax values of the first course were: in group I 2.48 ± 1.14 and in group II 
1.28 ± 0.40 pgPt/1l9DNA (p <0.0001). In addition, the coefficient of variation of 
Amax in group I of 46 % was much higher than of Amax in group II, which 
was 32 %. This was consistent In all measured courses. The base line levels of 
all courses were not significantly different between group I and II. The levels 
at 15 hours post infusion were higher in group I during the first (p=O.04) and 
sixth course (p = 0.05) and not significantly different during the third course 
(P > 0.3) !Table 1>' In group I the decrease in DNA adduct level between the 
end of the infUsion and 15 hours post-infusion of 40 ± 29 % was significantly 
greater than in group II, which was 18 ± 29 % (P = 0.009). This was consistent 
In all measured courses !Table 1>' 
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Figure 1. DNA adduct levels In wee during course 1, 3 and 6 In two groups of patients 
treated with weekly clsplatln. 0 wacs were collected after thawing frozen whole blood 
samples, 8 wec were collected ImmedIately after collection of whole blood samples of 
the patients. Time points were baseline, end of 3·h Infusion (group I) respectively 1 h 
post Infusion (group III and 15 11 post Infusion. 
**p<0.0001, ·p::o;0.05, NS=not significant 

DNA adduct-time curve in seven of the patients of group /I 
The results of measurement of the DNA adduct-time curves are shown 

in Figure 2. The DNA adduct level at the end of the Infusion was 1.01 ± 0.29 
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Table 1_ DNA-adduct levels in WBe of patients treated with 6 weekly courses of cisplatin. 

Course DNA - adduct level (pg ptjpg DNAJ DNA-'repair' 

Baseline A max A1S % 

I II P I II P I II P I II P 

1 0 0 2.48±1.14 1.28±0.40 <0.0001 1.37 ±0.61 1.0S±0.4B 0.04 40±29 18±29 0.009 

3 0.78±0.SS 0.52±0.42 NS 3.11 ±1.32 1.84±0.7S 0.002 1.9S±1.19 1.64±0.6S NS 39±28 16±22 0.02 

6 0.99±0.78 0.61 ±0.40 NS 4.18±1.29 1.84±0.SO <0.0001 1.7S±0.8S 1.16±0.44 0.05 60±24 37±2S 0.02 

The DNA adduct-time points were: baseline, 0 minutes (group J) or 60 minutes (group III post infusion I.A maX) and 15 hrs 
post infusion 1.A15l. Group I consisted of 21 patients and the DNA adduct levels were determined in WBCS which were 
collected after thawing a frozen whole blood sample. Group II consisted of 32 patients and the WBCS were collected 
immediately after blood sample collection. NS = not significant. DNA 'repair' (%) is defined as the relative difference 
between Amax and A15 (I.AmaX-A151x100/Amaxl. 
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pgPtljl9DNA <n=7) and at 1 h post infusion 1.40 ± 0.25 pgPtijlgDNA (n=7, 
p=0.013l. In all patients the DNA adduct level at 1 hour post infusion was 
higher than at the end of the infusion. 
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Figure 2. DNA adduct·tlme curves obtained In seven patients of group II, treated with a 
dose of cisplatln of 70·80 mg/m2

, WBC were Isolated Immediately after collection of the 
wilDie blood sample. 

Difference in DNA adduct levels In vitro In WBCS In the two sample 
preparation methods 

Application of the two sample preparation methods resulted In 
significantlY different levels of DNA adducts after 0, 1 and 4 h of Incubation 
with cisplatln (Figure 3). The DNA adduct levels In the WBCs which were 
collected after thawing frozen whole blood samples were higher than In the 
WBCs which were collected Immediately after blood sample collection. The 
DNA adduct level at 0 h after start of the incubation was 494% higher 
(p < 0.0001), at 1 h 110% higher (p<0.0001), at 4 h 19% (p=0.02) and at 24 h 
only 6% (not slgnlficantl. The DNA adduct levels in the samples which were 
stored at -SO°C for only 20 minutes were not significantly different from the 
samples which were stored for 2 weeks at -SOoc. 

After incubation with carboplatln, the DNA adduct levels In WBCS 
collected after thawing the frozen whole blood sample were significantly 
higher at 0, 1, 4 and 24 h of Incubation compared with the freshly collected 
WBC (Figure 4l. At 0 hour the DNA adduct level was 335 % higher (p = 0.001), at 
1 h 16S % (p=0.002), at 4 h 121 % (p=O.OOS) and at 24 h 11 % (p=0.03) higher 
than in the freshly Isolated WBCS. 
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Flgur. 3. DNA adduct levels In wac from four healthy subjects after 0', 0, 1, 4 and 24 
hr incubation of whole blood with cisplat!n in vitro. open bar: W8Cs were isolated 
immediately after the incubation period. Closed bar: the whole blood samPles were 
frozen Immediately post Incubation and the wacs and DNA were collected after 
thawing the samples. NS~ not significant. 
o hr* = samples stored at ·BO°C for only 20 min, all other samples were stored for 2 
weeks at -80°C. 
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Flgur. 4. DNA adduct levels In wacs from four healthy subjects after 0, 1, 4 and 24 h 
Incubation of whole blood with carboplatln In vitro. open bar: WBCs were collected 
Immediately after the incubation period. Closed bar: the whole blood samples were 
frozen Immediately post Incubation and the WBC were collected after thawing the 
samples. 
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DNA content and purity of the two sample preparation methods 
The DNA content of the samples of the freshly prepared WBCS was 

186.8 ± 29.9 119/10 ml of whole blood. The DNA content of the samples of the 
WBCS which were collected after thawing the frozen sample was 159.2 ± 56.9 
119/10 ml whole blood !not significantly different!. The UV ratio 260/280 nm 
was consistently 1.9·2.0 in both methods. The DNA content of the four 
samples In duplicate which were treated with RNAse was 214 ± 29 and In the 
control samples 219 ± 29 119/10 ml whole blood !not significant>. The DNA· 
adduct levels were 7.28 ± 1.10 after treatment with RNAse and 7.30 ± 0.66 
pgPtil19DNA in the control samples !not significantly different>. 

Concentration'time profiles of total and unbound platInum In vitro 
The concentration-time profiles of total and unbound platinum In the 

in vItro experiment after incubation of cisplatin and carboplatln are shown in 
Figure 5 and 6. The concentration of total platinum in both experiments is 
almost constant. The concentration of unbound platinum after Incubation of 
clsplatin decreases with a half-life of 1.0 h. After 1 h the concentration of 
unbound platinum In the Incubation tube was 6.13 ± 0.37 I1g/ml, after 4 h 
0.75 ± 0.08 and after 24 h 0.48 ± 0.07 I1g/ml. After incubation of carboplatln 
the unbound platinum concentration decreased much more slowly. The half­
life in vItro was approximately 24 h. After 24 h of incubation the 
concentration of unbound carboplatln was 54% of the starting level. 
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Figure 5. concentratlon·tlme curve of total (el and unbound (01 platinum In vitro In 
plasma of whole blood Incubated with clsplatln at 370C (mean ± s.d., N ~ 41. 
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Figure 6. Concentratlon·time curve of total (el and unbound (0) platinum In vitro In 
plasma of whole blood Incubated with carboplatln at 370C (mean ± s.d., N=4), 

DISCUSSION 
The clsplatin·DNA adduct formation and repair has been measured in 

clinical and preclinical studies In order to correlate the kinetics of DNA adduct 
formation and repair to the tumour response (Reed et al., 1987 and 1988 and 
1990 and 1993; Fichtinger·Schepman et al., 1989 and 1990; Parker et al., 1991; 
poirier et al., 1993), In clinical trials the DNA adduct kinetics have been 
measured in WBC because of the limited access to tumour tissue. The mean 
level of DNA·adduct formation In responding patients was significantly higher 
than In non·respondlng patients, although the range of the data showed an 
almost complete overlap (Reed et al., 1987 and 1988 and 1993), In a recently 
published study in patients with germ cell tumours however, no significant 
positive correlation was observed between DNA adduct formation In WBCS 
and favourable clinical response (Motzer et al., 1994). studies on the removal 
of DNA adducts Illustrate that the level decreases more than 40% In the first 
few hours post Infusion, which was Interpreted as DNA·repair (Flchtlnger· 
Schepman et al., 1987), 

We monitored the kinetics of formation and repair of DNA adducts In 
WBCs of patients with solid tumours who were treated with six weekly 
courses of hlgh·dose cisplatin of 70·80 mg/m2

• In the first 21 patients the DNA 
adduct levels were measured In WBCs, which were collected after thawing 
frozen whole blood samples drawn at the end of the infusion of cisplatln 
according to the method described (Fichtlnger·Schepman et al., 1987 and 
1990>. The method of WBCS collection was mOdified, because we suspected an 
overestimation of the DNA adduct levels shortly post Infusion and an 
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overestimation of the DNA repair. In addition, we wanted to determine the 
time point after Infusion of clsplatln at which the DNA adduct level In WBC Is 
at Its maximum value. In the modified procedure WBCS were Isolated 
Immediately after collection of the blood sample of the patient. The 
differences in DNA adduct levels between the two methods are Illustrated In 
Figure 1. The DNA adduct levels Immediately post infusion In the patients 
denoted as group I are significantly higher than in the patients of group II. 
The variability In the DNA levels in group I was also higher than in group II, 
which is Illustrated by the higher coefficients of variation. 

There was a difference In sampling time of nearly 60 min between the 
groups I and II. Measurement of the DNA adduct levels at 1 h post Infusion in 
seven patients of group II revealed that the levels were 40% higher than at 
the end of the Infusion. Hence the difference In the sampling time cannot 
explain the observed difference. In addition, it seems to be favourable to 
measure DNA adduct levels In WBCs at 1 h post infusion to obtain the best 
estimate of the maximal DNA adduct level. The half-life of unbound cisplatln 
In vivo Is approximately 30 min (Vermorken et al., 1982), which Indicates that 
during the first hour post infusion WBCS are stili exposed to significant 
concentrations of active cisplatln. This appears to be the most reasonable 
explanation for the Increased DNA adduct levels at 1 h post Infusion 
compared to the level at the end of the infusion. 

The difference between the DNA adduct levels in group I and II can be 
explained by the presence of unbound cisplatin in the blood sample tube, 
which can form DNA-adducts ex-vivo. As a consequence of the short half-life 
of unbound cisplatin, the concentration of unbound clsplatln Is almost zero 
15 h post Infusion. If WBC are Isolated Immediately after collection of the 
blood sample, then the redistribution of clsplatln and binding to the DNA In 
WBCs ex-vivo can be prevented_ The sharp decline of the' DNA adduct level 
between the end of the Infusion and some time the next morning 
(approximately 15 h later! has been previously Interpreted as DNA repair 
(Flchtinger-schepman et al., 1987 and 19901. The DNA repair in group II during 
the first course was on average more than 50 % lower than In the patients of 
group I <Table 11. 

The differences between the DNA-adduct levels at 15 h post Infusion In 
group I and II were much smaller. It was significantly higher during the first 
course, not significant during the third and marginally significant during the 
sixth course. This is in line with the almost undetectable concentration of 
unbound clsplatin in patients at this time point. It cannot be excluded that 
unbalanced patient selection and variation In the dosage of clsplatln did 
contribute to the observed differences between group I and II. The mean 
and S.d. of the administered dose of cisplatin in the two treatment groups 
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were not significantly different, however the pharmacokinetics of unbound 
cisplatin may have been different. Variation in the pharmacokinetics may 
result In differences in the DNA adduct levels between the patient groups, 
because In a previous study a linear relationship was observed between the 
exposure to unbound clsplatln and the level of the DNA adduct formation In 
WBCS (Ma et al., 1994al. 

The two methods of WBC collection were simulated In vitro to further 
exclude the contribution of differences In the sampling and 
pharmacokinetics of cisplatin. The DNA adduct level in WBCs of whole blood 
Incubated in vitro with cisplatin was 494% higher after 0 h of incubation and 
110% after 1 h of incubation (Figure 3l. After 4 h the difference was reduced 
to 19%, whereas after 24 h the difference was only 6% and not significant 
any more. The concentration· time curve of cisplatin in vitro (Figure 5) 
Illustrates that at 0 and 1 h after start of the Incubation high levels of 
unbound clsplatin are present in the Incubation tube, whereas the 
concentration Is much lower at 4 and 24 h after start of the incubation. This 
experiment illustrates that In WBC DNA adduct formation with remaining 
unbound clsplatin in the blood sample collection tube will take place. Even 
Immediate storage of the sample tube at -80°C did not prevent DNA adduct 
formation ex-vivo. The combination of high DNA adduct levels shortly post 
infusion and low levels 15 h later may therefore erroneously be interpreted 
as high level of DNA repair. The DNA adduct levels In the WBCS stored only for 
20 minutes at -80°C were not different from the levels after storage of the 
WBCs for 2 weeks at -80°C. This indicates that formation of DNA adducts 
proceeds during thawing and work-up of the sample and not during the 
storage at -BOaC. We speculate that the high level of DNA adduct formation 
during the thawing and work-up, In the presence of unbound clsPlatln, Is 
caused by an Increase in the permeability in the cell membranes of the WBCS. 
This may result in increased Intracellular concentrations of clsplatln and DNA 
adduct formation. 

No significant differences were found In the DNA content of the 
samples obtained with the two different sample preparation methods. The 
UV ratio indicated no protein contamination in both methods. The results of 
the experiment in which RNAse was added before quantitation of DNA and 
DNA-adduct levels Illustrate that RNA contamination Is likely to be negligible. 

Carboplatln was used as a second substrate, because DNA-adduct 
formation in WBC has also been studied extensively In patients treated with 
carboplatln. In addition, assessment of the same relationship between DNA­
adduct formation ex-vivo and the presence of unbound carboplatin In the 
sample tubes confirms the mechanism of the described phenomenon. The 
DNA-adduct levels in vitro after incubation with carboplatln are significantly 
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higher even after 24 h of Incubation. The disappearance half-life of 
carboplatin in vitro, however, Is much longer than of clsplatln, and after 24 h 
the concentration of unbound carboplatin is stili 54% of the starting level. 
This explains the significant difference In the DNA adducts levels between the 
two sample handling methods at this late time point. 

WBC collection from frozen whole blood samples is applied In ongoing 
clinical studies, for example in one carried out within the framework of the 
World Health organization. The aim of these studies is to establish the 
relationship between DNA adduct kinetics and the tumour response In 
patients with solid tumours. It should be realised that the WBC collection 
method In these studies will result In overestimation of DNA adduct levels 
and DNA 'repair'. 

In addition, WBCs should be collected Immediately after the blood 
sample has been drawn to further reduce variation in the DNA adduct 
measurement. standardization of this procedure is recommended. It Is of 
interest to reveal any contribution of method variation to the Inter-patient 
variability In DNA adduct levels in WBC. It may reduce the observed overlap in 
DNA adduct levels between responders and non-responders to clsplatln 
chemotherapy. Also after administration of carboplatin WBCS should be 
Isolated Immediately if the blood sample Is drawn during the time period 
that unbound carboplatln In plasma can be anticipated. 

We have quantitated DNA adduct levels In WBCS from 43 patients with 
various types of solid tumours treated with clsplatin at a dose of 70-80 
mg/m'. preliminary results indicate that the coefficient of variation of the 
DNA adduct levels at 1 hour post Infusion Is only 27 % with a less than 6-fold 
range (Ma et al., 1994bl. In our opinion, use of the outlined optimised method 
reduces the contribution of assay variation to the Inter-patient variability In 
DNA adduct levels In WBC. 
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ABSTRACT 
Sample preparation for measurement of nonprotein bound platinum 

was evaluated by precipitation of plasma proteins with cold ethanol. The 
method was compared with the routinely used plasma ultrafiltration and 
with trichloroacetic acid (TCA) protein precipitation. After Incubation of 
human plasma samples with cisplatln or carboplatln unbound platinum 
concentrations were determined applying Amlcon Dlaflo ultrafiltration 
membranes and Mlilipore ultrafree·MC filters. For protein precipitation 1 ml 
of cold (-20 0 C) pure ethanol was added to 0.5 ml of human plasma and the 
supernatant was collected after 2 hours, or 0.5 ml of cold 20% TCA was added 
to 0.5 ml of plasma (22), Platinum was analyzed by atomic absorption 
spectrophotometry (AAS)' There were no significant differences between the 
ethanol and ultrafiltration methods in the unbound platinum concentration. 
The protein content In the supernatant (1.00 ± 0.20 %) was slightly higher 
than In the Amicon (0.58 ± 0.05 %) and Millipore (0.55 ± 0.04 %) ultrafiltrates. 
on average, the TCA and ethanol method seemed to be equally appropriate. 
The ethanol precipitation method is concluded to be simple, convenient, 
reproducible and has negligible costs. 

INTRODUCTION 
The quantltatlon of the unbound, I.e. nonprotein bound, plasma 

concentration of platinum is important for determination of the 
pharmacokinetics of the platinum drugs cisplatin and carboplatln. Only the 
unbound concentration of the drug Is likely to be pharmacologically active. 
After intravenous administration clsplatln and carboplatin become tightly 
bound to plasma proteins and other tissue components. previous studies 
have revealed that the binding to plasma proteins Is covalent and almost 
Irreversible (3, 4), Due to Its high reactivity the binding of cisplatin to plasma 
proteins Is very rapid, whereas the rate of binding of carboplatin is much 
lower (9, 10, 23, 241. Plasma ultrafiltration for the measurement of unbound 
platinum applying ultrafiltration tubes Is routinely used for this assay (2, 6, 7, 
9,11,16,17,23), Mostly a cut off level of the filtration membranes of 30.000 D 
Is used. It has previously been suggested that precipitation of plasma 
proteins with cold ethanol may be a good alternative to the ultrafiltration of 
plasma for measurement of unbound platinum (181. In addition, 
trichloroacetic acid (TCAl has been used to measure unbound platinum (8, 13, 
21, 22, 25). Here we report experiments In which the ethanol precipitation 
method is validated and compared with the results obtained with 2 
ultrafiltration systems and the TCA precipitation method. 
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MATERIAL AND METHODS 
Cisplatln was obtained from Lederle (Wolfratshausen, Germany) and 

carboplatin from Pharmachemle (Haarlem, The Netherlands). Amlcon Dlaflo 
ultrafiltration membranes (cut of level 30 000 D) and MAPS-1 starter Kit were 
obtained from Amicon (Beverly MA, USA) and Mlilipore filters (ultrafree·MC 
mililpore cut of level 30 000 D) from Mililpore (Bedford MA, USA>' The AAS was 
a Perkin-Elmer 3030B (Uberlingen, Germany>. Triton X-100 was obtained from 
Baker (Deventer, The Netherlands), Cesium Chloride (CSCIl and abSOlute 
ethanol (analytical grade, Merck product 983, 99.8%) from Merck (Darmstadt, 
Germany>. All other chemicals were obtained from Baker (Deventer, The 
Netherlands) and were of analytical grade. 

WhOle blood samples of 20 ml were obtained from 4 healthy 
volunteers and plasma was cOllected. In addition, plasma samples were used 
from 11 patients With SOlid tumors who were treated With clsplatln In an 
ongoing phase" and pharmaCOlogic study for which approval was obtained 
from the local ethical committee. 

Of the 4 vOlunteers a VOlume of 10 ml of plasma was incubated with 5 
/lglml of clsplatln or 50 /lglml of carboplatin at 37°C for 24 hours. 
Immediately, 1, 2, 4 and 24 hours after addition of the platinum drug, 3 
plasma allquots were taken and used for Ultrafiltration at 4°C and 1000 g for 
30 minutes, or for addition of 2 VOlumes of COld (-20°C) ethanol (99.8% 
absolute). The latter sample was mixed on a whirl mixer for 10 seconds and 
subsequently stored at -20°C for 4 hours. The sample was then centrifUged at 
4°C and 4000 g for 10 minutes and the supernatant was carefUllY transferred 
to a Clean Eppendorf 2 ml tube and stored at -20°C until analysis. Total and 
unbound platinum were analyzed after dilution (total platinum with 0.2% 
triton X-100 and 0.06% CsCI and unbound platinum with deionized H2O), The 
protein contents of the plasma samples prior to treatment and of the 
samples obtained after ultrafiltration and protein precipitation was 
determined by the Lowry method (14). AlSO, TCA preCipitation of plasma 
protein was compared with the ethanol method as well as with 
Ultrafiltration. At a second occasion, a VOlume of 20 ml of whOle blood was 
COllected of the same vOlunteers and used for Incubation of plasma with 
cisplatin and carboplatin. The time periods of Incubation were 1 and 24 
hours. An equal volume of COld 20% TCA was added to 0.5 ml of plasma and 
the mixture was shaken on a whirl mixer and put on ice for 10 minutes, as 
described by Siddlk et ai. (22)' The other assays were carried out as described. 
All assays were carried out In triplicate or more. 

The time period of storage at -20°C of the ethanol treated sample prior 
to COllection of the supernatant was varied to study the Influence of storage 
on the remaining protein content and unbound platinum recovery in the 
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supernatant. Four 5 ml plasma samples were treated with cisplatln as 
outlined and stored at ·200 C. Allquots were taken at 0, 1, 2, 4 and 16 
(overnight) hours after storage and treated as described. 

Unbound platinum concentrations were also determined In the plasma of 
11 patients who were treated with a dose of 70 mg/m2 of cisplatin 
administered at a weekly schedule and by a 3·hour Infusion. A volume of 4 ml 
of whole blood was taken at 0.5 and 3 hours after the end of the clsplatln 
Infusion and Immediately processed according to the outlined ultrafiltration 
and ethanol precipitation methods. 

The two·sided student t·test was used to evaluate differences between 
the treatment methods. 

RESULTS 
The concentration of unbound platinum In the Amicon ultraflltrate 

Immediately after addition of clsplatin to plasma was 2.71 ± 0.08 pg/ml, In 
the Millipore ultraflltrate 2.83 ± 0.31 pg/ml and In the supernatant after 
ethanol treatment 2.79 ± 0.08 pg/ml (N = 3; not significant INS)). After 
carboplatln addition, the concentrations were 26.51 ± 1.24 (Amlconl, 27.64 ± 
1.02 (Milllpore) and 27.53 ± 1.4 (ethanol) (NS)' The variation coefficient 
obtained with the ethanol method was lower or oL the same order as with 
the ultrafiltration methods (figure 1 A and B)' The concentrations of total 
platinum In the plasma samples were 3.07 ± 0.12 pg/ml after clsplatin and 
25.14 ± 0.75 pg/ml after carboplatln. The recovery of unbound platinum In 
the ultraflltrates and supernatant after ethanol precipitation Is given In table 
i. 

The protein content of the samples after ultrafiltration or ethanol 
precipitation is given In table i. The protein amount in the supernatant after 
ethanol protein precipitation is slightly but significantly higher than in the 
ultra filtrates. 

Immediate collection of supernatant after addition of cold ethanol to 
plasma and vortexing resulted In a higher amount of remaining protein (2%) 
and higher platinum recovery (5·10%), After 2 hours of storage at ·200 C the 
protein amount decreased to 1%, which did not further decrease upon 
longer storage. 

A total of 4 Mililpore filters was needed to obtain the same volume of 
ultrafiltrate as with one Amicon unit. With one Millipore filter a volume of 10 
pi ultraflltrate could be obtained. 

Analysis of the Amlcon and Millipore ultraflltrates resulted in much 
higher background signals on the AAS than of the supernatant after ethanol 
protein precipitation. 
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Figure 1. A: Unbound platinum concentration In plasma supernatant II (cold 
ethanol protein preclpltatlOni and In plasma ultraflltrates using Mlilipore II and Amlcon 
Hi ultraflltrates. Plasma samples were Incubated with 5 pglml of clsplatln In vitro and 
analyzed at different tlme·polnts after start of the Incubation. 
At a second occasion the In vitro Incubation experiments were repeated using plasma 
of the same volunteers, which was Incubated for 1 hour (1') and 24 hours 124 ') with 
clsplatln. The TCA method III was compared with the other 3 methods. 

B: Unbound platinum concentration In plasma supernatant II (cold 
ethanol protein precipitation) and In plasma ultraflltrates using Mlilipore II and Amlcon 
iii ultraflltrates. Plasma samples were Incubated with 50 pglml of carboplatln In vitro 
and analyzed at different time· points after start of the Incubation. 
At a second occasion the In vitro Incubation experiments were repeated using plasma 
of the same volunteers, which was Incubated for 1 hour (1') and 24 hours (24') with 
carbo plat In. The TCA method III was compared with the other 3 methods. 
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TABLE 1. COMPARISON OF THREE PLASMA 
UNBOUND PLATINUM. 

METHOD UNBOUND Pt 
RECOVERY (%) 

(COOP) 

MllliPORE 92±10 
FilTER 

ETHANOL 91 ±6 
PRECIPITATION 

AMICON 88±3 
FILTER 

coop ~ clsplatln, CBOCA ~ carboplatin 
#: MEAN±SO (n>3) 
': p<O.OS compared to Millipore and Amlcon 

PRE·TREATMENT METHODS FOR MEASUREMENT OF 

UNBOUND Pt REMAINING 
RECOVERY (%) PROTEIN 

(CBOCA) (%1 

110±1 O.S8±O.OS 

109±4 1.00±O.206' 

10S±2 O.SS±O.04 

The concentrations of unbound platinum after incubation with clsplatln 
for 1 hour were slightly (12%), but significantly higher after TCA protein 
precipitation (figure 1 Al. At 24 hours after incubation there were no 
significant differences between any of the 4 methods, After Incubation with 
carboplatln no significant differences In the unbound platinum 
concentrations were observed (figure 1 Bl. 

The concentrations of unbound platinum In the patient samples at 0.5 
hour after the end of the cisplatin infusion were 568 ± 182 (ethanol), 561 ± 
231 (Millipore) and 511 ± 198 ng/ml (Ami con) (N=11; NS). At 3 hours post­
Infusion the concentrations were 69 ± 17 (ethanol), 74 ± 19 (Millipore) and 68 
± 17 ng/ml (Amlcon) (N=11; NSl. 

DISCUSSION 
Measurement of the unbound platinum concentration after treatment 

with cisplatin and carboplatin Is essential for the assessment of the 
pharmacokinetics of these drugs (1, 15, 19, 23). Previous studies have revealed 
significant relationships between the area under the platinum plasma 
concentration-time curve (AUG) and likelihood of tumor response and toxicity 
(1, 5, 12, 15, 19, 20). Results of the present study illustrate that treatment of 
plasma with cold ethanol to eliminate proteins is adequate to prepare the 
sample for measurement of nonprotein bound platinum. Comparison with 
the routinely used ultrafiltration methods reveals that the recovery of 
unbound platinum Is not significantly different from the Amicon and 
Millipore ultraflltrates. The % of remaining protein In the supernatant after 
ethanol protein precipitation is slightly higher than In the ultrafiltrates. The 
magnitude of the difference seems to be unimportant, because the recovery 
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is not different from the ultrafiltration method. The concentration of 
unbound platinum in the samples of patients who were treated with clsplatln 
also showed no difference between the 3 methods. The recovery of platinum 
after addition of cisplatln in vitro is slightly lower 100% (table 1), The most 
plausible explanation Is that during sample work up the binding process of 
cisplatln to plasma proteins continues. The recovery of carboplatin was 
slightly higher than 100% in all methods. 

The TCA method resulted In a slightly higher unbound platinum 
concentration after incubation of plasma for 1 hour with clsplatln. This was 
similar to the result obtained if plasma supernatant was Immediately 
collection In the ethanol precipitation method. This could be explained by 
partly reversible binding of cisplatln or Incomplete precipitation of proteins. 
Another option is that during the longer sample work up with the other 3 
methods clsplatin plasma protein binding continues thereby underestimating 
the unbound concentration. No significant differences were obtained with 
carboplatln, however the percentage bound is much lower that of clsplatln. 
The result is in contrast with previously published data (22), However, In that 
study another species was evaluated and the binding kinetics of carboplatin 
were much faster than In the present study. On average, the TCA and the 
ethanol method seem to be equally appropriate. 

The optimal time period of storage of the ethanol treated sample at -
20°C appears to be 2 hours. After that time period no further decrease of the 
remaining protein amount could be observed. 

The yield of ultrafiltrate with the Millipore filters was only one quarter 
of the amount obtained with the Amicon filters. 

The background signal on the AAS was lowest with the ethanol method 
Indicating that the sample Is relatively clean, compared to the ultrafiltrates. 
This may be beneficial in case of very low plasma concentrations. 

Cold ethanol precipitation of plasma proteins is a simple, practical, 
reproducible and extremely inexpensive method to prepare samples for 
measurement of unbound platinum. 
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SUMMARY 
The study was designed to investigate possible relationships between 

tumour response and exposure to clsplatln (area under the curve of unbound 
clsplatin in plasma: AUC) and DNA-adduct formation in leucocytes <WBC) In 
patients With solid tumours. Patients were treated with 6 weekly courses of 
cisplatln at a dose of 70 or 80 mg/m2

• The AUC was determined during the 
first course and DNA-adduct levels In WBC during all courses at base-line, 1 
hour (AmaXl and 15 hours after a 3-hour Infusion of cisplatin. The area under 
the DNA-adduct-tlme curve (AUAl was calculated. The tumour response was 
determined after 6 courses. Forty-five evaluable patients received 237 
courses of cisplatln. sixteen patients with head and neck cancer received a 
dose of 80 mg/m2 and 29 with various other tumour types 70 mg/m2 plus dally 
50 mg oral etoposide. There were 20 responders (partial and complete) and 
25 nonresponders (stable and progressive disease). The AUC was highly 
variable (mean ± SO ~ 2.48 ± 0.51 pg.hr/ml; range 1.10 - 3.82) and was closely 
correlated with the AUA (R~0.78, p<0.0001) and Amax (R~0.73, p<0.0001). 
The AUC, AUA and Amax were significantly higher In responders than in 
nonresponders In the total population (p <0.0001) and in the 2 subgroups 
treated at 70 or 80 mg/m 2

• In logistic regression analysis AUC, AUA and Amax 
were Important predictors of response. 
The magnitude of exposure to clsplatln is, through DNA-adduct formation the 
major determinant of the response rate In this population. Hence, 
Individualized dosing of clsplatln using AUC or DNA-adducts should lead to 
Increased response rates. 

INTRODUCTION 
Clsplatln Is considered the most active drug in testicular and ovarian 

cancer (Loehrer, 1984, Motzer, et aI., 1988, Ozols, et ai, 1988, Kaye, et ai, 1992, 
Bajorln, et ai, 1993, Levin, et ai, 1993, Stoter, et ai, 1995) and it has 
considerable activity against several other solid tumours (Alberts, et ai, 1991, 
Glover, et ai, 1987, Stoter, et ai, 1987, Hansen, 1992, siotman, et ai, 1992, 
Hainsworth, 1993, Krarup, 1991, Planting, et ai, 1993a, paccagnella, et ai, 1994, 
Roth, et ai, 1994, Planting, et ai, 1994). The clinical application of clsplatin is 
limited however by the existence or development of resistance and the 
induction of severe side effects (Loehrer, 1984, Eastman, 1988, Daugaard, 
1989, ozols, 1989, Cavalettl, et ai, 1992, Siegal, 19901. 

It is common practice to dose cisplatln per m2 body surface area. 
However, this strategy results in wide Interpatient differences in the 
magnitude of exposure to clsplatin, i.e. the area under the concentratlon­
time curve (AUCl In plasma or tissues (Himmelstein, et ai, 1981, Reece, et ai, 
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1987, Reece, et ai, 1989). Importantly, several clinical studies in ovarian and 
testicular cancer clearly established significant relationships between dose, 
dose·intenslty and total delivered dose on the one hand and tumour 
response rate and side effects on the other (Ozols, et ai, 1988, Kaye, et ai, 
1992, Levin, et ai, 1993, ozols, 1989, Bruckner, et ai, 1981, Samson, et ai, 1984, 
Levin, 1987, Markman, 1993>' Interpatlent differences In the dose·response 
and dose· toxicity relationship can be explained by Interpatlent differences In 
the dose·AUC relationship, by pharmacodynamic variability, or by both. 

For the clsplatln analogue carboplatin, retrospective analyses In ovarian 
and testicular cancer revealed significant relationships between the AUC and 
the likelihood of a tumour response (Jodrell, et ai, 1992, Childs, et ai, 1992>' 
Earlier studies revealed that the AUC was predictive of the dose·llmltlng 
thrombocytopenia (Calvert, et ai, 1982, Egorln, et ai, 1984>' This, combined 
with the close correlation between renal function and the AUC of carboplatln 
has lead to the clinical application of practical methods to Individualize 
carboplatln treatment (Childs, et ai, 1992, Egorin, et ai, 1985, Calvert, et ai, 
1989>' 

The Cytotoxicity of clsplatln is most closely correlated with Its covalent 
binding to nuclear aNA, so called crossllnks or adducts (Eastman, 1986, Reed, 
et ai, 1986, Reed, et ai, 1987, Flchtinger·schepman, et ai, 1987). For practical 
reasons DNA·adducts have been frequently quantitated In WBC (Reed, et ai, 
1986, Reed, et ai, 1987, Flchtinger·schepman, et ai, 1987, Reed, et ai, 1993, 
Parker, et ai, 1991, Hengstler, et ai, 1992, Motzer, et ai, 1994). Clinical studies 
with clsplatln and carboplatln in various types of solid tumours revealed 
significantly higher DNA·adduct levels In WBC and buccal cells In responders 
than in nonresponders (Reed, et ai, 1986, Reed, et ai, 1993, Parker, et ai, 1991, 
Hengstler, et ai, 1992, Reed, et ai, 1988, Reed, et ai, 1990, Gill, et ai, 1991, 
Blommaert, et ai, 1993). DNA-adduct levels In tumour tissue were correlated 
with the levels in healthy tissues (Poirier, et ai, 1992). Of note, no significant 
relationships have been established between the AUC of clsplatln and the 
DNA-adduct formation (Reed, et ai, 1988). 

We hypothesized that the likelihood of a tumour response in potentially 
sensitive tumours and Interlndlvldual variation In the formation of DNA­
adducts In WBC are dominated by Interpatient differences In the magnitude 
of exposure to active, I.e. nonprotein bound, clsplatln. We tested this 
hypothesis prospectively In a patient population with various types of solid 
tumours with potential sensitivity for clsplatin. 
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METHODS 

selection of patients and treatment schedule 
All patients gave Informed consent according to local regulatory 

requirements. Eligibility for the study required a pathologically confirmed 
cancer not curable by surgery, radiotherapy or chemotherapy and with 
potential sensitivity for cisplatin, such as head and neck cancer (H/N), 
mesothelioma, non·small cell lung cancer (NSCLC), melanoma, cervix cancer 
and adenocarcinoma of unknown primary site (ACUP). 

The performance status had to be ,;; 2 on the WHO scale (WHO 
Handbook, 19791, life expectancy 2 3 months and the age between 18 and 75 
years. No previous chemotherapy with cisplatin or carboplatln was allowed 
and no radiotherapy for at least 4 weeks prior to entry In the study. Lesions 
had to be measurable according to WHO criteria !WHO Handbook, 1979). Each 
patient had a complete medical history and physical and neurologic 
examination, complete blood count, and determination of serum chemistries 
Including albumin, total protein, electrolytes, urea (BUN), creatinine and 
complete liver function tests. The creatinine clearance was determined prior 
to each administration of cisplatln using the serum creatinine and 24·hour 
urinary creatinine excretion. 

Neurologic evaluation was carried out as described previously (Goldberg, 
1979, van der Hoop, et ai, 1990) prior to entry In the study, at 2 weeks and at 
3 and 6 months after the end of the clsplatln therapy. Briefly: the severity of 
neuropathy was evaluated by a questionnaire of neurologic symptoms, by 
performing a sensory neurologic examination and by measurement of the 
vibration perception threshold (vPTI. 

All patients had to have adequate renal and liver function, I.e. serum 
creatinine ,;; 1.4 mg/dl (120 Jlmollll or clearance 260 ml/min and serum 
bilirubin ,;; 1.5 mg/dl (25 Jlmollll, WBC 2 3.0X10'/1 and platelet count 2 
100x10'/I. The tumour response was scored after 6 courses as complete (CR) or 
partial response (PR), stable disease (sO) or progressive disease (PD)' CR and PR 
were grouped as responders and SD and PD as non responders. The response 
was determined earlier during treatment if there was any Indication Of early 
progressive disease. Toxicity was scored according to the common toxicity 
criteria (Common Toxicity criteria). Complete blood count, serum chemistries, 
urinalysis and determination of the creatinine clearance were repeated 
weekly. 

H/N cancer was treated with weekly courses of clsplatln at a dose of 80 
mg/m 2 on days 1, 8, 15, 22, 29 and 36 according to a previously established 
schedule (Planting, et ai, 1993). The treatment was used as an Induction 
regimen, preceding surgery and/or radiotherapy. All other tumour types 
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were treated with weekly clsplatln at a dose of 70 mg/m 2 on days 1, 8, 15, 29, 
36 and 43 plus 50 mg of oral etoposide from day 1-15 and 29-43 according to 
a previously established schedule (Planting, et ai, 1994, Planting, et ai, 19911. In 
the latter group, In case of a response etoposide was to be continued 
thereafter for up to 4 cycles at an oral dose of 50 mg/m 2 from day 1-21 every 
4 weeks. Cisplatln was dissolved In 250 ml of 3% sodium chloride and 
administered as a 3-hour Infusion with standard pre- and posthydratlon. 

PharmacologIc studies 
Sample collection 

During the first course heparinized blood samples were collected at 0, 1, 
2, 3, 4, 6, 8 and 18 hours after start of the infusion. The samples were of 4 ml 
each except at 0, 4 and 18 hours which were of 16 ml each. During all 
subsequent courses samples of 16 ml were collected at 0, 4 and 18 hours 
after start of the infusion with clsplatin. During the first course all urine was 
collected UP to 24 hours after start of the Infusion with cisplatln. 

Analysis of cisplatin In plasma and DNA-adduct levels in WBC 
Total and nonprotein bound clsplatin and the total DNA-adduct levels of 

clsplatln were determined with atomic spectroscopy (AAS) according to the 
method of Reed et al. (Reed, et ai, 1988), with modifications (Ma, et ai, 1995). 

Data analysis 
The area under the plasma concentration-time curve (AUC pg.hr/mll of 

unbound clsplatin (measured with AAS as platinum IPtll was determined with 
extended least squares regression analysis (Sheiner, 19851. Plasma clearance 
(CLl of unbound clsplatin was calculated by dose/AUC (mllminl. The terminal 
half-life of unbound cisplatin was calculated by In2/k (min), where k Is the rate 
constant of the terminal phase. The renal clearance of cisplatin was 
calculated by multiplying the fraction of the dose of clsplatln excreted In the 
urine by the CL of unbound clsplatin. The DNA-adduct level 1 hour post­
infusion was denoted Amax (Ma, et ai, 1995) and expressed as plcogram of 
platlnum/pg DNA (pgPt/pgDNAI. The area under the DNA-adduct-time curve 
(AUA, pgPt.hr/pgDNA) was calculated up to 15 hours post-Infusion with the 
trapezoidal method, using the 3 DNA-adduct-tlme pOints (figure 11. The Siphar 
software package was used for pharmacologic calculations (version 4.0, SIMED, 
crete II, Cedex, France). 

Statistical analysis 
Linear regression analysis and Pearson correlation analysis were used to 

quantitate the relationship between AUC and AUA and AUC and Amax. The 
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pearson correlation coefficient was used for calculation of the correlation 
between the creatinine clearance and the renal and plasma clearance of 
cisplatin. The unpaired two-sided student Hest was used to test for 
differences between responders and non responders In Amax, AUA, and Aue. 
In addition, this test was used to assess any significant differences in Aue, 
plasma clearance and terminal half-life of unbound clsplatln and AUA and 
Amax between the 2 subgroups who were treated with 70 or 80 mg/m2

• 

Logistic regression analysis (Hosmer, 1989) was applied to establish the 
relationship between Aue, as well as AUA and Amax and the likelihood of a 
response. The equation can be written as: 

Likelihood of a response ~ Ii + eXp{-(A + B'X)}),' 
where: the dependent parameter Is the likelihood of a tumour response, A 
and B are coefficients and X Is the independent parameter (AUe, AUA or 
Ammo. Goodness-of-fit of each logistic model was assessed with the Hosmer­
Lemeshow test (Hosmer, 1980), 
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WEEKLY COURSE (1-6) 

Figure 1. DNA-ad duct-time curve of clsplatln during 6 weeklv courses of 70-80 mg/m
2 

In 
45 patients (mean ± SOl. The DNA-adduct·tlme-polnts 101 per course were: base line, 
1 hour and 15 hours post-Infusion. Shaded area = area under the DNA-adduct-tlme-curve 
(AUAJ, calculated using the 3 time points and the trapezoidal method. 

The Pearson and spearman rank correlation coefficient and chi-square 
test were applied to test for relationships between myelosuppreslon, renal 
and neurotoxicity and Aue, AUA and Amax. For statistical analysis of 
neurotoxicity the maximal sum score post-treatment of the neurologic 
questionnaire and sensory examination were used, as well as the logarithm of 
the maximal VPT post-treatment (log VPTI. 
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Multiple linear regression analysis was used to test for differences In the 
AUC·AUA relationship <i.e. exposure to clsplatln and DNA·adduct formation) 
between the 2 subgroups treated with 70 or 80 mg/m' of cisplatin. The 
statistical analysis was carried out by application of stata (version 3.1, 
statistics/Data Analysis, Computing Resourse Center, santa Monica, CA, USAL 

RESULTS 

PopUlation demographics 
Patient demographic characteristics are shown In table 1. A total of 50 

eligible patients were entered In the study. Eight patients had previously 
received radiotherapy and 2 patients chemotherapy. One received Isolated 
regional 11mb perfUsion with melphalan for melanoma 4 years prior to entry 
into the study and one had systemic cyclophosphamide for adenocarcinoma 
of unknown primary site 5 years prior to entry. Five patients were not 
evaluable for tumour response. Three of the nonevaluable patients 
developed renal toxicity (2 patients grade 1 and one grade 3, after 1, 2 and 1 
course, respectively) preventing further treatment. one patient stopped 
because of grade 3 gastrointestinal toxicity after 4 courses and one patient 
refused further treatment after 2 courses. Data of these 5 patients were 
included In the evaluation of renal toxicity. The 45 patients who were 
evaluable for response received a total of 237 courses. All patients received at 
least 1 course and were followed for at least 3 months. The mean number of 
courses per patient was 5.3 188 % of plannedl. The dose·lntenslty In the 
subgroup treated at 70 mg/m' cisplatln plus VP16 was 53.5 mg/m'iWeek 189 % 
of planned) and in the subgroup treated at 80 mg/m' clsplatin as single agent 
71.2 mg/m'/week 189 % of plannedl. Overall there were 20 responders (44%; 2 
CR and 18 PRj and 25 nonresponders (56%; 16 SD and 9 POL In the subgroup 
with clsplatln and VP16 there were 10 responders (34%; all PRj and 19 
nonresponders (66%; 12 SD and 7 PDl. 

Pharmacokinetics, DNA·adduct formation and tumour response 
The AUC of unbound cisplatln showed substantial interpatient variability 

(table 2l. The AUC varied from 1.1 . 3.82 /lg.hr/ml and the coefficient of 
variation (%CV) was 21%. The plasma clearance of unbound cisplatln was 635 
± 217 ml/mln (range 312·1477) and the half·life 38 ± 10 min (range 23·72l. The 
volume of distribution of unbound clsplatln was 34 ± 13 liters (range 15·86). 
The renal clearance quantitated using the first 24·hour urine portion was 167 
± 71 mllmin (range 102·338l. The correlation coefficient between the 
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Table 1. Patient characteristics 

Characteristics cisplatin 70 mgfm2 cisplatin 80 mg/m2 All 
+ VP 16 

Total entered 
male 24 16 40 
female 6 4 10 

Median age, yrs (range) 61 (39-70) 53 (44-73) 59 (39-73) 

Median performance 1 (0-2) 1 (1-2) 1 (0-2) 
score (range) 

Prior therapy 
chemotherapy 1 0 1 
radiation therapy 5 3 8 

chemotherapy and radiation 1 0 1 
no prior therapy 23 17 40 

Diagnosis 
head and neck 20 20 
mesothelioma 12 12 
NSCLC 10 10 
ACUP 6 6 
cervix 1 1 
melanoma 1 1 

Performance score according to WHO criteria 
NSCLC == non·small cell lung cancer 
ACUP ::: adenocarcinoma of unknown primary site 

creatinine clearance and renal clearance of unbound clsplatin was 0.70 
(p<0.01, n=20), between creatinine clearance and plasma clearance of 
unbound clsplatin 0.46 (p<0.01, n=20) and between renal and plasma 
clearance of unbound cisplatin 0.92 (p<0.0001, n = 50). 

Also the AUA and Amax varied considerably (table 2), The %CV of the first 
course AUA was 25% and of the Amax 27%. The variability of the AUA and 
Amax during the subsequent courses was of the same order as during the 
first course. 

There was a highly significant correlation between the AUC and the AUA 
and Amax. The correlation coefficient was 0.78 (p <0.0001 , n=44) between 
AUC and AUA (figure 2) and 0.73 (p<0.0001) between AUC and Amax. Of note, 
there was no significant correlation between the absolute dose given and the 
AUC (R=0.1, p=0.53)' No significant correlations were observed between the 
kinetics of total, i.e. bound plus unbound cisplatin and DNA-adduct formation 
(AUA and AmaXl. 



Table 2. Pharmacologic parameters of cisplatin in 45 patients treated with 6 weekly courses of 70 mg/m2 + oral VP16 daily 50 
mg or 80 mg/m2 of cisplatin as single agent. 

Patients Response N AUe Arnax 1st 
[pg.hr/ml] [pgPVpgDNA] 

cisplatin + yes 10 2.64 ± 0.40 1.21 ± 0.28 
VP16 2.16 - 3.22 0.84 - 1.61 

no 19 2.08 ± 0.51 0.78±0.19 
1.10-3.16 0.34-1.15 

P 0.006 < 10-4 

cisplatin yes 10 3.09 ± 0.53 1.58 ± 0.26 
2.30 - 3.82 1.10-1.81 

no 6 2.47 ± 0.45 0.92 ± 022 
2.16 - 2.88 0.58 - 1.15 

p 0.03 0.0001 

ALL yes 20 2.86 ± 0.51 1.38 ± 0.36 
2.16 - 3.82 0.64 - 1.81 

no 25 2.17 ± 0.51 0.81 ± 0.21 
1.10-3.16 0.30-1.15 

P <10-4 < 10.7 
-_ ..... - . -_. ---

Mean ± SO and range are given. 

AUG ::; Area under unbound cisplatin plasma concentration-time curve 
Amax ::;: cisplatin-DNA-adduct level in WEC 1 hour after 3-hour-infusion 
AUA = Area under cisplafln-DNA-adduct-time curve in WBe [O-18hrs] 

Amax 1-6 AUA 1st AUA 1-6 
[pgP!!pgDNA] [pgPthr/pgDNA] [pgPthr/pgDNA] 

1.55 ± 0.28 20.0 ± 3.7 23.5 ± 4.6 
1.19 - 1.90 15.3 - 25.6 16.1 - 28.0 

1.32 ± 0.24 13.0 ± 2.9 18.8 ± 3.1 
0.69 - 2.30 8.0 - 19.5 10.8 - 33.1 

0.03 < 10-4 0.003 

1.95 ± 0.28 25.3 ± 4.2 30.4 ± 3.8 
1.60 - 2.67 17.2 - 32.4 24.9 - 37.9 

1.49 ± 0.43 16.6 ± 4.5 24.3 ± 6.1 
1.07 -1.52 10.3 - 21.3 14.5 - 26.5 

0.02 0.001 0.03 

1.75 ± 0.34 22.6±5.1 27.0 ± 5.4 
1.24 - 2.67 11.5-32.1 16.1-37.9 

1.36 ± 0.30 13.7 ± 3.8 20.1 ± 4.5 
0.69 - 2.30 7.4 - 21.3 10.8 - 33.1 

0.0001 < 10-7 < 10-4 

1 st ::;: 1 st course of cisplatin 
1-6 ;:::; mean of all courses 
Response = CR+PR; No response::; SD+PD 
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Figure 2. RelationshIp between the magnitude of exposure to unbound clsplatln (AUc) 
and AUA during the first course of clsplatln (R=Q.78, p<O.0001), + response, 0 non­
response 

The AUC, AUA and Amax were significantly higher In responders than In 
non responders (table 2, figure 3l. This was evident In the total population as 
well as In the 2 subgroups treated with clsplatin at a dose of 70 mg/m2 

(various tumour types) and 80 mg/m2 (H/Nl. In addition, the mean value of the 
AUA and Amax of all administered courses was also significantly higher In 
responders than in nonresponders. The AUC in the subgroup treated at 80 
mg/m2 of clsplatin 12.85 ± 0.55 pg.hr/mll was significantly higher than in the 
subgroup treated at 70 mg/m2 12.28 ± 0.54 pg.hr/ml, p =0.002), The AUA and 
Amax were also significantly higher In the 80 mg/m2 subgroup as a results of 
the dose difference. VP16 did not appear to influence the pharmacokinetics 
of cisplatin, as there were no statistically significant differences between the 
2 treatment groups In plasma clearance, renal clearance or terminal half-life 
of clsplatin. In addition, VP16 did not affect the DNA-adduct formation 
significantly, as reflected by the slope of the linear regression relationship 
between AUC and AUA, which was not significantly different between the 
two subgroups treated with and without VP16 Ip>0.2l. An influence of VP16 
on the DNA·adduct formation could not be tested directly, because the 2 
subgroups did receive a different dose of clsplatln. 

Logistic regression analvsis 
Logistic regression analysis revealed highly significant sigmoid 

relationships between AUC, AUA and Amax, and the likelihood of a response. 
This was evident in the total population and In the subgroup treated with 70 
mg/m2 of clsplatin Ip value of coefficients A and 8 < 0.01 for the total po pula· 
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Figure 3. Area under the DNA·adduct·time curve (AUA) and area under the plasma 
concentratlon·tlme curves (AUe) In responders and nonresponders to cisplatln 
chemotherapy. 

tion of 45 patients and ,; 0.02 In the subgroup of cisplatin + VP161. The 
corresponding 'P' values of the goodness-of-fit tests were all > 0.50, 
Indicating good fits. The likelihood of a response reached 100% In the three 
relationships with AUC, AUA and Amax. 

Pharmacokinetics, DNA-adduct formation and toxicity 
Myelosuppression was the most frequently encountered side-effect. CTC 

grade 1 anemia was observed In 9 of 45 evaluable patients (20%), grade 2 In 
26 (58%) and grade 3 in 6 patients (13%1. Grade 1 leucopenia was observed in 
11 patients (24%), grade 2 In 9 (20%), grade 3 In 16 (35%) and grade 4 In one 
patient (2%1. Grade 1 thrombocytopenia was found In 4 patients (9%), grade 2 
in 10 (22%), grade 3 In 4 <9%) and grade 4 in 2 patients (4%). The AUC and AUA 
were significantly correlated with the cTc-grade of thrombocytopenia 
(Spearman rank R= 0.38, p=0.01 IAUCI; R=0.43 p=0.005 IAUAI, n=451. These 
relationships were also significant In the subgroup treated with clsplatin as 
single agent, hence without the influence of VP16. In this subgroup the 
correlation coefficient between AUC and thrombocytopenia was 0.62 
(p=0.02, n=161 and AUA and thrombocytopenia 0.70 (p = 0.007). The 
correlation coefficient between dose/m' or absolute dose given and throm­
bocytopenia was not significant (p=O.11). Correlation coefficients between 
AUC/AUA and anaemia or leucocytopenia were not statistically significant. 
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Eight patients developed grade 1 nephrotoxicity (16% of 50 patients), 
one grade 2 (2%) and one patient grade 3 (2%). No significant spearman rank 
correlation coefficients were observed between AUe, AUA or absolute dose 
given and eTe·grade of nephrotoxicity (n = SOl. 

Forty·five patients were evaluable for the sum score of neurotoxicity 
and In 21 patients the log VPT was determined. Fifteen patients developed 
grade 1 neurotoxicity (33%). No grade 2 or higher was observed. The log VPT 
varied between ·0.05 and 0.65 (mean 0.23 and so 0.21). No significant 
co~relation was observed between the cumulative dose nor dose/m2 and sum 
score or log VPT. The cumulative Aue (i.e. Aue of course 1 times number of 
administered courses) was significantly correlated with the log VPT (Spearman 
rank R=0.52, p=O.01>' The AUA and cumulative AUA were not significantly 
correlated with the log VPT (p =0.63>' 

DISCUSSION 
For our pharmacologic analyses, we applied a dose'intenslve schedule of 

weekly cisplatin, which was previously developed In our department. 
presently over 200 patients with solid tumours have been treated In phase 1111 
trials according to this schedule (Planting et aI., 1991,1993,1993a,1994l. The 
Importance of the weekly administration was recently stressed by Logothesls 
and Amato (Logothetls, 1992>' The results clearly indicate that the AUe of 
unbound clsplatin and the DNA·adduct formation in WBe are closely 
correlated. The relationship can best be described by a linear relationship 
(figure 2>' In addition, the likelihood of a tumour response was strongly 
determined by the magnitude of the Aue of clsplatin (figure 2 and 3). Not 
unexpected, because of the close correlation with the Aue, also the AUA and 
Amax were strong predictors of response (figure 2 and 3). The Aue of 
unbound cisplatin was highly variable, despite the small dose range of 
cisplatin of 70·80 mg/m2

• Also in the two subgroups treated at 70 or 80 mg/m2 

the AUe range was high (table 2>' The pharmacokinetlc parameters of clsplatln 
were of the same magnitude as reported previously (Himmelstein, et ai, 1981, 
Reece, et ai, 1987, Reece, et ai, 1989). The highly significant correlation 
between the Aue and the level of DNA·adduct formation combined with the 
strong predictive power of the Aue gives evidence that the variability In the 
dose·response relationship of cisplatln In our patient population is mainly 
determined by pharmacoklnetlc variability. The results were obtained in a 
heterogeneous population with a variety of solid tumours. It Implies that 
clinical resistance to clsplatln in these tumours is determined to a substantial 
extent by the magnitude of exposure to unbound clsplatin. We speculate 
that pharmacoklnetlc variability contributes significantly to clinical resistance 
of other tumour types which are potentially sensitive to cisplatln. 
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Two DNA-adduct parameters were defined and used throughout the 
study: Amax and AUA. The AUA may reflect processes leading to induction of 
DNA-adduct formation shortly post-infusion and DNA-repair In the 15 hours 
post-Infusion of clsplatin. The correlation coefficient between AUC and AUA 
(0.78) was slightly higher than between AUC and Amax (0.73), Although the 
AUA is theoretically more of Interest, the difference In AUA between 
responders and nonresponders was only marginally greater than in the Amax 
(table 2). The DNA-adduct levels did not show a significant accumulation with 
increasing number of courses, although the mean of the level during the first 
course was slightly lower than during the subsequent courses (figure 1, table 
2), The DNA-adduct levels In responders were consistently higher than in 
non responders throughout the study (table 2), which supports the results of 
Reed et al. (Reed, et ai, 1993). The most reasonable explanation for the 
overlap in DNA-ad ducts and AUC between responders and nonresponders Is 
pharmacodynamic variability. 

The relationships between the AUC of cisplatln or DNA-adduct formation 
(AUA and AmaX) and the response were almost similar In the two subgroups 
treated at 70 or 80 mg/m'. 

The addition of VP16 had no measurable Influence on the relationship 
between AUC and DNA-adduct formation or on the pharmacokinetics of 
cisplatln. The response rates in the present study are comparable with those 
reported by Planting et al. (Planting, et ai, 1993a, Planting, et ai, 1994, 
Planting, et ai, 1991, Planting, et ai, 1992), 

The weekly schedule was overall well tolerated. Significant but 
manageable myelosuppression was encountered. The AUC and AUA were 
significantly correlated with the CTC-grade of thrombocytopenia. The 
nephrotoxicity was manageable In almost all patients. No significant 
correlations were observed between nephrotoxicity and AUC or DNA-adduct 
formation. one third of the patients developed grade 1 neurotoxicity. This 
incidence Is of the same order as reported In previous studies (Cavalettl, et ai, 
1992, Roelofs, et ai, 1984), The cumulative AUC of clsplatln was more closely 
correlated with the log VPT than the cumulative dose. Of note, the 
cumulative dose was not significantly correlated with any of the 
neurotoxicity parameters, which is in contrast to a previous study (Cavalettl, 
et ai, 1992). It is important to note that the AUC of unbound clsplatln was 
more closely correlated with any toxicity parameter than the dose, 
cumulative dose or dose/m'. These relationships, however, need affirmation 
in future studies. 

The outlined results clearly confirm that a standardized dose/m' results 
in wide Interpatient variation in the AUC of cisplatln (Himmelstein, et ai, 1981, 
Reece, et ai, 1987, Reece, et ai, 1989). Considering the relationship between 

79 



Chapter 4 

the AUC and the likelihood of a tumour response in a population with a 
variety of solid tumours, the pharmacokinetic variability has major 
Implications for the treatment with cisplatin. Patients should benefit from 
Individualized dosing of clsPlatln, to increase the response rate. Based on the 
significant correlations between AUC and toxicity parameters this will also 
lead to more frequent, but mostly predictable toxicity. Drug monitoring 
applying a limited sampling strategy Is Indicated to achieve target levels of 
AUC or DNA-adducts. The presented study provides support for tumour-type 
specific trials, for example in non small cell lung cancer. This procedure is 
currently investigated In a prospective study. 
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SUMMARY 
The study was designed to Investigate possible schedule dependent 

pharmacoklnetlc and dynamic relationships and Interactions between 
docetaxel and cisplatln when given In combination. Docetaxel and clsplatln 
were administered in a phase I study to 64 patients with various types of 
solid tumors. ForL-y-nine patients received the sequence docetaxel-cisplatin, 
where cisplatin was given 3 h after docetaxel. Another 15 patients received 
the reverse sequence, where docetaxel was administered 18 h after clsplatin. 
Doses of docetaxel were escalated from 55 to 100 mg/m2 and of clsplatin 
from 50 to 100 mg/m2

• Pharmacoklnetlc parameters of docetaxel and clsplatin 
were determined during course one. In addition, clsplatin-DNA-adducts In 
peripheral blood leukocytes CWBC) were determined during the first two 
courses at one and 21 h after the end of the cisplatin infusion. Total plasma 
clearance (CII and volume of distribution at steady state NSS) and other 
pharmacokinetic parameters of docetaxel and cisplatin were not significantly 
different between the two schedules. The formation of clsplatln-DNA-adducts 
In WBC was significantly Inhibited by docetaxel. The mean level at 1 h post 
infusion was 1.1 ± 0.37 pgPt/pgDNA and 0.50 ± 0.40 pgPt/pgDNA with prior 
docetaxel (p <0.001). The main toxicity observed was myelosuppression. 
significant sigmoid relationships were established between the area under 
the curve (AUC) and time-period m > 100ng/ml of docetaxel and 
leukocytopenia en thrombocytopenia. A combination of 2 Emax models using 
T100 ng/ml for docetaxel and AUC of unbound platinum best described the 
observed leukocytopenia. Tumor responses (In total 1 complete and 9 partlall 
were observed in bott) schedules. 

INTRODUCTION 
Docetaxel (taxotere®) is a new semisynthetlcally derived taxold drug 

which Is registered for breast and NSCLC, and is currently under fUrther 
clinical Investigation. It enhances polymerization of the tubulin into stable 
microtubules and Inhibits microtubule depolymerlzatlon. This results In a 
disruption of the equilibrium within the microtubule system and ultimately 
to cell death (1-3), In the phase I studies on single agent docetaxel when given 
as a 1-hr. iv infusion the dose-limiting toxicity was complicated neutropenia. 
At longer Infusion durations the dose-limiting toxicities were short-lasting 
and non-cumulative neutropenia and mucositis (4-9), other side effects 
reported were a.o. fluid retention, general alopecia, nausea, vomiting, 
diarrhea and nail and skin reactions. The recommended dose and schedule 
for phase iI studies on single agent docetaxel was 100 mg/m2 given as a 1-hour 
Infusion every 3 weeks. Phase iI studies on docetaxel revealed significant 
activity in breast cancer (10-14), non-smail ceil lung cancer (15-17) and In a 

86 



Pharmacokinetics and dynamics of docefaxel and cisplafin 

number of other tumor types (18-22), In previous studies, the 
pharmacokinetics could best be described by an open 3-compartment model 
and revealed wide Interpatlent variability after standard dosing per unit 
body surface area (4). Docetaxel is mainly eliminated through cytochrome 
P450 mediated biotransformation and excretion occurs essentially In the 
faeces via the bile, as has been established in rat and man (23,24). Less than 
10% of the dose is excreted unchanged in the urine. The protein binding Is 
high (>90%) (25), Most studies report linear pharmacokinetics of docetaxel 
(25), significant sigmoid relationships have been established between the AUC 
and % decrease in neutrophlls (4,7). This Indicates that the observed 
variability In the pharmacokinetics has clinical Implications. 

Clsplatln Is a highly effective drug for the treatment of a number of 
solid tumors (26), It exerts its activity through formation of DNA-ad ducts, 
which can be quantitated in tumors and healthy tissues and WBC (27-29). 
Results of a previous combination study with clsplatln and paclltaxel, revealed 
that the elimination of paclltaxel was significantly inhibited by clsplatln (30). 

This resulted in increased myelosuppression. In addition, a pharmacodynamic 
Interaction has been described in the combination of carboplatln and 
paclltaxel. When given simultaneously, carboplatin and paclitaxel could be 
dosed almost up to their respective single agent maximum tolerated doses 
(31), 

To date, no detailed clinical pharmacologic data are available on the 
Interaction between docetaxel and cisplatln. These data are of relevance 
because of the potential clinical application of the combination of the two 
anticancer agents. 

We performed a pharmacologic analysis In patients who were treated 
with the combination of either clsplatln-docetaxel or docetaxel-cisplatln in a 
phase I study. The objectives were: 1) to determine the pharmacoklnetlc 
profiles, 2) to characterise any pharmacoklnetlc and dynamic interaction 
between the two drugs and 3) to establish quantitative relationships 
between the pharmacokinetics and the toxicity profile. 

MATERIALS AND METHODS 

Eligibility 
only patients with histologically documented solid tumors for which no 

therapies with greater potential benefit than docetaxel and cisplatin existed 
were candidates for this study. 

Eligibility criteria further Included: 1) age;" 18 years and" 75 years; 2) 
WHO performance status 0-2; 3) life expectancy of at least 12 weeks; 4) no 
more than one prior combination regimen or than two single agent 
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regimens; 5) off previous anticancer therapy for at least 4 weeks (6 weeks In 
case of Mitomycin C, nitrosoureas or extensive radiotherapy); 6) no prior 
treatment with platinum derivatives or taxoid drugs; 8) adequate bone 
marrow- (neutrophils ;;, 2 x 10'/1, platelets ;;, 100 x 10'/1), hepatic- (total 
bilirubin s 1.25 times and ASAT (scon s 2 times the upper-normal limits) and 
renal functions (creatinine s 120 /lmol/I or creatinine clearance ;;, 60 
ml/minute); 9) absence of symptomatic peripheral neuropathy > grade 0 
according to NCI common Toxicity Criteria (CTc) (32), All patients had to give 
written Informed consent. 

Drug administration 
Docetaxel was supplied by Rh6ne-Poulenc Rorer (Antony, France) as a 

concentrated sterile solution containing 40 mglml in a 2 ml vial In 
polysorbate 80 (Tween 80'). The appropriate amount of the drug to be 
administered to the patient was diluted in 250 ml of 5% dextrose solution (or 
0.9% saline serum) so that the maximum docetaxel concentration was s 0.9 
mglml. The drug was administered to the patients as a one hour Infusion. 

Cisplatin was administered to the patient as a three-hour Infusion 
diluted In 1 liter of 0.9% saline. prior to cisplatln administration patients were 
hydrated with 1 liter of 0.9% saline InfUsed over 3 hours and subsequent to 
cisplatin with 3 liters of 0.9% saline Infused over 18 hours. Antlemetlcs 
included 8 mg i.v. ondansetron or 5 mg troplsetron and 10 mg i.v. bolus 
dexamethason Just prior to the clsplatin infusion. During the study data from 
extensive phase II studies on single agent docetaxel became available 
suggesting beneficial effects of additional medication to prevent side effects. 
The final combination of prophYlactic drugs Included: dexamethason 10 mg 
given as I.v. bolus 24 and 6 hours before and 24 hours after docetaxel 
administration, while clemastlne fumarate was given orally at a dose of 2 mg 
30 minutes before docetaxel administration. 

Dosage 
The docetaxel and clsplatln doses were escalated according to a pre­

established schedule and according to the toxicities observed at the previous 
dose-level, after a minimum of 3 patients had tolerated the previous dose. 
Definitions of the dose limiting toxicities and maximum tolerated dose (MTD) 
have been described elsewhere (Pronk et aI., manuscript to be submitted). 
The starting doses of docetaxel and cisplatin were 55 mg/m2 and 50 mg/m2 

respectively. At first, dose escalation of docetaxel was performed with the 
dose of cisplatin being fixed. Dose levels of docetaxel/clsplatin studied were 
55/50, 70/50, 85/50, 100/50, 55/75, 70175, 85/75, 100175, 751100, 85/100 and 
100/100 mg/m2

• 
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Drug sequence 
Dose escalation was initially performed with docetaxel preceeding 

clsplatin (schedule Al with a 3-hour Interval between the end of docetaxel 
Infusion and the start of cisplatln Infusion_ When the MTDs and doses to be 
used for further phase II evaluation were defined with schedule A, the dose­
level Just below the MTD was reassessed with clsplatln preceeding docetaxel 
(schedule Bl. In this schedule the interval between the end of clsplatin 
Infusion and the start of docetaxel InfUsion was 18 hours_ The given Intervals 
were derived from the optimal Intervals in preclinical studies (data on file, 
Rhone-poulenc Rorerl. When acceptable toxicities were observed, further 
dose-escalation was pursued with schedule B_ 

pretreatment and follow-up studies 
Prior to the start of treatment history was taken and physical 

examination, neurologic examination, laboratory studies, ECG, chest x-ray, 
tumor measurements (other x-rays, scans, ultrasoundsl and an audiogram 
were performed (Pronk et aI., submlttedl. Formal tumor measurements were 
performed after every 2 courses of chemotherapy_ Standard WHO response 
criteria were used (331. The creatinine clearance was determined using the 
Cockroft formula (341. 

PharmacologIc studies 
For docetaxel and cisplatln pharmacokinetics and protein-binding 

studies were performed_ For the analysis of plasma concentrations of 
docetaxel, 3 ml blood samples were taken from the arm opposite to the 
Infusion site Immediately prior to Infusion, at 30 minutes after start and at 
the end of the infusion and then at 5,10,20,30,60,90 minutes and 2,4,6,8,12,24 
and whenever possible at 36 and 48 hours post-in fusion_ For the proteln­
binding studies of docetaxel 3 ml blood samples were collected immediately 
prior to Infusion, at the end of the infusion and at 20 minutes, 1 hour, 2 
hours and 6 hours post-infusion_ The analyses were carried out applying an 
established HPLC method with UV detection (351. 

For the analysis of clsplatln, blood samples were collected immediately 
before start of the infusion (8 mil and at 1,2,3,4,5,6,8,10 and 21 hours after 
start of the Infusion (4 mil. For clsplatin, both total and non-protein bound 
plasma concentrations of platinum were determined applying a method of 
Ma et al. (361_ 

Clsplatin-DNA-adducts were measured In WBC prior to Infusion and at 1 
and 21 hours post-Infusion, according to the method of Ma et al. (291_ 

Pharmacokinetic parameters were estimated by weighted least-squares 
regression analysis (SIPHAR version 4, Simed, crete ii, Francel_ Individual plasma 
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concentrations Of docetaxel were fit to two- or three-exponential equations 
(corresponding to two- and three-compartment pharmacokinetlc models) 
and of cisplatin using a one-exponential equation. The best model was chosen 
on the basis of the Akalke information criterion (37). The fitted parameters 
permitted the computation of the following parameters: AUC, total plasma 
clearance, vss and haif-lifes (tv, for clsplatln and tV, <X , tv,p and tV,y for 
docetaxei). 

The following pharmacoklnetlc parameters were used to investigate the 
relationship with toxicitiy parameters: AUC of docetaxel, time-period above a 
threshold concentration <T>threshold) of 30, 50 and 100 ng/ml (figure 1) and 
AUC of unbound platinum. 

The pharmacodynamic parameters evaluated were: relative decrease (% 
decrease) of granulocytes, leukocytes and thrombocytes and the area under 
the leukocytopenia-time curve (AUcleuc) and the area under the 
thrombocytopenia· time curve (AUCthrol. These toxicity parameters were 
determined using the decrease in leukocyte (or thrombocyte) count after 
administration of docetaxel and cisplatin on day 4,7,11,13,15,17,21 until the 
administration of the second course. The linear trapezoidal method was 
applied for the calculation of the AUCleuc and Aucthro. 

The sigmoid Emax model was used to investigate pharmacoklnetic­
dynamic relationships (38). The relative decrease in leukocytes, granUlocytes 
and thrombocytes were calculated as follows: 

pretreatment count - nadir count 
% decrease = --------------

pretreatment count 

which was related to the AUC of docetaxel as follows: 

Emax'AUC' 
% decrease = ---------------

AUC,,' + AUC' 

In addition, the pharmacokinetic parameter T> threshold and the 
pharmacodynamic parameters AUcleuc and Aucthro were used in the Emax 
model. Nonlinear least-squares regression analysis using SIPHAR was applied to 
estimate the AUC" (the AUC that produces 50 % of the maximum effect) and 
the sigmoidiclty factor y. When % decrease leukocytes or granulocytes or 
thrombocytes were fitted, the maximum effect (Emax) was assumed to be 
100 % decrease. 
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In addition, pharmacoKinetic·dynamic relationships were investigated 
using the sigmoid Emax model for the combined action of two drugs, 
because in principle both docetaxel and clsplatln may contribute to the 
observed toxicity parameter (38), 

EmaX,1'(AUCdoc/AUC50,doc)~ + EmaX,2'(AUCfuPt/AUC50,fUPt)" 
% decrease = ---------------------

1 + (AUCdoc/AUC50,doc)~ + (AUCfUPt/AUC50,fUPt>" 

Emax,1 and Emax,2 were assumed to be 100% decrease. AUCdoc,SO and 
AUCfuPt,50 denote the AUC's of docetaxel and unbound platinum that 
produce 50% of the maximum effect, y1 and y2 are the respective 
sigmoldlclty factors. Instead of AUCdoc, T>threshold was used as Kinetic 
parameter and AUCleuc and Aucthro as dynamic parameters. Non·llnear least 
squares regression analysis was employed using Stata (stata corp. 1993, 
Release 3.1, College station TX, USA), The two models (sigmoid Emax models 
for one drug and for the combination of two drugs) were compared on the 
basis of the value of the root mean squared error (RMSE) between observed 
and predicted values, which is a measure of precision and mean prediction 
error (MPE), which Is a measure of bias (39), The best model had the lowest 
RMSE and MPE value. 

Further statistical analvsls 
Differences In pharmacoKlnetlc parameters between the two schedules 

were evaluated with the Mann Whitney test. The Pearson correlation 
coefficient was calcUlated between pharmacoKlnetic parameters of docetaxel 
and cisplatln. The spearman ranK correlation coefficient was calculated 
between the pharmacoKlnetlc parameters and pharmacodynamic 
parameters, such as % decrease granulocytes, leuKocytes and thrombocytes 
and the CTC·grade mucositis. P values < 0.05 were considered statistically 
significant. 

RESULTS 

Clinical data 
Slxty·six patients were entered Into this study. TWO patients were never 

treated as they appeared to be infected at baseline. The median age of the 
64 treated patients was 53 years (range 21·74). There were 33 males and 31 
females, with a median WHO performance score of 1 (range 0·2). Thirty·two 
patients had revelved prior chemotherapy, 19 prior radiotherapy and 10 
patients had received both. Colorectal carcinoma (22 patients) and carcinoma 
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of unknown primary (13 patients) were the most common tumor types. A 
total of 49 patients was treated in schedule A and 15 In schedule B. A total of 
244 courses of docetaxel In combination with clsplatin were given and 243 
courses were evaluable. Of 215 courses the duration of the granulocyte and 
leukocyte nadir could be determined In close detail. 

Toxicity 
The most relevant toxicities are summarised. They have been described 

In detail by pronk et aI., (to be submitted). 
Four patients developed sepsis (one died>. Other dose limiting toxicities 

were grade 2 nephrotoxicity (1 patient), grade 4 neutropenia lasting 11 days 
(1 patient) and grade 3 diarrhea (1 patient>. 

Leuko- and granulocytopenia occurred In 90% of the courses. 
Neutropenia grade 3 and 4 occurred at all dose levels and in 83.5% of the 
courses. The duration of the granulocyte nadir < 0.5 x 10'/1 was longer at the 
high dose levels. Thrombocytopenia ;" grade 2 only occurred during 5 
courses at high dose levels. Leukocytopenia tended to be more pronounced 
during schedule 8 (clsplatin followed by docetaxeil. The chi-square test of the 
cTc-graded leukocytopenia revealed a p-value of 0.09. 

Mucositis was reported In 24.2% and severe (grade 3) in 1 course. 
Alopecia occurred in 90.6% of the patients. The severity of the mucositis was 
not schedule dependent. Skin toxicity occurred in 19.7% of courses and nail 
toxicity In 40.6% of the patients. 

Nephrotoxicity grade 1 occurred In 28.7% of courses while grade 2 was 
only documented in 5 courses (2.3%>' Skin toxicity was reported in 13.6% of 
courses and (mainly mild) nail toxicity in 39.6% of the patients. Edema grade 
1 occurred in 23.4% and grade 2 In 4.5% of courses. These toxicities were not 
schedule dependent. 

Responses 
Nine partial responses were observed and one complete response. 

Responses occurred in both schedules. 

Pharmacokinetics 
The pharmacoklnetlc data of docetaxel and cisplatin are summarized In 

tables 1 and 2. Most of the curves of docetaxel could be fitted with a three­
compartment model, others with a two-compartment model and 7 were 
calculated with a model independent approach. All platinum curves (clsplatin 
was measured as platinum by AAS) could be fitted using a one-compartment 
model. The correlation coefficient between dose and AUC of docetaxel was 
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Table 1. Pharmacokinetic data of docetaxel after a one·hour infusion. 

- --
! schedule A Dose Dose Cmax 't1/zO' V/zP 't1/zy AUC CI Vss 

(mgJm2) (mgl lpg/mil (min) (hl (hl Ipg.h/mlJ Wh/m2) (11m2) 

55 mean 105 1.70 3.65 0.40 3.63 2.07 29.2 23 
SO 13 0.46 1.29 0.03 2.47 0.72 10.0 14 
N 5 4 3 3 3 4 4 4 

70 mean 132 3.18 6.81 2.75 10.66 4.60 19.0 53 
SO 15 1.03 4.32 4.61 5.98 2.14 10.0 30 
N 8 6 5 5 5 6 6 6 

75 mean 140 2.56 8.37 0.82 13.04 4.06 21.4 102 
SO 14 1.07 4.40 0.27 5.08 1.67 8.7 84 , 
N 7 7 6 6 6 6 6 6 , 

I , 

85 mean 153 2.80 6.72 1.67 11.42 4.04 22.1 77 
SO 25 0.59 1.93 2.48 5.73 1.16 6.9 40 
N 13 13 10 10 10 13 13 12 

100 mean 183 3.04 7.46 1.04 14.58 4.53 23.6 98 
SO 20 0.78 3.18 0.53 9.63 1.52 7.0 77 
N 13 13 9 9 9 13 13 9 

Schedule B 70 mean 129 1.70 6.71 0.47 4.79 2.47 30.5 39 
SO 5 0.32 5.93 0.26 1.70 0.63 10.2 20 
N 4 3 3 3 3 4 4 3 

85 mean 157 1.66 5.95 0.84 16.12 3.43 26.9 116 
SO 17 0.39 0.65 0.35 10.27 1.06 9.4 94 
N 4 4 3 3 3 4 4 4 

100 mean 171 3.49 7.51 1.04 14.21 5.85 19.3 94 
SO 30 1.00 1.93 0.35 4.21 2.68 8.2 45 
N 6 _ __ 6 5 5 5 6 6 6 

-- -- -- --- --



Table 2. Pharmacokinetic data of cisplatin after a ,,·hOur infusion. 

Schedule A Dose Dose ty, AUCfu AUC(O 
(mg/m2

) (mgl (hi Ipg.h/m)) Ipg.h/m)) 

50 mean 97 0.56 2.00 25.79 
50 20 0.14 0.39 4.53 
N 12 12 12 12 

75 mean 140 0.56 2.55 34.04 
SO 13 0.13 0.61 4.79 
N 20 20 20 20 

100 mean 184 0.65 3.34 45.24 
SO 14 0.15 0.68 8.89 
N 15 15 15 13 

Schedule B 75 mean 137 0.49 2.58 39.56 
SO 12 0.10 0.48 5.92 
N 14 14 14 14 

, -- - -_ ... -

AUC Of unbound platinum to infinity AUCfu 
AUC(t) AUC of total platinum up to the latest measured time point (21 h) 

CI C[ren Vss 
U/h/m2) (l/h/m 2

) (11m2) 

17.6 5.2 14 
4.0 0.9 3.4 
12 11 12 

20.2 5.1 16 
5.0 1.4 4 
20 18 20 

20.2 5.3 19 
4.1 1.4 6 
15 9 15 

19.7 5.3 14 
4.8 1.6 4 
14 8 14 

- ... _--_ .. - - ---
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not significant (R = 0.07) and between dose and AUC of unbound platinum 
0.59(p<O.001l. The CI of docetaxel showed wide Interpatient variability (%CV 
= 35 %l. Interpatient variability In the CI of unbound platinum was also 
significant (%CV = 23%). There were no significant differences in 
pharmacokinetic parameters between the 2 groups (schedule A and B). Total 
plasma clearance (CIl of unbound platinum In schedule A was 19.5 ± 4.6 
Whim') and 19.7 ± 4.8 Whim') in schedule B (not significantly different: NSl. CI 
of docetaxelln schedule A was 22.1 ± 7.7 Whim') and in schedule B 24.9 ± 9.4 
Whim') (NS). Docetaxel protein binding was high (96%) and not influenced by 
cisplatln. In addition, the CI and vss data of unbound platinum and the AUC 
up to the last measured point IAUC(t)J of total platinum In plasma indicate no 
significant influence of docetaxel on the protein binding of cisplatin. 

Relationships between demographiclblochemical and pharmacoklnetic 
parameters are enlisted In table 3. A low correlation coefficient was observed 
between CI of docetaxel and ci of unbound platinum (R=O.36). Also, relatively 
low correlation coefficients were observed between body weight or body 
surface area (BSA) and CI of docetaxel and CI of unbound platinum. 
Relationships between age and pharmacokinetlc parameters were not 
significant. 

Table 3. pearson correlation coefficIents (R) between demographic/biochemical and 
pharmacologic parameters 

R clsplatln docetaxel 
". 

ClfuPt CI, Pt Auefupt 

age NS NS 

weight 0.47 0.43 
<0.001 0.003 

BSA 0.43 0.36 
<0.001 0.02 

CI creat 0.33 0.50 
0.01 <0.001 

Cldoc 0.36 
0.006 

T",o.doc NS 

vss doc 

ClfuPt = plasma clearance of unbound platinum 
qenPt = renal clearance of unbound platinum 
vss ~ volume of dlstrlbutloq at steady state 
BSA = body surface area em ) 

NS 

NS 

NS 

NS 

vssPt Cldoc 

NS NS 

0.28 0.38 
0.03 0.004 

0.34 0.38 
0.008 0.004 

NS 

CI creat = creatinine clearance, calculated using the cockroft method (34) 
AUCfuPt = AUC of unbound platinum 
NS ~ not significant Ip>0.05) 

vssdoc 

NS 

NS 

NS 
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WBe DNA·adduct levels 
The DNA·adduct levels during course one In schedule A (first docetaxel 

then cisplatln> measured at 1 and 21 h after the end of the clsplatln Infusion 
turned out to be extremely low compared to the levels In schedule B (table 
4). The difference In DNA·adduct levels during course two was not significant 
anymore. Of note, the number of observations was very much lower than 
during course one. 

10000 

~ 1000 
.s 

~ 
oJ 

~ 100 
a: 

10~--~---.----'---'----'----r-~ 
o 4 8 12 16 20 24 28 

Time (h) 

Figure 1. Plasma concentratlon·tlme curve of docetaxel. The dotted line Illustrates the 
tlme·perlod > 100 nglml IT100l, whIch was used In pharmacokinetlc·dynamlc analyses. 

Relationships between pharmacokInetics and dynamics 
significant Spearman rank correlation coefficients were observed 

between Aue of unbound platinum and the % decrease of leukocytes 
(R ~0.51), granulocytes (R ~ 0.48) and thrombocytes (0.32), but not with the 
CTc·grade mucositis. Also, significant Spearman rank correlation coefficients 
were established between the Aue or T100 of docetaxel and % decrease 
leukocytes (R~0.40 respectively 0.53) and thrombocytes (R~0.46 respectively 
0.54), but not with the eTc·grade mucositis. T100 performed slightly better In 
these relationships than T30 and TSO (time·perlod > 30 and 50 ng/mlJ. 

Relationships between % decrease granulocytes, leukocytes or 
thrombocytes and AUC of docetaxel could best be fitted using a sigmoid 
Emax model (figures 2, 3 and table 5). Use of T100 of docetaxel resulted In 
lower RMSE values, indicating better precision than obtained with the Aue of 
docetaxel. A low but significant correlation was observed between T100 and 
Aue of docetaxel (R~0.S4, p<O.OSl. Also, the Aue of unbound platinum could 
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Table 4. WBC DNA·adduct levels of cisplatin 1 and 18 hours after a 3-hour infusion, during course 1 and 2. 

- .- --
Schedule A Dose Course 1 Course 2 

(mg/m2
) 

Ai A21 Ai A21 
(pg ptjpg DNAl (pg ptjpg DNAl (pg Ptlpg DNAl (P9 ptjpg DNAl 

50 mean 0.38 0.59 
SD 0.60 0.60 
N 11 11 

75 mean 0.50 0.30 
SD 0.41 0.38 
N 20 19 

100 mean 0.71 0.57 
SD 0.33 0.36 
N 14 12 

Schedule B 75 mean 1.10" 0.77" 

I 
SD 0.37 0.25 
N 14 14 

" : p<O.001 compared to schedule A at the same dose-level of 75 mg/m2 of cisplatin. 
Ai and A21 ~ DNA-adduct level at 1 and 18 hOurs after the end of infusion. 

0.87 0.84 
1.08 0.85 

9 9 

0.79 0.54 
0.78 0.60 
15 16 

1.00 0.97 
0.51 0.25 

9 7 

1.11 

I 
0.82 

0.52 0.52 
6 6 
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adequately be fitted to the % decrease leukocytes and thrombocytes. 
Because of the low correlation coefficient between the AUC or T100 of 
docetaxel and the AUC of unbound platinum the % decrease granulocytes, 
leukocytes and thrombocytes were also fitted using a combination of two 
Emax models, assuming that the myelotoxicity was induced by both drugs. 
The fit between % decrease granulocytes and AUC." + AUCfuPt or T100." + 
AUCfuPt resulted in lower RMSE values than obtained using AUC.", AUCfuPt or 
T100.

0
, as single Independent parameters (table 5), However, most 

relationships showed significant bias except when AUCfuPt was used. The 
same result was obtained for the relationship between % decrease 
leukocytes and T100.

0
, + AUCfuPt. Bias In these relationships was much lower 

(table 5), 

100 

'" 80 ill 
>-,. 
0 
0 

" 6 => 
ill 
J 

ill 

'" ~ 40 ill 
oc 
0 o 0 
ill 
0 

~ 20 

0 
0.1 10 20 

Tl 00 of docataxel (h) 

Figure 2. Relationship between % decrease leukocytes and the time-period of docetaxel 
> 100 ng/ml 1T100l. 101 data of schedule A and I + I data of schedule 8. The sigmoid Emax 
model was used to fit the data. T100,so (value of Ti00 Inducing 50% decrease) = 1.5 (h) 
and the slope factor y ~ 2.0 (combined dataset!. 

No relevant fits were obtained using the dose of docetaxel or of clsplatln 
as Independent parameter vs. the toxicity parameters. 

Area under the curves of the leukocytopenia and thrombocytopenia 
during the first course varied widely among patients. Mean ± SO of AUCleuc 
was 45 ± 34 (units of leucocyte count'time) and of AUcthro 1119 ± 1334 
(units of thrombocyte count'time). poor fits were obtained when this 
parameter was related to the outlined pharmacoklnetic parameters (figure 4). 

The spearman rank correlation coefficients between T100.0<, AUe of 
docetaxel or AUC of unbound platinum and mucositis were very low and not 
significant. 
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The number of responses was too small to establish meaningfUl 
relationships between pharmacoklnetlc parameters and likelihood of 
response. 
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Figure 3. Relationship between % decrease thrombocytes and the tlme'period of 
docetaxel > 100 n9/ml 1T100). 101 data of schedule A and 1,1 data of schedule B. The 
sigmoid Emax model was used to fit the data. T100'50 (value of T100 Inducing 50% 
decrease) ~ 3.5 Ih) and the slope factor y ~ 2.0 Icomblned datasetl. 
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00 
0 
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T100 of docelaxel (h) 

Figure 4. Relationship between area under the curve of the thrombocytes (Aucthro) 
during course one and the tlme·perlod of docetaxel > 100 nglml 1T100). 101 data of 
schedule A and I + I data of schedule B. The sigmoid Emax model was used to fit the data. 
T100,so Ivalue of T100 Inducing 50% effect> ~ 2.5 lunlts of thrombocyte count'tlme) and 
the slope factor v "" 3.0 (combined dataset). (for reasons of clear presentation the 
thrombocyte data were divided by 1000) 
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Table 5. Pharmacokinetic·dynamic relationships between AUC or T100 of docetaxel and AUC of unbound platinum and 
myelotoxicity parameters, determined during course 1. 

one Emax model combination of two Emax models (1) 

AUCdOC 
T100dOC AUCfuPt AUCdOC + AUCfuPt T100 + AUCfuPt 

(pg.h/mll (h) (l1g.h/mll (pg.h/mll <,ug.h/mll (h) (l1g.h/mll 

% decrease RMSE 0.16 0.15 0.16 0.15 0.14 
granulocytes 
(N=52) MPE 0.87 1.06 -0.07 -2.94 0.73 

% decrease RMSE 0.19 0.18 0.20 

[ 

* 

I 
0.17 

leucocytes 
(N=56) MPE 0.30 0.20 -0.23 * 0.18 

% decrease RMSE 0.27 0.26 0.30 

I 
* 

I 
* 

thromboCytes 
(N=56) MPE -0.08 0.19 -0.02 * * 

(1) : see methods section 
* : model not appropriate, because of negative or extremely out of range values of parameters 
T100 : time-period of a docetaxel plasma concentration> 100 ng/ml 
RMSE : root mean square error 
MPE : mean prediction error 
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DISCUSSION 
Clsplatin is one of the most widely applied anticancer agents In patients 

with solid tumors. Recent clinical studies revealed significant or high activity 
of docetaxel against a variety of solid tumors (10·22). Because of high activity 
of the two drugs and the only partly overlapping toxicity profiles the 
feasibility of combination therapy was investigated in a phase I and 
pharmacologic study employing both sequences of administration. preclinical 
studies have revealed that specific intervals in the sequencing of both drugs 
did lead to optimal efficacy (Rhone·poulenc Rorer, data on file>. In the 
present study two sequences were stUdied, which both had optimal efficacy 
In the preclinical studies: clsplatln given shortly after docetaxel (schedule A) 
and docetaxel given 18 hours after· cisplatln (schedule B). An additional 
argument for the time interval between clsplatin and docetaxel in schedule B 
was that a previous phase I study with the combination of clsplatln and 
paclltaxel administration of paclltaxel shortly after cisplatln resulted In a 
significantly Increased toxicity .. This was probably due to the reduced 
clearance of paclitaxel by clsplatin (30)' 

ResUlts of the present clinical study revealed that repeated cycles of 100 
mg/m2 of docetaxel with 75 mg/m2 of clsplatin, or 85 mg/m2 of docetaxel with 
100 mg/m2 of cisplatln appear feasible especially In patients with a good 
physical condition. The sequence docetaxel followed by cisplatln appeared 
the most attractive for phase II studies. The dose·limitlng toxicity was 
granulocytopenia, which was < 500/mm' In the majority of cases (prank et aI., 
to be submitted>. 

The pharmacokinetics of docetaxel and cisplatln revealed significant 
interpatlent variability. This Is In line with previous observations (4,7,40>. The 
pharmacoklnetic data obtained in schedUle A were not significantly different 
from those in schedUle S, Indicating that the applied sequence of 
administration did not Influence the pharmacokinetics. In addition, the 
magnitude of the observed pharmacokinetlc parameters is comparable to 
those previously published (41)' 

Interpatlent variability In body weight, BSA and creatinine clearance 
contributed to a low extent to the observed variability in clearance of 
docetaxel and clsplatln (table 3). In contrast to previous reports, but In line 
with our own observations, age was not significantly correlated with the 
clearance of unbound platinum nor with the AUC of unbound platinum 
(41,42>' 

Significant correlation coefficients were observed between 
pharmacoklnetic parameters such as AUC of unbound platinum, AUC or T100 
of docetaxel and % decrease granulocytes, leucocytes and thrombocytes. 
Sigmoid relationships could be described between the % decrease In 
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leuKocytes and the AUC of docetaxel. previous studies have also Illustrated 
significant sigmoid relationships between the magnitude of exposure to 
docetaxel and myelosupprsslon (4), The relationships between % decrease 
granulocytes, leuKocytes or thrombocytes and pharmacoKinetlc parameters 
using data of schedule A and B were completely overlapping (figures 2, 3, 4), 
In the present study the time period above 100 ng/ml was the best single 
pharmacoKinetic parameter which could be related to the myelotoxlclty 
parameters % decrease granulocytes, leuKocytes and thrombocytes. This has 
not been reported In other studies. In particular, In the relationship with % 
decrease leuKocytes T100 resUlted In the lowest RMSE as well as the lowest 
MPE value. For paclitaxel several Investigators have observed that the time 
period above a threshold concentration was better correlated with the 
myelosuppression than the AUC (43,44). The fits between pharmacoKlnetlc 
parameters and % decrease granulocytes were relatively poor and 
substantially biased, most liKely because very low nadir values were achieved 
In almost all patients. The AUC of unbound clsplatln could also be fitted to 
the % decrease leuKocytes and thrombocytes, which suggests that clsplatin 
contributed to the observed leuKocytopenia and thrombocytopenia. 
Myelotoxlclty induced by clsplatin has been associated with chronic 
administration, although dose'lntenslve clsplatln Induces myelotoxlclty on a 
short term. In a previous study with weeKly cisplatln the AUC of unbound 
platinum was significantly correlated to the leuKocytopenia and 
thrombocytopenia (41), The correlation coefficients between the AUC of 
unbound platinum and the AUC or T100 of docetaxel were low and for this 
reason the AUC of docetaxel (as well as noo of docetaxel> and the AUC of 
unbound platinum were considered as Independent pharmacoKlnetlc 
parameters and related to the myelosuppression. It was assumed that the 
combination of two sigmoid Emax models was the appropriate model, 
suggesting the combined action of two drugs (38). The maximum effects 
Induced by the two drugs (Emax1 and Emax2) were assumed equal and 100% 
decrease. The nonlinear least squares fits using two Emax models compared 
to one Emax model resulted in lower values of the RMSE for the relationship 
between % decrease granulocytes and leuKocytes and T100 of docetaxel (or 
AUC docetaxel> and AUC of unbound platinum (table 5). Although the 
differences in RMSE values were not great, the consistency of the results 
indicates that the applied Emax model for the combined action of docetaxel 
and clsplatin is the best model to describe the observed granulocytopenia 
and leuKocytopenia. The combined Emax model, when applied in the 
relationship with % decrease leuKocytes also resulted in the lowest bias. This 
model should be applied in future studies, also when other combinations of 
drugs are applied which show at least partly overlapping toxicity profiles, to 
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Investigate Its usefulnes. Application of the combined Emax model to 
describe the thrombocytopenia did not result In realistic fits, because of 
negative or extremely out of range values for the estimated parameters. 

In an attempt to optimize the relationship between pharmacokinetics 
and myelosuppression, the AUCleuc and AUCthro were calculated. At least 6 
time· pOints were available to describe the decline and recovery of leucocytes 
and thrombocytes after the first course of chemotherapy was given. Such 
dynamic parameter has previously been used In the pharmacokinetic­
dynamic analysis of etoposide (45), The AUcleuc and AUCthro (calculated using 
both absolute values and values relative to the level prior to chemotherapy) 
showed wide Interpatlent variation. The relationships between AUCleuc or 
AUCthro and pharmacokinetic parameters showed poor fits (figure 4). 
Therefore AUCleuc and AUCthro are not better dynamic endpoints than the 
nadir value in the present study. 

spearman rank correlation coefficients between pharmacoklnetlc 
parameters and mucositis, the other main toxicity observed, were low and 
not significant. 

A significant reduction In the formation of DNA-adducts by cisplatin In 
WBC was observed. The DNA-adduct levels were significantly lower when 
docetaxel preceded clsplatln (table 4), This was particularly striking during 
course one. During course two the data were not significant anymore, 
however the number of observations was very much reduced compared to 
course one. Preclinical studies In our laboratory revealed that docetaxel and 
paclltaxel Inhibit the. Intracellular accumulation of cisplatin and carboplatln In 
WBC (46), Additional results obtained in our laboratory Illustrate that the 
Interaction was not observed In two human tumor cell lines (data not shown). 
Data on intracellular kinetics of cisplatln in combination with taxanes in 
tumors In vivo In man are presently not available. The leukocytopenia tended 
to be less pronounced during schedule A (docetaxel followed by clsplatln>, 
however It did not reach statistical significance (p=0.09). Also, In the sigmoid 
relationships between pharmacoklnetic parameters and % decrease 
granulocytes and leUkocytes, data of the two schedules were overlapping. 
Hence, although there was a trend towards more pronounced 
leukocytopenia In schedule A, the pharmacodynamic Interaction had no 
significant clinical implications In the present study. 

Results of the present study reveal that docetaxel and cisplatln do not 
show a pharmacoklnetic interaction In the studied population. The T100 of 
docetaxel was the best pharmacokinetic parameter in the relationship with 
myelotoxlcy parameters. The best pharmacokinetic-dynamic model was 
obtained using the combined Emax model with T100 of docetaxel and AUC of 
unbound platinum as independent pharmacokinetic parameters and % 
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decrease leukocytes as dynamic parameter. Docetaxel inhibited the 
formation of DNA-adducts in WBC by clsplatln. Further studies are needed to 
unravel clinical implications of the pharmacodynamic interaction. 
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ABSTRACT 
The purpose of this study was to determine the mechanism of the 

pharmacodynamic Interaction between docetaxel/paclltaxel and cisplatln. 
Cisplatln Induced DNA-adducts and cisplatln accumulation were quantitated In 
peripheral blood leukocytes (WBC). The WBC were obtained from patients 
treated with docetaxel or paclltaxel In phase 1111 studies and were Incubated 
In vitro with cisplatin. In addition, blank whole-blood samples were obtained 
from patients and healthy subjects and Incubated In vitro with cisplatin or 
docetaxellpaclltaxel and clsplatin. The clsplatln Induced DNA-adduct levels In 
WBC after treatment with docetaxel or paclltaxel were significantly lower 
than In non-pretreated WBC. Docetaxel .and paclltaxel reduced the 
intracellular accumulation Of cisplatin In WBC by 46-47%. If the 
pharmacodynamic interaction between docetaxel/paclitaxel and clsplatln also 
occurs In other normal tissues such as bone marrow, It may well explain to 
the sequence dependent toxicity. 

INTRODUCTION 
Docetaxel and paclitaxel are novel anti microtubule agents Inducing 

tubulin polymerization and Inhibiting microtubule depolymerlzatlon. Clinical 
studies revealed high response rates particularly in breast and ovarian cancer 
18,111. In vitro, paclltaxel has shown synergism when given before clsplatln 
13,41, whereas In vivo In humans administration of clsplatln before paclltaxel 
Induced more neutropenia than has the alternate sequence. This was 
attributed to a reduced clearance of paclltaxel1101. 

We have previously reported a clinical and pharmacologic study in 
patients with solid tumors, applying the sequence docetaxel/clsplatin In one 
group of patients and that of cisplatin/docetaxel In another group. It was 
shown that the clsplatin-DNA-adduct levels In WBC were markedly lower when 
docetaxel preceded clsplatln (131. Indeed, the DNA-adduct level at 1 hour post 
clsplatln (dose of 75 mg/m') was 0.54 ± 0.4 pg Ptlpg DNA for the sequence 
docetaxel/clsplatin and 1.21 ± 0.34 pg Ptlpg DNA for the reverse sequence 
(p <0.0001) 1131. In addition, significantly less granulopenia (p < 0.001) and 
mucositis (p<0.01) were observed for the sequence docetaxel/cisplatln than 
for the reverse sequence. There was no significant mutual pharmacokinetlc 
Interaction between docetaxel and clsplatln. Here we report on additional in 
vitro experiments that contribute to a better understanding of the 
mechanism of interaction. 

MATERIALS AND METHODS 
Patients were treated either with docetaxel (55-100 mg/m') and cisplatln 

(50-100 mg/m') in a phase 1111 study in=22) (131 or with single agent docetaxel 
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(100 mglm2
) (n~6) or paclitaxel (135 mglm2

) (n~3) In phase 1111 studies. All 
patients gave written Informed consent, had a WHO performance status of 
,;1, and adequate renal and liver function, i.e. serum creatinine < 120 jimolll 
(1.4 mgldll and total bilirubin value of < 25 jimolll (1.5 mgldll, as well as a WBC 
> 4.0X10'11, and a platelet count of >100X10'11. 

For in vitro Incubation with cisplatin, heparinized whole blood samples 
(20 mil were drawn prior to docetaxel or paclltaxel Infusion and 3 hours post­
Infusion O.e. prior to cisplatin In the docetaxellcisplatin group). In the six 
patients treated with single agent docetaxel and In one of the three patients 
treated with single agent paclitaxel, a third sample was drawn at 24 h 
postinfuslon. From 8 patients, additional blank blood samples were collected, 
I.e., prior to any drug treatment. The samples were incubated In vitro with 
docetaxel (1 jiglmll, Immediately followed by clsplatln (10 jiglmll, for 2 h at 
37oC In a humidified atmosphere of 5% CO2 In air. The level of cisplatin·DNA· 
adduct in WBC and the concentrations of total and unbound clsplatln In the 
Incubation tubes were measured with atomic spectroscopy (AAS) (6,7,91. 

The Intracellular clsplatin concentration In WBC was measured in blank 
whole·blood samples obtained from five patients and two healthy 
volunteers. Three 10 ml portions were Incubated for 2 h with cisplatin (10 
jiglmll. prior to cisplatln, docetaxel (1 jiglmll was added to one portion, 
paclltaxel (1 jiglmll to the second, and the third served as control. WBC were 
collected after the Incubation. The remaining red blood cells were lysed by 
addition of 30 ml of a buffer 10.83% NH,GI, 0.1% KHCO" 1mM 
ethylenedlamlnetetra·acetic acid (EDTAlI. The WBC were washed twice with 
Ice· cold phosphate·buffered saline and lysed In 1 ml deionized water. The 
protein was quantitated by the Lowry method 151. After evaporation at 70°C, 
the sample was digested by nitric acid (65%) at 75oC for 2 h. The platinum (Pt) 
concentration was measured AAS. Student's paired and unpaired two·slded t· 
tests were used for data analysis. 

RESULTS AND DISCUSSION 

The DNA-adduct levels determined In vitro after treatment of blank 
blood with clsplatln In the 22 patients receiving the combination were 12.1 ± 
3.7 and 3.8 ± 1.6 pg Pt/jig DNA before and after docetaxel Infusion, 
respectively (p<0.0001, Fig. 1, Table 1). In the six patients treated with single­
agent docetaxel, DNA·adduct levels measured pretreatment were 10.0 ± 2.0 
pg Ptljig DNA, those determined at 3 h 3.7 ± 1.0 pg Ptljig DNA (p<0.0001 as 
compared with preinfuslon levels) and those measured at 24 h post infusion 
were 7.7 ± 2.6 P9 Ptlji9 DNA (P~O.01 as compared with 3 h post infusion>. In 
the three patients treated with paclltaxel, the DNA-adduct level was 6.8 ± 1.2 
pg Ptljig DNA before treatment and 2.8 ± 1.1 pg Ptljig DNA at 3 h after 
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infUsion (P<0.0001). In the one of these three patients from whom a blood 
sample was also collected at 24 h after the Infusion the DNA·adduct level was 
6.6 pg Pt/Jig DNA before treatment and 3.4 and 6.1 pg PtlJig DNA at 3 and 24 h 
postinfuslon, respectively. These results indicate a reversible interaction. The 
4- to 14·h plasma elimination half-lives of docetaxel and paclitaxel of 4-14 
hours 11,2,121 indicate that the concentrations determined at 24 h after 
Infusion are already substantially reduced, which suggests that the 
Interaction is reversed at that time. 

'" ,---, 

"' ,v v 

Figure 1. Clsplatln DNA-adduct levels determined In vitro In WBC In blank blood and 
blood samples obtained after docetaxel or paclltaxel administration. II Blood collected 
prior to (white bar) and at 3 h after docetaxel Infusion (black bar) and Incubated with 
clsplatln In vitro (n ~ 221. II patients' blank blood Incubated In vitro with clsplatln alone 
(white bar! or docetaxel + clsPlatln (black bar; n ~81. III Blood collected prior to (white 
bar!. and at 3 (black barl and 24 h (Slladed barl after docetaxel Infusion and then 
Incubated with clsplatln In vitro (n ~ 61, IV Patients' blank blood Incubated in vitro with 
clsplatin alone (white bar) or paclltaxel + clsplatln (black bar n~6). V 8100d collected prior 
to (white bar) and at 3 (black bar! and 24 h (shaded bar. n ~ 11 after paclitaxel Infusion and 
then Incubated with clsplatln In vitro (n ~ 311 

Incubation of WBC In vitro with docetaxel en = 8) or paclltaxel en = 6) and 
clsplatin resulted In the same magnitude of inhibition of DNA-adduct 
formation (Fig. 1). The Intracellular concentrations of platinum In WBC were 
reduced by 46% (docetaxell and 47% (paclltaxell, respectively, as compared 
with the control values (P < 0.0001). 

If the pharmacodynamic interaction between docetaxel/paclitaxel and 
cisplatin also occurs in other normal tissues such as bone marrow, It may well 
contribute to the sequence dependent toxicity. This suggests that the drug 
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schedule is an important determinant not only of activity, but also of 
toxicity. 

Table 1. Clsplatln·lnduced DNA adducts determined In WBC of patients treated with docetaxel 
In the sequence docetaxel/clsplatln or with slngle·agent docetaxel or paclltaxel. All blood 
samples were Incubated In vitro with clsplatln (10 pg/m1J. Blood samples were collected prior to 
(time 0) and at 3 h after docetaxel administration from the 22 patients receiving 
docetaxellclsplatln and prior to (time 01 and at 3 and 24 h after the Infusion of docetaxel and 
paclltaxel given as single agents. 

Docetaxel + clsplatln 

Docetaxel, slngle·agent 

paclltaxel, slngle·agent 

Cisplatln·DNA adducts In WBC 
(P9 Ptlpg DNAI 

n o 3h 

22 12.1 ± 3.7 3.8 ± 1.6* ~ 

6 10.0 ± 2.0 3.7 ± 1.0** 

3 6.8 ± 1.2 2.8 ± 1.1** 

24 h 

7.7 ± 2.6' 

*P = 0.01 as compared with 3 h after Infusion; **P < 0.0001 as compared with time 0 
aSingle observation Un this patient the level at 0 hours was 6.6 and at 3 hours 3.4 pg Ptlpg DNA) 
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SUMMARY 
The profiles of an Iv bolus and 3 hand 20 h infusion of cisplatln (CDDP) 

were simulated in vitro by using a culture of the IGROV1 human ovarian 
cancer cell line. Disappearance of pharmacologically active unbound CDDP 
was accomplished by adding human albumin to the medium. Total and 
unbound CDDP and CODP'DNA adduct levels were quantitated by atomic 
absorption spectroscopy (AAS), and tumour cell survival was measured by the 
clonogenlc assay. The design of the experiment resulted In non·slgnlflcant 
differences in the magnitude of the area under the concentration time curve 
(AUC) of unbound CDDP between the three dose·lnput functions (AUC Lv. 
bolus, 6.34 ± 0.36, 3 h Infusion 6.35 ± 0.59, and 20 h Infusion, 6.76 ± 0.40 
jJg.hr/ml). Also, the differences between the area under the CDDP-DNA adduct 
time curves (AUI\) of the three dose-input functions were not significant. The 
Initial rate of decline of the CODP-DNA adduct time curve was significantly 
higher for the Lv. bolus and 3 h Infusion than for the 20 h infusion. There was 
a log-linear relationship between the AUC of unbound CDDP and cell survival. 
These relationships were not significantly different between the three dose· 
input functions. Variation In the rate of Input of CDDP leads to differences In 
the shape of the AUC and AUA without significant effects on cell survival. 

INTRODUCTION 
CDDP is one of the most potent cytotoxic compounds In vivo and Is 

frequently used for the treatment of ovarian and testicular cancer, head and 
neck cancer and other malignancies (Loehrer & Einhorn, 1984; Forastlere et 
al., 1987; Reed et al., 1988a; 1990), Its application Is accompanied by dose 
limiting slde·effects, such as nephro-, neuro- and ototoxicity (Kovacs et al., 
1982; Meijer et al .. 1983; vermorken et al., 1983), Despite Its long·standing and 
wide clinical application, the optimal schedule of CDDP, with a maximal 
attainable anti-tumour effect and tolerable Side-effects, has never been 
clearly established. From early studies it became evident that a rapid i.v. 
Infusion was associated with the development of profound, and sometimes 
Irreversible, nephrotoxicity. Because of this Infusion times were prolonged, 
with intensive pre- and post-hydration and administration of CDDP in saline 
solutions (jacobs et al., 1978; Salem et al., 1984; Vogelzang et al., 1984>, 
rendering side-effects better manageable. The influence of the variation of 
the rate of Input (I.e. dose-Input function per treatment cycle) on the 
cytotoxic activity of CDDP Is less clearly defined. Clinical observations suggest 
that the anti-tumour effect is not Influenced by the dose-Input function ( 
Vermorken et al., 1982). 
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Data on pharmacokinetic-dynamic relationships of COOP in clinical and 
preclinical studies, taking the COOP-DNA adduct formation and repair and 
exposure to unbound COOP Into consideration, are lacking. 

COOP binds almost irreversibly to plasma and cellUlar components 
(Yotsuyanagl et al., 1991), This results In an extremely long retention of COOP 
in tissues (Loehrer & Einhorn, 1984), The elimination half-life of the 
pharmacologically active unbound COOP in the plasma Is short and Is 
approximately 1 h In man (Vermorken et al., 1982; 1986). The cytotoxic activity 
of COOP Is very likely correlated to the covalent binding to DNA, so-called 
Inter- and Intrastrand adduct formation (Plooy et al., 1984), This Is not an 
Irreversible proces, because of the cellular capacity to remove the formed 
adducts (DNA-repalrl (Plooy et al., 1984; Fichtinger-schepman et al., 1987), 

Variation In the dose-Input function results In a different shape of the 
plasma concentration-time curve of unbound COOP. Because of the diffusion 
of COOP to tumour tissues, this will also result In different concentration time 
curves at the site of action. If one assumes linear pharmacokinetics, I.e. the 
magnitude of the AUC Is not dependent on the dose-Input function, then 
variation In the dose-input function will only lead to differences in the shape 
of the AUC. 

In the present study the kinetics of COOP-DNA adduct formation and 
repair was studied in vitro as a function of the variation in the dose-input of 
COOP, using a well characterised IGROV1 ovarian cancer cell line. The profiles 
of an I.v. bolus and 3 hand 20 h Infusion were simulated in vitro and the 
pharmacokinetics of unbound COOP was correlated to the COOP-DNA adduct 
formation and repair and tumour cell survival (I.e. pharmacodynamics). 

MATERIALS AND METHODS 

chemicals 
Roswell Park Memorial Instltue (RPMIl 1640 medium was obtained from 

Brunschwlg (Amsterdam, The NetherlandS), bovine calf serum (BCS) from 
Hyclone (Logan, utah, USA), dimethyl sulphoxide (DMSO) and platin (Ptl 
standard solution (500 p.p.m.l from Baker (Oeventer, The Netherlands), 
phosphate-buffered saline (PBS) from Boom (Meppel, The Netherlands) and 
insulin Neerlandicum from organon (Oss, The Netherlands). streptomycin, 
penicillin, gentamycin, glutamine and trypsin were obtained from Glbco 
(Breda, The Netherlands), DNAase I from sigma (St. Louis, MO, USA), proteinase 
K and caesium chloride (CsCIl from Merck (Darmstadt, Germany), and sodium 
dodecyl sUlphate (SDS) and hematoxvlln from Brunschwlg (Amsterdam, The 
Netherlands). Ethylene-dlamlnetetraacetlc acid (EDTA) and all other chemicals 
were obtained from Baker and were of analytical grade or higher. T25 (25 
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cm'), T75 (75 cm') and T175 (162 cm') culture flasks were obtained from costar 
(8adhoevedorp, The Netherlands). 

IGROV1 cell cUlture 
The IGROV1 ovarian adenocarcinoma cell line was originated by or. J. 

Benard Unstltut Gustave ROUSSY, VllleJulf, France) (Benard et al. 1985; Teyssler 
et al., 1989) and kindly supplied by or. R.L.H. Bolhuis, (Rotterdam Cancer 
Institute, Rotterdam, The Netherlands). The cell line was maintained In a 
continuous logarithmic culture In RPMI· 1640 medium with HEPES and phenol 
red supplemented with 10% BCS, 10 mM sodium bicarbonate, 2 mM 
glutamine, penicillin 111 IU/ml, streptomycin 103 pg/ml, gentamycln 43 pg/ml 
and Insulin 10 pg/ml. The cells were cultured at 37°C In a humidified 
atmosphere of 5% carbon dioxide In air. The cells were mildly trypslnlsed for 
passage and for use In experiments. The cloning efficacy and cell doubling 
time were determined. For the latter the sulforhodamlne B (SRB) test was 
used. 

Apparatus 
A flameless Perkin-Elmer 3030B atomic absorption spectroPhotometer 

(AAS) was used equipped with an AS60 autosampler and HGA600 controller 
system (Oberlingen, Germany). The UV spectrophotometer was a Backman 
OU62 (Fullerton, CA, USA) set at 260 nm. 

Assay of COOP In the culture medIum 
Total and unbound coop were analysed by MS. one millilitre of 

medium was taken for the analysis of the total and unbound COOP 
concentration. For the total coOP concentration 100 pi were taken and 
diluted 10-40 times with 0.2% triton X-100 containing 0.06% calslum chloride 
In order to obtain coOP concentrations in the range of 10 - 100 ng/ml. 
Unbound COOP was analysed after deprotelnatlon of 0.5 ml of the medium 
sample with 1.0 ml of Ice-cold absolute ethanol. A volume of 250 pi was taken 
and diluted 10-40 times with deionlsed water. A volume of 50 pi was Injected 
Into the AAS. All measurements were carried out In duplicate. 

Assay of'ONA levels In tumour cells 
ONA levels In tumour cells were determined according to a method 

described by Fichtlnger-Schepman et al. (1987), 

Ana/Vsls of COOP-ONA-adduct levels 
COOP-ONA-adduct levels were quantitated according to a method 

described by (Reed et al., 1988a) with modifications. Briefly: a ONA sample was 
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digested with DNAase I and ZnCI, (10 /1M, 10/11) was added to the mixture to 
optimise the enzymatic reaction (Flchtinger-schepman et al., 1987). A volume 
of 160/11 (approximately 60-250/1g DNA) was injected into the furnace using 
the 4 times multiple sampling feature of the instrument. The samples were 
calibrated on a standard curve of 4 samples with a Pt concentration of 0, 1.5, 
3, 6 ng/ml (equivalent to 0, 240, 480, 960 pg Pt In the Injected volume of 160 
/11). CODP-DNA-adduct levels were expressed as pg of Pt per /1g DNA 
(pgPt//19DNAJ. The analysis was carried out in duplicate. 

COOP protein binding experiment 
CDDP (10 pg/ml) was Incubated for 24 hrs at 37°C with human plasma (15 

ml) and a 7% (v/v) human albumin solution In RPMI-1640, containing 10% BCS 
(total volume of the mixture, 15 mI). During the incubation period total and 
unbound CDDP were analysed at 0,0.5,1,2,3,5,8 and 24 h. 

Influence of protein binding on the COOP-DNA adduct formation 
In order to study the relationship between the unbound CDDP and 

adduct formation, IGROV1 cells were Incubated with CDDP In three different 
experiments. 
1.A volume of 5 ml of PBS was added to each of three T75 flasks containing 
the cell culture in 10 ml RPMI-1640. Subsequently CDDP was added. 
2. Instead of PBS, 5 ml of a 20% albumin solution was added, Immediately 
followed by CDDP. 
3. CDDP was prelncubated with 5 ml of the 20% albumin solution at 370C for 
24 h and added to the cell culture. The final concentration of CDDP In each 
flask was 5 /1g/ml. All experiments were carried out In triplicate. At 1, 2 and 4 
h after the start of the incubation a flask was taken and analysed for total 
and unbound CDDP and the CODP-DNA adduct level. 

Design of the simulation of the profiles of an i. v. bolus and 3 hand 20 h 
Infusions 

Intravenous bolUs profile: .Slx T75 culture flasks containing 
approximately 6X10' cells in 16 ml medium were used for the concentration­
time and adduct-time curves. An 8 ml aliquot of albumin was added 
immediately followed by 90 /11 of a CDDP solution of 1 mg/ml. The final 
albumin concentration in the mixture was then 7%. After 3 h the medium 
was carefully removed, the cells were washed twice with PBS and cultured 
again In CDDP-free medium. At 1, 3, 8, 20, 44 and 68 h from the start a flask 
was used to harvest cells for measurement of the CODp·DNA adduct level. 
During the Incubation 1 ml of medium was taken at 0, 0.5, 1, 2 and 3 h for 
measurement of the concentration of total and unbound CDDP. 
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Three hour Infusion profile: Every 15 min for 1'12 h small, but constant, 
amount of COOP (18.4 pi containing 0.2 mg/ml COOP) was added to the 16 ml 
of culture medium. After another 1'12 h of incubation 8 ml 20% albumin was 
added to the flask immediately followed by COOP (51.2 pi of a solution of 0.2 
mg/ml COOP), to prevent dilution of COOP In the flask owing to the addition 
of the relatively large volume of the albumin solution. Five hours later (8 h 
from start) the medium was removed and the cells were washed and 
cultured again as outlined. The same CDDp·DNA adduct time points were 
determined as in the I.v. bolus experiment. During the incubation 1 ml of 
medium was taken at 0, 0.5, 1, 2, 3 and 8 h for measurement of the total and 
unbound COOP concentration. 

Twenty·hour infusion profile: seven flasks were used. COOP was added 
at time point 0 h and after 20 h the medium was removed. subsequently, the 
cells were washed and cultured as outlined. The CDDp·DNA·adduct·tlme points 
were 1, 3, 8, 20, 24, 44 and 68 h. Total and unbound COOP were determined at 
1, 3, 8 and 20 hrs, as outlined. 

All experiments are carried out in quadruplicate. 
The three experiments were further denoted as I.v. bolus and 3 hand 

20 h infusions. 

cell survival measurement 
The clonogenlc assay was used. Exponentially growing IGROV1 cells In 

RPMI· 1640 were plated In T25 culture flasks (in 4 ml medium), with a density 
range of 5X10' to 105 cells, 24 h before COOP administration. The same 
procedure of COOP Incubation and albumin addition was followed as outlined 
above. In the i.v. bolus experiment individual flasks were taken after 1, 2 and 
3 h of incubation, in the 3 h infusion experiment after 1, 3 and 8 h of 
InCUbation, and In the 20 h infusion after 1, 3, 8 and 20 h of Incubation. The 
medium was removed and the cells were washed twice with PBS and cultured 
again In COOP free medium for approximately 2 weeks. Subsequently, the 
colonies were fixed with absolute methanol/acetic acid (17 M) (v/v = 211) and 
stained with hematoxylin. Colonies of > 50 cells were counted. All 
experiments were carried out In quadruplicate. 

Pharmacoklnetlc and statistical analvsis 
The AUC of unbound COOP In the medium and AUA (Up to 68 h) In the 

tumour cells were calculated using the trapezoidal method. The initial slope, 
after withdrawal of COOP, was calculated between the adduct time points 3· 
20 h (I.v. bolus, three adduct time points), 8·20 h (3 h infusion, 2 points) and 
20·44 h (20 h Infusion, 3 pOints). Student'S t·test, Kolmogorov·Smlrnov (KS) test 
and 10g·linear regreSSion analysis were used. student's t·test was used if at 
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least four observations were evaluable and the standard deviations per 
treatment group were < 400% different, otherwise the non-parametric KS­
test was applied. 

RESULTS 

Igrov1 cell cUlture !lOROV1) 
The cloning efficacy was 20 ± 4%. The cell doubling time was 24 ± 3 h. 

COOP protein binding experiment 
The binding of COOP to proteins In human plasma was Similar to the 

binding to proteins in the mixture of RPMI-1640 containing human albumin 
(Figure 1). After 1 h approximately 50% of COOP was bound in both 
experiments. After 24 h only 3% was unbound. 
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Figure 1. protein binding of CDDP [10 pg/mlJ In human plasma 101 and In a 7% solution 
of human albumin In RPMI164Q 1+J.lncubation at 37"C. 

In the protein-free medium there was a linear increase of adduct 
formation with time (Figure 2). Addition of albumin, Immediately followed by 
COOP, resulted In a significantly lower Increase of adducts with time. When 
COOP was prelncubated with albumin, thereby eliminating unbound COOP, no 
significant adduct formation was observed. 

Assay of COOP In the cUlture medium 
Total and unbound COOP could be analysed reproducibly In the 

observed concentration range of 0.1 to 5 f19/ml. Coefficients of variation 
were < 5%. The measured concentration-time curves of total and unbound 

123 



Chapter 7 

124 

30 r------------------------------,------, 

rn 20 .e-
~ .. 
" , 
u 

~ z 
a 
"-a 
a 

10 

•• 
a 

1 
• 

Nf~l------------------f 
------- 1 

b 

" 
...... ,..... T··· c 

06£-~-------~--~·-~·-~·~-----·--~-~-~-==-~-==-~------~ 
o 2 3 4 , 

Time (h) 

Figure 2. Relationship betw"een the exposure of coop 15 Jig/mil and COoP·DNA adduct 
levels In the IGROV1 cell line. lal COOP In RPMI·1640 medium with 6X10' celiS, Ibl coop In a 
7% solution of human albumin In RPMI·16110, tel COOP was prelncubated with human 
albumin for 24 11 and added to RPMI·1640. 
i; P < 0.05, * * P < 0,01 (a compared to b), ., * * p < 0,01 (c compared to b), NS not 
significant. 

sr-------------------------------, 

, , 
c : ,g 3 • 

g ~ 
c , 

gz..'\' 
8 lr-: -e---o 

g I ~'\ \ 
o 1 It \ 

~ 0, • 
-- --D--'.,~--------------------~ 

O'---~--,,---~--r_-----._ ,------__ ----~ 
o 5 10 15 20 25 

Time (h) 

Figure 3. Total and unbound coop of the three dose-Input functions. 
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Table 1_ Pharmacokinetic and -dynamic data of COOP in vitro (Mean ± s.d. of four observations) 

Dose-input Cmax 
(pg/mll 

Intravenous 4.23 ± 0.12' 
bolus 

Three hour 1.47 ± 0.03 
infusion 

Twenty 0.52 ± 0.05 
hour 
infusion 

'p < 0.05 0.52 < 1.47 < 4.23 
bp < 0.05 compared to 20 hr-infusion 
'p = 0.07 compared to 3 hr infusion 
NS = not significantly different 

AUC Amax AUA 
(pg.hr/mll (pgptjpg DNA! (pgPt.hr/pg DNA! 

6.33 ± 0.36 8.8 ± 0.9 293 ± 32 

6.34 ± 0.59 8.5 ± 0.7 271 ± 10 

6.76 ± 0.40 7.4 ± 1.2 319 ± 49 

NS NS NS 

lnitial Slope 
(%) 

21 ± 1b., 

31 ± 9b 

13 ± 1 
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CDDP in the three experiments are given In Figure 3. The profiles of unbound 
CDDP In the simulated Lv. bolus and 3 hand 20 h Infusions were not 
significantly different from those expected In plasma. The elimination half­
life of unbound CDDP in the Lv. bolus experiment was 1.5 ± 0.20 h, and in the 
3 h Infusion experiment 1.7 ± 0.20 h (not significantly different). In the Lv. 
bolus experiment only 22% CDDP was unbound after 3 h of incubation. In the 
20 h infusion experiment 55% was unbound after 20 h of incubation (Figure 
3), The Cmax of CDDP was highest In the Lv. bolus and lowest In the 20 h 
Infusion experiment nable 1). The AUC values of the three dose-input 
functions were not significantly different. 

Analvsis of DNA and COOP-DNA adduct levels 
CDDP-DNA adduct levels could be determined reproducibly In the observed 

range of 0.5 to 15 pgPU/lgDNA. The coefficient of variation was 20% at 1.5 ng 
PUml (240 pg Pt per Injected sample) and 8% at higher concentrations. The 
detection limit was 100 pg Pt per sample. 

The maximal adduct levels (AmaXl were reached at the end of the 
incubation with CDDP (Figure 4). The differences between the three 
experiments were not significant (Table 1), although there appeared to be a 
rank order with the Lv. bolus having the highest and the 20 h Infusion 
experiment the lowest Amax level. Also, the AUA values, calculated up to 68 h, 
were not significantly different between the experiments. The initial decline 

12 
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Figure 4. Coop·oNA adduct·tlme curves of the three dose· Input functions. 
(+) ~ Intravenous bolus (0) ~ 3 h Infusion (.) ~ 20 h Infusion 
• p < 0.01: Lv. bolus significantly higher than 3 h Infusion and 3 h Infusion 

significantly higher than 20 h Infusion. .. p < 0.01: Lv. bolus and 3 h Infusion significantly higher than 20 h Infusion . 
p < 0.01: 20 h infusion significantly higher than Lv. bolus and 3 h Infusion. 

.... p < 0.05: 20 h Infusion significantly higher than Lv. bolus and 3 h Infusion. 
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in the adduct-time curve (initial slope in Table 1) was significantly more rapid 
In the I.v. bolus and 3 h infusion than In the 20 h Infusion experiment. 

cell survival measurement 
The decline of the cell survival with time was highest in the I.v. bolus and 

lowest in the 20 h infusion experiment (Figure 5). A log-linear relationship was 
observed between the decline in the cell survival and the AUC of unbound 
COOP (Figure 61. The slopes of the three dose-Input functions were not 
significantly different (Figure 6), The 10g·lInear slope of the i.v. bolus 
experiment was 12.9 ± 0.13, of the 3 h experiment 13.2 ± 0.66 and of the 20 
h experiment 11.7 ± 0.53 (all n~3; not significantly different>. 

DISCUSSION 
In the present study relationships were established between the exposure 

to unbound COOP, COOp·ONA adduct kinetics and tumour cell survival. TO 
assess these relationships former and presently used clinical dose·lnput 
functions were simulated In vItro, using a cell culture of the IGROV1 human 
ovarian cancer cell line. 

After administration to patients, unbound COOP is eliminated by 
Irreversible protein binding and renal elimination. The clearance by protein 
binding exceeds renal clearance of unbound COOP approximately by a factor 
of 4 to 5 (Bajorln et al., 1986). Irreversible protein binding can easily be 
simulated in vitro, as Is Illustrated In Figure 1. Human albumin was added to 
the RPMI·1640 culture medium of the IGROV1 cell line as outlined. The resUlts 
show that the protein binding kinetics In this mixture and in human plasma 
are similar. The concentration range of COOP In vitro In the present study was 
of the same order as is observed in plasma of patients after administration of 
a dose of approximately 80 mg/m' (Vermorken et al., 1986). The elimination 
kinetics of COOP In vitro, using the outlined approach, reflects the kinetics In 
vivo (Vermorken et aI., 1982; Vermorken et al., 1986), The elimination half·life 
Is slightly longer because of the absence of renal clearance. In the present 
model the remaining low concentration of unbound COOP was removed from 
the medium after 3, 8 and 20 h in the i.v. bolus, 3 hand 20 h experiment 
respectively, to prevent low remaining concentrations of unbolJnd COOP and 
to facilitate the calculation of the AUC. 

The simulation of the clinical dose·lnput functions of COOP In vitro has some 
limitations. The cell line Is exposed to concentration-time profiles of COOP 
which are observed in vivo in the blood compartment. This profile may be 
different from the exposure of tumour cells In solid tumours in peripheral 
tissues In patients. The concentration of unbound COOP to which the tumour 
cells are exposed in the in vitro model will be slightly different from the 
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Figure 5. Influence of the three dose-input functions of CDOP on, cell survival of IGROV1 
tumour cells In the CIOnOgenlc assay. 
(+) = intravenous bolus (0) = 3 h Infusion (.) = 20 h infusion 
• p < 0.Q1: 20 h Infusion significantly higher than 3 h Infusion and 3 h Infusion significantly 
higher than Lv, bolus, 
•• p < 0,05: 20 h Infusion significantly higher than 3 h Infusion, 
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Figure 6. log,linear relationship between the AUC of unbound COOP of the three dose,lnput 
functions of COOP and celi survival. 
(+) ~ intravenous bolus (0) ~ 3 h Infusion (.) ~ 20 h Infusion, 
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concentration in the tumour in patients, because no steady state has been 
reached after a single COOP administration. Another limitation of the model 
Is associated with the use of a logarithmic growing cell culture instead of the 
use of a solid tumour. However, because of the similarities between the 
pharmacoKinetics of unbound COOP in vivo in patients and in vitro In the 
present model, the model is considered appropriate for the assessment of 
pharmacoKlnetlc-dynamlc relationships of unbound COOP, despite the 
outlined restrictions. 

Protein-bound COOP is not able to form COOP·ONA adducts, which is 
Illustrated In Figure 2. Hence the unbound COOP should be used for the 
assessment of the pharmacoKinetlc·dynamic relationship. In the light of this 
observation it should be realised that clinical trials which use COOP 
prelncubated with albumin (Holding et al., 1992) may not lead to significant 
antl·tumour responses. 

The design of the simulation of the three dose·input functions resulted In 
non·slgniflcant differences In the AUC of unbound COOP. This Is an Ideal 
starting point to assess the Influence of the rate of Input of COOP on COOP­
ONA adduct formation and repair and cell survival. 

The Amax In the three experiments was not significantly different, 
although the level In the i.v. bolus and 3 h Infusion was slightly higher than in 
the 20 h Infusion. The AUA was clearly not significantly different In the three 
dose-Input functions. This illustrates that the rate of Input of COOP does not 
Influence the magnitude of the adduct formation. 

The Initial rate of decline of the adduct-time curve was significantly lower 
In the 20hr Infusion. The rate of decline was studied in all experiments after 
withdrawal of COOP. It is not clear what mechanism has caused the 
difference. Furthermore, the Increase of the adduct formation with time In 
the 20 h infusion experiment Is clearly non·llnear (Figure 4>. However, the 
experimental design does not permit assessment of differences in adduct 
removal during the period of COOP exposure. The observed differences In the 
adduct Kinetics had no Implications for cell survival (Figure 6). This seems to 
be In contrast to the results of Troger et al. (1992>' They have found that the 
longest exposure time of total COOP In a head and necK cancer cell line 
resulted in the lowest cytotoxicity. However, protein binding of COOP in the 
culture medium was not taKen into account and no adduct levels were 
determined. Correction for the unavoidable protein binding of COOP might 
have changed the results of that study. 

The log·lInear relationship between the AUC of unbound COOP and cell 
survival was strikingly similar In the three dose·lnput functions. This implies 
that cell Kill is determined not by the rate of Input of COOP, but by the 
magnitude of the exposure to unbound COOP. If these results are confirmed 

129 



Chapter 7 

in other tumour models, then they may have significant implications In 
designing optimal modes of clinical COOP administration. 
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ABSTRACT 
The parental IGROV-1 human ovarian adenocarcinoma cell line was 

intermittently exposed to increasing concentrations of cisplatln to obtain 
resistant sublines_ A stable resistant subline with a resistance factor of 24 had 
been developed after 9 months and 28 passages, which was denoted 
IGROVCtJDP _ A high correlation coefficient of 0_97 was found between the log 
cell survival and the DNA-adduct peak level during the process of resistance 
development_ IGROVCtJop was significantly cross-resistant to carboplatin and 
doxorublcln and moderately cross-resistant to etoposide, docetaxel and 
topotecan but not to 5-fluorouracil (5-FU) and methotrexate (MTXl_ 
Intracellular accumulation of clsplatln was 65% lower In the IGROVCtJop 

compared to the parental IGROV-1 at 37·C and standard incubation medlum_ 
Co-Incubation of cisplatin with the Na'/K'-ATPase Inhibitor ouabain resulted 
In a more pronounced decrease of platinum accumulation In IGROV-1 (44% 
decrease) than in the IGROVCtJop (26% decrease!. Under energy-deprived 
conditions, the accumulation of cisplatin in the parental cell line was 
approximately 60% lower than under standard ATP-rich culture condltions_ In 
contrast, the accumulation In IGROVCtJDP was not affected by ATP-depletion_ 
There was no significant difference between the Intracellular accumulation of 
platinum In the resistant and sensitive cells, neither under energy­
deprivation, nor when the uptake was studied at O·C_ In conclusion, 
abrogation of energy-dependent accumulation In IGROVCtJDP seems to be a 
major mechanism of resistance to clsplatln In this cell line_ 

INTRODUCTION 
Cisplatin is one of the most widely applied anticancer agents and is 

particularly effective in the treatment of testicular and ovarian cancer 111_ A 
major limitation associated with the application of clsplatln is the existence 
or development of resistance_ The cytotoxic activity of cisplatln Is most 
closely correlated with the covalent binding to DNA, the so-called DNA-adduct 
formation 121. Several mechanisms of resistance to clsplatin have been 
documented, for example Increased repair of the induced adducts, Increased 
intracellular Inactivation by glutathione and metallothloneins, increased 
efflux of clsplatin-glutathlone complexes, decreased influx Into the cell by 
presently not fully characterized alterations In active cell membrane 
transport mechanisms and overexpresslon of oncogenes or tumour 
suppressor genes 13-51. Resistance to clsplatin overlaps in many cases with 
resistance to other anticancer agents, hence mechanisms of resistance are 
not unique for clsplatln 161. Resistant cell lines of sensitive parental cell lines 
have In many cases been established by continuous exposure to the drug 17-
91. To simulate the clinical condition more closely an Intermittent exposure 
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seems to be more appropriate. This strategy was followed to develop a 
resistant cell line, which can be used as a tool to study mechanisms of 
cisplatin resistance. In a preliminary report we have described that GSH·levels 
in the resistant cell line were not increased, and that the apparent level of 
MDR-related P-gp in the resistant and parental cell line were not significantly 
different 1101. 

The aim of the present study was to fUrther characterize the mechanism of 
resistance to cisplatin in IGROVcoD" which was developed through Intermittent 
exposure of the parentallGROV-1 cell line to cisplatin 1101. 

MATERIALS AND METHODS 

Chemicals 
Platinum standard solution (500 ppm) was obtained from Baker (Deventer, 

The Netherlands)' DNAase I IEC 3.1.21.1), sulforhodamine B (SRB), glucose-free 
RPMI 1640 medium, 2-deoXY-D-glucose and sodium azide were from Sigma (St. 
Louis MO, USA). proteinase K was purchased from Merck <Darmstadt, Germany). 
RPMI 1640 was obtained from GlbcOBRL (Life Technologies B.V., Breda, The 
Netherlands). Bovine calf serum (BCS) was from Hyclone (Logan, utah, USA). 
Clsdlammlnedlchloroplatlnum II (cisplatin) and MTX were purchased from 
Lederle M/olfratshausen, Germany). Carboplatin, paclitaxel <Taxol"), etoposide 
(VP16) were purchased from Bristol Myers <Troisdorf, Germany). Doxorubicin 
was from Pharmacia (BrUssels, Belgium). 5-FU was from Roche (Mijdrecht, The 
Netherlands)' Ouabain was purchased from Pharmachemle (Haarlem, The 
Netherlands). Docetaxel <Taxotere®) was kindly supplied by Rh6ne-poulenc 
Rorer (Alfortville, France). 

Instruments 
A perkin-Elmer 3030B atomic absorption spectrophotometer (AAS), 

equipped with a HGA600 flameless system and AS 60 autosampler was applied 
(Uberllngen, Germany) for determination of intracellular clsplatin (measured 
as platinum) and clsplatin DNA-ad ducts. A Beckman DU62 UV spectrophotome­
ter (Fullerton CA, USA) was used for spectrophotometrical quantitatlon of 
DNA. A perkin-Elmer LS-38 fluorescence spectrophotometer (Uberlingen, 
Germany) was used for the determination of DNA interstrand cross-links. Cell 
cycle analyses were performed on a FACSAN flow cytometer <Becton 
Dickinson (Etten-Leur, The Netherlands)' 
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Cell lines and development of resistance 
The sensitive IGROV-1 human ovarian cancer cell line was originated by Dr. J. 

Benard et al. 1111. Cells were cultured In RPMI 1640 medium with Hepes and 
phenol red, supplemented with 10% bovine calf serum, 10 mM NaHCo" 2 mM 
glutamine, gentamycln (45,ug/mll, penicillin (110 IUlmll and streptomycin (100 
,ug/mll in a humidified atmosphere of 5% CO, in air at 37o C. The cells were 
frequently monitored for mycoplasma contamination. 

The cells were exposed to clsplatln for one hour once a week or 2 weeks, 
dependent on the recovery. The treated cells were cultured in fresh medium 
until the surviving cells had recovered and showed a normal exponential 
growth rate. The incubation concentration was gradually increased from 1 
,ug/ml (lC," of the sensitive cell line) to 10 ,ug/ml. After 20 passages the cells 
were split and a part was repeatedly exposed to the concentration of 10 
,ug/ml, whereas the other part was exposed to further Increasing 
concentrations of clsplatln. The resistant cell line which was developed after 
28 passages was denoted IGROV coop' 

Cloning efficacy 
The colony formation was determined after plating 1000 exponentially 

growing cells of the sensitive and resistant cell lines. Colonies were counted 
after 10-14 days after start of the experiment. The experiment was carried 
out four times In duplicate. 

Assessment of cytotoxicity 
TWo different methods were applied for the assessment of the cytotoxicity 

In the cell culture experiments. The clonogenic assay was used as previously 
described 112,131. Briefly, single logarithmic growing cells were seeded Into 
T25 tissue culture flasks (Greiner, Alphen aid Rijn, The Netherlands) in 4 ml of 
growth medium, In 2 different cell densities each in duplicate. After an 
overnight Incubation, clsplatln was added and incubated for 2 hours. 
subsequently, the cells were washed twice with PBS and cisplatln-free 
medium was added. The cells were then incubated for another 2 weeks 
during which period medium was refreshed three times. After fixation and 
staining with haematoxylin, colonies were counted. The assay was used to 
determine the development of resistance. 

The sulforhodamlne B test (SR81 assay was carried out as previously 
described 1141 and was used to determine the level of cross-resistance In the 
resistant cell line for different antltumour agents. Carboplatln, doxorubicin, 
5-FU, methotrexate, topotecan, paclltaxel and docetaxel were used as 
substrates. 

136 



Characterization of cisplatin resistance in IGROV-1 

The survival was tested every 4 passages during the development of 
resistance and the cells were used In experiments after culturing in cisplatin­
free medium for a period of 2 weeks. 

Intracellular platinum accumUlation 
The Intracellular platinum accumulation was studied using 6 T175 flasks 

(Greiner, Alphen aid Rijn, The Netherlands) each containing approximately 1-
1.5X10' 50-70% confluent cells. The parental and resistant cells were used 3-4 
days after plating. The cells were Incubated with cisplatin for 2 hours at a 
concentration of 0, 2.5, 5.0, 10, 25 and 50 pg/ml. Immediately afterwards, the 
cells were washed twice by ice-cold PBS and harvested by scraping. The cells 
were collected In two volumes of 1.5 ml Ice-cold PBS, centrifuged and 
resuspended In 1.0 ml of deionized (MillI-Q) water. A volume of 50 pi was taken 
for protein determination by the Lowry method 1151 and another 800 pi were 
dried by centrifugation under vacuum for 2 hours at 700 e. The cell pallet was 
digested in 200 pi of 65% nitric acid at 75° e for 2 hours. After dilution with 
water, platinum was analyzed by AAS 1161. The cellular platinum level was 
expressed as ng platinum (Pt) per mg protein. 

The effects of co-incubation with ouabain, temperature reduction and 
energy-deprivation on the intracellular accumulation of platinum were 
investigated as previously described 117,181. In the ouabain experiment, 
IGROVcoDP and IGROV-1 cells were exposed to 10 pg/ml of clsplatln for 2 hours 
with or without 0.5 pg/ml of ouabain. 

The energy-depletion experiment was performed by replacing the standard 
medium by glucose-free RPMI 1640 medium which contained 1 mg/ml of 2-
deoXY-D-glucose and 10 mM of sodium azide 15 minutes prior to exposure of 
10 pg/ml of clsplatin to the cells for 2 hours. The intracellular concentration 
of cisplatin was measured by AAS as described above. 

The Influence of temperature reduction on the accumulation of platinum 
was studied by incubating cells with cisplatin at ooe. Experiments at ooe were 
performed simultaneously with incubations at 37°e and with the same batch 
of cells. After exposure of the cells to cisplatln, cells were washed and 
collected. subsequently, platinum accumulation was determined by AAS as 
described above. 

Efflux of platinum 
Parental and resistant cells were incubated In culture flasks for 30 minutes 

with 30 and 90 pg/ml of cisplatin, respectively, to achieve equal levels of 
intracellular platinum. subsequently, the cells were washed twice with PBS 
and cultured In drug free medium. After 0, 10, 30, 60 and 120 minutes a flask 
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was withdrawn, the cells were washed with ice-cold PBS and collected by 
scraping_ Cellular platinum was analyzed by AAS_ 

Total clsplatin-DNA adduct and Interstrand cross-link kinetics 
Total cisplatin-DNA adducts were determined In the parental cell line and 

during development of drug resistance. Exponentially growing cells (1-1.5X10') 
In 6 T175 flasks were exposed to 4 Jig/ml of cisplatin for 2 hours. 
subsequently, the cells were washed twice with PBS and fresh clsplatln-free 
medium was added. At time -1, 0, 6, 24, 48 and 72 hours after withdrawal of 
clsplatln, 1 flask was taken and cells were harvested by trypsinization. Cells 
were washed with nuclear buffer (400 mM NaCI; 2 mM EDTA; 10 Mm Tris PH 
7.3) once, resuspended In 3 ml of nuclear buffer and subsequently stored at 
-20°C until DNA Isolation within 2 weeks. DNA Isolation was carried out 
according to a previously published method 112,191. Total clsplatln DNA­
adducts were determined according to the method of Reed et al. 1201, with 
modifications according to Ma et al. 1121. DNA-adduct levels were expressed as 
pg PtlJ19 DNA. 

The relationship between the incubation concentration and the total DNA 
adducts and ISC was studied, using two series of 6 T175 flasks containing the 
sensitive and resistant cell lines, using the same Incubation conditions as 
described for the IntracellUlar platinum accumulation experiment. Cells were 
exposed to cisplatin at a concentration of 1, 2, 4, 10, 20, or 30 Jig/ml for 2 
hours. subsequently, cells were washed twice with PBS and collected by 
trypsinization and washed once more with nuclear buffer. The cells were 
resuspended In 3 ml of the nuclear buffer and stored at -20°C until Isolation 
of DNA for determination of total DNA adducts and Interstrand cross-links. 
Interstrand cross-links were analyzed using the ethidium bromide (EB) 
method as described by de Jong et al. 1211 and All-Osman et al. 1221 with some 
modifications. Briefly, 5-10 Jig DNA (isolated as outlined) were dissolved In 200 
Jil of nuclear buffer. Each sample was divided Into two portions. To each 
sample 3 ml of an EB solution (10 Jig/ml, pH 12) were added. The first sample 
was Immediately analyzed for the native fluorescence of DNA using an exci­
tation wavelength of 525 nm and emission wavelength of 580 nm. The 
second sample was heated to 100°C and kept at that temperature for 5 
minutes. Subsequently, the sample was immediately cooled down to room 
temperature, the fluorescence analyzed and the ISC's calculated as previously 
reported 1211. Experiments were carried out In duplicate and at least in 3 
independent experiments. 
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Flow cvtometric analvsis 
Determination of the cell cycle distribution was carried out after Incubation 

of IGROV-1 and IGROVcoDP with equltoxic levels of cisplatin (the IC,O>. Samples 
were stained with propidium Iodine according to the method of Krishan 1231. 
Cisplatin was continuously incubated for 2 days and samples were analyzed 
after 24 and 48 hours. 

statIstIcal analvsls 
Student t-test and Pearson correlation analysis were used and p<0.05 was 

applied as the significance level. 

RESULTS 

During 9 months of Incubation and 5 stepwise increases of the incubation 
concentration of clsplatin from 1 to 10 pg/ml a stable resistant cell line 
denoted IGROVcoDP was established with a resistance factor of 24 In the colony 
forming assay and a factor of 8.4 In the SRB assay. The IC,o of clsplatln In 
IGROV-1 in the clonogenic assay was 0.26 ± 0.10 and In IGROYcoDP 6.4 ± 1.2 
pg/ml. No significant changes of the doubling time and cloning efficacy were 
observed (with doubling times of 28 ± 3.4 and 26 ± 4.5 hours, and cloning 
efficacies of 19 ± 8% and 23 ± 4% for the IGROY-1 and IGROVcoDP' 

respectively). Without clsplatin exposure the IGROVcoDP remained resistant 
during the follow up period of 4 months. 

IGROVcoDP was highly cross-resistant to carboplatin and doxorublcln ITable 1>' 
The cell line was also moderately cross-resistant to paclltaxel, docetaxel, 
etoposide and topotecan. Minor or nonsignificant cross-resistance to 5-FU 
and methotrexate was observed. 

The resistance of IGROY-1 to cisplatln Increased and the DNA-adduct peak 
height after cisplatin exposure decreased with Increasing passage number 
(Figure 11. High correlations were found between the log cell survival and 
DNA-adduct peak height (R~0.97) and area under the DNA-ad duct-time curve 
(AUA) up to 72 hours (R ~0.96) after clsplatin exposure. 
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TABLE 1. CROSS RESISTANCE OF IGROV",,, TO OTHER ANTICANCER DRUGS 

DRUGS IGROV·I IGROVCODP Rf P 
UCsoJ!Ml 

CISPlATIN 0.53 4.46 8.4 <0.001 
CARBOPlATIN 5.04 32.24 6.4 <0.001 
DOXORUBICIN 0.13 0.77 6.0 <0.001 
PACLITAXEl 0.07 0.22 3.1 <0.001 
DOCETAXEl 0.02 0.06 3.2 0.01 
ETOPOSIDE 1.33 3.55 2.7 0.002 
TOPOTECAN 0.02 0.06 2.7 <0.05 
5·FU 2.48 4.14 1.7 <0.05 
MTX 0.04 0.04 1.0 NS 

Rf ~ reSistance factor, determined with the SRB method 
sensitive cell lines were exposed to the drug for 5 days 
NS ~ not significant 
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Figure 1. log·lInear relationship between Increasing passage number and cell survival 
Iclonogenlc assav) and DNA·adduct peak height, as determined bv MS. Determinations 
were performed after Incubation with 4 pg/ml of clsplatln for 2 hours. 

The intracellular accumulation of cisplatin in IGROV
coDP 

was 65% lower than 
in IGROV·1 (Figure 21. There was a linear and apparently non·saturable 
relationship between the incubation concentration and the Intracellular 
platinum concentration in the 2 cell lines over the studied range of 1 to 50 
pglm!. The slope of the regression line in IGROVeDDP was 113 of the slope in 
IGROV-1 (p<O.01L In accordance with this lower Intracellular accumulation of 
clsplatin, the DNA-adduct peak height and AUA decreased Hold with 
increasing resistance (data not shownL Also the relationship between the 
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total DNA-adducts or ISC and the incubation concentration was linear over 
the studied range with a difference In slope between the 2 cell lines of 
approximately 1/3 (Figure 3a and 3bl_ 

co-Incubation of cisplatin with the Na'/K'-ATPase inhibitor ouabain 
resulted in a decrease of platinum accumulation by 44% In the IGROV-1 cell 
line_ However, In the reSistant IGROVCtJDP a significantly lower decrease of 26% 
was noted (data not shown>. Lowering the temperature to DOC resUlted in a 
significantly reduced Intracellular accumulation of cisplatln In the sensitive 
(by 95%, as compared to 37°CI and resistant cells (by 91%, as compared to 
37°CI (Figure 4>. At DOC there was no significant difference between the 
intracellular concentration of platinum In the IGROV-1 and IGROVCtJDP cell lines_ 

400 

ClsplaUn concenlralfon (fl9/ml) 

Figure 2. Intracellular platinum concentration after exposure of parental IGROV-1 loJ and 
IGROVcODP 1-' cell lines to Increasing concentrations of clsplat!n (exposure time 2 hours), 
Intracellular concentrations of platinum were measured by AAS as described In Materials 
and Method,_ 

Under energy-deprived conditions the intracellular platinum 
concentration in IGROV-1 was significantly reduced to 35% of the level 
obtained under standard energy-rich culture conditions (Figure 4>. However, 
in the IGROVCtJDP cell line, depletion of energy did not result in a significantly 
decreased accumulation of platlnum_ Notably, under energy-depriving 
conditions the difference between the sensitive and reSistant cell lines was 
no longer significant (Figure 4>. 

The efflux of platinum within the first 1D minutes after withdrawal of 
clsplatin in the IGROVCtJDP was significantly higher than In the IGROV-1 (17_3 vs 
0%; p<0_05>. After 2 hours no efflux of platinum could be observed in any of 
the two cell lines_ 
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Monitoring the cell cycle distribution revealed that the cell cycle 
distribution In IGROV·1 and IGROVCODP without clsplatln exposure was not 
different. Following a 2 days exposure to equltoxlc (fCsJ concentrations of 
clsplatln, both cell lines accumulated In GtM phase. The % of increase In GtM 
48 hours after stopping the Incubation In IGROVcoDP was higher than In IGROV·1 
(41 % vs 23%) at 48 hours. 
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Figure 3. Total DNA adducts la) and ISC Ib) after exposure of IGROV·110) and IGROVcoop 10) cells to 
Increasing concentrations of cisplatin for 2 hours. Total adduct and ISC levels were determined 
as described In Materials and Methods, 
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Figure 4. Intracellular concentrations of clsplatln In the IGROV-1 r:::1 and IGROVCOOP IIIIl cell 
lines, following 2 hours Incubation with 10 pglml of clsplatln. Furthermore the 
accumulation at O°C and under energy-deprived conditions {as described in Materials and 
Methods} Is displayed. 

DISCUSSION 
Both intrinsic and acquired resistance to cisplatin limit the clinical utility 

of this anticancer agent. previous studies have shown that decreased 
accumulation of clsplatln Is an Important factor in in vitro and In vivo 
acquisition of resistance 124,251. In the present study we developed and 
characterized a resistant subline of the IGROV-1 human ovarian 
adenocarcinoma cell line which was established previously by Benard et al. 
[111. The cell line was Intermittently exposed to mimic the clinical application 
of cisplatin. Intermittent exposure of the cisplatin sensitive IGROV-1 ovarian 
cancer cell line resulted In a stable resistant cell line, denoted IGROVCODP with a 
reSistance factor of 24 in the colony forming assay and 8.4 in the SRB assay. 
The difference in the resistance factors between the two assays In the same 
cell line are possibly due to the different exposure times to clsplatln. In the 
clonogenlc method, the exposure time was 2 hours, whereas In the SRB assay 
cells are Incubated for 5 days. For practical reasons the SRB assay was used 
after the resistance factor had Initially been measured with the clonogenic 
assay. 

Accumulation of cisplatln In the IGROVCODP Is decreased significantly, as 
compared to the parental cell line. ouabain, a Na+/K+-ATPase inhibitor [26-281, 
In combination with clsplatln resulted in a significant decrease In the 
IntracellUlar concentration of platinum. The effect was more pronounced In 

143 



Chapter 8 

the IGROV-1, which suggests that the functional activity of Na+/K+-ATPase has 
changed in IGROVCODP' The reduced influence of ouabain In the resistant cell 
line Is also suggestive for an important role of K+ homeostasis and Na+ IK'­
ATPase In the mechanism of active uptake of cisplatin. Further studies are 
needed to unravel whether this mechanism is associated with the presented 
decreased uptake of cisplatin. 

under normal culture conditions (i.e. at 37°C), the intracellular 
concentration of platinum In IGROV-1 is Hold higher than In the IGROV

coDP 
cell 

line (Figures 2 and 4). However, the difference was not significant at 0° and 
under energy-deprived conditions (Figure 4), It has been suggested that 
cisplatin enters the cells partly by passive diffusion and partly by active 
transport 1291. Our energy-depletion experiments illustrate that in the IGROV-1 
cells, approximately 65% of clsplatln Is taken up actively, whereas 
approximately 35% enters the cell via passive diffusion. Furthermore, our 
results Indicate that the energy-dependent uptake is abrogated in the 
IGROVcoDP cell line. 

At OOC both the sensitive and the resistant cell line show a decreased 
clsplatln accumulation. Notably, this accumulation of clsplatin Is even lower 
than the accumulation observed under energy-deprived conditions (Figure 4). 
An explanation for this effect may be that at O°C not only active, energy­
dependent transport, but also passive transport of cisplatin is decreased, due 
to a changed membrane fluidity at this lower temperature. Therefore also 
this observation is suggestive of both active and passive accumulation of 
clsplatln In the IGROV-1, and only passive transport in the IGROV

eDDP 
cell line. 

No saturation of the uptake of clsplatln up to the highest tested 
concentration of 50 /lglml has been observed, which Is in agreement with 
other studies 1301. The DNA-adduct level decreased gradually during the 
development process of the resistant cell line, indicating a gradual reduction 
of the Intracellular uptake of cisplatin. A log-linear relationship between cell 
survival and DNA-adduct kinetics of cisplatin was established during the 
development process of IGROV coop' 

Also In an other clsplatin-reslstant human ovarian cancer cell line, reduced 
Influx of clsplatln (without changes in effluX) has been reported 131-321. The 
explanation for this reduced influx remains to be elucidated. Sharp et al. 
Identified a plasma membrane protein (M, 36,000) which was overexpressed In 
the clsplatin-resistant cell line 1321. However, the role of this protein in the 
reduced accumUlation of clsplatln Is not clear yet. If involved, this protein 
may be capable of inhibiting energy-dependent transport channels for 
clsplatln. Additional studies should be aimed at Investigating whether this 
enzyme Is also overexpressed in our IGROVcoDP cell line. As reduced 
accumulation is a well known phenomenon In in vivo acquired resistance to 
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cisplatin, extended research Into the mechanism of this reduced 
accumulation is warranted. The IGROVcoDP cell line may be a good model for 
such studies. 

In addition to the decreased uptake of clsplatln, the results revealed a 
small but significant increase in the efflux of platinum in IGROVcoDP' Notably, 
the multidrug resistance-associated protein (MRP) has been suggested to be 
Involved in cisplatin resistance 133,34,351. MRP may be capable of transporting 
glutathione-clsplatln complexes out of the cells. In the IGROV

coDP 
cell line, 

however, no overexpresslon of MRP was noted (unpublished results). The 
magnitude of this increase appears to be minor compared to the reduced 
uptake, because the IntracellUlar concentration after exposure to clsplatln In 
IGROVcoDP is 70% lower whereas the efflux is only 17% higher over a short time 
period compared to IGROV-1. Therefore, changes In drug uptake in IGROVcoDP 

appear to be more Important than changes In efflux. 
We previously reported that the levels of P-gp in the IGROV-1 and 

IGROVcoDP were not significantly different, and that glutathione levels In the 
resistant cell line were not increased as compared to the parental cell line 
1101. However, the observed difference In the cell cycle distribution after the 
exposure to equltoxlc concentrations of clsplatln suggests that also other 
than cellular membrane alterations have developed In the resistant cell line. 
The Indication of multifactorial adaptations is supported by the observed 
pattern of cross-resistance with the tested anticancer agents. Further studies 
are needed to Identify these additional alterations. 

In conclusion, the IGROVCODP is 24-fold resistant to clsplatin In the 
clonogenic assay, as compared to Its parental cell line IGROV-1. The main 
mechanism of resistance appears to be altered uptake kinetics of the drug, 
possibly caused by abrogated active uptake of cisplatin. However, other 
cellular adaptations may have occurred. The cell lines which have been and 
currently are being developed can be used as a models In future studies 
directed at elucidating cell uptake related mechanisms of clsplatln resistance. 
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SUMMARY 
The cytotoxicity of cisplatin alone and in combination with topotecan 

(Tpn or SN38, two novel topolsomerase I (topo I) Inhibitors, was determined 
in a panel of 8 well characterized human solid tumour cell lines. Interactions 
between clsplatln and these to po I inhibitors were investigated using three 
different administration schedules 11 simultaneous incubation (C+ T and C+S); 
21 clsplatln followed by TPT or SN38 (C~ T and C~S); 31 TPT or SN38 followed by 
clsplatin (T~ and S~CL Applying median·effect analysis, synergistic 
cytotoxicity was observed In 7 out of 8 cell lines used. In addition, a 
significant schedule·dependent synergistic cytotoxiCity was found In 3 of the 
cell lines used, with C~T (or C~S) being the most active schedule. The 
formation and repair of total cisplatin·DNA adducts in the IGROV·1 ovarian 
cancer cell line and Its clsplatln·reslstant subllne IGROVeDDP was not significantly 
affected by TPT, using simUltaneous Incubation. In contrast, repair of 
cisplatin-DNA interstrand cross-links in the IGROV-1 and IGROVcoDP was 
significantly lower after co-Incubation of the cells with TPT. Assessment of 
the cell cycle distribution revealed an accumulation of cells in G/M phase 
after exposure to cisplatin. After exposure to TPT, a different pattern was 
observed that was cell type specific. Although up to four-fold differences In 
topo I activity were observed in this panel of cell lines, these differences do 
not appear to be related to the observed synergism between cisplatin and 
TPT or SN38. The observed synergy may at least partly be explained by the 
increased retention of clsplatln-DNA Interstrand cross-links in the presence of 
topo I inhibitors. 

INTRODUCTION 
Clsplatin is one of the most widely used anticancer drugs In the clinic 

nowadays, and shows good responses In treatment of testicular cancer, NSCl 
or SCl cancer, ovarian cancer and head and neck malignancies 11,21. The 
antitumour activity of clsplatln is supposed to be correlated with its 
interaction with DNA. Clsplatln Is capable of forming potentially lethal intra­
and Interstrand DNA cross-links 13,41. The clinical use of cisplatin is frequently 
limited by intrinsic or acquired resistance. Amongst other reasons, this 
resistance to cisplatin has been ascribed to Increased repair of cisplatln-DNA 
adducts 15-71. The Importance of DNA repair in clsplatln toxicity is also evident 
in a testicUlar cancer cell line, that has decreased repair rate of clsplatln-DNA 
ad ducts, as compared to a bladder carcinoma cell line 181. This deficiency In 
DNA repair was shown to contribute to the remarkable sensitivity of this 
testicular cell line to clsplatln 191. Because of this apparent relation between 
sensitivity of tumour cells to cisplatln and DNA repair, inhibition of this repair 
may be clinically important in clsplatln chemotherapeutic treatment. A 
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promising class of agents in this respect are the topoisomerase I (topo f) 

Inhibitors. Topoisomerases are involved In many Important processes in the 
cell, e.g. in topologically changing of the cellular DNA structure, In DNA 
replication and transcription 110·121. Topo I inhibitors such as topotecan (Tpn 
and SN38 (the active metabolite of Irlnotecan), show a broad anti tumour 
activity in preclinical studies with a unique mechanism of action, targeting 
to po I. Both TPT and irlnotecan are now in clinical phase I and phase II trials, 
and yield good responses In many tumour types as single agent or In 
combination chemotherapy [13-15[. Due to their non-overlapping toxicity and 
different mechanisms of action, the combination of to po I inhibitors with 
cisplatin is an attractive subject for further clinical study. There are many 
reports about the function of topo II Inhibitors In clsplatln-DNA adduct repair 
116-181. However, the role of topo I in the formation and repair of these 
clsplatln-DNA adducts has not fully been identified yet, and consequently, 
there is a need for data on this subject. Recently, studies about the 
Interaction between cisplatin and topo I inhibitors as TPT, Irlnotecan or SN38 
revealed a synergistic effect between topo I Inhibitors and cisplatin [19-211. 

In the present study, the synergism between clsplatln and TPT or SN38 
was Investigated, using a panel of 8 human solid tumour cell lines covering a 
broad tumour spectrum and a broad range of sensitivities to cisplatin and 
topo I Inhibitors. In addition, the schedule dependency of this combination 
was investigated, by administering clsplatln and TPT or SN38 using three 
different administration schedules. Total and Interstrand adduct kinetics, in 
the presence and absence of TPT or SN38 were monitored, In an attempt to 
explain synergism between these drugs. Furthermore the possible 
relationship between the cell cycle distribution and synergism was 
Investigated. 

MATERIALS AND METHODS 

Chemicals and drugs 
TPT was a generous gift from Smith Kline Beecham Pharmaceuticals (King 

of prussia, PA, USAf. SN38 was generously supplied by Rh6ne-Poulenc Rorer 
(Alfortville, France!. Clsplatln was obtained from Lederle (Wolfratshausen, 
Germany). Plasmid pBR322 DNA, dithiothreltol <DTn, bovine serum albumin 
(BSAf, bromophenol blue, sulforhodamlne B (SRB), ethldlum bromide, and 
DNase I IE.C. 3.1.21.1) were from sigma (St. Louis, MO, USAf. Proteinase K was 
purchased from Merck (Darmstadt, Germany). RPMI 1640 and DMEM medium 
was from GlbcOBRL (Life Technologies B.V, Breda, The Netherlands). Bovine 
calf serum (BCS) was obtained from Hyclone (Logan, Utah, USAf. EGTA was 
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purchased from Serva (Heidelberg, Germany). propldium iodide was from 
calbiochem (ia Jolla, CA, USA), 

Instruments 
A Perkin·Elmer 3030B atomic absorption spectrophotometer was 

equipped with a HGA 600 fiameless system and AS 60 autosampler 
(Uberlingen, Germany). Microplates were read on a Bio·Rad 450 microplate 
reader. Fluorescence measurements were performed on a perkln·Elmer lS·3B 
fluorescence spectrophotometer. Flow cytometry was conducted on a 
FACScan flow cytometer (Becton Dickinson, Etten·leur, The Netherlands), with 
excitation at 488 nm. The following parameters were measured: forward light 
scatter (FlS), perpendicular light scatter (PlS), and fluorescence of the DNA· PI 
complex (563·607 nm). cell debris was excluded from analysis by an 
appropriate FlS threshold setting. 

eellllnes and cUlture conditions 
The human WiDr colon cancer, the H226 un·differentlated lung cancer, 

the A498 renal cell cancer, the M·19 melanoma, the IGROV·1 ovarian 
adenocarcinoma and its 8·fold clsplatln·reslstant subline IGROVcoDP 1221, as well 
as the estrogen receptor (ER) positive MCF7 breast cancer cell lines were 
cultured in RPMI 16QO supplemented with 10% BCS, 10 mM NaHCo" 2 mM 
glutamine, 110 IUlml penicillin, 100 pg/ml streptomycin, 45 pg/ml gentamycln 
and 10 pg/ml insulin. Cells were kept In continuous logarithmic growth at 
37°C In a humidified atmosphere of 5% co, in air. The ER·negatlve EVSAT 
breast cancer cell line was cultured in DMEM supplemented with 5% BCS. 
other supplements are as outlined above. 

eytotoxicity assay 
Exponentially growing cells were trypsinized and plated (2000 cells/200 pi 

per well) In 96 well microplates (Costar Corporation, Cambridge, MA, USAl. 
Subsequently, the cells were allowed to attach for 48 hours at 37°C under 5% 
CO,. Following this attachment period, 100 pi of drug solution (diluted with 
RPMI 1640 or DMEM) was added to the wells. Next, the cells were incubated 
for 5 days at 37°C under 5% co,. Dependent on the administration schedule, 
the second drug was added after 2 days without washing away the first drug, 
and cells were incubated for another 3 days. Cytotoxicity was evaluated using 
the SRB method 1231. Briefly, at day 7, cells were fixed with 10% TCA, and 
stained with SRB (0.4% In 1% acetic acid) for 1 hour. After washing unbound 
SRB, bound SRB was dissolved in 10 mM Tris·buffer, and the absorption at 540 
nm was determined using a microplate reader. Each agent was tested In 
quadruplicate in at least 3 Independent experiments. 
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Drug combination schedules and data analvsis 
In the combination study, the following combination schedules were 

applied: 1) clsplatln and TPT or SN38 were administered simUltaneously for 5 
days starting from day 2 (C+ Tor C+S); 2) cells were incubated with clsplatln 
for 5 days starting from day 2, whereas TPT or SN38 was added on day 4, and 
cells were incubated for another 3 days (C~T or C~S); 3) cells were Incubated 
with TPT or SN38 for 5 days starting from day 2, followed by Incubation with 
clsplatln from day 4 through day 7 (T~C or S~C). 

Individual survival curves of cisplatln and TPT <;>r SN38 following a 3 or 5 
days exposure were generated using the SRB assay. In drug combination 
experiments, TPT or SN38 was combined with cisplatin at a constant molar 
ratiO, dependent on the ICso-values of cisplatln and TPT or SN38 following the 
respective incubation period (Table 1, Figures 1a and 1bl. Drug Interactions 
were evaluated using the median-effect analysis as described by Chou et al. 
[21,24,251. The combination index for each fractional effect was calculated 
using the following equation: 

combination Index ~ diD, + diD, 

D, and D, are the doses of drug 1 and drug 2 which by themselves produce a 
given fractional effect (such as the ICsJ; d, and d, are the doses which 
produce the same fractional effect in combination. combination Ind[ces are 
generally Interpreted as zero interaction or additive cytotoxicity when CI~1, 
a synergistic effect when CI <1, and an antagonistic effect when CI>1. 

Quantltatlon and kinetics of total clsplatln-DNA adducts and cisplatin-DNA 
Interstrand cross-links 

DNA was isolated as previously described (26) with minor modifications 
[271, and was quantitated spectrophotometrically. The total amount of 
plat[num bound to DNA was determined using AAS [27,281. Prior to this 
measurement, the isolated DNA was DNAse I digested. Subsequently the 
sample was Injected using the Himes multiple Injection feature of the AAS 
apparatus. Adduct levels are expressed as pg p[atlnum per Jig DNA (pg PUJig 
DNA>. 

The relative amount of clsplatln-DNA Interstrand cross-links was 
determined using an ethidium bromide assay [16,291. Ethldlum bromide 
fluorescence was measured before and after denaturation of the DNA, using 
an excitation wavelength of 525 nm, and an emission wavelength of 580 nm. 
The relative amount of Interstrand cross-links was calculated using the 
following formula [291: 
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% ISC ~ ((F,-FJ/{1'FJI X 100% 

In which % ISC ~ the percentages Interstrand cross·links DNA in clsplatln 
treated cells, Ft ~ the fluorescence In cisplatin treated cells, and Fu ~ the 
fluorescence in untreated cells (blanks). Ft and Fu are calculated as the ratio of 
ethldium bromide fluorescence after and prior to denaturation of the DNA. 

In order to monitor the kinetics of total clsplatin'DNA adducts and ISC, 
IGROV·1 or IGROVcoDP cells (60·75% confluent in T75 flasks (Greiner, 
Frickenhausen, Germany)) were exposed for 2 hours to 10 pg/ml of clsplatln 
alone or to 10 pg/ml of cisplatin combined with 10 ng/ml of TPT. After 2 hours 
of incubation, cells were washed twice with PBS, drug·free medium was 
added and culturing was continued. In the case of combined cisplatinlTPT 
treatment, 10 ng/ml of TPT was added again to the medium immediately 
after this washing procedure. Directly, and 4, 8, 24 and 48 hours after 
stopping exposure to cisplatin, flasks were withdrawn, cells were harvested 
by trypsinization and washed with PBS. subsequently, cells were resuspended 
in 3 ml TE buffer (10 mM Trls'HCI, 2 mM EDTA, and 0.4 M NaCI, pH 7.3) and 
stored at ·20·C until DNA Isolation. DNA was isolated, and the adducts were 
quantitated as described above. 

Flow cvtometric analvsis 
The cell cycle distribution was monitored following exposure of the cells 

to ICso(5 day) doses of cisplatin or TPT. Furthermore, the effect of 
simultaneous exposure to a combination of clsplatin and TPT (at 50% of their 
ICsD(5 day) dose each) was monitored. Cells were exposed to cisplatin and/or 
TPT continuously, and flasks were withdrawn at different times following the 
start of the incubation. TO obtain single cell suspensions, cells were 
trypslnlzed and washed twice with RPMI culture medium without phenol red. 
Cells were stained with propidlum Iodide (100 mglll and the DNA content was 
analyzed according to the method of Krishan 1301. 

Topoisomerase I catalvtic activltv 
Crude nuclear extracts were prepared as described by others [311. After 

isolation, the nuclear extracts were diluted 1:1 with 99% glycerol and stored 
In small aliquots at ·80·C for a maximum period of 1 month. The protein 
concentrations were determined according to the Bradford methOd, using 
the Bio·Rad assay. 

TOPO I catalytic activity was assayed by monitoring the relaxation of 250 
ng of supercolled pBR322 DNA [311, using serial dilutions of nuclear extracts. 
The reaction mixture was incubated at 37·C for 30 min. After stopping the 
reaction, samples were analyzed by electrophoresis on a 1% agarose gel. 
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Figure 1. Cell proliferation curves of the MCF7 cell line .•. Cells were exposed continuously to 
clsplatln (01, TPT (el or to a combination of clsplatin and TPT (01 for 5 days. A fixed ratio 
clsplatln:TPT of 100:1 (approximately equals IC,,(5 dayl ratio of the Individual drugs In the MCF7 
cell line, see Table 11 was used In the combination experiment. b. Cells were exposed 
continuously to cisplatin for 5 days (01, to TPT for 3 days (starting at day 31 (el, or to • 
combination of clsplatln (5 days exposurel and TPT (3 days exposure, from day 31 (01. The fixed 
ratio clsplatlnfTPT In this scheduled combination experiment was 2.7:1 (approximately equals 
IC.,(5 daylIiC.,(3 dayl ratio of the Individual drugs In the MCF7 cell line, see Table 11. Values are 
means ± s.d from at least 3 Independent experiments. 
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After staining with ethldlum bromide, bands were visualized on an UV light 
table and photographed with Polaroid (667) positive/negative films. 

RESULTS 

Characterization of the cell lines 
The doubling times and sensitivities of the cells to cisplatin, TPT and SN38 

are summarized in Table 1. The WiDr cell line was the fastest, whereas the 
H226 was the slowest growing cell line, with doubling times of 18 and 43 
hours, respectively. Doubling times of the other cell lines were between 24 
and 33 hours. The IGROV-1 cell line was most sensitive to clsplatln, whereas 
MCF7 was the most sensitive to TPT and SN38 using a 5·day incubation period. 

Cytotoxicity of combined exposure to clsplatln and TPT or SN38 
The results of combination experiments of cisplatin and TPT are shown in 

Figure 2. In all cell lines tested, except the A498 cell line, a markedly 
synergistic interaction between cisplatin and TPT was observed. In case SN38 
was used, analogous results were obtained (summarized In Table 2). 
Comparing different combination schedules, the (C~n and (C~S) treatment 
resulted In the most pronounced synergy. In the IGROV-1, the IGROVcoDP' and 
the MCF7 cell lines, this schedule yielded significantly higher synergism 
(p<0.05) than the other combination schedules. Also in the other cell lines, 
except the H226, the C~T schedule tended to the most active. However, in 
these cases the difference between the (C~n and other schedules did not 
reach statistical significance. strikingly, in the H226 cell line the most 
pronounced synergism was observed In the <T~) schedule (CI at F,~0.5: 0.46 
± 0.07). 

Effect of TPT on the kinetics of total cisplatin-DNA adducts and cisplatin·DNA 
interstrand cross·llnks 

The kinetics of total cisplatln·DNA adducts and of ISC were evaluated in 
the IGROV-1 and the cisplatin-resistant IGROVcoDP cell lines. TPT did not affect 
the formation and removal of total cisplatin'DNA-adducts, as measured by 
AAS (data not shown). Furthermore, TPT did not affect the amount of adducts 
formed by cisplatln. However, monitoring of the ISC'S revealed that TPT 
Inhibits the removal of clsplatln'DNA ISC'S both In the IGROV-1 and the 
IGROV"'DP cell lines (Figure 3). At all time·points, the number of ISC's in the 
presence of TPT tended to be higher than In the absence of TPT. In the IGROV-
1 cell line, the number of ISC's, 8 to 48 hours following exposure to clsplatln 
was 10·29% higher in the presence of TPT (Figure 3a), whereas this difference 
was 30-39% in the resistant IGROVeDDP cell line (Figure 3b). Differences in DNA 

156 



Table 1. Doubling time (Dn and IC50 of cisplatin, TPT and SN38 in a panel of 8 human tumour cell lines, determined using 
the SRB assay. 

cell line DT IC50 (5 day) IC50 (3 day) 
(hour> 

cisplatin TPT SN38 cisplatin TPT SN38 
(ngJmD (ng/mD 

IGROV·1 28 145 + 17 6.5 + 1.9 1.5 + 0.2 1984 + 326 541 + 337 143.5 + 86 

IGROV/CDDP 26 1285 + 285 23.0 + 3.4 4.6 + 0.5 7449 + 1269 831 + 163 400 + 157.5 

MCF7 24 676 + 205 5.4 ± 0.6 0.9 + 0.1 7525 + 1648 422 + 51 184.8 + 45.2 

EVSAT 25 687 + 104 10.3 + 2.1 1.0 + 0.1 6505 + 219 281 + 141 49.3 + 17.7 

M·19 24 1210 + 492 19.6 + 10 3.2 + 1.7 4598 + 1068 552 + 353 270.9 + 28.9 

H226 43 1275 + 518 35.1 + 31 7.3 + 3.8 6319 + 822 466 + 66 195.8 + 65.9 

A498 33 925 + 357 21.9 + 4.7 6.2 + 0.8 2355 + 345 172 + 32 110.8 + 51.5 

WIDR 18 609 + 95 12.6 ± 2.9 4.1 ± 2.3 12770 ± 125 299 + 63 106.9 ± 9.3 



Table 2. Combination index at a fraction affected (Fa) of 0.5 of cisplatin, TPT, and SN38 in a panel of 8 human solid 
tumour cell lines 

I celllin~;-
I 

C+T CL (Fa = 0.5) 

C + S C-T C-S 

IGROV·1 0.83 ± 0.08 0.77 ± 0.15 0.41 + 0.16 0.51 + 0.12 

IGROV/CDDP 0.68 ± 0.05 1.03 ± 0.12 0.52 + 0.02 0.60 + 0.07 

MCF7 0.78 + 0.08 0.81 + 0.07 0.51 ± 0.07 0.51 ± 0.11 

EVSAT 0.64 + 0.12 0.77 + 0.10 0.57 + 0.10 0.54 + 0.12 

M·19 0.84 + 0.06 0.85 + 0.18 0.68 + 0.09 0.67 + 0.11 

H226 0.78 + 0.12 0.73 + 0.09 0.66 ± 0.17 0.67 ± 0.09 

A498 0.88 + 0.09 0.89 + 0.08 0.87 + 0.12 0.91 + 0.19 

WIDR 0.96 ± 0.27 0.71 ± 0.11 0.62 ± 0.10 0.46 ± 0.04 
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-adduct levels In the absence and presence of TPT were significant after 48 
hours (with p = 0.008 and 0.02 for the IGROV and the IGROVcoD" respectively 
(paired Hest)). 

15r-----------------------------------, 
b 

oL------.------.-------.------.----~ 
o 10 20 30 40 60 

Time (hr) 

Figure 3. Kinetics of Interstrand·cross links (lSCJ after a 2 hour Incubation of IGROV·1 laJ and 
IGROV""" tbJ to 10 pg/ml of clsplatln with laJ or without IOJ .10 ng/ml of)PT for 48 hours. Data 
are means ± s.d. from at least 4 Independent experiments. p ~ 0.008. P ~ 0.02. 
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Cell cvcle distribution 
The cell cycle distribution, following exposure to clsplatin, TPT or to a 

combination of the two are shown in Figure 4. continuous exposure of cells 
to ICso(5 day) doses of cisplatin for 24 or 48 hours resulted in an increase of 
the fraction of cells in the G,IM phase, with a corresponding decrease of cells 
In G,. Furthermore, in the H226 cell line, a significant Increase of the number 
of cells In 5 phase was observed. Notably, also continuous exposure of cells to 
TPT resulted in accumulation In G,IM for most of the cell lines tested. Only the 
H226 cells arrested In s. Following treatment of H226 and A498 cell lines with 
TPT, almost no cells were observed in G,. combination of cisplatin and TPT 
(both at 50% of their ICso(5 day) dose) resulted In a combined effect of the 
drugs alone, i.e. most of the cell lines accumulated In G,IM. 

To mimic the most active schedule In the IGROV-1, I.e. C~T (see Figure 2), 
IGROV-1 cells were exposed to an ICsol5 day) dose of cisplatin for 5 days and to 
an ICso(3 day) dose of TPT for 3 days (starting at day 2) alone and in 
combination (each drug at 50% of their respective ICso dose). Cells were 
monitored up to 5 days after starting the incubation (Figure 5). untreated 
IGROV-1 cells displayed no change In cell cycle distribution In this time period. 
Following administration of cisplatin, cells accumUlated In G,IM. However, 
exposure of the cells to high concentrations of TPT (lC50(3 day)) appeared to 
result In an arrest of the cells in G, and 5 Instead of the accumulation In G,IM 
as observed with lower concentrations of TPT. 

Topoisomerase I catalvtlc activity 
Topo I catalytic activity was evaluated as described in Materials and 

methods. For most cell lines, an equal catalytic activity was observed. 
However, the MCF7 displayed a two-fold higher activity, whereas the A498 cell 
line showed a two-fold lower activity than the other cell lines (data not 
shown!. 

DISCUSSION 
In this study, the Interaction between clsplatln and to po I inhibitors was 

iilVestlgated using a panel of eight human solid tumour cell lines. TWO 
different topo I Inhibitors, TPT and SN38, were used, and the drugs were 
administered using three different schedules. In analogy to previously 
published reports 120,21,32), synergistic effects were observed in most of the 
tested cell lines. In addition to this, the observed cytotoxicity appears to be 
schedule-dependent, with the C~T and C~S schedule yielding the highest 
level of synergy in most of the cell lines. This type of schedule-dependency 
has not been reported by others. In the report by Masumoto 1321, all 
combined schedules of clsplatin and SN38 showed synergy, but the maximum 
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Figure 4. 
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after 24 (-) and 48 (-) hours of exposure and stained with propidium iOdide. 
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Figure 5. DNA cell cycle analysis following continuous exposure of IOROV·1 to an ICso(S day) 
concentration of clsplatln (150 ng/ml) for 5 days, to an IC5O(3 day) concentration of TPT (450 
nglmll for 3 days, and to 0.5 of these concentrations In the combination schedule of C~T lin 
this cell line: clsplatln: 75 ng/ml for 5 days and TPT: 225 ng/ml for 3 days, starting from day 31. 
cells were fixed after 24, 48, 72, 96 and 120 hours of exposure and stained with propldlum 
Iodide. 
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effect was obtained upon simultaneous administration. The difference 
between these results and ours may be caused by the different cell type that 
was used. A second possible explanation may be the different incubation 
periods of the drugs. Most scheduling experiments have been performed 
using a relative short exposure period (one to two hours) to TPT or SN38, 
followed by removal of the drug. As TPT and SN38 have been shown to be 
preclinically and clinically more active upon prolonged administration (33), we 
reasoned It to be more relevant using longer incubation periods for TPT and 
SN38. This different approach may have resulted in different synergistic 
effects. 

The synergistic cytotoxicity of clsplatln and TPT upon simultaneous 
administration may, at least partly, be caused by the Inhibition of repair of 
DNA interstrand cross·links. This inhibition of DNA repair by TPT has also been 
noted for SN38 [201. No inhibition of cisplatin·DNA adduct repair was observed 
on basis of the total amount of clsplatln·DNA leSions, as determined by AAS. 
Importantly, although Ise only represent a small portion of the total amount 
of DNA-adducts they may be critical for cell survival [34,351. 

As reported by others 136·381, upon treatment with cisplatin, all cell lines 
accumulated In G/M phase. The effect of TPT on cell cycle distribution 
appeared to be cell·type dependent. Although arrest In s·phase has been 
reported for camptothecln [391, in our panel, at leso doses of TPT only the 
H226 cells accumulated In that cell cycle phase (Figure 4), whereas the other 
cell lines tested accumulated In G, and/or G/M. The A498 cell line displays a 
very marked accumUlation in G/M both with clsplatin and TPT. 

Testing the cell cycle distribution effects In the e~T scheduled 
administration showed that at higher concentrations of TPT (I.e. the leso (3 
day) dose, see Table 1), relatively more cells appear to be arrested In G" 
instead of G/M. Further studies are needed to elucidate whether the type of 
arrest contributes to the observed schedule·dependency of the synergistic 
effects between cisplatin and TPT or SN38. 

Although up to four-fold differences In topo I catalytic activity were 
observed in this cell line panel, this topo I level does not appear to be related 
to the sensitivity of cells to topo I inhibitors nor to the observed synergy. 

In conclusion, the combination of clsplatln with TPT or SN38 yields a 
synergistic cytotoxicity in most human solid tumour cell lines In our panel. 
Furthermore, this synergy appears to be schedule·dependent In 3 out of 8 
evaluated cell lines. In this case, the e~T schedule is the most active. Analyses 
of the cell cycle distribution did not reveal an explanation for the synergy 
and the schedule·dependency of this phenomenon. Also topo I catalytic 
activity appears not to be related to the observed synergistic effects. 
However, inhibition of repair of cisplatln-DNA ISe's may contribute to the 
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synergy between cisplatin and tapa I inhibitors. Additional studies, such as 
assessment of the effect of tapa I Inhibitors on repair of the major cisplatln­
DNA adducts, i.e. the GG- and AG-intrastrand cross-links, are currently being 
performed. 
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Chapter 10 

ABSTRACT 
A 30-fold topotecan-resistant human IGROV-1 ovarian cancer cell line, 

denoted IGROVT1"" was developed by stepwise increased exposure to 
topotecan <lpn_ The IGROVT100< cell line is strongly cross-resistant to SN38 (51-
fold), but is only Hold resistant to camptothecin (cpn. Remarkably, this cell 
line is 30-fold resistant to mltoxanthrone, whereas no significant cross­
resistance against other cytostatic drugs is observed. 

Resistance to TPT and SN38 In the resistant IGROVT1"" cell line Is 
accompanied by decreased accumulation. NO reduced accumulation was 
observed for CPT. The efflux of TPT is very rapid in both cell lines. However, 
the efflux rate of TPT in the parental and resistant cell lines was not 
significantly different. Decreased accumulation was not related to P­
glycoprotein or multi drug resistance-associated protein (MRP). Topolsomerase 
I and II catalytic activity, as well as topoisomerase I cleavable complex 
stabilization by CPT In the parental and resistant cell lines were equal. 

These results strongly suggest that the resistance to TPT and SN38 is 
mainly caused by reduced accumulation. The reduced accumulation appears 
to be mediated by a novel mechanism, probably related to the uptake of 
these drugs. 

INTRODUCTION 
DNA topolsomerase I (topo 1') catalyzes changes In DNA topology through 

cycles of transient DNA strand breaks and relegations (1)' Camptothecin (cpn 
Is a potent anti-cancer agent which stabilizes the covalent enzyme-DNA 
Intermediate formed by topo I (2,3). Drug treatment results In Inhibition of 
DNA replication and chromosomal fragmentation. A number of CPT 
derivatives have been developed In recent years, e.g. CPT-11 and Its active 
metabolite SN38, topotecan <lpn, 9-aminocamptothecin (9-AC), and GI-147211. 
These drugs show a broad spectrum of antl'cancer activity In preclinical and 
Clinical studies (4,5>' 

Several topo I inhibitor resistant cell lines have been established. The 
mechanism of resistance has often been ascribed to various topo I related 
changes, e.g. 1) reduced topo I catalytic activity (6-8), 2) decreased formation 
of cleavable complexes (6,B>, 3) decreased expression of topo I (9,10>, and 4) a 
point mutation or rearrangement of topo I genes (8,11). Reduced 
accumulation of TPT, due to P-glycoprotein (P-gp) overexpresslon, has been 
reported to yield resistance to TPT as well (12). 

'The abbreviations used are: 8S0, OL-buthionine·(S,R)·sulfoximine; COOP, cisplatin; CPT, 
camptothecin; DOX, doxorubicin; 5-FU, 5-fluorouracil; MAb, monoclonal antibody; MRP, multidrug 
resistance-associated protein; MTX, methotrexate; MX, mitoxantrone; P-gp, P-glycoprotein; SRB, 
sulforhodamine 8; TPT, topotecan; tapa 1111, topoisomerase 1111; VPL, verapamil. 
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Novel mechanism of tapatecan resistance 

We have developed and characterized a TPT·resistant human IGROV·1 
ovarian cancer cell line which Is highly cross·resistant to SN38, but displays 
only minor resistance to CPT. The acquisition of resistance was associated 
with reduced cellular accumulation rather than changes of topo I catalytic 
activity or cleavable complex formation. This reduced accumulation was 
shown to be independent of p.gp or multidrug reslstance·associated protein 
(MRP). 

MATERIALS AND METHODS 

Chemicals and drugs. CPT was obtained from Aldrich (BOrn em, Belgium). 
TPT was a generous gift from Smith Kline Beecham Pharmaceuticals (King of 
prussia, PA, USA). SN38 was generously supplied by Rh6ne·Poulenc Rorer 
(Alfortville, France). Plasmid pBR322 DNA, sulforhodamlne B (SRB), Ol· 

buthionlne·(S,R)·sulfoximine (BSm and agarose were obtained from Sigma (st. 
Louis, MO, USA). Kinetoplast DNA (kDNA> was from TOpoGEN (Columbus, Ohio, 
USA>. Doxorubicin (DOXl was obtained from Pharmacla (Brussels, Belgium). Cis· 
dlammlnedichloroplatinum(J1l (clsPlatin, CDDP), mitoxantrone (MXl and 
methotrexate (MTXl were from Lederle (Wolfratshausen, Germany). paclltaxel 
naxol™) and etoposide Np·16) were purchased from Bristol Myers nrolsdorf, 
Germany), and 5·fluorouracll (5·FUl from Roche (Mijdrecht, The Netherlands). 
Verapamll NPLl was obtained from Bufa (Ultgeest, The Netherlands). RPMI 1640 
medium was from GibcOBRL (Life Technologies B.V., Breda, The Netherlands). 
Bovine calf serum (BCS) was purchased from Hyclone (Logan, Utah, USA>. The 
P·glycoprotein specific monoclonal antibody (MAb) C219 was obtained from 
Cis Blointernatlonal (Glf·sur·lvette, France) and the MRp·speclflc MAb MRPr1 
was kindly provided by Dr. R. Scheper (Dept. pathology, Free University, 
Amsterdam). 

Cell lines and development Of resistance. The human ovarian cancer 
IGROV·1 and the TPT·resistant IGROVT100, cells were cultured In Hepes·buffered 
RPMI 1640 medium, supplemented with 10% BCS, 10 mM NaHCO" 2 mM 
glutamine, gentamycln, penicillin, streptomycin and phenol red in a 
humidified atmosphere of 5% CO, at 370 C. The doxorubicln·reslstant 2780AD 
ovarian cancer cell line, as well as the small·cell lung cancer GLC, and the 
doxorublcin·reslstant GLC/ADR cell lines were cultured in the same medium, 
supplemented with 10% FCS Instead of BCS. The cells were frequently 
monitored for mycoplasma contamination. 

The TPT resistant IGROVT100, was developed by continuous exposure to 
Increasing concentrations of TPT. The starting concentration of TPT used for 
incubation was 5 ng/mJ. Within 5 months the cells were exposed to 100 ng/mJ. 
The cells were passaged at that concentration of TPT for another 4 months, 
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after which TPT was withdrawn. No change in TPT resistance was observed 
after withdrawal of TPT for at least 3 months. 

Assessment of cytotoxicity and cross· resistance. The cytotoxicity of 
TPT, SN38, CPT, DOX, VP·16, COOP, paclltaxel, 5·FU, MX, and MTX against the 
IGROVT1 "", cells was estimated using the SRB assay (131. 

Intracellular accumulation of TPT, SN3B, and CPT. Accumulation of TPT, 
SN38 and CPT was measured in IGROV·1 and IGROVrroo, cells that were grown to 
50 to 70% confluency. The cells were incubated for 30 min at 37"C with 400 
or 800 ng/ml TPT, SN38 or CPT. All drugs were first converted Into their 
lactone form. Following incubation, cells were washed twice with Ice·cold PBS 
and scraped immediately. The cells were collected In a glass tube and 
centrifuged (5 min, 500 g, 4°CI. subsequently the cells were resuspended In 
150 Jil of 0.1 % acetic acid to lyse the cells. protein concentrations were 
determined using the Blo·Rad assay based on the Bradford method. The 
concentration of TPT in the sample was measured using a previously 
described sensitive HPLC method (141. Only small fluctuations In the pH of the 
medium were noted In the Incubation experiments, and these pH differences 
did not affect the exposure of the cells to TPT In its lactone form. 

The accumUlation process was also studied at O°C. The parental and 
resistant cell lines were Incubated for 30 min at O°C with 400 or 800 ng/ml 
TPT. Following incubation, samples were treated as described above. 

For quantltatlon of the accumUlation of SN38 and CPT, 200 Jil of 
suspension was mixed with 100 Jil of MeOH/acetonltrlle 1/1 (v/v) on Ice. After 
mixing, the sample was kept on ice for 10 min. subsequently, 10 Jil of a 
saturated znso, solution In H20 was added. After mixing, the samples were 
centrifuged at 4000 g for 5 min. From the supernatant, 200 Jil was injected on 
a hypersi1 ODS column (Shandon, Astmoor, UKl. SN38 and CPT were eluted with 
an acetate buffer (75 mM ammonium acetate/5 mM tetrabutyl· 
ammoniumhydrogensulphate (pH 6.4))/acetonitrlle 178/221. CPT and SN38 were 
detected using fluorescence detection (excitation wavelength 355 nm, 
emission wavelength 515 nm). 

The influence of the p.gp blocking agent VPL on the accumulation of TPT 
In the IGROV·1 and resistant IGROVrr"", cell lines was evaluated by incubating 
the cells for 30 min simultaneously with 800 ng/ml of TPT and 10 JiM VPL. The 
effect of glutathione depletion on the MRp·medlated efflux (15,161 of TPT was 
tested by incubating cells with 50 pM BSO for 24 hours followed by a 30 min 
Incubation with 800 ng/ml of TPT. The MRP overexpressing GLC.tADR cell line 
(17), together with the parental GLC,. were used as controls for the influence 
of BSO on the MRp·mediated accumulation of TPT. Intracellular accumUlation 
of TPT was assayed as outlined above. 
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Efflux of TPT. In order to measure the efflux of TPT from the IGROV·1 and 
the IGROVT1oo, cell lines, cells were loaded with 200 ng/ml and 1500 ng/ml 
respectively, resulting In similar IntracellUlar concentrations of the drug. 
After exposure to TPT for 30 min, cells were washed twice with PBS at 37°C 
and resuspended in 4 ml of prewarmed RPMI medium. After resuspension, 
celis were incubated at 37"C. At t=O, 5, 10, and 20 min after the start of the 
incubation, flasks were withdrawn, cells were washed and subsequently 
harvested. The intracellular concentration of TPT was determined as outlined 
above. The experiment was also performed at OOC. In that case, celiS were 
loaded at 37°C, subsequently washed with Ice,cold PBS and incubated further 
at O°C. The efflux of TPT was determined after 10 min. 

Energy·dependence of accumulation. Energy·dependence of TPT 
accumulation was Investigated by transferring IGROV·1 and IGROVr,oo, celiS to 
RPMI 1640 medium, containing 10 mM sodlumazlde and 2·deoxv·d·glucose 
Instead of glucose, for 15 min. Subsequently TPT (800 ng/mll was added, and 
cells were Incubated at 37°C for 30 min. Samples were analyzed as described 
above. 

p.gp and MRP expression. Immunocytochemical detection of p.gp and 
MRP was performed according to previously used procedures (18,19). Cytospin 
preparations were fixed In cold acetone (10 min, OOC), alr·drled and incubated 
with the MRP·specific MAb MRPr1 or with the p.gp specific MAb C219. 
Antibody binding was detected using alkaline phosphatase·conjugated 
immunoglobulin mako, copenhagen, Denmark> and alkaline phosphatase 
substrate using new fuchsine (Dako). The slides were counterstained with 
haematoxvlln and mounted. prior to use, C219 and MRPr1 were diluted (1:10, 
and 1:1500, respectively) in Tris buffered saline (50 mM Tris pH 7.4) containing 
normal rabbit serum (10%, w/v), normal goat serum (1%, w/v), and normal 
human AB serum (1%, w/v). Each assay included the use of an isotype· 
matched Irrelevant MAb (mouse IgG2a and rat IgG2a for respectively C219 and 
MRP)' 

DNA topoisomerase I and topoisomerase II catalytic activity. NUClear 
extracts were prepared as described (20), Topo I catalytic activity In these 
nuclear extracts was assayed by monitoring the relaxation of supercoiled 
pBR322 DNA (250 ng), whereas topo II catalytic activity was determined by 
monitoring decatenation of kinetoplast DNA (250 ng) in the presence of 1 mM 
ATP. Samples were analyzed by electrophoresIs on a 1% agarose gel. After 
staining the gels with ethldlum bromide, the bands were visualized over an 
UV light table and photographed with Polaroid (667) positivelnegatlve films. 

The stabilization of topo I cleavable complexes by CPT was determined by 
incubating reaction mixtures at 37°C for 30 min with concentrations of CPT 
ranging from 3 to 200 JIM. The reaction mixtures contained the lowest 
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amount of nuclear proteins that was able to yield complete relaxation of 250 
ng of pBR322 DNA. Reaction products were separated on 1 % agarose gel and 
visualized as described above. 

Statistical analysis. statistical evaluation was performed using the 
student t·test and Pearson correlation analysis. P·values sO.05 were 
considered to be significant. 

RESULTS 
. ICROVT1 O<l, cell line: Resistance to TPT and cross·resistance pattern. 

The resistant IGROVT1,"" cell line was developed by stepwise increased 
exposure of TPT for 5 months. This cell line not only developed resistance to 
TPT (30'fold), but also for SN38 (5Hold) and MX (3o-fold). ICso·values for the 
resistant and sensitive cell lines are summarized In Table 1. Only minor cross· 
resistance to CPT, another topo I Inhibitor, was found. Minor or no cross­
resistance to the topo II inhibitors DOX and VP-16, nor to CODP, paclitaxel, and 
5-FU was observed. The cells show an increased sensitivity to MTX. 

Table 1 Cross res/stance pattern of /GROV"oo< 

DRUGS IGROV-1 IGROVT1,"" Rf' 
(leso nglmll ([Cso ng/ml) 

TPT 6.8 ± 1.7 199 ± 49.5 30.0 ± 6.9 
SN38 1.3 ± 0.5 65.9 ± 27.1 51.7 ± 17.3 
CPT 2.3 ± 0.8 5.9 ± 1.0 2.7 ± 0.4 
DOX 52.3 ± 24.4 51.2 ± 21.0 1.0 ± 0.2 
VP-16 457 ± 134 603 ± 101 1.4 ± 0.2 
CODP 76.0 ± 24.3 155 ± 54.5 2.1 ± 0.6 
PACLITAXEL 29.5 ± 12.5 29.8 ± 11.0 1.0 ± 0.1 
5-FU 412 ± 88 316 ± 117 0.8 ± 0.2 
NIX 4.1 ± 1.2 131 ± 59.7 30.7 ± 9.6 
MTX 17.2 ± 2.9 6.6 ± 0.6 0.4 ± 0.0 

Data are means ± s.d of at least 3 experiments. 
'Rf, resistance factor, determined with the SRB method. 
"NS, not significant. 
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Intracellular accumulation of TPT, SN38 and CPT. Results of TPT 
accumulation experiments are shown in Fig. 1. At extracellular TPT 
concentrations of 400 and 800 ng/ml, accumulation in the IGROVT1QOr cell line Is 
approximately 85% lower than In the parental cell line (p<0.001). Notably, in 
both cell lines no saturation kinetics was observed up to TPT concentrations 
of 10,000 ng/ml. 

o 
400 800 

TPT (ng/ml) 

Fig 1. Accumulation of TPT In the IGROV·1 and IGROV""" cell lines after exposure to 400 
or 800 ng/ml of TPT. IGROV·1, dashed bars; IGROVT1oorl black bars. 

Also the accumulation of SN38 In the resistant cell line was decreased, 
I.e. from 12.1 ± 6.67 ng/mg of protein In the IGROV·1 to 4.4 ± 2.45 ng/mg of 
protein In the IGROVT1 00< cell line (p < 0.05). NO decreased accumulation was 
observed for CPT in the resistant cell line. Concentrations of CPT in the IGROV· 
1 and IGROVT1 00< were 3.23 ± 0.66 and 3.7 ± 1.28 ng/mg of protein, 
respectively. 

Effects of VPL and sse on the cellular accumulation of TPT. In 
order to correlate reduced TPT accumulation with known resistance 
mechanisms, cells were treated with the p.gp blocking agent VPL (10 pM) or 
glutathione depleting BSO (50 pM), Simultaneous incubation of TPT with 10 pM 
VPl did not significantly influence the Intracellular accumulation of TPT In the 
IGROV·1 or IGROVT100< cell lines (data not shown>. Moreover, depletion of 
glutathione by a 24 h preincubation with BSO did not significantly affect the 
accumulation of TPT, In the IGROV·1 as well as the IGROVT1ooc cell line (Fig. 2). TO 
evaluate the impact of MRP on the accumulation of TPT, the GlC, and the MRP 
overexpressing GLCiADR cell lines were used as controls. In the parental GlC, 
cell line, BSO did not Influence the accumulation of TPT In the cell 
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significantly. The accumulation of TPT in the resistant GlCiADR cell line was 
35% lower than In the parental GlC, cell line (Fig. 21. pretreatment of the MRP' 
overexpressing GlCiADR cell line with BSO resulted in an increased 
accumulation of TPT (p=0.041. Following treatment of GlC, cells with BSO, no 
significant difference was observed between the accumulation of TPT in the 
sensitive GlC, and the resistant GlCiADR cell line (Fig. 21. 

rn 
o 

o 
IGROV-1 IGROV-nOOr 

NS ,------, 

GLC4 GLC4/ADR 

Fig 2. Influence of BSO on the accumulation of TPT In the IGROV·1, IGROV""", GlC, and 
GlC4/ADR cell lines. control, white bars; Incubated with SOpM B50, black bars. 

Efflux of TPT from the parental ICROV·1 and ICROVnoor cell lines. A 
very rapid efflux of TPT was observed both In the IGROV·1 and the IGROVnoo, 
cell lines. Relative intracellular concentrations of TPT, compared to t=O, at 
t=5, 10 and 20 were 34.6 ± 6.68%, 13.2 ± 9.04%, and 2.6 ± 1.89%, 
respectively. For the IGROVnoo, the relative Intracellular TPT concentrations at 
5, 10 and 20 min were 27.4 ± 7.74%, 6.9 ± 3.12%, and 1.2 ± 0.8%, 
respectively. Efflux rates of TPT in the IGROV·1 and IGROV"00' were not 
significantly different. 

Accumulation and efflux at lower temperature. In order to assess 
the role of active transport in the Kinetics of TPT, accumulation and efflux of 
TPT were assayed at O·C. Data on the accumulation of TPT (800 ng/mll at 37 
and O·C are shown In Fig. 3a. At O·C, accumulation In the parental IGROV·1 cell 
line was only 7.3% of the accumulation at 37"C (p <0.0011. The efflux of TPT 
from the parental IGROV·1 cells was completely inhibited in preloaded cells by 
lowering the temperature to O·C (data not shown>. In the IGROV"oo, cell line, 
accumulation at O·C was lowered to approximately 50% of the value at 37·C. 
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As in the parentaIIGROV-1, at O°C the efflux of TPT from the IGROVT1Oo, cell line 
was completely inhlblted_ 

Energy-dependence of TPT accumulation_ ResUlts of accumulation 
experiments In energy-depleted cells are shown in Fig. 3b. Cellular 
accumulation of TPT In the sensitive IGROV-1 cell line tended to decrease upon 
depletion of energy (NS)' In the resistant IGROVT1oo, cell line, accumulation 
increased significantly under these conditions as compared to the situation 
in glucose·containing medium. Notably, the accumulation of TPT under low 
energy conditions was equal In both cell lines. 

Expression of P-gp and MRP_ Using Immunocytochemistry, no 
expression of P-gp was noted in the resistant IGROVT1oo, and parental cell line 
(data not shown), Clear membrane staining was observed in the P-gp positive 
cell line 2780AD, while the parental cell line A2780 was negative for P-gp. 

With the MRP-speclflc MRPr1 MAb, marked staining was observed In the 
MRP-posltive cell line GLC/ADR. Membrane staining as well as cytoplasmic 
staining was found. only about 20% of the IGROVT1oo,' and 10% of the IGROV-1 
cells stained for MRP, and staining was primarily found In the cytoplasm. 
However, staining In these cell lines was very weak, as compared to the 
staining that was observed In the MRP-overexpresslng GLC/ADR cell line (data 
not shown), 

Tapa I and tapa II catalytic activities and stabilization Of tapa I 
cleavable complex by CPT_ No apparent differences In to po I or topo II 
catalytic activities were observed between the IGROV-1 and the IGROVT1ooc (data 
not shown>. In both cell lines, TOPO I mediated relaxation of supercoiled 
pBR322 DNA was completely inhibited by concentrations of 25 pM of CPT and 
higher for both cell lines. 

DISCUSSION 
We developed the TPT-reslstant human IGROVT1oo, ovarian cancer cell 

line, which is cross-resistant to SN38, but displays only minor resistance to 
CPT. Resistance to CPT and analogues has been attributed to reduced 
expression or reduced activity of topo I (6-10>. However, for the IGROVT100r celi 
line this does not appear to be the case. catalytic activity of topo I In the 
IGROV-1 and IGROVT1oo, cell lines was equal. Furthermore, cleavable complex 
formation In both cell lines was equally sensitive to CPT. 

Resistance to TPT and SN38 in the IGROVT1ooc cell line appears to be 
caused by reduced accumulation of the respective compounds. The 
importance of reduced accumulation is also suggested by the unchanged 
accumulation of CPT, accompanied by an almost lack of resistance of the cells 
for this compound. 
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P .. 0.005 
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IGROV-I rOROV-nOOr 

Fig 3. Accumulation of TPT In the IGROV·1 and the IGROV""", cell lines. A Accumulation at 37·C 
and O·C. IGROV·1. dashed bars; IGROV""". black bars. B. Accumulation In energy depleted IGROV· 
1 and IGROVnOOf cells. Accumulation of TPT In the presence of glucose, white bars; Accumulation 
of TPT under energy depleting conditions, black bars. Energy was depleted by Incubating cells 
In RPMI, containing 2·deoxy·d·glucose Instead of glucose, and with 10 mM sodlumazlde added, 
as described In Materials and methods. 
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Multidrug resistance has been associated with an increased expression 
of p.gp and MRP. p.gp has also been shown to be Involved In resistance to 
TPT, as acquired resistance to TPT was accompanied by increased expression 
of p.gp and reduced accumulation (121. However, in the IGROVT1oo, cell line, no 
overexpression of p.gp was observed as compared to the parental cell line. 
Furthermore, no p.gp related MDR characteristics are present In the IGROVT1oo, 

cell line, as no cross·resistance to other drugs except MX Is observed. Also the 
absence of a stimulating effect of VPL on accumulation of TPT in this cell line 
argues against the Involvement of p.gp In the mechanism of resistance to TPT 
and SN38. 

Although In the resistant cell line about 20% of the cells has increased 
expression of MRP as estimated by Immunocytochemistry, MRp·content does 
not appear to be critical In relation to the acquired reduced accumulation 
and resistance in the IGROVT1oo, cell line, for several reasons. 1) Although 
slightly Increased levels of MRP are present In the resistant IGROVT1"" cell line, 
the level of this protein Is much lower than In the MRP·overexpresslng 
GLCiADR cell line. The relative reduction of TPT accumulation In this MRp· 
overexpressing GLCiADR cell line is only moderate and even less marked than 
in the IGROVT1oo, cell line (Fig. 21. In case MRP is closely involved In the efflux of 
TPT, a more markedly decreased accumulation would be anticipated In the 
GLCiADR cell line. 2) Inhibition of MRP by depletion of glutathione did not 
result In significant reversal of the reduced accumulation of TPT in the 
IGROVT1"" cells. 3) Like p.gp, MRP has been related to multldrug resistance. 
However, the IGROVT1 "", Is not a multidrug resistant cell line. 

Efflux of TPT from both IGROV cell lines could completely be Inhibited 
by lowering the temperature to DoC. Lowering of the temperature resulted 
in almost complete (90%) inhibition of the accumulation of TPT in the IGROV·1 
cell line as well. However, accumulation of TPT In the resistant IGROVT1 "", cell 
line was decreased to a lesser extent. This indicates that a significant portion 
of TPT In the resistant cell line apparently accumulates by temperature, and 
therefore presumably energy Independent processes. strikingly, the 
accumulation of TPT at DoC was comparable In both cell lines. Under low· 
energy conditions, accumulation of TPT In the resistant IGROVT1oo, increases, 
whereas accumulation In the IGROV·1 shows a tendency to decrease. As no 
different efflux characteristics of TPT were observed In these cells, the results 
may be explained by the presence of an energy·dependent inward transport 
system in the IGROV·1 cell line that Is capable of transporting TPT and SN38, 
but not CPT. The transport system appears to be absent In the IGROV""". TO 
our knowledge, such a mechanism of resistance has not been described 
before. Recently, Yang et al. reported an MX resistant breast carcinoma MCF7 
cell line, that surprisingly displayed a selective resistance against TPT, SN38 
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and CPT-ii, but lacked resistance to CPT (21). The similarities between this and 
our IGROVT1oo, cell line suggest that the resistance In these cell lines Is 
mediated by the same mechanism. 

Notably, the rapid efflux of both TPT and SN38 may be clinically 
Important In relation to the known improved activity upon a prolonged 
Incubation of TPT In vitro and in vivo In patients (22). TOpo I inhibitors like CPT 
or TPT can not be trapped in the cell, as their binding to cleavable complexes 
is a reversible process. Due to the efficient efflux of TPT from the cell, a short 
Incubation period would lead to a much lower magnitude of exposure, and 
therefore decreased activity Of TPT, as compared to prolonged incubations. 

In conclusion, we developed a TPT-resistant IGROV-1 ovarian tumor cell 
line, that displays significant cross·resistance to SN38, but is only marginally 
resistant to CPT. The resistance is accompanied by decreased accumulation of 
TPT and SN38, and Is not mediated by p.gp or MRP. The nett energy­
dependent efflux of TPT in the IGROV-1 and IGROVTToo, cell lines was not 
significantly different. In addition, no significant differences have been 
observed between energy-Independent efflux Of TPT in the parental and 
resistant cell line. We hypothesize that the resistance to TPT In the IGROVTToo, is 
caused by uptake related factors, probably an impaired uptake system for 
TPT and SN38 In the IGROVTToo< cells. 
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CONCLUSIONS 

Cisplatln Is one of the most widely applied anticancer agents in the 
treatment of different types of solid tumors (1). The pharmacokinetics and 
pharmacodynamics of cisplatin reveal wide interpatlent variation. When 
patients are given a standard dose based on the body surface area, the area 
under the curve (AUC) of unbound platinum (cisplatin is measured with 
atomic spectroscopy as platinum) varies more than threefold. In addition, it IS 
clinically well known that there IS significant Interpatlent variation in the 
response to cisplatin chemotherapy. Patients with advanced germ cell 
tumors can be cured on average In more than 90% of cases. However, other 
tumor types are less sensitive or Insensitive for clsplatln. Clearly there is a 
need to characterize the dose· response relationship In greater detail with the 
aim to optimize clinical application of cisplatin. 

Topoisomerase I <Topo j) inhibitors form a novel and promising class of 
anticancer agents. They reversibly interact with the so·called cleavable 
complex. ThiS IS the binding complex of the nuclear enzyme topo I and DNA 
In which this enzyme induces a single strand break. The topo I Inhibitors 
topotecan and Irlnotecan (CPT-11) are currently evaluated in clinical studies 
and Irlnotecan has already been approved in several countries for the 
treatment of advanced colorectal cancer. The combination of cisplatln and 
topo I inhibitors has a number of potential benefits for the treatment of 
patients with advanced cancer. Both drugs act on the DNA through a 
different mechanism. Therefore, combination of cisplatln and a topo I 
inhibitor may well be synergistic or at least additive. In addition, results of 
clinical studies reveal that the toxicity profile of topo I Inhibitors only partly 
overlaps with that of cisplatin. These characteristics form the basis for 
extensive clinical evaluation of the combination of the two different types of 
anticancer agents and for preclinical studies aiming at characterization of the 
mechanism of interaction of cisplatin and topo I inhibitors. 

Another unique and novel Class of anticancer agents are the taxanes. 
The two representatives approved for clinical application are paclltaxel 
<Taxol®) and docetaxel (Taxoterec). Taxanes enhance polymerization of the 
tubulin into stable mlcrotubules and Inhibit microtubule de polymerization. 
This results in a disruption of the equilibrium within the microtubule system 
and ultimately leads to cell death. Taxanes are cell CYCle specific drugs and 
employ their cytotoxicity mainly during the mitOSis-phase of the cell cycle. 
Phase II studies revealed high activity In a number of solid tumor types, such 
as breast and ovarian cancer, non-small cell lung cancer, head and neck 
cancer, soft tissue sarcoma and gastriC cancer. The unique mechanism of 
action combined With the high activity In clinical studies make taxanes good 
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candidates for combination chemotherapy with clsplatin. Taxanes may induce 
neurosensory toxicity which overlaps with the toxiCity profile of cisplatln. 
However, the additional toxicity profile shows only marginal overlap with 
clsplatln. In addition to clinical phase I and II studies to establish the feasibility 
of the combination therapy, pharmacologic studies are needed to 
characterize concentration·response relationships and any schedule 
dependent influences on the pharmacokinetics and dynamics of both 
compounds. 

In clinical studies analysis of clsplatin induced DNA·adducts most often 
is limited to measurement of DNA·adducts In peripheral white blood cells 
(WBC). A number of different assays have been published for the quantitation 
of DNA·adducts In WBC (2,3>' one of the two most widely applied techniques 
Is atomic spectroscopic quantitation of platinum (and quantltatlon of DNA 
employing UV·spectrophotometry) (2)' The other frequently applied method 
is quantltatlon of DNA·adducts with a competitive ELISA (3). prior to the 
execution of the clinical pharmacologic studies we became aware of a 
significant bias In a previously published method for whole blood sample 
preparation. studies presented In Chapter 2 have been directed to 
characterize the bias and to validate a new method for measurement of DNA· 
adducts in WBC. Results illustrate that Immediate separation of leucocytes 
from plasma Is Important to prevent continued formation of DNA·adducts ex 
vivo. During and shortly after the end of the clsplatln Infusion whole blood 
samples collected from a patient contain unbound cisplatin which can form 
adducts with DNA In WBC. Previously published studies eraneously 
Interpreted the combination of high levels of DNA·adducts shorly post· 
Infusion and the low levels 1 day later as DNA·repair. our studies reveal that 
the DNA·adduct level shortly post·lnfuslon are approximately 50% lower than 
reported by others (3)' In addition, the Interpatlent variability In DNA·adduct 
levels after standard dosing of patients Is of the order of 10·fold lower than 
reported by others (2,4). This can be explained by a major reduction of 
variation In the assay. 

In Chapter 3 the validation of the analysis of unbound platium in 
plasma of patients Is reported. A simplified and very economical plasma 
protein precipitation with cold ethanol is presented. The method results in 
equal concentrations of unbound platinum as when protein free plasma is 
obtained through plasma ultrafiltration. The ethanol precipitation method Is 
less laborious and much less expensive than the use of Millipore tubes or 
Amlcon filters. The method can also be used for the measument of unbound 
platinum after administration of carboplatln. 

The outlined methods have been applied to characterize the 
concentratlon·DNA·adduct·response relationship of clsplatln in patients who 
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were treated with weekly cisplatln (Chapter 4). The aim of weekly 
administration of cisplatin was to increase the dose·lntenslty and thereby the 
likelihood of response. In total 45 patients with various types of solid tumors, 
mainly head and neck cancer, non·small cell lung cancer, adenocarcinoma of 
unknown primary site and mesothelioma could be evaluated for the 
pharmacokinetics of cisplatln, the DNA-adduct formation In WBC and tumor 
response and toxicity. The results reveal that after administration of a 
standardized dose of 70·80 mg/m2 the exposure to unbound clsplatln (AUC) 
varied more than threefold. Hence, significant Interpatlent pharmacoklnetlc 
variability was observed. A second important observation was that the AUC of 
unbound platinum and the level of the DNA-adducts in WBC were highly 
correlated (R~0.78)' This is a new observation, which however could be 
anticipated. In preclinical studies, linear relationships have been observed 
between the incubation concentration of cisplatin over a wide concentration 
range and the level of DNA-adducts in tumor cell lines (see also chapter 7), In 
addition, WBC circulate in the blood, i.e. central compartment to which 
unbound cisplatin Is infused. Importantly, both the AUC of unbound clsplatln 
and the DNA-adduct levels were predictive for the likelihood of tumor 
response. This means that the likelihood of tumor response Is at least partly 
determined by variability between patients in the pharmacokinetics of 
clsplatln. Furthermore, significant but relatively low correlation coefficients 
could be described between the AUC of unbound platinum and the severity 
of the thrombocytopenia and the log VPT (vibration perception threshold), 
the latter being a measure of the severity of neurosensory toxicity in duced 
by cisplatin. A new surrogate end point has been defined in this study, the 
area under the DNA-adduct·time curve (AUAl. This parameter was calculated 
using the base·line level, the level at 1 hour and 18 hours post-Infusion and 
the trapezoidal method. The AUA was only a slightly better parameter than 
the DNA-adduct level determined at one single tlme·point' at 1 hour after the 
end of the clsplatin infusion. The significant relationship between AUC and 
likelihood of response, combined with the significant Interpatlent variability 
In the pharmacokinetics form a strong basis for individualized treatment 
with cisplatin. This approach is presently ongoing and preliminary results 
obtained In 34 patients mainly with advanced non·small cell lung cancer 
reveal a favourable response rate of more than 60% (5), Extended studle are 
needed to establish whether the individualized approach Is superior to 
standard dosing In terms of response rate, disease·free and total survival and 
whether It Is coupled with managable toxicity. 

The pharmacokinetics and dynamics of docetaxel and cisplatln in 
patients with solid tumors are described in Chapter 5. AS outlined, clsplatin 
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and docetaxel are two anticancer agents with documented high activity 
against a number of solid tumor types. The toxicity pattern is only partly 
overlapping, which combined with the high activity of the single agents, 
forms a strong basis for the evaluation of the feasibility of combination 
therapy with clsplatln and docetaxel. In the clinical study the maximum 
tolerated doses of docetaxel and clsplatin given In the two sequences of 
administration were investigated. The aim of the pharmacologic study was to 
investigate whether the pharmacokinetics and dynamics of docetaxel and 
clsplatln were sequence dependent and whether significant relationships 
existed between pharmacokinetics and toxicity. The pharmacokinetics and 
dynamics could be evaluated during the first course In 64 of 66 patients 
entered. The total plasma clearance of docetaxel was 19.6 ± 4.7 WhIm') and 
of unbound platinum 23.0 ± 8.2 WhIm'). These data are of the same order as 
when the two drugs are administered as single agents (6,7), The plasma 
protein binding of docetaxel and clsplatln were not significantly influenced 
by their simultaneous administration. In addition, all other pharmacoklnetic 
parameters, such as volume of distribution at steady state, half-lives and 
renal clearance of unbound platinum were not significantly different 
between the two sequences of administration. Granulocytopenia and 
leucocytopenia were the dose-limiting toxicity. In addition, significant 
thrombocytopenia and mucositis were observed. The pharmacoklnetlc 
parameters AUC of docetaxel and time-period above a concentration of 100 
nglml moO) were significantly correlated with the leucocytopenla and 
thrombocytopenia. Of Interest, the T100 turned out to be the 
pharmacoklnetlc parameter with the highest correlation coefficient with 
pharmacodynamic parameters. previous studies with docetaxel have not 
Iden.tlfled this parameter. Also, the AUC of unbound platinum was 
significantly correlated with the granulocytopenia, leucocytopenia and 
thrombocytopenia, however the correlation coefficients were slightly lower 
than of docetaxel. The AUC, and In particular T100 of docetaxel, as well as the 
AUC of unbound platinum could adequately be fitted to the % decrease 
leucocytes and thrombocytes, applying the sigmoid Emax model (Hili 
equation). The correlation between the AUC or T100 of docetaxel and the AUC 
of unbound platinum was low. Therefore, AUC or T100 of docetaxel and AUC 
of unbound platinum were used In combination as two Independent 
pharmacoklnetlc parameters. Results of fits revealed that the % decrease 
granulocytes and leucocytes could best be described using the combination 
of T100 and AUC of unbound platinum than any of the single parameters in 
one Emax model. The root mean squared error % (RMSE%) was used as a 
measure of preclson (81. The pharmacokinetic-toxicity relationships in the two 
sequences of administration were completely overlapping. The DNA-adduct 
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formation of cisplatin in WBC was significantly Inhibited when docetaxel 
preceded cisplatin. The maximum adduct level at one hour after the end of 
the clsplatin infusion was 1.1 ± 0.37 without and 0.50 ± 0.41 (pg Ptillg DNA) 
with prior docetaxel (p<0.01). There was a trend towards more pronounced 
leucocytopenia in the sequence cisplatin followed by docetaxel (p=0.09), 
however it did not reach statistical significance. Additional studies in our 
laboratory have revealed that the pharmacodynamic interaction did not 
occur in two human tumor cell lines IGROV-1 and WIDR. Up to now, no data 
are available on the uptake kinetics of clsplatln in tumors in patients when 
cO'adminlstered with docetaxel. Further clinical pharmacologic studies are 
needed to unravel whether the observed pharmacodynamic Interaction 
between clsplatln and docetaxel has therapeutic Implications. The interaction 
has also been observed for paclitaxel (see Chapter 6). 

In Chapter 6 the mechanism of the interaction between cisplatln and 
the taxanes docetaxel and paclitaxel Is described. In a clinical and 
pharmacologic phase 1111 study, which is described in Chapter 5, a 
pharmacodynamic interaction between docetaxel and clsplatln became 
apparent. The formation of DNA·adducts of cisplatin in WBC was very much 
reduced when docetaxel preceded cisplatin. In Chapter 6 the Interaction was 
simulated In vitro using docetaxel as well as paclitaxel as model substrates. 
Incubation of whole blood of healthy subjects and patients with solid tumors 
with docetaxel or paclitaxel Inhibited the uptake of clsplatln by 46%. This 
interaction explains the reduced DNA-adduct formation which was observed 
in the clinical study. 

The pharmacokinetic·dynamic relationship of clsplatln has been studied 
In vitro using a human ovarian cancer cell line IGROV-1 (Chapter 71. The aim 
was to establish whether different rates of input of clsplatln affected the 
DNA-adduct kinetics and cell survival. An "i.v. bolus, 3·hour and 20·hour 
Infusion" schedule were Simulated, because In the clinic the optimal schedule 
of administration has not been defined. The different schedules were 
simulated using human albumin additions to bind active cisplatin In the cell 
culture medium. The doses and albumin additions were constructed in such a 
way that the area under the curve of unbound, I.e. active, cisplatin (measured 
as platinum) was equal In all schedules. cell survlal and DNA·adduct levels were 
used as end-points. The results reveal that the 3 different "infusion" schedules 
had a significant Influence on the shape of the DNA-ad duct-time curve. The 
"i.v. bolus" schedule had the highest and the "20·hour infusion" schedule the 
lowest maximum DNA-adduct level. However, the area under the DNA-adduct­
time curve (AUAl was not significantly different between the 3 schedules. In 
addition, the cell survival curves were completely overlapping. There was a 
linear relationship between the AUA and AUC of unbound clsplatin when 
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higher doses were applied. The results indicate that the magnitude of the 
AUC of unbound cisplatin and not the rate of Input Is correlated to the cell 
survival. In addition, linear relationships were observed between the AUC and 
the level of DNA-adduct formation over a wide concentration-range. These 
results may guide design of clinical administration schedules of cisplatin. 

In experiments described in Chapter 8 the pharmacodynamics of 
cisplatln were determined In a cisplatin resistant stable subline of the 
cisplatin sensitive human ovarian cancer cell line IGROV-1. The subllne, 
denoted IGROVcoDP' was developed through Intermittent incubation with 
increasing concentrations of cisplatin. After 9 months a stable cell line had 
developed with a resistance factor of 24 In the clonogenlc assay. The cellular 
accumUlation in IGROVcoDP was approximately 65 % lower than in the parental 
cell line at equal incubation conditions. Also, the reduction In the level of the 
DNA-adducts In the resistant cell line compared to IGROV-1 was of the same 
magnitude. IGROVcoDP was moderately to significantly cross-resistant to 
carboplatln, doxorubicin, paclitaxel, docetaxel, VP16 and topotecan, 
indicating that no unique selective mechanism of resistance had developed. 
Cell survival, DNA-adduct peak height and area under the DNA-adduct-tlme 
curve (AUAl were determined every 4 passages during development of the 
resistant subllne. Highly significant linear relationships could be established 
between the passage number of cisplatln and the DNA-adduct peak height 
and AUA as well as the log cell survival. Also, linear relationships were found 
between the log cell survival and DNA-adduct peak height (R =0.97) or the 
AUA (R =0.96). These results support the observation that reduced 
intracellular accumulation of cisplatln is a major mechanism of resistance In 
this cell line. Glutathion concentrations were not Increased in IGROVCODP' 

The Influence of ATP-depletion, reduction of temperature and addition 
of ouabaine, a Na+, K+-ATPase Inhibitor on the uptake and efflux of clsplatln 
over the cellular membrane were evaluated in the sensitive IGROV-1 and 
resistant IGROVcoDP cell lines. ATP-depletlon was pursued by using glucose-free 
medium containing 10 mM sodiumazide (NaN,)' It resulted in an 
approximately 70 % decrease of the Intracellular accumUlation of cisplatin in 
the sensitive cell line. However, no significant change was observed In the 
resistant cell line. under the condition of ATP-depletlon the Intracellular 
accumulation of clsplatln was not significantly different between IGROV-1 and 
IGROVcoDP' Reduction of the temperature to O°C resUlted in a substantial 
decrease in the cisplatin accumUlation In both sensitive and resistant cell lines 
and the levels of accumUlation between the cell lines were no longer 
significantly different. Co-incubation with ouabain revealed that the 
reduction of clsplatin accumUlation was more pronounced In the sensitive 
than in the resistant cell line (44% vs 26%). A small, but significantly higher 
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efflux of platinum was observed in the resistant compared to the parental 
cells to vs 17%1. The small difference In efflux kinetics most likely does not 
account for the Hold reduction in the accumulation of cisplatin in resistant 
cells. The outlined results reveal that the uptake of cisplatln In IGROV·1 Is 
partly mediated through energy· and temperature·dependent processes. This 
energy·dependent process appears to be abrogated In the resistant IGROVcoop, 
resulting in reduced cisplatin accumulation. 

In Chapter 9 the cytotoxic activity was studied of the combination of 
clsplatln and the topo I Inhibitors topotecan and SN38. SN38 is the active 
metabolite of the topo I Inhibitor Irlnotecan. The cell line panel consisted of 
IGROV-1, MCF7 breast cancer (estrogen and progesteron receptor +), EVSAT 
breast cancer (receptor -I, M19 melanoma, WIDR colon cancer, A498 renal cell 
cancer and H226 undifferentiated non-small cell lung cancer. End-pOints were 
cell survival, total DNA-adducts and interstrand cross-links USC'S) of clsplatln as 
well as the cell cycle distribution under the Influence of cisplatin and 
topotecan. Applying median effect analysis (9), significant synergistic 
cytotoxicity of topotecan or SN38 in combination with clsplatln was observed 
in 7 out of 8 tested cell lines. In IGROV-1 and IGROVcoop, co-incubation with 
topotecan resulted In a consistently higher level of ISC'S which reached 
statistical significance at 48 h post-Incubation (p=0.008 in IGROV-1 and p=0.02 
In IGROVcoo')' Total DNA·adducts determined with atomic spectroscopy were 
not significantly different when clsplatln was compared with clsplatln plus 
topotecan. Reduced repair of ISC's may well contribute to the observed 
synergy. Besides simultaneous administration, the sequences of cisplatln 
followed by topotecan 2 days later (C~ nand topotecan followed with 
cisplatln 2 days later (l~C) were evaluated In the same cell panel. Also, SN38 
was applied as model substrate In combination with clsplatin. In IGROV-1, 
IGROVcoop and MCF7 significant schedule-dependency of the cytotoxicity was 
observed. C~T (and C~SN38) was significantly more cytotoxic than any other 
schedule. In all other cell lines, except H226, the same trend was found. A498 
did not show significant synergy In any schedule. Cell cycle distribution after 
clsplatln administration at the IC,o resulted In accumUlation of cells In G!M 
phase and corresponding decrease of cells in G, in all cell lines, which is in line 
with previous reports. After exposure to topotecan, the cell cycle 
distribution was cell type specific. only In H226 an arrest In S phase was 
observed. In A498 almost all cells arrested In G!M following treatment with 
topotecan. In the other cell lines an accumulation of cells in G!M was found, 
with a conconltant decrease of the number of cells in G,. The pattern of cell 
cycle distribution after exposure to clsplatln, topotecan and the combination 
did not provide an explanation for the observed schedule-dependent 
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synergy in the 3 outlined cell lines. Further studies are needed to unravel the 
schedule·dependency of the synergy. 

In Chapter 10 the development and characterization are described of a 
subllne of IGROV-1 which is stable and resistant to the topo I inhibitors 
topotecan and SN38. The subline, denoted IGROVT1OOR was 30-fold resistant to 
topotecan and 51-fold to SN38, but hardly cross-resistant to camptothecin 
(resistance factor = 3). The intracellular accumulation of topotecan in 
IGROVT1OOR was 85 % and of SN38 65 % lower compared with IGROV-1. The 
reduced accumulation was not mediated by the multldrug resistance P­
glycoprotein or the multidrug resistance-associated protein MRP. Rapid efflux 
of topotecan was observed with a half-life of 3-4 minutes in both sensitive 
and resistant cell lines. ATP-depletion experiments revealed that the uptake 
of topotecan In the sensitive cell line Is partly mediated through energy­
dependent processes, which mechanism Is abrogated in IGROVnOOR • No 
significant differences were observed In topo I and topo II catalytic activities. 

FUTURE PERSPECTIVES 
Results of clinical studies presented in this thesis clearly Illustrate the 

need for extended pharmacologic studies In order to characterize 
concentration-response relationships quantitatively. The wide Interpatlent 
variability In the dose-Aue relationship of unbound cisplatln, coupled with 
the significant relationship between the Aue and the likelihood of tumor 
response forms a strong basis for individualized treatment with clsplatin. 
standard dosing using the body surface area is Inadequate to reduce 
pharmacoklnetic variability. presently, a large phase II study with targeting of 
the Aue on the arbitrary chosen level of 3 (pg.h/mf) is ongoing. In addition, 
limited sampling and estimation of pharmacoklnetlc parameters using a 
Bayesian algorithm Is currently applied to increase the feasibility of wide­
scale application of pharmacologic guided dosing of cisplatln. Future studies 
should be designed to determine whether Individualized dosing Increases 
progression-free and overall survival and/or the quality of life and Is coupled 
with acceptable toxicity. 

Most often combination chemotherapy is applied Instead of therapy 
with anticancer agents given as single agent. In order to Investigate 
overlapping toxicities, concentration-effect relationships should be 
Investigated where representative pharmacoklnetic parameters of all 
administered drugs are combined and treated as independent parameters. 
This approach Is particUlarly Indicated when drugs are known to have 
overlapping toxicities and have low correlation coefficients between their 
main pharmacoklnetic parameters. 
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other dynamic end-points should be developed in clinical studies. The 
relationships between standard pharmacokinetlc parameters, such as AUC, CI 
and tlme·period above a threshold concentration and for example % 
decrease granulocytes, leucocytes and thrombocytes determined at the nadir 
do not sufficiently explain the observed interpatlent concentratlon·response 
variability. Assessment of the AUC of the granulocytopenia, leucopenia or 
thrombocytopenia with time following chemotherapy was an attempt 
described in Chapter 5, which should also be evaluated in future studies to 
determine its usefulnes. Also, other more specific parameters of bone 
marrow toxicity should be evaluated in future studies, because 
myelosuppression Is the main dose·llmlting toxicity of currently applied 
anticancer agents. 

Besides parameters which are related to the toxicity of anticancer 
therapy new pharmacodynamic end·polnts should be explored which 
correlate with the antitumor effect of drugs. An example which was explored 
in the present thesis Is the DNA·adduct formation in WBC. Results of clinical 
studies revealed high correlation coefficients between DNA·adduct levels and 
likelihood of tumor response and toxicity. However, the additional value of 
the DNA·adducts in WBC is limited, because the parameter was highly 
correlated with the AUC of unbound platinum. Additional clinical studies 
should reveal whether DNA·adducts in other healthy tissue of which the cells 
have the potency to divide, for example buccal smears or rectal biopsies are 
correlated with the pharmacokinetics cisplatln in plasma. New assays with at 
least 10·fold higher sensitivity should be developed for this aim. The "p. 
postlabeling assay is promising in this respect (10), preliminary experiments in 
our laboratory Indicate a linear relationship between the Incubation 
concentration of cisplatln and GG and AG adducts over a wide concentration 
range and high correlation coefficients with total DNA·adducts measured 
with atomic spectroscopy (AAS). The lower limit of quantitation Is at least 10· 
fold better than of AAS and presumably lower than can be obtained with 
competitive ELISA (11), 

Other dynamic end·points are related to the supposed mechanism of 
action of the anticancer agent. For example, measurement of the activity of 
to po I activity in tumor tissue and in healthy tissues In the case of the novel 
group of topo I Inhibitors should give further Insight Into the relationship 
between the magnitude of exposure and the pharmacologic effect (i.e. 
likelihood of tumor response and toxicity). Also, measurement of spindle 
bundle activity may give useful information about the Interpatlent 
pharmacodynamic variability after administration of taxane drugs. 

useful amounts of tumor tissue In vivo in patients are difficult to 
obtain, in particular serial sampling may be extremely inconvenient for a 

192 



Conclusions and perspectives 

patient. For this, and other reasons mechanistic studies In vitro should be 
carried out in order to characterize 1) usefUl surrogate dynamic end-points 
(DNA-ad ducts and others as presented In Chapter 7), quantitative 
concentration-effect relationships (as presented in Chapter 7), mechanisms of 
Interaction (as presented In Chapter 9) and mechanisms of resistance (as 
presented In Chapters 8 and 10). 

Hopefully, these studies will result in a better understanding of 
concentration-effect relationships of presently available and novel agents 
and will lead to "tailor-made" anticancer therapy. 
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Tussen patienten onderling bestaan er grate verschillen in de respons 
op chemotheraple. Met andere woorden, de relatle tussen de gegeven dosis 
en het optredende farmacologlsche effect Is In de regel tussen patienten 
sterk verschillend. Het farmacologlsche effect betreft gewenste effecten, dus 
tumorrespons (klelner worden of verdwijnen van de tumor) en ongewenste 
effecten, de bijwerklngen. De relatle tussen de dosis en het effect kan 
onderverdeeld worden In twee grate begrlppen : farmacokinetlek en 
farmacodynamiek. De farmacoklnetiek beschrljft processen als absorptle van 
de plaats van toedlenlng van een geneesmiddel, verdeling over het lichaam 
en ellmlnatie uit het IIchaam. Farmacodynamlek beschrijft de relatle tussen 
de mate van blootstelling aan een geneesmiddel en de optredende 
farmacologlsche effecten. Effecten blj antikanker theraple zljn de al dan nlet 
optredende respons van het kwaadaardlge gezwel en het patroon aan 
bljwerkingen. 

In dlt proefschrift staat het onderzoek aan drle antlkanker middelen 
centraal, te weten cisplatlnum, topotecan en docetaxel. Cisplatlnum is een 
van de belangrljkste gereglstreerde antlkanker mid del en. Het middel wordt 
succesvol toegepast bij de behandeling van uitgezaalde zaadbalkanker. ook 
zljn andere tumoren goed of redelijk goed gevoelig voor clsplatlnum, zoals 
elerstokkanker, baarmoederhalskanker, blaaskanker, nlet-klelncellige 
longkanker en kanker van het hoofd-halsgebied. Topotecan Is een geheel 
nieuw antlkankermiddel met een uniek werklngsmechanisme. Topotecan is 
momenteel in een ver gevorderde fase van kllnlsch onderzoek. Het middel 
remt de functle van het kerneiwlt topoisomerase I (to po I), dat een vitale ral 
speelt blj de rulmtelijk herorientatie van het grote DNA-molecuul in de 
celkern. Diverse tumoren zijn gebleken goed gevoelig te zljn voor topotecan 
en andere tqpo I remmers, evenals eierstokkanker, niet-kieincelilge en 
klelncellige longkanker en borstkanker. Docetaxel <Taxotere®) is ook een 
nleuw antlkanker mlddel met een hoge mate van actlvltelt tegen diverse 
tumoren, lOals borstkanker, nlet-kleincellige longkanker, maagkanker en 
kanker van het hoofd-halsgebled. Het werklngsmechanisme Is uniek. 
Docetaxel, evenals paclltaxel <Taxol®), grljpt aan op de dellngsbundel tljdens 
de celdellngsfase. Het remt de functie van de delingsspoel en dit leidt 
ulteindelijk tot celdood. 

Voorafgaande aan het farmacologisch onderzoek zijn er kwantitatieve 
meetmethoden opgezet waarmee concentratles van cisplatlnum In 
bloedplasma eenvoudig, nauwkeurig en reproduceerbaar kunnen worden 
gemeten (hoofdstuk 3). Met behulp van toevoeging van zeer koude ethanol 
aan plasma worden plasma elwltten neergeslagen en vervolgens wordt na 
centrifuge de bovenlaag verzameld. De gemeten concentratie is de 
concentratie van nlet-eiwitgebonden, het zgn. "vrlje" (farmacologische 
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actieve) cisplatinum. De metlngen worden uitgevoerd met 
atoomabsorptiespectrofotometrle en omdat hiermee het atoom platinum 
wordt gemeten en nlet het molecuul clsplatlnum wordt gesproken over 
platinum·concentraties na toedienlng van clsplatinum. In hoofdstuk 2 wordt 
uiteengezet dat een eerder gepubliceerde methode voor het opwerken van 
DNA uit witte bloedcellen leidt tot een overschatting van de binding van 
cisplatlnum aan DNA in witte bloedcellen kart na het einde van het 
clsplatlnuminfuus. Met een In dit proefschrlft beschreven verbeterde 
monstervoorbewerklngsmethode is de reproduceerbaarheid en de 
betrouwbaarheid van de bepaling sterk toegenomen. Bovendien leldt de 
verbeterde methode tot een fundamenteel andere Interpretatie van de 
reparatiecapacltelt na DNA-schade in de witte bloedcel. 

In een grate klinlsche studle waarin hoge doses van clsplatlnum 
werden toegediend in een wekellJks schema werd de relatle onderzocht 
tussen de mate van biootsteliing en de kans op tumorrespons en 
bljwerklngen (hoofdstuk 4>. Tevens werd de mate van binding onderzocht 
van cisplatinum aan het DNA In witte bloedcellen In het perlfere bloed. De 
werking van clsplatlnum Is gekoppeld aan de binding aan DNA in tumorcellen. 
De vraagstelling was of de binding aan DNA In witte bloedcellen een 
voorspellende waarde heeft ten aanzien van de kans op tumorrespons. De 
resultaten van het onderzoek laten zien dat er tussen patlenten onderllng 
een grate varlatle Is in de relatie tussen de gegeven dosls, gerelateerd aan de 
grootte van het lichaamsoppervlak, en de mate van blootstelling in plasma. 
Tevens werd gevonden dat de mate van biootsteliing sterk gecorreleerd was 
aan de kans op tumorrespons. Er werd oak een linealre relatle met hoge 
correlatie gevonden tussen de mate van blootstelling en de mate van 
binding van cisplatinum aan DNA (DNA-adductenl in witte bloedcellen. Hieruit 
vloeit direct voort dat oak de hoogte van de DNA-adducten goed 
gecorreleerd was aan de kans op het optreden van een gunstige 
tumorrespons. Tevens was er een signlficante correia tie tussen de hoogte 
van de blootstelling en de kans op bijwerkingen, met name de mate van 
daling van de bloedplaatjes in het perlfere bloed. Deze ultkomsten vormen 
een sterke basis am af te stappen van de gestandaardlseerde dosering van 
cisplatlnum en de therapie per patient te individualiseren. Hierblj krljgen 
patlenten een dosis toegedlend die leidt tot een vooraf gedefinieerde 
hoogte van de blootstelling. Dit vervolgonderzoek is momenteel gaande. 
zeer voorlopige resultaten tonen aan dat deze benadering praktisch haalbaar 
is en leidt tot hoge responspercentages. 

In een tweede grote klinische stud Ie werd de comblnatle clsplatlnum 
en docetaxel toegediend aan patienten met zeer uiteenlopende vormen van 
kwaadaardige tumoren. Het doel van het kllnische gedeelte van het 
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onderzoek was om de maxlmale tolerabele dosls van de combinatle vast te 
stellen. Het doel van het farmacologlsch onderzoek was om na te gaan of de 
volgorde van toedlenlng van docetaxel en clsplatlnum een Invloed zou 
hebben op de farmacokinetiek en farmacodynamlek van beide middelen en 
of er relaties konden worden vastgesteld tussen de farmacokinetlek en de 
optredende toxiciteit. In totaal werden 64 patienten In deze studie 
behandeld. De mate van biootsteliing aan docetaxel en clsplatlnum, gemeten 
aan de hand van concentraties In het plasma, na toedlenlng van een 
standaard dosls gerelateerd aan de grootte van het lichaamsoppervlak 
varieerde zeer sterk tussen patienten. er was geen slgnlflcante correlatle 
tussen de dosls van docetaxel en de mate van blootstelling aan docetaxel, 
maar wei tussen de dosis van cisplatlnum en de mate van biootsteliing aan 
vrij platinum. De farmacoklnetiek van docetaxel en clsplatinum was tussen de 
patlenten die werden behandeld met de volgorde docetaxel·clsplatlnum (49 
evalueerbare patlenten) en de volgorde cisplatlnum-docetaxel (15 
evalueerbare patlenten) nlet verschillend. De mate van blootstelling aan 
docetaxel was significant gecorreleerd aan de mate van beenmergtoxiciteit 
(dallng van de witte bloedcellen en bloedplaatjes). een nleuwe bevlnding In 
deze studle was dat de tljdsduur dat de plasmaconcentratie van docetaxel 
zlch boven een gekozen drempelwaarde bevond van 100 nglml als 
farmacokinetlsche parameter beter correleerde met de beenmergtoxiciteit 
dan de mate van biootsteiling (ultgedrukt als de oppervlakte onder de 
plasmaconcentratle·tljd curve>. Een ander Interessant gegeven was dat de 
comblnatie van biootstelling aan clsplatlnum en tijdsduur van docetaxel 
boven 100 nglml beter correleerde met de beenmergtoxicitelt dan een van 
deze farmacoklnetlsche parameters afzonderlljk. BIJ de patlenten die werden 
behandeld met het schema docetaxel gevolgd door cisplatinum bleek dat de 
DNA-adduct nlveaus In de witte bloedcellen veel lager waren dan in de 
patlenten In het omgekeerde schema. er was een sterke trend dat de 
beenmergtoxlcltelt (met name de dallng van de witte bloedcellen) in het 
schema docetaxel·clsplatlnum mlnder was dan in het omgekeerde schema. 
Het Is nog nlet opgehelderd of de farmacodynamische interactle op het 
niveau van de DNA-adductvormlng therapeutische betekenls heeft. Dit moet 
worden onderzocht In vervolgstudles. 

De invloed van docetaxel op de DNA·adductvorming door clsplatinum 
in witte bloedcellen Is In detail onderzocht en beschreven In hoofdstuk 6. 
Incubatie van witte bloedcellen van gezonde vrijwilligers en van patienten 
buiten het lichaam met clsplatinum of met de combinatle docetaxel· 
clsplatlnum heeft de eerder beschreven farmaco·dynamlsche interactle 
bevestlgd. Het onderzoek toonde aan dat ook paclltaxel de DNA­
adductvormlng door clsplatinum remt. Het mechanisme is dat taxanen de 
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opname van clsplatlnum in de witte bloedcellen met bljna 50% verminderen. 
Aanvullend onderzoek heeft opgeleverd dat de Inhlbitie van de opname van 
clsplatinum In twee van menselljke tumoren afgelelde cellijnen nlet optreedt. 
Of de interactie in tumoren In de mens en In zgn. voorlopercellen In het 
beenmerg optreedt is momenteel niet bekend. 

In de klinlek Is het niet duldelljk of de snelheld van intraveneuze 
toedienlng van cisplatlnum van Invloed is op de effectiviteit van clsplatinum. 
In door anderen ultgevoerd onderzoek is duldelljk geworden dat een 
Intraveneuze bolus van cisplatlnum leidt tot meer toxiciteit, met name 
nierschade, dan geleldelljke toediening In een langer durend Infuus. In 
hoofdstuk 7 worden experlmenten beschreven waarln drie Infuusschema's 
worden nagebootst, die In het verleden in de kllniek zijn toegepast of 
momenteel nog worden toegepast. Het model was een kweekmedium met 
een van een menselijke elerstokkanker afgelelde cellljn IGROV·1. Elndpunten In 
dit onderzoek waren de celoverlevlng, de DNA·adductvorming en de mate 
van blootstelling aan actlef (dus nlet·elwltgebondenl cisplatlnum. De drle 
"Infusie·schema's", te weten een Intraveneuze bolus, een 3· en een 20·uurs 
Infuus zijn nagebootst door op gezette tijden albumlne en clsplatlnum aan 
het celkweekmedlum toe te voegen. Het albumine bindt cisplatlnum dat 
daardoor wordt ge'inactlveerd. De drie schema's werden zo ontworpen dat 
de mate van de blootstelling <oppervlakte onder de curve aan vrlj platinum In 
het kweekmedlum) bij aile schema's gelljk was. Het resultaat van het 
onderzoek was dat de celoverlevlng tussen de schema's nlet significant 
verschilde. Tevens was er geen verschil in de grootte van de oppervlakte 
onder de DNA·adduct·tljd·curve in de Cellijn. Het maxlmale gehalte aan de 
DNA·adducten was het grootst na de "intraveneuze bolus", gevolgd door het 
"3·uurs" en het "20·uurs Infuus". De conclusle Is dat de snelheld van 
toedlening geen Invloed heeft op de DNA-adductvorming in de tljd of op de 
celoverleving. Deze resultaten kunnen nlet zonder meer worden 
geextrapoleerd naar de kllnlek. Het is echter op grond van dlt onderzoek 
aannemelijk dat de infusieduur In de kllnlek geen belangrljke determinant is 
van de kans op respons van de tumor. 

In hoofdstuk 8 Is de ontwikkeling en karakterlserlng beschreven van 
een cellijn die is afgeleld van de beschreven IGROV-1. De IGROV-1 cellijn werd 
intermitterend blootgesteld aan opklimmende concentratles van clsplatlnum 
met als doel een nieuwe cellijn te maken die ongevoelig is voor cisplatinum. 
De sublijn, genoemd IGROVCOD,' was stabiel na ongeveer 9 maanden Incubatle. 
De cellijn is 24 maal ongevoellger voor clsplatinum dan de uitgangscellljn 
IGROV-1. De ophoping van clsplatlnum In de IGROValDP celllJn bleek zeer veel 
(ongeveer 70 %) lager te zljn dan In IGROV-1. Hleraan gekoppeld bleek dat ook 
de DNA-adductvormlng sterk verlaagd was ten opzlchte van IGROV-1 onder 
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dezelfde incubatieconditles met cisplatinum. Aanvullend onderzoek heeft 
opgeleverd dat de opname van clsplatinum in IGROV·1 deels verloopt via een 
energie·afhankelijk proces en deels via passleve dlffusie. In IGROVCODP bleek dat 
de actleve, dus energle·afhankelijke, opname van clsplatinum In de cel was 
uitgeschakeld. Dlt Is waarschijnlijk het belangrijkste reslstentiemechanisme. 
Het onderzoek heeft een model opgeleverd voor verder onderzoek aan de 
klnetlek van opname van clsplatlnum In tumorcellen. Een belangrljke 
conclusle Is dat de opname van cisplatinum in tumorcellen deels via een 
energle·afhankelijk proces kan verlopen en deels via passleve diffusie. 

Zoals boven ulteengezet zijn topo I remmers belangrlJke nieuwe 
antlkanker mlddelen. Het werklngsmechanisme is anders dan dat van 
cisplatinum en ook het profiel van de bijwerklngen in de kliniek overlapt 
vrijwel niet met dat van clsplatinum. Deze eigenschappen tezamen vormen 
een sterke basis voor toe passing van de comblnatle van clsplatlnum en een 
topo I remmer In de kliniek. Dit onderzoek wordt momenteel voorbereid. In 
hoofdstuk 9 Is onderzoek beschreven met de comblnatle van clsplatlnum en 
topotecan of SN38 In een goed gedefinieerd panel van 8 van menselljke 
tumoren afgeleide celllJnen. Cisplatinum en topotecan of SN38 werden 
afzonderlijk en In comblnatle toegediend aan de celkweken. De resultaten 
lieten zlen dat de comblnatle van clsplatinum met een to po I remmer 
synergistisch is ten aanzlen van de optredende celdood. Onderzoek naar het 
effect van de topo I remmer op de DNA·adductvormlng door cisplatinum 
bracht aan het IIcht dat de DNA·adducten (met name de zgn. Interstrand 
crosslinks) in hogere mate aanwezlg bleven na biootsteiling van IGROV·1 en 
IGROVCDDP aan clsplatlnum gecombineerd met topotecan. Mogelijk draagt deze 
interactie bij aan de beschreven synergie tussen deze mlddelen. Het 
onderzoek heeft eveneens opgeleverd dat de synergie In 3 van de 8 cellijnen 
het sterkst was als topotecan nlet gelljktlJdig met, maar 2 dagen na 
clsplatlnum werd toegediend aan het celkweeksysteem. Dit resultaat heeft 
mogellJk betekenis voor de ontwikkeling van het optimale schema van 
toedlenlng van deze combinatie in de kllnlek. 

In hoofdstuk 10 wordt de ontwlkkeling en karakteriserlng beschreven 
van een andere sublijn van IGROV·1 die resistent is tegen de topo I remmers 
topotecan en SN38. Deze celllJn Is gemaakt door een celcultuur van IGROV·1 
continu bloot te stellen aan topotecan In opklimmende concentratle. De 
cellijn, genaamd IGROVT100R, bleek stabiel te zijn na ongeveer driekWart jaar 
Incubatle. De sublijn was een factor 30 resistent tegen topotecan. Er was een 
volledige krUisresistentle met SN38, maar niet met een andere topo I remmer 
camptothecine. Aanvullend onderzoek heeft opgeleverd dat de Intracellulaire 
accumulatle van topotecan en SN38 ongeveer 70 % lager was dan In de 
ultgangscelllJn IGROV-1. Experimenten zlJn beschreven waarln de opname en 
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afglfte van topotecan en SN38 werden bestudeerd. De resultaten laten zlen 
dat de topo I remmers in IGROV-1 deels via een actief, energie-afhankelljk 
proces en deels via passieve diffusie wordt opgenomen. In de resistente 
sublljn IGROVT1QOR is de energie-afhankelljke opname volledlg afwezig. 
waarschijnlijk is deze aanpassing het belangrijkste mechanlsme achter de 
resistentle. De uitstroomsnelheid van topotecan uit de twee cellijnen was 
zeer hoog, met een halfWaardetijd van minder dan 4 mlnuten. Er bestond 
geen significant verschil in de ultstroomsnelheld tussen de twee celll]nen. De 
energle-afhankelljke opname van topotecan in de ultgangscellijn IGROV-1 en 
de afwezigheld van dit proces in de resistente cellljn is een nleuwe niet 
eerder gerapporteerde bevindlng. Toekomstlg onderzoek zal erop gerlcht 
zijn om het mechanisme verder te ontrafelen. 

De resultaten beschreven in dit proefschrlft geven aanleldlng tot 
vervolgonderzoek. Het wordt belangrijk geacht om verder onderzoek te 
doen aan de theraple·lndividuallsatle met cisplatlnum. Tevens is het van 
klinisch belang om de interactie tussen cisplatlnum en taxanen nader te 
karakterlseren in onderzoek in de kliniek en In het laboratorium. Het Is 
relevant voor de praktijk om het mechanlsme van de synergie tussen 
cisplatinum en topo I remmers nader te karakteriseren. Ook is het van belang 
om onderzoek te doen naar het beschreven mechanisme van reslstentie 
tegen topo I remmers en te onderzoeken of de afwezige energie-afhankelijk 
opname van topotecan en SN38 in de reslstente cellljn klinische betekenls 
heeft. 

De hoop Is dat het in dlt proefschrift beschreven onderzoek bijdraagt 
aan een beter Inzlcht in de werking van de beschreven antlkanker mlddelen, 
dat het een aanzet betekent voor verder farmacologisch onderzoek aan 
concentratie-effect relaties In de kliniek en naar het mechanlsme van werking 
van de beschreven middelen en dat dit vervolgens leidt tot een optimale 
klinlsche toepasslng van deze mlddelen bij patienten met kanker. 
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