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Abstract
Purpose The use of in vitro drug cytotoxicity assays
for the assessment of drug–drug interactions that lead
to synergy may not take into account the many cellular
determinants responsible for combination eVects.
Administration of the anticancer drug CPT-11, for
example, is associated with rapid conversion of drug
from its active lactone form to the inactive carboxylate
form. Thus it is diYcult to model, in vitro, the behavior
of this drug when used as a single agent and when used
in a combination setting, this factor may contribute to
the interactions measured. Therefore, the objective of
this study was to examine the inXuence of CPT-11 lac-
tone ratio on the cellular accumulation of CPT-11
when used as a single agent and under conditions
where it is used in combination with cisplatin.

Methods A Wxed ratio experimental design was used
and drug ratios of CPT-11 and cisplatin were judged to
be antagonistic, additive, or synergistic to the non-
small cell lung cancer cell line, H460, on the basis of the
median eVect analysis methodology of Chou and Tala-
lay. The inXuence of extracellular pH on CPT-11 accu-
mulation was evaluated at pH 7.4 and pH 6.6 when the
drug was added immediately to the cells or Wrst pre-
equilibrated at the indicated pH. These studies were
completed in the presence and absence of cisplatin.
Results When CPT-11 was added as a single agent to
cells in pH = 7.4 media, the drug underwent hydrolysis
to the carboxylate form; however, there was a rapid
accumulation of the CPT-11 lactone form which
peaked at 3,800 pmol/mg protein by 30 min and drops
to 570 pmol/mg protein by 24 h. In pH = 6.6 media,
accumulation of CPT-11 lactone was substantially
lower over a 60 min timecourse; however, the cellular
uptake measured at 24 h was comparable to that
observed when the drug was added into pH 7.4 media.
When evaluating CPT-11 lactone accumulation in a
combination setting with cisplatin no signiWcant diVer-
ence in either CPT-11 lactone accumulation or cis-
platin accumulation was observed, suggesting that drug
interactions that led to synergy were mechanistically
based. Results are presented which suggest that when
cisplatin and CPT-11 are used in combination, there
was a signiWcant prolongation of platinum association
with DNA compared to results obtained when cisplatin
was used alone.
Conclusion These results suggest that the CPT-11
lactone to carboxylate ratio does not inXuence the
accumulation of the active CPT-11 lactone form in
H460 cells and that CPT-11 does not inXuence cisplatin
uptake when used in combination. It is argued, therefore,
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that the improved cytotoxicity between CPT-11 and
cisplatin, as determined using cell-based assay, has the
potential to be preserved in vivo assuming the optimal
drug–drug ratio and concentration can be eVectively
delivered to the tumor.

Keywords Irinotecan · Cisplatin · Non-small cell lung 
carcinoma · Synergistic drug combination

Introduction

Combination chemotherapy has become the mainstay
treatment regimen for the vast majority of clinical can-
cers. The selection of agents has been traditionally
based on the eVectiveness of each agent in treating the
neoplasm, complementary and distinct mechanisms of
activity as well as limited overlapping toxicities. Of
great interest is the potential of drug combinations to
act in an additive or synergistic fashion. Synergistic
drug combinations should allow clinicians to achieve
therapeutic eVects comparable to that achieved with
the single agents, but at substantially lower doses. Thus
identiWcation of synergistic drug combinations is of
great clinical interest, however commonly used cell-
based screening assays that deWne synergistic interac-
tions are often not predictive of synergy in vivo. This is
a signiWcant problem, considering it is faster and
cheaper to deWne interactions in vitro and these assays
typically provide the initial data guiding the selection
and further development of potentially eVective com-
binations. In an eVort to enhance the predictive poten-
tial of cell-based screening assays used to determine
drug–drug interactions, our laboratory is pursuing
pharmacodynamic-based experimental approaches
which attempt to relate drug-combination delivery to
therapeutic activity and drug–drug synergy [29, 34].

A drug combination that is of signiWcant interest
clinically comprises topoisomerase I (Topo I) inhibi-
tors (e.g., CPT-11, topotecan or SN-38) in combination
with platinum-based chemotherapeutic drugs (e.g., cis-
platin, carboplatin and derivatives). Such combinations
have been reported to be synergistically active against
many tumor cell lines, including colorectal, leukemia,
ovarian, squamous-carcinoma, small cell lung cancer
and non-small cell lung cancer (NSCLC) [12, 16, 17, 25,
27, 30, 36]. The combination of CPT-11 and cisplatin
has also demonstrated encouraging results in phase I/
II/III clinical trials in patients with NSCLC [15, 26, 31].
Mechanistically, Topo I inhibitors stabilize the DNA-
Topo I covalent complex leading to replication arrest
and the formation of double-strand DNA breaks [24,
28], and platinum compounds form intrastrand and

interstrand adducts with DNA [11]. Unrepaired DNA-
Pt crosslinks can disrupt DNA replication and tran-
scription, leading to cell death. In combination, the
inclusion of topoisomerase I inhibitors with platinum
compounds, such as cisplatin, have mechanistically
demonstrated synergistic activity. Masumoto et al. [27]
demonstrated an increased degree of intrastrand cross-
linking in squamous carcinoma cells treated with cis-
platin and SN-38 compared to cisplatin alone.
Recently, DNA-PT adducts have been shown to exac-
erbate the cytotoxicity of topotecan by increasing the
number of Topo I-DNA complexes [38].

Similar to all camptothecins, CPT-11 activity is
dependent on the stability of the lactone ring [6, 10].
CPT-11 can undergo pH dependent lactone ring open-
ing to an inactive carboxylate form, which is unable to
interact and stabilize the Topo 1-DNA covalent com-
plex [20, 22]. Burke et al. [5] determined at physiologi-
cal pH (7.4) that only 13% of CPT-11 is in the active
lactone ring form with an equilibrium half-life of
25 min. Additionally, the active metabolite of CPT-11,
SN-38, is also rapidly converted to the open carboxyl-
ate ring form with an equilibrium lactone fraction of
15% at pH = 7.4 [5]. DiVerences in the cellular perme-
ability of the lactone and carboxylate forms of CPT-11
have also been described, suggesting that the closed
lactone ring can cross cell membranes at a signiWcantly
faster rate than the charged carboxylate form of CPT-
11 [14, 19]. The higher membrane permeability of the
CPT-11 lactone form has been associated with a
greater degree of cytotoxicity observed in vitro [14, 19].

When tumor cells are exposed to CPT-11 in a deW-
ned drug ratio with cisplatin that demonstrates additive
or synergistic cytotoxicity, it is unknown if alterations
in the lactone-carboxylate ratio of CPT-11 can inXuence
the cellular accumulation of either drug. Although
several groups have characterized the cellular bioavail-
ability of camptothecin and derivatives such as topo-
tecan [1, 8], little information has been reported on the
cellular accumulation of CPT-11. Therefore, the objec-
tive of this work was to determine the inXuence of the
CPT-11 lactone ratio in drug combinations with cis-
platin on the cellular accumulation of these two drugs
in the NSCLC cell line, H460.

Materials and methods

Materials

Irinotecan hydrochloride trihydrate (Camptosar, Phar-
macia) and cisplatin (Faulding, Montreal, QC) were
purchased from the British Columbia Cancer Agency
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pharmacy. SN-38 was obtained from LKT Laboratories
(St. Paul, MN). EDTA, sodium dodecyl sulfate (SDS),
triton X-100, tetrabutylammonium bromide (TBAB),
HEPES, Bis–Tris, ammonium acetate, NP40, sodium
borate, and sodium acetate were supplied by Sigma-
Aldrich (Oakville, ON). All tissue culture Xasks and
plates were BD-Falcon from BD sciences (Bedford,
MA). Phosphate buVer saline, RPMI 1640, and penicil-
lin/streptomycin were purchased from StemCell Tech-
nologies (Vancouver, BC). L-glutamine and trypsin/
EDTA was obtained from Invitrogen (Burlington, ON)
and fetal bovine serum (FBS) was from Cansera (Rex-
dale, ON). HPLC grade methanol (MeOH) and acetoni-
trile (ACN) was from Fisher ScientiWc (Nepean, ON).

Cell culture

The NSCLC cell line, H460, was obtained from ATCC
(Rockville, MD). H460 cells were grown in a humidi-
Wed atmosphere of 5% CO2 at 37°C and maintained in
RPMI 1640 media supplemented with 10%v/v FBS,
1%v/v L-glutamine, 100 �g/ml streptomycin, and
100 UI/ml penicillin.

Assays of cellular reductive capacity

CPT-11 and cisplatin induced H460 cell toxicity was
measured using the CellTiter 96 Aqueous assay (Pro-
mega, Madison, WI), which measures bioreduction of
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) in
actively metabolic cells. H460 cells were seeded into
Xat bottom 96 well plates in a volume of 200 �L and a
density of 1,500 cells/well for 72 h cytotoxicity experi-
ments or 5,000 cells/well for 24 h cytotoxicity experi-
ments. Cells were allowed to re-adhere for 24 h at 37°C
before addition of drug(s). Media composition for
pH = 7.4 was bicarbonate free RPMI 1640 (Invitrogen,
Burlington, ON) supplemented with 10% FBS, 1% L-
glutamine, penicillin/streptomycin, and 25 mM hepes.
Composition for pH = 6.6 media was similar but buVer
component was 10 mM Bis–Tris.

For experiments which assessed cytotoxic eVects
immediately after CPT-11 addition, CPT-11 concentra-
tions were prepared approximately 5 min before addi-
tion to cells in pH = 7.4 and pH = 6.6 media. For pre-
equilibrated experiments, CPT-11 solutions were incu-
bated at 37°C in pH = 7.4 and pH = 6.6 media for 12–
16 h prior to the addition to cells. This time was suY-
cient to obtain an equilibrium lactone–carboxylate
ratio at the indicated pH. Cisplatin concentrations for
all experiments were prepared just prior to the addi-
tion to cells in either media described above.

Before addition of drug(s) to the cells, the media
was aspirated from each well and 200 �l of the treat-
ment group was added and allowed to incubate for
either 24 or 72 h. After the speciWed time, 40 �l of
CellTiter solution was added to each group and
allowed to incubate for 2 h at 37°C. Cell proliferation
was determined spectrophotometrically at 490 nm
(MRX microplate reader, Dynex Technologies, Chan-
tilly, VA) by comparing the optical density (OD) of
treatment group to OD of control (no treatment,
media alone).

Determination of combination index for Wxed drug 
ratios of cisplatin and CPT-11

To determine if Wxed drug ratios of CPT-11 and cis-
platin were additive, synergistic, or antagonistic to
H460 cells, cisplatin and CPT-11 were combined in
Wxed molar drug ratios of 1:1, 1:4, 4:1, 1:10, and 10:1.
CPT-11 and cisplatin was prepared in pH = 7.4 media
and added immediately to H460 cells as described
above. After 72 h, cell toxicity was measured using the
CellTiter 96 Aqueous assay (Promega, Madison, WI)
and the results obtained from this assay were subse-
quently analyzed using CalcuSyn software (Biosoft,
Cambridge, UK) which is based on the Median EVect
Principle developed by Chou and Talalay [7]. The frac-
tion of cells aVected (Fa) following addition of the indi-
cated Wxed ratios of cisplatin and CPT-11 were
compared against the Fa for each drug when adminis-
tered alone. Combination index (CI) values were cal-
culated and a CI > 1 was considered to be indicative of
antagonism, <1 was considered to be indicative of syn-
ergism and CI t 1 was considered to be indicate addi-
tive interactions.

HPLC detection of CPT-11 and SN-38 lactone 
and carboxylate forms

HPLC separation of CPT-11 and SN-38 lactone and
carboxylate forms was performed using a
250 £ 4.6 mm C18 Symmetryshield column and C18
Symmetryshield guard column (Waters, Mississauga,
ON). Gradient elution was used with mobile phase A
composed of 75 mM ammonium acetate and 7.5 mM
tetrabutylammonium bromide adjusted to pH = 6.4
with glacial acetic acid (Fisher ScientiWc, Nepean, ON)
and mobile phase B was acetonitrile. Gradient proWle
was as follows: Time = 0 min: 78% A:22% B, Time =
10 min: 64% A:36% B, Time = 12 min: 78% A:22% B,
Time = 20 min: 78% A:22% B. A 10 �l sample was
injected onto the column (column temp. = 35°C) and
eluted at a Xow rate of 1 ml/min. CPT-11 and SN-38
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forms were detected using a Waters 2475 multi-wave-
length Xuorescence detector (Waters, Mississauga,
ON) set with time program events of �ex = 370 nm;
�em = 425 nm between times 0–12.5 min for CPT-11
forms, and �ex = 370 nm; �em = 535 nm between times
12.5–20 min for SN-38 forms. Prior to injection all sam-
ples were maintained at 4°C to reduce conversion
between lactone and carboxylate forms. Standard
curves of CPT-11 and SN-38 lactone form were pre-
pared by serial dilutions in a 2:1:1 sodium acetate
(100 mM):MeOH:ACN pH = 4.0 buVer. For the car-
boxylate form of CPT-11 and SN-38, serial dilutions
were prepared in a 2:1:1 sodium borate
(100 mM):MeOH:ACN pH = 9.0 buVer. The limit of
quantitation for CPT-11 and SN-38 lactone and car-
boxylate forms was 10 ng/ml.

Cellular accumulation of CPT-11 and cisplatin

The cellular accumulation of CPT-11 by H460 cells
was evaluated over 24 h after the drug was added
either with or without pre-equilibration at pH 6.6 or
7.4, as described above. H460 cells were harvested by
treating with 1.0 mM EDTA in PBS for 5 min at 37°C
followed by scraping. Cells were placed into 2 ml
microcentrifuge tubes at a density of 5 £ 106 cells/tube
containing 10 �M CPT-11 in the desired pH media and
a total volume of 1.5 ml. Tubes were then placed into a
tumble shaker at 37°C for 15, 30, 60, 120, 240 min and
24 h. After the indicated incubation period, cells were
centrifuged at 600£g for 3 min at 4°C and a 100 �l ali-
quot of the extracellular media was removed and
placed on ice before the cell pellet was washed three
times with ice cold PBS. The cell pellet was then lysed
for 5 min with 1% Triton-X 100 at 4°C then centri-
fuged at 10,000£g for 5 min. To the extracellular
media sample, 300 �l of a 1:1 ice cold MeOH:ACN
solution was added to precipitate proteins and allowed
to incubate on ice for 5 min after vigorous vortexing
followed by centrifugation at 10,000£g for 5 min at
4°C. The supernatants from the extracellular media
and cell lysates were injected onto the HPLC as
described above for the detection of CPT-11 and SN-
38 in their lactone and carboxylate forms. Cellular
accumulation was normalized with respect to total
protein content using the micro BCA protein assay kit
(Pierce, Rockford, IL) following the method speciWed
by the manufacturer.

The inXuence of cisplatin on the cellular accumula-
tion of CPT-11 by H460 cells in Wxed drug ratios was
determined using a similar method as described above.
All CPT-11 concentrations with or without cisplatin
were allowed to pre-equilibrate in pH = 7.4 or 6.6

media to the equilibrium lactone-carboxylate ratio at
37°C for 12–16 h. Cisplatin was added to pre-equili-
brated CPT-11 samples just prior to addition to the
cells. H460 cells were placed into 2 ml microcentrifuge
tubes at a density of 5 £ 106 cells/tube containing a
Wxed concentration of 10 �M CPT-11 in the desired pH
media with or without cisplatin at speciWed drug ratios
to a Wnal volume of 1.5 ml. Tubes were then placed into
a tumble shaker at 37°C for 2 h. After the incubation
time, cells were centrifuged at 600£g for 3 min at 4°C
and washed three times with ice cold PBS. The cell pel-
let was lysed for 5 min with 1% Triton X 100 at 4°C
then centrifuged at 10,000£g for 5 min. The superna-
tant was then prepared for HPLC analysis as described
above for the detection of CPT-11 and SN-38 in their
respective lactone and carboxylate forms. Cellular
accumulation was normalized with respect to total pro-
tein content using the micro BCA protein assay kit
(Pierce, Rockford, IL) following the method speciWed
by the manufacturer.

The total cellular platinum content was utilized as a
measure of cisplatin accumulation in the presence of
CPT-11 in either pH = 7.4 or pH = 6.6 media. The cel-
lular accumulation of cisplatin was evaluated using the
same methodology as described above for accumula-
tion of CPT-11. A Wxed drug ratio design was used and
cisplatin added alone or in combination with CPT-11
was held constant at 50 �M. After an incubation time
of 2 h, the cells were washed and the pelleted cells were
then lysed by addition of 1% SDS and 1% NP40 and
sonication for 30 s (SoniWer W-350, Branson Sonic
Power Co, Markham, ON). The resulting solution was
analyzed for platinum using an AAnalyst 600 atomic
absorption spectrophotometer (Perkin-Elmer Life Sci-
ences, Woodbridge, ON). Total cellular platinum was
quantitated from serial dilutions of a platinum stan-
dard (Sigma-Aldrich, Oakville, ON) and was normal-
ized to total protein content.

Extent of platinum association with DNA

The amount of platinum (Pt) bound to DNA was
determined after exposure of H460 cells to either cis-
platin alone or in combination with CPT-11. H460 cells
were grown on 150 mm tissue culture plates to approx-
imately 75% conXuency. Cells were then incubated
with 0.1 �Ci/ml of 3H-thymidine for 24 h at 37°C. Sub-
sequently, cells were washed with PBS and exposed to
50 �M cisplatin or a combination consisting of cisplatin
and CPT-11 (molar drug ratio of 1:4 and 4:1 where the
combination of drugs was prepared within 5 min prior
to addition to cells cultured in pH = 7.4 media). After
2 h incubation at 37°C the cells were then washed again
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with PBS and incubated with cell culture media at 37°C
for an addition time period of 12 or 24 h. Cells were
then harvested using 0.25% trypsin and DNA isolated
using the Wizard Genomic DNA PuriWcation Kit (Pro-
mega, Madison, WI) as per manufacturer protocol.
The reconstituted DNA pellet was quantiWed using UV
spectroscopy at 260 nm (Hewlett-Packard 8453 UV–
Vis spectrophotometer, Sunnyvale, CA) and speciWc
activity determined by liquid scintillation counting
(Tri-Carb 1900 TR, PerkinElmer Life Sciences, Wood-
bridge, ON). Platinum content was quantiWed using an
AAnalyst 600 atomic absorption spectrophotometer
(Perkin-Elmer Life Sciences, Woodbridge, ON) after a
measured portion of the reconstituted DNA was mixed
with 70% HNO3 and incubated at 65°C for 4 h. The
percent of DNA platination was calculated by compar-
ing the amount of DNA bound Pt in cells isolated at 12
and 24 h after addition of the drug or drug combina-
tion. To correct for DNA dilution as a result of cell
proliferation during the repair times, a dilution factor
was applied using the 3H-thymidine-DNA speciWc
activity determined for each group.

Statistical analysis

All results are expressed as the mean § SD of a mini-
mum of three independent experiments. Comparisons
between groups were performed using two tailed t test
using SigmaStat v2.0 software (SPSS Inc, Chicago, IL)
with a signiWcance value of P < 0.05.

Results

Activity of CPT-11 and/or cisplatin against H460 cells 
exposed to pH 7.4 or pH 6.6 media

Cell toxicity, as measured by an assay assessing biore-
duction of MTS in actively metabolic cells, of CPT-11
and cisplatin added as single agents to H460 cells in
pH = 7.4 media is shown in Fig. 1a. Activity was mea-
sured 72 h after drug addition and IC50s of cisplatin and
CPT-11, as determined using CalcuSyn software, were
4.5 and 16 �M, respectively. As indicated in Table 1, if
CPT-11 was pre-equilibrated in pH = 7.4 media prior
to addition to H460 cells, to allow the drug to reach an
equilibrium between the lactone and carboxylate
forms, the IC50 was estimated to be 17 �M. This was
comparable to that obtained when the drug was not
pre-incubated.

To evaluate whether pH inXuenced the activity of
CPT-11 the drug was pre-incubated in pH = 6.6 media

Fig. 1 a Individual cytotoxicity of immediately added (Wlled cir-
cles) CPT-11 and (open circles) cisplatin to H460 cells at 37°C in
RPMI 1640 + 10% FBS with 25 mM hepes pH = 7.4 after 72 h
drug exposure. Cytotoxicity was determined using the CellTiter
Aqueous assay and compared to no treatment group. Results rep-
resent mean of six independent experiments § SD. b Combina-
tion cytotoxicity of cisplatin:CPT-11 drug ratios of (Wlled circles)
1:1, (open circles) 1:4, (Wlled inverted triangles) 1:10, (open invert-
ed triangles) 4:1, and (Wlled squares) 10:1 to H460 cells. c Fa-CI
plot for cisplatin and immediately added CPT-11 combined cyto-
toxicity to H460 cells at 37°C in RPMI 1640 + 10% FBS with
25 mM hepes pH = 7.4 at cisplatin:CPT-11 drug ratios of (Wlled
circles) 1:1, (open circles) 1:4, (Wlled inverted triangles) 1:10, (open
triangles) 4:1, and (Wlled squares) 10:1
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and the eVects were determined following addition of
the drug to cells exposed to pH 6.6 media. Drug expo-
sure times were minimized to avoid toxicity to the
cells by the acidic pH conditions. Cells exposed to pH
6.6 media for 24 h appeared healthy (cells were »90%
viable after a 24 h incubation in pH 6.6 media and this
value was not diVerent from that observed for cells
culture in pH 7.4 media). SigniWcant toxicity was
observed if the cells were incubated for 72 h in the
acidic media. The 24 h IC50 for CPT-11 at pH = 7.4
was 127 �M compared to 199 �M at pH 6.6 (Table 1).
If CPT-11 was pre-incubated at pH 6.6 prior to addi-
tion to the cells the IC50s were 154 and 218 �M,
respectively (Table 1).

The activity of cisplatin:CPT-11 combinations was
determined using a Wxed ratio experimental design
and the results were plotted as a function of cisplatin
concentration (Fig. 1b). The CalcuSyn software was
utilized to determine the nature of the drug interac-
tion (synergistic, additive, or antagonistic) for the
various Wxed drug ratios. The resulting CI values were
plotted as a function of fraction of aVected cells (Fa)
(Fig. 1c). The results suggest that regardless of ratio
used, the combination exhibited additive or synergis-
tic interactions (CI · 1) at high (>0.9) Fa values. At
lower Fa values, antagonistic interactions were noted
for all ratios evaluated. This is particularly true when
the drug–drug ratio (molar) was 1:1, where strong
antagonism was noted over a wide range of eVective
doses (Filled circles, Fig. 1c). When using 4:1 and 10:1
cisplatin:CPT-11 ratios, synergism was noted (as
judged by calculated CI values of less than 1) when Fa
values were 0.4 or higher (Fig. 1c). Please note that
studies assessing drug interactions were completed
over a 72 h time course using pH 7.4 media. Since the
72 h IC50 for CPT-11 was not signiWcantly eVected by
pre-incubation (Table 1), these combination studies

only considered the use of CPT-11 added without pre-
incubation.

Cellular accumulation of CPT-11

Following immediate addition of CPT-11 to H460
cells cultured in pH 7.4 media there was rapid uptake
of the lactone form of the drug (Fig. 2a). Maximum
levels of CPT-11 (lactone form) were achieved within
30 min, where 3,800 pmol CPT-11 per mg cell protein
could be measured (Fig. 2a). The level of cell associ-
ated CPT-11 in the lactone form decreased over the
24 h time course. The level of cell associated CPT-11
in the lactone form was approximately 550 pmol/mg
protein following a 4 h incubation and this level was
not signiWcantly diVerent from that measured for cells
exposed to the drug for 24 h (Table 2). When CPT-11
was added immediately to H460 cells in pH 6.6 media,
CPT-11 lactone accumulation was signiWcantly lower
than that measured for cells incubated in pH 7.4
media. Maximum levels of cell accumulation
(1000 pmol/mg protein) were achieved after 60 min
(Fig. 2a). Interestingly, following a 2 h incubation the
accumulation level of CPT-11 (lactone form) in cells
exposed to pH 6.6 media was not signiWcantly diVer-
ent when compared to data obtained from cells cul-
tured pH 7.4 media (Fig. 2a). This was also observed
at the 4 and 24 h time points. Cell associated levels of
CPT-11 in the lactone, carboxylate or total CPT-11
levels measured at the 24 h time point have been sum-
marized in Table 2. No signiWcant diVerences in the
cell associated levels of CPT-11 (regardless of form)
were observed at this time point for H460 cells in pH
6.6 or pH 7.4 media (Table 2). In the extracellular
media, a reduction in the CPT-11 lactone fraction was
observed when the drug was added immediately to
pH 7.4 and pH 6.6 media. This decrease in the propor-
tion of drug in the lactone form occurred over 4 h.
Subsequently, the CPT-11 lactone fraction of approx-
imately 0.5 for pH 6.6 and 0.2 for pH 7.4 remained
constant (Fig. 2b).

When CPT-11 was pre-equilibrated in the pH 6.6 or
pH 7.4 media to achieve an equilibrium lactone–car-
boxylate ratio prior to addition to the H460 cells, a
constant CPT-11 lactone ratio of approximately 0.5
and 0.2, respectively, was maintained in the extracellu-
lar media over the 24 h exposure time to H460 cells
(Fig. 2d). Interestingly, no diVerence in the cellular
accumulation was found over a 4 h exposure period
(Fig. 2b). At 24 h (see Table 2) the accumulation of
CPT-11 lactone, carboxylate and total forms in cells
cultured in pH = 7.4 media was signiWcantly greater
than that measured for cells cultured in pH = 6.6

Table 1 IC50 of CPT-11 for 72 and 24 h cytotoxicity to H460 cells
of pre-equilibrated or immediately added CPT-11 in pH = 6.6 or
7.4 media and cisplatin

a IC50 values determined using CalcuSyn software
b CPT-11 was pre-incubated for 12 h in media with the indicated
pH, a time period suYcient to achieve equilibrium between the
lactone (active) and carboxylate (inactive) form of the drug

Treatment group Exposure 
time (h)

IC50 
(�M)a

CPT-11 (pH 7.4) 72 16
Pre-incubatedb CPT-11 (pH 7.4) 72 17
CPT-11 (pH 7.4) 24 127
Pre-incubated CPT-11 (pH 7.4) 24 154
CPT-11 (pH 6.6) 24 199
Pre-incubated CPT-11 (pH 6.6) 24 218
123
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media. Please note that the reproducibility of the cell
accumulation data was vastly better when the drug was
pre-incubated prior to addition to the H460 cells.

Cellular accumulation of CPT-11 and cisplatin 
in Wxed drug ratios

The inXuence of CPT-11 (lactone form) uptake into
H460 cells in the presence of cisplatin is shown in
Fig. 3. Because of improve reproducibility, these stud-
ies were conducted using CPT-11 that was pre-incu-
bated in pH 7.4 or pH 6.6 media prior to addition to
the cells and results were measured following 2 h
incubation. The extent of CPT-11 (lactone form)
accumulation by H460 cells was not signiWcantly
aVected by the presence of cisplatin and consistent
with the results shown in Fig. 2c, no signiWcant diVer-
ences were observed between cell uptake levels deter-
mined at 2 h for cells incubated in pH 7.4 or pH 6.6
media. Assessments of cell associated CPT-11 in the
carboxylate form indicated no signiWcant diVerences
under conditions where cisplatin was present
(Fig. 3b).

An examination of cisplatin uptake under compa-
rable conditions indicated that the accumulation of
cisplatin, as measured by total cellular platinum, was
not aVected by the presence of CPT-11 (Fig. 4). It is
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Fig. 2 Cellular accumulation of CPT-11 lactone form (a and c)
and proportion (fraction) of CPT-11 lactone form in the extracel-
lular media (b and d) after adding CPT-11 (10 �M Wnal concen-
tration) to H460 cells cultured in either RPMI 1640 + 10% FBS
with 25 mM hepes pH = 7.4 (Wlled circles) or RPMI 1640 + 10%
FBS with 10 mM Bis/Tris pH = 6.6 at 37°C (open circles). CPT-11
was either diluted into pH = 6.6 or 7.4 media immediately prior to
the addition to H460 cells (a and b) or pre-equilibrated at 37°C in
pH = 6.6 or 7.4 media for 12 h prior to addition to H460 cells (c
and d). Cells were incubated with the indicated drug concentra-
tion for up to 24 h and CPT-11 forms were quantitated by HPLC
analysis as described in the Methods section. Results represent
mean of three independent experiments § SD

Table 2 Cellular accumulation of CPT-11 lactone and carboxyl-
ate forms after 24 h incubation in either pH = 6.6 and pH = 7.4

*Statistically signiWcant diVerences between pH = 6.6 and
pH = 7.4 using two tailed t test (P < 0.05)
a Total CPT-11 = lactone + carboxylate

CPT-11 form CPT-11 
accumulation (pmol/mg protein)

pH = 6.6 pH = 7.4

Immediate
Lactone 408 § 220 570 § 264
Carboxylate 8.8 § 10 107 § 88
Totala 417 § 230 677 § 351

Pre-equilibrated
Lactone 178 § 35 358 § 55*
Carboxylate 3.7 § 2.3 25 § 7.1*
Totala 182 § 36 382 § 59*
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interesting to note that cisplatin accumulation in
H460 cells was increased almost twofold when cis-
platin uptake was measured in cells exposed to pH 6.6
media when compared to cells exposed to pH 7.4
media (Fig. 4).

Association of platinum with DNA in Wxed drug ratios 
of cisplatin and CPT-11

Figure 5 demonstrates the extent of platinum associ-
ated with DNA after exposure to either cisplatin alone
or in combination with CPT-11 (in a 1:4 and 4:1 molar
ratio with cisplatin). In these studies drug or drug com-
binations were added to cells (pH 7.4 media) and incu-
bated for 2 h. The cells were than washed and the
extent of DNA platination was measured at 12 and

24 h, time frames that should be suYcient for DNA
repair. When used in combination, regardless of Wxed
ratio used, there was a signiWcant prolongation in the
degree of platinum association with DNA at the 12 and
24 h time points when compared to results obtained
using cisplatin alone (Fig. 5).

Fig. 3 Cellular accumulation of a CPT-11 lactone form and b
CPT-11 carboxylate form by H460 cells after exposure to
cisplatin § pre-equilibrated 10 �M CPT-11 at deWned drug ratios
in either RPMI 1640 + 10% FBS with 25 mM hepes pH = 7.4 or
RPMI 1640 + 10% FBS with 10 mM Bis–Tris pH = 6.6 at 37°C.
CPT-11 was pre-equilibrated at 37°C in pH = 6.6 or 7.4 media for
12 h prior to addition of cisplatin. Cells were incubated with drug
concentrations for 120 min and CPT-11 forms were quantitated
by HPLC. Results represent mean of three independent experi-
ments § SD
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ned drug ratios in either RPMI 1640 + 10% FBS with 25 mM He-
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Cells were incubated with drug concentrations for 120 min and
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Discussion

The in vitro assessment of drug combinations using
drug cytotoxicity assays, as a guide for the in vivo
administration of synergistic drug combinations, may
not always account for many of the cellular determi-
nants for drug activity. For instance, CPT-11 can
undergo rapid hydrolysis to an inactive carboxylate
form at physiological pH [2, 5, 10]. The anionic car-
boxylate form of CPT-11 and its active metabolite
SN-38 (also in an anionic carboxylate form), have
been shown to have lower cellular uptake rates into
intestinal cells compared to the non-ionic lactone
forms [19]. These results suggest that the exposure of
tumor cells to high lactone fractions of CPT-11 may
be of therapeutic advantage. Since NIH guidelines
recommend physiological pH (7.4) for cytotoxicity
assessment of chemotherapeutics, in vivo tumor
exposure to the active CPT-11 lactone form may
diVer to that assessed in vitro due to the more acidic
microenvironment that can exist in regions of poorly
perfused tumor tissue [9]. Therefore, conditions used
to establish synergistic cytotoxic interactions between
CPT-11 and other chemotherapeutic drugs may not
be accurate when considering parameters that aVect
in vivo bioavailability of CPT-11. This, of course is a
complex topic, but considering the ease in which cell-
based screening assays can be preformed it is reason-
able to address some key biologically relevant vari-
ables in culture. The studies reported here focused on
the role of pH in governing the activity and delivery
of the ring closed and active lactone form of the cam-
ptothecin CPT-11, add alone and in combination with
cisplatin.

The results shown in Fig. 1b, c indicate that combi-
nations of CPT-11 and cisplatin interact in a manner
that results in, depending on the fraction of aVected
cells (fa), either antagonistic, additive or synergistic
cytotoxicity to H460 cells. Further, the results suggest
that drug interactions are also dependent on the drug
ratio used. Similar drug ratio dependence between cis-
platin and CPT-11 was also seen for freshly isolated
human colorectal cancer cells [36]. Although for these
studies cisplatin and CPT-11 were added to H460 cells
simultaneously, it may also be important to assess
sequence depend interactions. For example, maximal
synergistic cytotoxicity was found between SN-38 and
oxaliplatin when the platinum derivative was adminis-
tered 24 h prior to SN-38 in the human HT29 colon
cancer cell line [41]. However, synergistic cytotoxicity
was optimal when the small cell lung cancer cell line,
SBC-3, were simultaneously exposed to CPT-11 and
the platinum derivative, nedaplatin [17].

To model the inXuence that pH may have on the cel-
lular bioavailability of CPT-11 lactone form and the
cytotoxic eVects of CPT-11, in vitro cytotoxicity and
uptake assay conditions employed in these studies used
CPT-11 that was either immediately diluted into either
pH 7.4 or pH 6.6 media or pre-equilibrated for 12–16 h
before addition to H460 cells. When CPT-11 was
immediately diluted in pH 7.4 media, an extensive and
rapid accumulation of CPT-11 (lactone form) was
found that peaked after 30 min followed by a decline in
cell associated drug levels by 4 h (Fig. 2a). A similar
rapid and signiWcant accumulation of CPT-11 (lactone
form) at early exposure times followed by a decrease in
accumulation was also described for the human colo-
rectal carcinoma cell line, HT-29 [4]. This decline in
cell associated CPT-11 levels over time was also
observed for camptothecin and topotecan in L1210
mouse leukemia cells [8]. Figure 2b demonstrated that
CPT-11 is rapidly hydrolyzed to its inactive carboxylate
form at pH = 7.4 and an apparent equilibrium between
the lactone form and carboxylate form is reached over
a time frame that coincides with the decreases in cell
associated CPT-11 (lactone form) levels (Fig. 2a).

Under situations where CPT-11 was pre-incubated
prior to addition to the cells, signiWcant decreases in
the cellular CPT-11 lactone levels were observed and
this is likely due to the signiWcantly lower levels of
CPT-11 in the lactone form when Wrst added to the
cells. In the absence of pre-incubation, CPT-11 (lac-
tone form) accumulation in H460 cells reached maxi-
mum levels of »3,500 pmol/mg protein at 30 min. At
this time point, cells exposed to CPT-11 which had
been pre-incubated at pH 7.4 exhibited cell associated
CPT-11 (lactone form) levels of »250 pmol/mg pro-
tein, a 14-fold reduction. Interestingly, the accumula-
tion of CPT-11 to cells cultured in pH 6.6 media was
approximately six-fold lower at 15 and 30 min expo-
sure times compared to cells maintained in pH 7.4
media (see Fig. 2a). This is similar to the larger
increase in accumulation of topotecan reported in a
human bladder carcinoma cell line, MGH-UI, at
pH = 7.4 compared to pH = 6.5 [39]. However, these
results are in contrast to the greater accumulation
uptake rate of CPT-11 lactone at pHs less than 6.8
compared to physiological pH range reported previ-
ously for HT-29 cells [19]. Moreover, a greater accu-
mulation at pH = 6.2 was observed for camptothecin
and topotecan in the murine leukemia cell line, L1210
[8]. The slower rate of CPT-11 lactone hydrolysis and
the larger fraction of lactone form in the extracellular
media at pH 6.6 compared to pH 7.4 would have sug-
gested that we would observe increased levels of CPT-
11 (lactone form) accumulation at pH 6.6 (Fig. 2a, b).
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It is unclear why for H460 cells the accumulation at
early times was lower at pH 6.6 compared to pH 7.4,
but maybe do to oVsetting diVerences in the rate of
CPT-11 uptake in cells maintained at pH 6.6 and the
fact these cells will be stressed, even though there was
no change in viability as assessed using dye exclusion
methods. We believe it is perhaps more important to
critically evaluate CPT-11 (lactone form) accumulation
at extended time points (e.g. 24 h). At this time point,
the levels of CPT-11 (lactone form) accumulation (see
Table 2) could be correlated to single agent cytotoxic
activity (Table 1). Albiet not signiWcant, there was a
40% reduction in CPT-11 (lactone) accumulation when
comparing cells incubated in pH 6.6 media vs. pH 7.4
media. The IC50 at pH 7.4 was 127 �M, which was
about 40% lower than 199 �M measured when the cells
were incubated at pH 6.6 (see Table 1). Interestingly,
the cytotoxicity of topotecan was also found to be
higher when exposed to cells in pH 7.4 media, com-
pared to pH 6.5 media [39]. Additionally, camptothe-
cin was more cytotoxic to L1210 cells in pH 7.4 media
compared to pH 6.2 [8]. Both of these studies were sim-
ilar in design to ours, where cells were acutely exposed
to acidic pH environments. However it may be impor-
tant to consider the possibility that cells within tumors
may experience acidic microenvironments for
extended time periods.

CPT-11 can be metabolically converted by carboxyl-
esterase activity in the liver to an active metabolite,
SN-38, which is demonstrated to be 100- to 1,000-fold
more potent than CPT-11 in vitro [18, 28]. Although
our HPLC assay was able to detect SN-38 lactone and
carboxylate forms as low as 10 ng/ml or 25 nM, no con-
version was detectable in the cell culture media or cell
lysates. In humans, conversion of CPT-11 to SN-38 in
the plasma is limited due to low carboxylesterase activ-
ity [13]. Recent work has demonstrated that tumor tis-
sue and tumor cell lines can express carboxylesterase
and convert CPT-11 intracellularly to SN-38 [3, 32, 33,
35, 40]. However, no intracellular conversion was
detected in H460 cells after 24 h exposure times. This
may be due to the relatively low carboxylesterase activ-
ity detected in H460 cells compared to other NSCLC
and SCLC tumor cell lines [37]. Undetectable levels of
SN-38 intracellular was noted in two human adenocar-
cinoma cell lines, suggesting that CPT-11 was primarily
responsible for the observed cytotoxicity [33]. Given
that the IC50 of CPT-11 to H460 cells under our in vitro
conditions was 16 �M and the quantitation limit for
SN-38 was 25 nM it is reasonable to suggest that intra-
cellular conversion of CPT-11 to SN-38 was not a
major contributor to the overall cytotoxicity observed
to H460 cells.

One possible explanation for the altered cytotoxicity
between CPT-11 and cisplatin when given in deWned
drug ratios may be due to drug interactions that aVect
drug uptake in cells. ConXicting results have been
reported suggesting a role for enhanced cellular accu-
mulation of either CPT-11 or cisplatin in enhanced
cytotoxicity. An increase in platinum accumulation was
observed in ovarian cancer cell lines when treated with
SN-38 [21]. However, no eVect of SN-38 on cisplatin
accumulation was observed in the human squamous
carcinoma cell line, HST-1 [27]. Figure 3a demon-
strates that the accumulation of CPT-11 (lactone form)
was not inXuenced by the presence of cisplatin at Wxed
drug ratios in either pH 6.6 or pH 7.4 media. Con-
versely, the presence of CPT-11, regardless of media
pH, did not enhance cisplatin accumulation at the vari-
ous drug ratios tested (see Fig. 4). This suggests that
the presence of CPT-11 did not inXuence the accumu-
lation of cisplatin or CPT-11 under the culture condi-
tions used to assess drug interactions. Interestingly, a
greater cellular accumulation of cisplatin was found in
cells culture in pH 6.6 media compared to pH 7.4
media (Fig. 4). This Wnding is similar to the larger
increase in cisplatin accumulation found in EMT6
mouse mammary tumor cells cultured at pH 6.0 com-
pared to cells cultured at pH 7.2 [23].

The lack of alterations in CPT-11 or cisplatin accu-
mulation when combined together, suggests that the
additive and synergistic activity found for cis-
platin:CPT-11 drug ratios of 1:4 and 4:1 may be primar-
ily associated with a concerted mechanistic interaction.
Several groups have demonstrated that SN-38 and 9-
aminocamptothecin can increase the lifetime of Pt-
DNA complexes as a possible mechanism for synergis-
tic cytotoxicity [12, 27, 36, 41]. To determine if a similar
interaction of CPT-11 and cisplatin occurred in our
model system, we evaluated the association of Pt with
DNA at two drug ratios (1:4 and 4:1, mole:mole) which
were found to be additive or synergistic over a broad
range of eVective doses (see Fig. 1c). A signiWcant
increase in the association of Pt with DNA was found
over 12 and 24 h for both cisplatin:CPT-11 drug ratios
compared to cisplatin alone (Fig. 5), suggesting a possi-
ble explanation for the increased cytotoxicity to H460
cells when these drugs are used in combination.
Although only two drug ratios were assessed in these
studies, it is interesting to note that when using an end-
point of Pt association with DNA no drug ratio eVect
was apparent, yet the combination studies relying on a
metabolic endpoint determined 72 h after drug addi-
tion clearly suggest ratio-dependent interactions.

In conclusion, altering the CPT-11 lactone ratio as a
function of extracellular pH environment did not appear
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to inXuence the overall cellular accumulation of the
active CPT-11 lactone form and the resulting cytotoxicity
to H460 cells. Additionally, cellular accumulation of cis-
platin was not inXuenced by the presence of CPT-11 nor
did cisplatin alter CPT-11 accumulation in the H460 cells.
Therefore, it can be anticipated that improved cytotoxic
responses observed in vitro between CPT-11 and cis-
platin may be preserved in vivo, provided that the appro-
priate drug:drug ratio and concentration is maintained at
the tumor site. Further work is underway to explore the
synergistic cytotoxicity of CPT-11 and cisplatin in cells
adapted to grow in acidic environments as a revised
model of assessing the synergistic potential of these two
drugs. In addition, we are exploring the use of nanoscale
drug delivery systems to achieve improved coordinated
tumor delivery of drug combinations [29, 34].

Acknowledgements This research was funded by a grant from
the Canadian Institutes of Health Research (CIHR).

References

1. Adams DJ, Wahl ML, Flowers JL, Sen B, Colvin M, Dewhirst
MW, Manikumar G, Wani MC (2006) Camptothecin analogs
with enhanced activity against human breast cancer cells. II.
Impact of the tumor pH gradient. Cancer Chemother Phar-
macol 57:145–154

2. Akimoto K, Kawai A, Ohya K (1994) Kinetic studies of the
hydrolysis and lactonization of camptothecin and its deriva-
tives, CPT-11 and SN-38, in aqueous solution. Chem Pharm
Bull 42:2135–2138

3. Atsumi R, Okazaki O, Hakusui H (1995) Metabolism of Iri-
notecan to SN-38 in a tissue-isolated tumor model. Biol
Pharm Bull 18:1024–1026

4. Boyd G, Smyth JF, Jodrell DI, Cummings J (2001) High-per-
formance liquid chromatographic technique for the simulta-
neous determination of lactone and hydroxy acid forms of
camptothecin and SN-38 in tissue culture media and cancer
cells. Anal Biochem 297:15–24

5. Burke TG, Munshi CB, Mi Z, Jiang Y (1995) The important
role of albumin in determining the relative human blood sta-
bilities of the camptothecin anticancer drugs. J Pharm Sci
84:518–519

6. Chauvier D, Chourpa I, Maizieres M, Riou J-F, Dauchez M,
Alix AJP, Manfait M (2003) E-ring conformation has a key
role in cleavable complex formation: homocamptothecin ver-
sus camptothecins. J Mol Struct 651–653:55–65

7. Chou TC, Talalay P (1984) Quantitative analysis of dose-
eVect relationships: the combined eVects of multiple drugs or
enzyme inhibitors. Adv Enzyme Regul 22:27–55

8. Gabr A, Kuin A, Aalders M, El-Gawly H, Smets LA (1997)
Cellular pharmacokinetics and cytotoxicity of camptothecin and
topotecan at normal and acidic pH. Cancer Res 57:4811–4816

9. Gerweck LE, Seetharaman K (1996) Cellular pH gradient in
tumor versus normal tissue: potential exploitation for the
treatment of cancer. Cancer Res 56:1194–1198

10. Giovanella BC, Harris N, Mendoza J, Cao Z, Liehr J, Stehlin
JS (2000) Dependence of anticancer activity of camptothecins
on maintaining their lactone function. Ann N Y Acad Sci
922:27–35

11. Go RS, Adjei AA (1999) Review of the comparative pharma-
cology and clinical activity of cisplatin and carboplatin. J Clin
Oncol 17:409–422

12. Goldwasser F , Valenti M, Torres R, Kohn KW, Pommier Y
(1996) Potentiation of cisplatin cytotoxicity by 9-aminocam-
ptothecin. Clin Cancer Res 2:687–693

13. Guemei AA, Cottrell J, Band R, Hehman H, Prudhomme M,
Pavlov MV, Grem JL, Ismail AS, Bowen D, Taylor RE,
Takimoto CH (2001) Human plasma carboxylesterase and
butyrylcholinesterase enzyme activity: correlations with SN-
38 pharmacokinetics during a prolonged infusion of irinotec-
an. Cancer Chemother Pharmacol 47:283–290

14. Ikegami T, Ha L, Arimori K, Latham P, Kobayashi K, Ceryak
S, Matsuzaki Y, Bouscarel B (2002) Intestinal alkalization as
a possible preventive mechanism in irinotecan (CPT-11)-in-
duced diarrhea. Cancer Res 62:179–187

15. Kakolyris S, Kouroussis C, Souglakos J, Agelaki S, Kalbakis
K, Vardakis N, Vamvakas L, Georgoulias V (2001) Cisplatin
and irinotecan (CPT-11) as second-line treatment in patients
with advanced non-small cell lung cancer. Lung Cancer
34(Suppl 4):S71–S76

16. Kano Y, Suzuki K, Akutsu M, Suda K, Inoue Y, Yoshida M, Sa-
kamoto S, Miura Y (1992) EVects of CPT-11 in combination
with other anti-cancer agents in culture. Int J Cancer 50:604–610

17. Kanzawa F, Koizumi F, Koh Y, Nakamura T, Tatsumi Y,
Fukumoto H, Saijo N, Yoshioka T, Nishio K (2001) In vitro
synergistic interactions between the cisplatin analog nedapl-
atin and the DNA topoisomerase I inhibitor irinotecan and
the mechanism of this interaction. Clin Cancer Res 7:202–
209

18. Kawato Y, Aonuma M, Hirota Y, Kuga H, Sato K (1991)
Intracellular roles of SN-38, a metabolite of the camptothecin
derivative CPT-11, in the antitumor eVect of CPT-11. Cancer
Res 51:4187–4191

19. Kobayashi K, Bouscarel B, Matsuzaki Y, Ceryak S, Kudoh S,
Fromm H (1999) pH-dependent uptake of irinotecan and its
active metabolite, SN-38, by intestinal cells. Int J Cancer
83:491–496

20. Kohn KW, Pommier Y (2000) Molecular and biological
determinants of the cytotoxic actions of camptothecins: per-
spective for the development of new topoisomerase I inhibi-
tors. Ann N Y Acad Sci 922:11–26

21. Komuro Y, Udagawa Y, Susumu N, Aoki D, Kubota T, Noz-
awa S (2001) Paclitaxel and SN-38 overcome cisplatin resis-
tance of ovarian cancer cell lines by down-regulating the
inXux and eZux system of cisplatin. Jpn J Cancer Res
92:1242–1250

22. Laco GS, Collins JR, Luke BT, Kroth H, Sayer JM, Jerina
DM , Pommier Y (2002) Human topoisomerase I inhibition:
docking camptothecin and derivatives into a structure-based
active site model. Biochemistry 41:1428–1435

23. Laurencot CM, Kennedy KA (1995) InXuence of pH on the
cytotoxicity of cisplatin in EMT6 mouse mammary tumor
cells. Oncol Res 7:371–379

24. Liu LF, Desai SD, Li T-K, Mao Y, Sun M, Sim S-P (2000)
Mechanism of action of camptothecin. Ann N Y Acad Sci
922:1–10

25. Ma JG, Maliepaard M, Nooter K, Boersma AWM, Verweij
J, Stoter G, Schellens JHM (1998) Synergistic cytotoxicity
of cisplatin and topotecan or SN-38 in a panel of 8 solid-tu-
mor cell lines in vitro. Cancer Chemother Pharmacol
41:307–316

26. Masuda N, Fukuoka M, Takada M, Kusunoki Y, Negoro S,
Matsui K, Kudoh S, Takifuji N, Nakagawa K, Kishimoto S
(1992) CPT-11 in combination with cisplatin for advanced
non-small-cell lung cancer. J Clin Oncol 10:1775–1780
123



102 Cancer Chemother Pharmacol (2007) 60:91–102
27. Masumoto N, Nakano S, Esaki T, Fujishima H, Tatsumoto T,
Niho Y (1995) Inhibition of removal of cis-diamminedichlo-
roplatinum(II)-induced DNA interstrand cross-links by 7-
ethyl-10-hydroxycamptothecin in HST-1 human squamous-
carcinoma cells. Int J Cancer 62:70–75

28. Mathijssen RHJ, Loos WJ, Verweij J, Sparreboom A (2002)
Pharmacology of topoisomerase I inhibitors irinotecan (CPT-
11) and topotecan. Curr Cancer Drug Targets 2:103–123

29. Mayer LD, Harasym TO, Tardi PG, Harasym NL, Shew CR,
Johnstone SA, Ramsay EC, Bally MB, JanoV AS (2006) Ra-
tiometric dosing of anticancer drug combinations: controlling
drug ratios after systemic administration regulates therapeutic
activity in tumor-bearing mice. Mol Cancer Ther 5:1854–1863

30. Minagawa Y, Kigawa J, Ishihara H, Itamochi H, Terakawa N
(1994) Synergistic enhancement of cisplatin cytotoxicity by
SN-38, an active metabolite of CPT-11, for cisplatin-resistant
HeLa cells. Jpn J Cancer Res 85:966–971

31. Negoro S, Masuda N, Takada Y, Sugiura T, Kudoh S, Kata-
kami N, Ariyoshi Y, Ohashi Y, Niitani H , Fukuoka M (2003)
Randomised phase III trial of irinotecan combined with cis-
platin for advanced non-small-cell lung cancer. Br J Cancer
88:335–341

32. Ohtsuka Kimihiko, Inoue Shoichi, Kameyama Masayo, Ka-
netoshi Akio, Fujimoto Toru, Takaoka Kazuo, Araya Yos-
hikazu, Shida Akira (2003) Intracellular conversion of
irinotecan to its active form, SN-38, by native carboxylester-
ase in human non-small cell lung cancer. Lung Cancer 41:187–
198

33. Pavillard V, Agostini C, Richard S, Charasson V, Montaudon
D, Robert J (2002) Determinants of the cytotoxicity of irino-
tecan in two human colorectal tumor cell lines. Cancer Che-
mother Pharmacol 49:329–335

34. Ramsay EC, Dos Santos N, Dragowska WH, Laskin JJ, Bally
MB (2005) The formulation of lipid-based nanotechnologies

for the delivery of Wxed dose anticancer drug combinations.
Curr Drug Deliv 2:341–351

35. Sanghani SP, Quinney SK, Fredenburg TB, Sun Z, Davis WI,
Murry DJ, Cummings OW, Seitz DE, Bosron WF (2003)
Carboxylesterases expressed in human colon tumor tissue
and their role in CPT-11 hydrolysis. Clin Cancer Res 9:4983–
4991

36. Tsunoda T, Tanimura H, Hotta T, Tani M, Iwahashi M,
Ishimoto K, Tanaka H, Matsuda K, Yamaue H (2000) In vitro
augmentation of antitumor eVect in combination with CPT-
11 and CDDP for human colorectal cancer. J Surg Oncol
73:6–11

37. Van Ark-Otte J, Kedde MA, Van Der Vijgh WJF, Dinge-
mans AMC, Jansen WJM, Pinedo HM, Boven E, Giaccone G
(1998) Determinants of CPT-11 and SN-38 activities in hu-
man lung cancer cells. Br J Cancer 77:2171–2176

38. van Waardenburg RCAM, de Jong LA, van Eijndhoven
MAJ, Verseyden C, Pluim D, Jansen LET, Bjornsti M-A,
Schellens JHM (2004) Platinated DNA adducts enhance poi-
soning of DNA topoisomerase I by camptothecin. J Biol
Chem 279:54502–54509

39. Vukovic V, Tannock IF (1997) InXuence of low pH on cyto-
toxicity of paclitaxel, mitoxantrone and topotecan. Br J Can-
cer 75:1167–1172

40. Xu G, Zhang W, Ma MK, McLeod HL (2002) Human carbox-
ylesterase 2 is commonly expressed in tumor tissue and is cor-
related with activation of irinotecan. Clin Cancer Res 8:2605–
2611

41. Zeghari-Squalli N, Raymond E, Cvitkovic E, Goldwasser F
(1999) Cellular pharmacology of the combination of the
DNA topoisomerase I inhibitor SN-38 and the diaminocyclo-
hexane platinum derivative oxaliplatin. Clin Cancer Res
5:1189–1196
123


	Irinotecan-cisplatin interactions assessed in cell-based screening assays: cytotoxicity, drug accumulation and DNA adduct formation in an NSCLC cell line
	Introduction
	Materials and methods
	Materials
	Cell culture
	Assays of cellular reductive capacity
	Determination of combination index for Wxed drug ratios of cisplatin and CPT-11
	HPLC detection of CPT-11 and SN-38 lactone and carboxylate forms
	Cellular accumulation of CPT-11 and cisplatin
	Extent of platinum association with DNA
	Statistical analysis

	Results
	Activity of CPT-11 and/or cisplatin against H460 cells exposed to pH 7.4 or pH 6.6 media
	Cellular accumulation of CPT-11
	Cellular accumulation of CPT-11 and cisplatin in Wxed drug ratios
	Association of platinum with DNA in Wxed drug ratios of cisplatin and CPT-11

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


