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ABSTRACT

The cellular pharmacology of the tntium-labeled cisplatin analogue
dichloro(ethylenedlamine)platinum(II) ([3H]DEP) was compared in cia
platin-sensitive 2008 and resistant 2008/C135.25 human ovarian card
noma cells. The cellular content of total [@lI],ultrafiltrable [@}ll,and free
native E3HIDEP was measured during and following incubation with 5 @aM
I3HIDEP. While the rate constant for [311]DEPuptake in the resistant cells
was reduced to 25% of that in the sensitive cells, DNA intrastrand adduct
formation was reduced even further to 11%, indIcating the presence of
defects in both uptake and the ability of intracellular drug to access or
react with DNA. The latter could not be accounted for by enhanced repair.
Together, these defects were sufficient to account for the 11-fold level of
reSistance. At steady state, the intracellular to extracellular concentration
ratio for native [3H]DEP was 7.7 in the sensitive cells and 11.7 in the
resistant cells, suggesting the presence of a trapping or concentrative
mechanism. Thus, despite the slower initial influx, the resistant cells
eventually accumulated more free E3HIDEPthan the sensitive cells. We
conclude that the resistant phenotype in these cells is accounted for
primarily by impaired uptake and decreased reaction of [3HIDEP with
DNA rather than by changes in efflux or DNA repair.

INTRODUCTION

Acquired resistance to CDDP@ develops frequently during therapy
and is a major obstacle to the cure of even CDDP-sensitive tumors.
Such resistance is multifactorial, and elevations in glutathione, in
creased levels of metallothioneins, and enhanced DNA repair have
each been reported as mechanisms of resistance (reviewed in Ref. 1).
Impaired cellular accumulation of CDDP has been identified as a very
common phenotypic characteristic of cell lines with acquired resis
tance to CDDP (1, 2), and it is a characteristic that develops early
during the selection of cells with CDDP in vitro (3). The complex
chemistry of CDDP and the lack of a readily available radiolabeled
form of the drug has hindered detailed studies of the cellular phar
macology of CDDP. Although l9SmPt can be made in a cyclotron, it
has a half-life of only 4.2 days, and the specific activity of the
synthesized l9smp@@@@pis marginally sufficient for cellular studies.

The mechanism by which CDDP enters cells is not well character
ized. There is substantial evidence for both diffusional and mediated
uptake across the cell membrane (4â€”6).Once in the low chloride
environment of the cytosol, CDDP is believed to undergo a series of
aquation reactions, and the resulting mono- and diaquo-species are
highly reactive with nucleophilic sites including thiol groups on both
low and high molecular weight molecules and the N7 position on
guanine and adenine in DNA (7). Although CDDP-DNA adducts are
slowly removed from DNA, the fate of CDDP covalently bound to
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other macromolecules and soluble low molecular weight compounds
is unknown.

We have selected the human ovarian carcinoma cell line 2008 with
CDDP in vitro to produce sublines with varying degrees of CDDP
resistance. We reported previously that I9SmN..CDDp accumulation in
a 2â€”3-foldresistant variant was decreased by 34% when measured at
the end of 1 mm (8) and was approximately 50% of that in the parental
2008 cell line at the end of a 1-h drug exposure (3).

DEP has been shown to produce the same kinds of adducts in DNA
as CDDP (9). We have used [3H]ethylenediamine of high specific
activity to synthesize the CDDP analogue, [3H]DEP, and then used
the latter at clinically relevant concentrations as a surrogate for
I95mp@@@@p to define the cellular pharmacology of [3H]DEP in

CDDP-sensitive 2008 and 11-fold CDDP-resistant 2008/C13*5.25
cells. Total intracellular [3H], ultrafiltrable [3H}, and native [3H}DEP
were quantitated separately, and this permitted estimation of rate
constants from a model of the cellular pharmacology of [3H]DEP that
includes influx and efflux across the plasma membrane, conversion to
low molecular weight metabolites, and binding to macromolecules.

MATERIALS AND METhODS

Cell Lines. CDDP-sensitive human ovarian carcinoma 2008 cells (10)
and the 11-fold CDDP-resistant subline 2008/C1355.25 generated by in
vitro selection (1 1) were maintained in RPMI 1640 containing with 5%

heat-inactivated bovine calf serum and 2 m@ L-glutamine. Cultures were
negative for Mycoplasma as tested with the Gen Probe kit (Gen Probe, Inc.,
San Diego, CA).

Quantitation of Total [@iij,Ultrafiltrable [@H],and Native [3H]DEP.
One millioncells were seeded in 60-mm tissueculturedishes, and2 days later
when the dishes were subconfluent, the medium was aspirated and replaced by
2 ml of fresh 37Â°Cmedia containing E3HIDEP (50 pCi/mI, 5 p.M). At appro
priate time points, the medium was aspirated, and plates were rapidly washed
three times with 4Â°Cphosphate-buffered saline. Cells were scraped from the
dish into 1 ml phosphate-buffered saline, and one aliquot was removed,
digested overnight in 1 ml of 1 N NaOH, and used for protein determination
(12) and measurement of total cellular [3H] content by liquid scintillation
counting. The remaining cells were sonicated at 4Â°C, and the lysate was
ultrafiltered for 30 mm at 4Â°Cusing Amicon CF25 cones (Amicon Corp.,
Beverley, MA). An aliquot of the ultrafiltrate was counted to determine total

ultrafiltrable [3H],and the remainder was used to quantitate native [3H]DEPby
HPLC. The HPLC system was that reported by Mauldin et aL (13) which
separates intracellular [3H]DEP and metabolites using a heptane sulfonic acid
ion-pair system that preferentially retains cations. Peaks were detected by an

on-line Radiomatic Ho-One/Beta radioactivity detector (Packard Instruments,
Downers Grove, IL). Each data point presented in the figures is the mean of at
least three separate experiments performed with duplicate cultures.

Pharmacokinetics of DEP Influx and Efflux. The cellular pharmacoki
netics were modeled using the cell compartmental model presented in Fig. 1.
The model allowed the generation of equations resulting in resolvable rate
constants as detailed in the following paragraphs. Rate constant estimates were
resolved for the influx of free [3H]DEPand for efflux of ultrafiltrate and free
DEP.The nonlinearregressionmodulein SPSS for the Macintosh,version4.0
(SPSS, Inc., Chicago, IL) was used to fit the model equations. The fitted rate
constant estimate for the 2008 and 200/C1355.25 cells were compared using
the Satterthwaite modification of Student's I test (14).

The cellular pharmacokinetics of DEP during influx were modeled by the
diagram presented in Fig. 1. Cmls the concentration of [3H]DEPin the culture
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experiments that measured these curves were done independently of the influx
runs measuring DEP pharmacokinetics.

Five influx and five efflux runs in the 2008 cell line were analyzed, in effect
generating five equations of form 1 and five of form 2. While the parameter
ctotOwas allowed to vary across runs, the values k.@,k1,and k3were assumed
to remain constant. With this resthction, the 10 equations were fit simulta
neously to all 10 runs in the 2008 cell line, resulting in one estimate each of
k@,k1, and k3. Similarly, nine equations described four influx and five efflux
runs in the 2008/C135.25 cell line, and these were fit simultaneously to the
nine runs. The fittings were conducted using the nonlinear regression module
in SPSS.The estimatesofk@@,k1,andk3fromthe two cell lines were compared
using Satterthwaite's modified Student's t test.

Clearance Value Estimates. Clearanceestimates were obtained for all
three forms of [3H], including native [3H]DEP, ultrafiltrable [3HJ, and total
[3H]. (The term â€œclearanceâ€•here means a rate of decline due not only to
actual efflux from the cell but also to movement from one compartment to
another). For simplicity, these estimates were obtained by fitting biexpo
nential equations.

The efflux data were grouped into six sets representing the various combi
nations of cell line and [3H] form. For example, the set describing native
[3H]DEP in 2008 cells comprised five efflux runs. Each run in this set was
assumed to satisfy an equation for the form:

C.(t) = A{(1 â€”M.)e_â€•+ M.e@']

While the parameters A. and M1 were allowed to vary across the five runs
(hence the subscripts 1),a and@ were assumed to remain constant. The five
equations were fit simultaneously to all runs in the set via nonlinear regression,

giving one estimate each of a and @,and five run-specific estimates of A@
and M1.

Each run in the set provided an estimate of the clearance of [3H]DEP in
2008 cells, given by:

Initial amount Ax x
Clearance = AUC = A@[(1â€”M1)/a + M1/f3} (1 â€”M)/a + M/@

where x was an empirically determined conversion factor transforming initial
concentration A. to initial amount Air. Thus, the overall estimate of clearance
of [3H]DEP in 2008 cells was the mean of the clearance from the individual
runs. The same analysis was conducted on the other combinations of cell line
and the [3H] form. Corresponding estimates of a, @,and clearance in the two
cell lines were compared using Satterthwaite's modified Student's t test.

Assay of DEP Intrastrand DNA Adducts. [3H]DEP was used to quanti
tate guanine-guanine intrastrand adducts in DNA and their rate of removal as

Cm

Fig. 1. Four-compartment model of DEP pharmacokinetics in human ovarian carci
nomacells.C1,C2,C3,C4,concentrationsof freenativeDEP,boundDEP,freemetab
olized drug, and bound metabolized drug, respectively. k1â€”k43,rate constants for move
ment of drug between the indicated compartments. k@,free DEP influx constant.

medium. Assuming first-order kinetics (15), the differential equations describ
ing this system are:

dC1/dt = kmCm (k1+k12+k13)C1+ k@1C2

dC2/d:= k12C1â€”k@C2

dC3/dt = k13C1 â€”(k3+k@)C, + k43C4

dC4/dt= k-@C3â€”k43C4

Summing these equations, we obtain:

d(C1+C2+C,+C4)
dt CmkiCiC3k@MkiCi

or

20

â€” k@(C1 +C3 â€” C1) = kwCm (k1 k@)C1 k@(C1 +C3)

dC@/dt= kmCm (k1â€”k@)C@@pk@C[3H]

where C@0@= C1 + C2 + C3 + C4 is total [3H]within the cell, CDEP= C1is
free native E3HIDEP,and C[3H1 C@+ C3 is free ultrafiltrable [3H]. On
integration, we obtain Eq. A:

c@(t) = C@0+ k@f Cm(r)dr â€”(k1â€”k@)f C@ (r)dr
0 Jo

_k3fC[3H](r)dr@

where CusOâ€˜@total [3H]Withinthe cell at the startof influx, time zero.
Similarly, the cellular pharmacokinetics ofDEP during efflux were modeled

based on the compartments shown in Fig. 1 except that Cmwas assumed to be@
identical to zero. By derivation similar to that presented above, we obtain
Eq.B: 0

-I
0
0@

I 000

30 40

Css (t) Css 0 â€”(k1 â€”k3) f @,,(r) dr â€”k@ f C13@ (r) dr
Jo Jo

where C...@0is total E@I1within the cell at the start of efflux, time zero.
Each influx or efflux run defined three concentration curves, CD@(t),

C13@(t), and Cus(t). Th@Sd dIIPIC5 were assumed to satisfy Eqs. A and B,

dependingon whetherthe runwas influx or efflux. At each time pointwithin
the run, the values ofthe definite integrals f@CDl,@.I.(r)dr and f@C[3H](r)dr were
estimated as cumulative trapezoidal areas under the respective curves. The

value of f@jCm(r)drwas estimatedlikewise using the appropriatemean con
centration curve of [3HJDEPin the culture medium during influx (Fig. 2); the

500 10

TIME, hrs

Fig. 2. Decay of native ultrafiltrable DEP in incubation media. 0, 2008 cells; 0,
2008/C13*5.25cells.Points,meanof at leastthreeseparateexperiments;bars, SD.
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Table 1 DEP content atsteadystat?CellLineParameter2008C135.25Native

[3HJDEPcontent,pmol/mgprotein
Native [3HJDEP as a percentage of ultrafiltrable [3H1
Native [3HJDEP as a percentage of total (3HJ43.7

Â±7@6b
57.2 Â±9.9'@
24.1 Â±4.264.8

Â±14.8
67.0 Â±15.3
30.0 Â±6.8Intracellular

DEP concentration,@M14.921.4Extracellular
DEP concentration,@sso1.91.8Intracellular/extracellular

concentration ratio7.711.7

CELLULAR PHARMACOLOGYOF DICHLORO(ETHYLENEDIAMINE)PLATINUM(II)

native free [3H]DEP by the assay used in this study is the sum of the
aquated and nonaquated forms of [3H]DEP in the cell. Under the assay
conditions used in this study, one would expect rapid conversion of
any aquated [3H]DEP back to the dichloride form. Although one
might wish to measure native free aquated and nonaquated E3HIDEP
separately, it is in fact the sum of these forms that constitutes the
intracellular drug capable of reacting with nucleophilic sites; (b) it is
clear that the rate of accumulation of all three forms of the drug is
slower in the 2008/C13*5.25 than the 2008 cells. At 1 h, uptake of
total [3H] was equivalent to 63 pmol [3H]DEP/mg protein in 2008
cells but only 22 pmol [3H@DEP/mg protein in 2008/C1355.25 cells.
The slower accumulation is reflected by the fact that all three forms of
the drug approached steady state in the 2008 cells by 12â€”24h,
whereas in 2008/C13*5.25 cells, native [3H]DEP and ultrafiltrable
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Fig.3. Influxof DEPin 2008cellsduringincubationin 5 j.@M(50 pCi/mI)[3HIDEP.
., total[3H1in washedcells;U, [3HJin ultrafiltrate;A, native[3HJDEPdeterminedby
HPLC. Top, time course up to 64 mm; bottom, up to 48 h. Bars, SD.

reported previously (9). Briefly, subconfluent monolayers grown in media
containing 1 @Mmethotrexate, 30 @Mhypoxanthine, and 20 g.@Mthymidine
were prelabeled with 1 nCi [â€˜4Cjthymidinefor 72 h and then treated with
[3HIDEP (5 ,.LM;10 pCi/mI) for 1 h. At various time points during and
following exposure to [3H]DEP DNA was isolated, digested to deoxyribo
nucleosides, separated by HPLC, and quantitated by scintillation counting.

[3H]DEPwas normalizedto [â€˜4Cjthymidinecontent, thus obviatingthe con
tribution from both nonspecific incorporation of [3H1 into DNA and DNA
replication.

RESULTS

Decay of DEP in Incubation Media. Fig. 2 shows the decrease in
the concentration of native free [3HJDEP in the media when incubated
with 2008 or 2008/C1355.25 cells. The concentration of native
[3H]DEP decreased exponentially over the first 5 h with an initial
half-life of 12 h and then stabilized at a concentration approximately
50% of that present at time zero. There was no difference in the rate
of loss of [3HIDEP in cultures of 2008 versus 2008/C13*5.25 cells.

Time Course of [311]DEP Influx. Fig. 3 shows the time course of
accumulation of total [3H], ultrafiltrable [3H], and native [3H]DEP in
2008 cells, and Fig. 4 shows the accumulation in 2008/C13*5.25 cells.
Several points are clear: (a) in both cell types, native [3H]DEP makes
up a decreasing fraction of ultrafiltrable [3H] and total [3H] with time,
showing that native [3H]DEP is being converted intracellularly to low
molecular weight metabolites, and either the native drug, the metab
olites, or both are progressively binding to high molecular weight
targets. It is important to point out that what is being measured as

20 30

TIME, hrs

Fig. 4. Influx of DEP in 2008/C13@5.25cells during incubation in 5 @&M(50 @sCi/ml)
I3HIDEP.â€¢,total [3HJin washedcells;@ I@H1in ultrafiltrate;A, native[3H]DEP
determinedby HPLC.Top,timecourseup to 64 mm;bottom,up to 48 h. Bars,SD.

a Steady state 24 h in 2008 and 48 h in 2008/C135.25 cells.
b pmol/mg protein Â± SD.
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loading of the cells by exposure to 5 @tM[3H]DEP (50 p.Ci/ml) for
1 h. The moststrikingfindingwas thatthe efflux of all threeformsof
the drug was relatively slow and that curves for all three pools were
approximately parallel. The initial and terminal efflux rate constants,
determined by fitting the data to biexponential curves, are presented in
Table 2. Only for the ultrafiltrable [3H] pool was there a statistically
significant difference between 2008 and 2008/C1355.25 cells with
initial efflux being more rapid from the CDDP-resistant cells.
There were no consistent trends or statistically significant differ
ences in the terminal phase rate constants for any of the three pools
of drug. Calculated from the fitted curves, the initial efflux half
life of native [3H]DEP was 7.71 mm in 2008 cells and 14.95 mm
in 2008/C1355.25 cells (P = 0.490). It is important to note that the
â€œconstantsâ€•derived from fitting the data to biexponential curves
(Table 2) represent composites of the constants depicted by the
arrows in Fig. 1. For example, the a efflux constant is a composite
of k1, k21, k12, and k13.

Modeling of [3H]DEP Cellular Pharmacology. So as to better
define differences between the CDDP-sensitive and resistant cells, the
intracellular pharmacokinetics of [3H]DEP were modeled using the
compartmental paradigm presented in Fig. 1 in which [3HJDEP is
envisioned as entering compartment C1 as native drug with rate
constant k,@.The native drug can then enter compartment C2 by being
bound to ultrafiltrable macromolecules (or entering a cellular subcom
partment) with rate constant k12 or be converted to ultrafiltrable
metabolites with rate constant k13 (compartment C3). Finally, the
ultrafiltrable metabolites may themselves bind to nonfiltrable macro
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Fig 5. Efflux of DEP from 2008 cells. @,total [3H] in washed cells; @,[3H1 in
ultrafiltrate; A, native (3H]DEP determined by HPLC. Top, time course up to 8 mm;
bottom, up to 130 mm. Bars, SD.

[3HJrequired 24â€”48h to approach steady state, and the total [3H] had
still not reached steady state at 48 h.

Table 1 shows the absolute contents of [3HJDEP at steady state in
the 2008 (24 h) and 2008/C13*5.25 cells (48 h) and the fraction that
native E3HIDEP represents of the ultrafiltrable and total [3H] in the
cell. In the 2008 cells, native [3H]DEP represented a smaller fraction
of the ultrafiltrable [3HJ (57%) than it did in the 2008/C1355.25 cells
(67%). The same was true for native [3HIDEP as a fraction of total
[3H]; native [3HJDEP was 24% of the total [3HJ in 2008 cells at 24 h
and 30% in 2008/C1355.25 cells at 48 h. However, although the
distribution of various forms of the drug at steady state appeared to
differ between the CDDP-sensitive and resistant cells, none of these
differences reached the level of statistical significance.

Table 1 also presents the ratio of intracellular to extracellular
E3HIDEP at steady state calculated from the known volume of the
2008 and 2008/C1355.25 cells and making the assumption that the
intracellular [3H]DEP was evenly distributed throughout the cell. As
the ratio for 2008/C13*5.25 cells was 1.5-fold greater than the ratio in
the 2008 cells, despite a slower rate of initial accumulation, 2008/
C1355.25 cells eventually accumulated more free [3HJDEP in the cell.
This demonstrates both that there must be a concentrative or trapping
mechanism for what is detected as native [3H]DEP and that while
resistance is associated with a decreased rate of accumulation, it is not
associated with a decreased ability to maintain a high intracellular to

0 2 4 6 8
TiME, mm

, Vv

10

0 50 100 150
extracellular accumulation gradient. TIME, mln

Time Course of [3H]DEP Efflux. Figs. 5 and 6 show the time
Fig. 6. Efflux of DEP in 2008/C13'5.25 cells. â€¢,total (3HJ in washed cells;@ [3H1

course for the efflux of native [3HJDEP, ultrafiltrable [3HJ, and total m ultrafiltrate;A, native[3H)DEPdeterminedby HPLC.Top,timecourseupto 8 mm;
[3H] from 2008 and 2008/C13*5.25 cells, respectively, following bottomupto 130mm.Bars,SD.

2683

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/54/10/2680/2453287/cr0540102680.pdf by guest on 19 M

ay 2023



Table 2 Eifiux rate parameters estimated by ftts to biexponentialequationsParameterCell

linea Â±SE, 1/mmFâ€•Â± SE,1/mmFâ€•Native

[3HJDEP2008
C13*5.250.0896

Â±0.06014
0.04636 Â±0.015950.4900.00052

Â±0.00204
0.00015 Â±0.001910.896Ultrafiltrable

[3H]2008b
C13â€•5.250.00443

Â±0.00077
0.07984 Â±0.024460.00443

Â±0.00077
0.00220 Â±0.00092o.o@Total

[3H]2008
C13â€•5.250.00822

Â±0.01546
0.06571 Â±0.028890.00093

Â±0.00684
0.00137 Â±0.000900.949

pbParameterNative

[3HJDEP <0.001

Table 4 Efflux rate constants estimated byfits to Eqs. A andBParameterCell

linek, Â±SE, 1/mmâ€•1's'k3 Â±SE,l/mincpbNative

[3HJDEP2008
C13â€•5.250.00000

Â±0.00349
0.00000Â±0.00165.Metabolized

[3H]DEP2008
C13â€•5.250.00761

Â±0.00761
0.00346 Â±0.00384373 .

CELLULAR PHARMACOLOGY OF DICHLORO(ETHYLENEDIAMINE)PLATINUM(II)

a p for the comparison of 2008 to C13â€•5.25.
b The fitting of this dataset was slow to converge, and the job was canceled after 300 iterations. At this point, the parameters M. in all efflux runs were very nearly zero. That is,

the equation for this data set was essentially monoexponential, and the estimate of a (= @3)was derived by fitting a monoexponential equation to the data set.

of E3HIDEP are not sufficient to explain the resistance of 2008/
C13*5.25 cells and that the most important difference related to
resistance in the cellular pharmacokinetics of [3H]DEP lies in the
diminished initial influx rate constant.

Guanine-Guanine Intrastrand Adduct Formation and Re
moval. The extent of intrastrandadduct formation was quantitated by
the technique of Eastman (9) which is specific for the guamne
guanine intrastrand cross-link that is the most abundant of the adducts
formed. Immediately after a 1-h exposure when the intrastrand adduct
level was maximal, 2008 cells contained 36 Â±6.6 dpm/nmol dC,
whereas 2008/C13*5.25 cells contained 3.8 Â± 1.8 dpm/nmol dC.
Thus, the maximum intrastrand adduct level in the CDDP-resistant
cells following a 1-h [3H]DEP exposure was only 10.7 Â±5% of that
in the sensitive 2008 cells.

The number of intrastrand adducts was maximal immediately
following a 1-h exposure to [3H]DEP, and Fig. 7 shows the
percentage of intrastrand guanine-guanine adducts remaining de
creased with time following the end of the exposure. Aphidicolin,
an inhibitor of DNA repair (16), was used as a positive control to
show that this decrease represented DNA repair. Aphidicolin (10
p.M) reduced the rate of removal of intrastrand adducts; at 24 h,

untreated 2008/C13*5.25 cells had 41.6 Â±5.3% of the CDDP
adducts remaining, whereas aphidicolin-treated cells had 55.9 Â±
4.4% of the adducts remaining (P < 0.01).

Fig. 7 also shows that the DEP DNA adduct removal rate was the
same in both cell lines. Thus, although 2008/C1355.25 cells were
11-fold resistantandformed9-fold fewer intrastrandadducts,theydid
not demonstrate any significant difference in the rate of removal of
DNA intrastrand cross-links. The same result was obtained when
2008/C1355.25cells were exposed to a higher concentrationof
[3H]DEP such that the initial number of adducts was the same (data
not shown). The data in Fig. 7 suggest that repair was more rapid over
the first 6 h than the subsequent 18 h. This was confirmed in a more
detailed time course performed with 2008/C13*5.25 cells and shown
in Fig. 8. In the initial phase, adducts were removed at a rate of
approximately 6% per h, whereas this fell to 0.6% per h during the
terminal phase up to 48 h.

DISCUSSION

The complexity of its intracellular reactions and the lack of a
readily available radioactive form of the drug have made it difficult to

Table 3 Influx rate constants estimated by fits to Eqs. A and B

Cell line k.@Â±SE, 1/mmâ€•

2008 0.00029 Â±0.00003
C13'5.25 0.00010 Â±0.00001

a k, is the influx rate constantfornative [3HIDEP.

b ,, for the comparison of 2008 to C13'5.25.

molecules or enter subcellular compartments with rate constant kM
(compartment C4). Both the native form of the drug and the ultrafil
trable metabolites are presumed to be capable of effluxing from the
cell directly (rate constants k1 and k3, respectively), whereas the only
route for loss of the macromolecular forms is through dissociation to
native [3HIDEP or an ultrafiltrable metabolite. Dissociation of
[3H]DEP from a macromolecule or reconversion from an ultrafiltrable
metabolite back to the native form is energetically unfavorable. Nev
ertheless, since total nonultrafiltrable drug clearly decreases with
time, dissociation from or degradation of macromolecules has been
accommodated in this model (rate constants k21 and k43). The model
assumes that initial uptake rate is a linear function ofthe external drug
concentration.

The estimates of the initial influx rate constants (k1@)derived by
fitting the data to the model for 2008 and 2008/C1355.25 cells are
presented in Table 3. The initial influx constant for the uptake of
[3H]DEP into 2008/C13*5.25cells wasestimatedto be only 33% of
that for the 2008/C13*5.25 cells (P < 0.001).

The differential equations outlined in â€œMaterialsand Methodsâ€•
were solved for k1 and Ic3, and estimates of these constants are
presented in Table 4. For neither constant did the difference between
the 2008 and 2008/C1355.25 cells reach statistical significance.

Clearance Estimates. An alternative, non-model-dependent way
of assessing whether 2008 and 2008/C13*5.25 cells differ in their
ability to efflux [3H]DEP is to calculate the total clearance from each
of the pools of drug in the cell, which is equivalent to the quotient of
the total initial drug and the area under the content times time curve.
Table 5 presents estimates of the clearance for native E3HIDEP,
ultrafiltrable [3H], and total [3HJ. For all three forms of the drug, the
clearance was higher in the 2008 cells, although this failed to reach
statistical significance for the total [3H] pool. The basis for reduced
clearance in the resistant cells is not apparent, but the change in
clearance is in the wrong direction for it to explain resistance. Taken
together these data show that the differences in the efflux or clearance

a k, is a rate constant for effluxing native [3HJDEP.

b ,@ for the comparison of 2008 to C13â€•5.25.

C k3 is a rate constant for effluxing metabolized E3HIDEP.
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12 24 36 48

Clearance Â±SE
Parameter Cell line (pi/min)/106 cellsIâ€•'Native

[3H]DEP 2008 0.00067 Â±0.00007@ 002
C13â€•5.25 0.00012 Â±0.00001Ultrafiltrable

[3H1 2@b 0.00370 Â±0.00064@ 001
C13â€•5.250.00132Â±0.00011Total[3H]

2008 0.00116Â±0.00016 0056
C13â€•5.25 0.00071 Â±0.00004a

p for the comparison of 2008 to C13â€•5.25.

@ the equation fined to this dataset was monoexponential, the clearance

estimate was a, multiplied by a conversion factor. Since a was not allowed to vary across
runs, the SE of the estimate obtained by the monoexponential fitting was used here.

0
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Table 5 Clearance estimates with an apparent impairment of adduct formation by the drug that
does get into the cell, combined to reduce intrastrand adduct formation
in the resistant cells to 11% of that in the sensitive cells, an amount
consistent with 11-fold resistance.

The mechanism(s) by which CDDP or DEP enter the cell are poorly
characterized (2); however, impairment of accumulation is a com
monly observed phenotypic characteristic of cells from many species
selected for CDDP-resistance in vitro (1, 2). Decreased uptake in the
2008/C13*5.25 cells was demonstrable as: (a) slower intracellular
accumulation of native [3H]DEP, ultrafiltrable [3H], and total [3H];
(b) a longer time required for each of these to approach steady state;

and, (c) a 66% reduction in the initial influx rate constant calculated
by fitting the data to the model depicted in Fig. 1. These findings have
several clinical implications. CDDP is usually administered as an i.v.
infusion over 1â€”2h, and the biologically active drug has a plasma half
life of 26 mm (17). Thus, it is unlikely that steady state intracellular
levels of CDDP are ever reached, and the total intracellular area under
the curve is likely to be dominated by the uptake rate. Strategies for
increasing uptake rate have recently been identified and do result in
enhanced sensitivity (18, 19). It is important to note that a decrease in
influx rate constant does not necessary indicate a decrease in mem
brane transport since the barrier to [3H]DEP accumulation has not
been defined at a mechanistic level.

In these studies we have used [3H]DEP as a surrogate for CDDP;
however, it is important to emphasize that these are different corn
pounds and that while there may be many similarities in their cellular
pharmacology, there are also likely to be differences. Most germane
here is the question of whether the reduction in uptake of E3HIDEP
indicates a decrease uptake of CDDP as well. Our previous studies
with unlabeled CDDP and I95mPt@CDDPin 2008 cells and related
CDDP-resistant sublines indicates that it does. We have previously
demonstrated that, when a 2â€”3-foldresistant subline of 2008 cells was
exposed to 500 @.LMunlabeled CDDP, the initial accumulation rate was
only 66% of that in the parental cells (8). In a second study using
2008/C13*5.25 cells exposed to 10 @Ml9smPt@CDDP, accumula
tion at 10 mm was 52% of that in the 2008 cells (18). Finally, in
2008 cells selected for low-level CDDP resistance in vivo, accu
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TIME, hrs

Fig. 8. Time course of intrastrand adduct removal in 2008/C13'5.25 cells. Detailed
time course of intrastrand adduct removed was determined from the levels of [3H)DEP
intrastrand adducts after 0, 1.5, 3, 6, 24, and 48 h after labeling of DNA with [3H]DEPfor
1 h. Results are expressed as the percentage remaining from the zero time point. Points.
mean of three separate experiments; bars, SD.
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Fig. 7. Comparison ofDNA repair rates in 2008 (X) and 2008/C13â€•5.25(0) cells. The
rate of DNA repair was determined from the levels of [3H]DEP intrastrand adducts after
0, 6, and 24 h after labeling of DNA with [3HIDEP for 1 h. [3HIDEPwas normalized to
[â€˜4Cjthymidinecontent. Results are expressed as the percentage remaining from the zero
timepoint.Points,meanof threeseparateexperiments;bars@SD.

define the cellular pharmacokinetics of CDDP and its analogues. In
this study, we have used the CDDP analogue [3H]DEP to address the
question of whether differences in cellular pharmacology can explain
the differences in sensitivity to the cytotoxic effect of DEP and CDDP
that are observed between a CDDP-sensitive human ovarian carci
noma cell line and an 11-fold-resistant subline. The major findings
can be summarized as: (a) [3H]DEP enters cells relatively slowly, and
it accumulates in 2008/C1355.25 cells at a slower rate than in 2008
cells; (b) at steady state, all forms of the drug examined reach higher
levels in the resistant than the sensitive cells; (c) at steady state, the
intracellular concentration of free native [3H]DEP exceeds that in the
media for both sensitive (7.7-fold) and resistant (1 1.7-fold) cells; (d)
the differences observed in efflux and clearance were insufficient to
account for the resistance of 2008/C13*5.25 cells; (e) resistant cells
accumulate only 11% of the DNA intrastrand adducts that are found
in the sensitive cells after a 1-h exposure to [3H]DEP, despite the fact
that their accumulation of native [3HJDEP is 36% of that in the
sensitive cells; and (J) there was no difference in the rate of removal
of intrastrand guanine-guamne adducts between the sensitive and
resistant cells at the level of the total genome. Thus, decreased drug
uptake and impaired formation of intrastrand adducts stand out as the
two major biochemical pharmacological changes associated with re
sistance. The magnitude of the decrease in the influx rate constant was
not large enough, by itself, to explain the 11-fold resistance of
2008/C13*5.25 cells. However, decreased uptake, in combination
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mulation after a 10-mm exposure to 20 @Ml9smPt@CDDP was 72%
of that in 2008 cells (20).

We have identified one difference between CDDP and [3H]DEP
with respect to effiux, but this difference is probably related to
differences in experimental technique. When 2008 cells were loaded
by exposure to 500 p@Munlabeled CDDP, there was an initial rapid
efflux phase that was complete in 1â€”5mm (8) that was not observed
in the current studies with 100-fold lower concentrations of [3H]DEP.
The rapidly effluxing pool observed following exposure to 500 @M
CDDP was probably the result of the much higher external concen
tration of free drug.

The behavior of [3HJDEP in the extracellular media of 2008 and
2008/C13*5.25 cultures was unexpected. Like CDDP, DEP is ex
pected to undergo slow aquation and react with proteins and poten
tially a variety of low molecular weight compounds of the media,
resulting in the progressive loss of native drug. However, native free
drug concentration stabilized at approximately 50% of the initial
concentration after 24 h, perhaps reflecting the consumption of the
quantitatively significant available nucleophilic targets.

Despite the fact that [3H]DEP entered 2008/C13*5.25 cells more
slowly, eventually the steady state intracellular contents of native free
[3H]DEP, ultrafiltrable [3H], and total [3H] were all higher in the
2008/C1355.25 cells than in 2008 cells, and this occurred despite the
absence of a difference in the extracellular native free [3H]DEP
concentration in cultures of the two types of cells. The basis for this
is not explained by the data from this study. The higher total [3HJ and
ultrafiltrable [3H] may result partly from an increased level of mac
romolecular and low molecular weight nucleophilic targets in the cell,
but the differences in the level of free native [3H]DEP must reflect a
change in the ratio of the rate constants affecting compartment C1 in
Fig. 1. Since k.@was shown experimentally to be decreased by 66% in
the resistant cells, there must be an even larger decrease in the rate at
which free native [3H]DEP is lost from the C1 pool. The rate of
formation of intrastrand adducts, which makes up one pathway of exit
from the C1 pool, was reduced in the resistant cells to an extent greater
than could be accounted for by the decreased influx rate constant.

Under steady state conditions, the calculated intracellular concen
tration of native free [3H]DEP was higher than that in the extracellular
environment for both types of cells. This established the presence of
a concentrative or trapping mechanism operative either at the plasma
membrane or in some subcellular organelle from which [3H]DEP is
released by cell lysis, but the mechanism by which the concentration
gradient is maintained remains unknown. Just and Holler (21) have
reported an intra- to extracellular ratio of 100 for total CDDP in
mouse P388 leukemia cells incubated in 1 p.MCDDP. In the 2008 and
2008/C55.25 cells, the ratio for total [3HJ was lower, being 32.6 and
38.9, respectively.

These studies demonstrated a number of interesting characteristics
of [3HJDEP efflux: (a) efflux of even the free native [3H]DEP was
quite slow with a terminal half-life of 22.2 h in the 2008 cells; (b) the
efflux of free native [3H]DEP paralleled that of total [3H] in both cell
types, indicating that its rate of efflux was determined by the rate of
release of free native [3H]DEP from the C2 pool, i.e., the drug bound
to macromolecules or located in a subcellular compartment from
which drug was not released during cell lysis. How this occurs is not
clear since association of [3H]DEP with macromolecules is usually
considered to occur via formation of a covalent bond whose breakage
is energetically unfavorable. It is unlikely that clearance of [3H] is due
only to dilution by cell replication since the doubling time of both
2008 and 2008/C13*5.25 cells was 24 h, and a 1-h exposure to 5 @M
DEP was sufficient to slow 2008 proliferation even further; (c) the
loss of free [3H]DEP from resistant cells was slower than that from
sensitive cells. This was evident from the model-independent calcu

lation of clearance, which was reduced by 82% in the 2008/C13*5.25
cells (P < 0.002). It was also reflected in the reduced a and (3
coefficients obtained by fitting the free [3HIDEP efflux data to a
biexponential equation, although the decrease in these individual
parameters did not reach the level of statistical significance. At any
rate, the changes observed in efflux could not account for the 11-fold
resistance of the 2008/C1355.25 cells. This is consistent with the
conclusions of other investigators who also failed to detect an increase
in CDDP efflux from resistant K562 cells (22), murine L1210 cells
(23), or human squamous cell carcinoma cells (24).

Resistant cells accumulated only 11% of the intrastrand adducts
that were found in the sensitive cells after a 1-h exposure to [3H]DEP,
despite the fact that their accumulation of native [3H]DEP was 36% of
that in the sensitive cells. Thus, the magnitude of the decrease in
uptake cannot explain the magnitude of the decrease in adduct for
mation. One possibility is that the resistant cells were removing
intrastrand adducts more rapidly. However, in cells with a known
difference in CDDP sensitivity due to an alteration in DNA repair, the
enhanced intrastrand adduct removal was easily detected by the assay
that we used in the current study (25), and our data showed no
difference in intrastrand guanine-guanine adduct removal at all. The
detailed time course of DNA intrastrand adduct removal was similar
to that reported for other types of cells, including human ovarian
carcinoma A2780 and murine L1210 leukemia cells (26, 27). In
agreement with other reports, the time course of intrastrand adduct
removal was exponential, being more rapid over the first 6 h. Thus, we
conclude that the resistant phenotype is associated not only with
impaired [3H]DEP uptake but also impaired intrastrand adduct for
mation that cannot be explained by an increase in adduct removal.
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