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Abstract—XKilling of human ovarian carcinoma 2008 cells by cisplatin (DDP) is in direct proportion to
the amount of drug entering the cell. DDP and its analogue [*H]dichloro(ethylenediamine)platinum[II]
([*H]-DEP) enter cells relatively slowly. We found that the uptake of [*H]DEP into 2008 cells could be
increased by treating the cells briefly with the plasma membrane-selective detergent digitonin. A similar
effect was observed in an 11-fold DDP-resistant subline of 2008 cells, designated 2008/C13*5.25. A
measurable effect was produced by concentrations as low as 5 uM, and 40 uM digitonin increased [*H]-
DEP accumulation at 1 hr by 4.4 = 0.2- and 6.5 * 0.7-fold (means + SD) in 2008 and 2008/C13*5.25
cells, respectively. The effect was rapid, occurring within 1 min. Increased [°’H|DEP uptake was
accompanied by increased platination of DNA (8.5-fold in 2008 cells and 18.5-fold in 2008/C13*5.25
cells), and by enhanced killing of both the DDP-sensitive and -resistant cells that was shown to be
synergistic by median effect analysis. The combination index at 50% cell kill was 0.64 = 0.14 (values
<1 indicate synergy). We conclude that a brief exposure to digitonin can increase [*H]DEP uptake in
vitro, and can overcome the impaired [PH]DEP accumulation associated with acquired DDP resistance.
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DDP and digitonin interact synergistically to increase tumor cell kill in vitro.

Decreased transport of cisplatin (DDP$§) across the
cell membrane plays an important role in the
development of resistance to this agent [1, 2]. Many
cell lines with acquired resistance to DDP have
impaired celtular DDP accumulation (reviewed in
Ref. 2), and this phenotypic change appears early
during the development of resistance in vivo [3].
Because of its clinical importance, there has been
interest in identifying agents that synergistically
modulate the activity of DDP at the cellular level.
Only a few such agents are known. A synergistic
interaction between DDP and cytarabine has been
reported [4-6]; however, this effect may be limited
to a single cell line and its generality is controversial
[7). Anguidine [8] and forskolin [9] have been
reported to enhance the cellular uptake of DDP,
whereas uptake is blocked by aldehydes [10, 11] and
ouabain [12]. Dipyridamole is also capable of
enhancing the sensitivity of human ovarian carcinoma
cells to DDP [13], and can markedly enhance the
activity of DDP against human testicular and bladder
cancers in xenograft models in vivo [14].

One strategy for restoring drug sensitivity is to
increase the permeability of the cellular membrane
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in order to allow greater drug delivery into
tumor cells. Melvik et al. [15] found that
electropermeabilization of NHIK 3025 human
uterine cells increased DDP accumulation and
cytotoxicity. Otherinvestigators have used detergents
to enable exogenous substrates to enter cells [16, 17].
We have investigated the ability of one member of
this class of drugs, digitonin, to permeabilize human
ovarian carcinoma tumor cells to DDP and its
radiolabeled analogue, [*H]dichloro(ethylenedi-
amine)platinum(Il) ([*H]DEP). Digitonin specifi-
cally binds to 3-11-a-hydroxysterol and permeabilizes
cellular membranes in proportion to their cholesterol
content. A potential advantage of using digitonin is
that it has been reported to have no effect on
cholesterol-poor membranes such as the endoplastic
reticulum and the mitochondrial inner membrane
when used at low concentrations [18]. Our results
confirm that the cellular membrane is an effective
barrier to DDP uptake, and demonstrate that
permeabilization of this barrier with digitonin leads
to both a marked increase in accumulation of DDP
and its analogue, [H|DEP, and a synergistic
enhancement of DDP cytotoxicity in the human
ovarian carcinoma 2008 and 2008/C13*5.25 cell
lines.

MATERIALS AND METHODS

Cell lines and clonogenic assay. Studies were
conducted in vitro using the DDP-sensitive human
ovarian cell line 2008 [19], and an 11-fold DDP-
resistant subline of 2008 selected with DDP in vitro
and designated 2008/C13*5.25 [12]. Cells were
maintained in RPMI-1640 containing 5% bovine calf
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serum and 2mM L-glutamine without antibiotics.
Cultures were routinely tested for mycoplasma using
the GenProbe™ kit (Gen Probe Inc., San Diego,
CA), and found to be negative. Briefly, cells were
harvested with trypsin, and seeded in triplicate in
60 mm plastic tissue culture dishes (Corning Glass
Works, Corning, NY) at a density of 350 cells/dish.
The cells were incubated under 5% CO, at 37°.
After 10 days, the medium was aspirated from the
dishes, and the resulting colonies were washed, fixed
in methanol, and stained with Giemsa dye. Cell
clusters containing 50 or more cells were scored as
a colony.

Cellular accumulation of [*H}DEP. [*H]DEP was
synthesized as previously described [20]. Cells (10°)
were seeded in 60 mm tissue culture dishes, and
allowed to grow in log-phase until they became
subconfluent. After 3 days, the dishes were exposed
to heat at 65° for 15 min, or to various concentrations
of digitonin for 10 min. The medium was aspirated
and replaced by 2 mL of fresh 37° medium containing
[*HIDEP (0.2 uCi/mL, 5 uM). At appropriate time
points, the medium was aspirated and plates were
washed three times with ice-cold phosphate-buffered
saline, pH 7.9 (PBS), at 0—4°. The cells were digested
overnight in 1 mL of 1 N NaOH and a 100-uL aliquot
was removed from protein determination [21]. The
cellular [*H]DEP accumulation was determined by
liquid scintillation counting of the digested material
after neutralization with an equal volume of 1N
HCL

Effect of digitonin on cellular permeability. Kinetic
analysis was done by flow cytometric measurement
of forward light scatter and pulse width [22]. Log-
phase cells were suspended at a concentration of 10°
cells/mL in fresh medium, and kept at 37° in a water
bath. The cells were excited with an argon laser in
the UV move, at a wavelength of 350-360 nm. After
a baseline observation period (10 sec), cell flow was
interrupted to add the drug, and flow was restarted
immediately. As controls, cells were lysed in 0.50 M
NaOH or by making the medium 33% hypotonic by
adding H,O. Effects of 20 uM digitonin, as well as
20 and 100 uM dipyridamole were measured using a
flow rate of 500 cells/sec for up to 100 sec.

The effect of digitonin on membrane permeability
was further assessed by Trypan Blue staining. Log-
phase cells were trypsinized and resuspended in
fresh medium at a concentration of 500,000 cells/
mL. After placing cells into Trypan Blue dye,
digitonin was added. The cell-staining effect of
20 uM digitonin was followed by microscopy over
S min.

Effect of digitonin on efflux of [PH]|DEP. Cells
were loaded with [PH]DEP by exposing them to
5uM (SuCi/mL) for 15 or 120 min. After the
loading, cells were washed with cold PBS, and
medium with or without 20 uM digitonin was
replaced. The radioactivity remaining in the cells
was determined at serial time points.

Median effect analysis. Median effect analysis was
performed to formally assess the nature of the
interaction between digitonin and DDP. Dose-
response curves were determined for each agent
alone, and in combination at a fixed ratio equivalent
to the ratio of their 1C5, values. Computer analysis
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Fig. 1. Time course of [’H]DEP uptake into 2008 (@) and

2008/C13*5.25 (O) cells. Panel A shows the uptake over

the course of 48 hr, and panel B over the course of 65 min.

Each point is the mean = SD of at least 3 experiments
performed in triplicate.

of the dose~response curves was used to calculate
the combination index (CI) at the level of 50% cell
kill [23]. Values less than 1 indicate synergy, values
equal to 1 indicate additivity, and values greater
than 1 indicate antagonism.

Measurement of DNA platination. Qvarian car-
cinoma cells (4 X 108) were treated with 3.3 mM
DDP for 1hr at 37° with or without concurrent
exposure to 20 uM digitonin. DNA was extracted
after digestion with proteinase K at 50° for 5hr
followed by phenol extraction, ethanol precipitation,
and washing [24]. The level of DNA platination
was determined by flameless atomic absorption
spectroscopy with a graphite furnace [25].

RESULTS

Figure 1 shows the time course of [°H|DEP uptake
into 2008 human ovarian carcinoma cells, and the
11-fold DDP-resistant 2008/C13*5.25 subline. When
the cells were incubated in 5 uM [*H]DEP, uptake
was relatively slow, and steady-state was not reached
until 24 hr for the 2008 cells and 48 hr for the 2008/
C13*5.25 cells. The rate constant determined from
the initial uptake rate was 0.000331 £ 0.000047
min~! (mean = SEM) for the 2008 cells and
0.000082 + 0.000023 min~! (mean * SEM) for the
2008/C13*5.25, reflecting the fact that the initial
uptake into the DDP-resistant cells was only 25%
of that in the sensitive 2008 cells. Since the plasma
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Fig. 2. Effect of digitonin on ["H]DEP uptake as a function
of concentration. Cells 2008 (@) and 2008/C13*5.25 (O)
were exposed to various concentrations of digitonin for
10 min, then the medium was aspirated and [PHJDEP was
added for 60 min followed by washing. Each point is the
mean + SD of 3 experiments performed in triplicate.

half-life of the free biologically active species of
DDP is 26 = 21 min {(mean % SD) in humans [26], it
is the uptake that occurs over the first several hours
thatis clinically relevant. For purposes of comparison,
the influx rate constant for 2008 cells for doxorubicin
was 2.98 = 0.51 min~! (mean *+ SD), whereas those
for etoposide and vinblastine were 1.53 = 0.15 and
8.22 + 3.54min~! (mean * SD), respectively [27].
Although all four drugs are thought to enter cells
by passive diffusion, despite the smaller molecular
weight of DDP (DDP, 300; doxorubicin, 543;
etoposide, 588; and vinblastine, 927) some element
of the cell constitutes a >4,600-24,800-fold greater
barrier to its entry than to that of these other
representative chemotherapeutic agents.

Digitonin was selected for use as a plasma
membrane selective permeabilizing detergent, and
Fig. 2 shows the ability of digitonin to enhance [*H]-
DEP uptake into both 2008 and 2008/C13*5.25 cells.
A 10-min preincubation with digitonin was sufficient
to increase accumulation of [PH]DEP. Digitonin
increased the uptake in a concentration-dependent
manner; 20 and 40 uM increased [PH]DEP uptake
in the 2008 cells by 3.4 = 0.6- and 4.4 = 0.2-fold
(mean * SD), respectively. The effect of low
concentrations (=20 uM) was somewhat less in the
2008/C13*5.25 cells, but was equivalent in both cell
types at 40 uM. Permeabilization of the plasma
membrane by ex}posure to heat (65° for 15 min prior
to initiation of [PH]DEP exposure at 37°) produced
an increase in the uptake of [PH]DEP that was
similar to that observed with 40 uM digitonin (results
not shown). The effect of various durations of
digitonin pretreatment on the [PH]DEP uptake at
10 min into 2008 cells is shown in Fig. 3. An increase
in [PH]DEP uptake was evident by 1 min after the
start of digitonin exposure, and permeabilization
continued to increase for up to 10min. Visual
examination of the cells after exposure to20uM
digitonin showed a dramatic increase in cell size over
the first 2 min, consistent with the rapid membrane
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Fig. 3. Time course of digitonin effect on DEP uptake.
The 2008 cells were exposed to 20 uM digitonin for various
times, and then the accumulation of [PH|DEP was
determined over the ensuing 10 min. Each point is the
mean %+ SD of three experiments performed in triplicate.
Control value (100%): 2.2 pmol PHJDEP/mg protein.

permeabilizing effect of this agent [28]. Furthermore,
the effect of a 10-min digitonin treatment was
assessed at 0, 1 hr, 4 hr, 8 hr, and 24 hr after digitonin
exposure to determine how long the cells stayed
permeable (data not shown). At 8 hr, approximately
50% of the cells could still be stained, but at 24 hr
no cells were stainable by Trypan Blue.

The effect of detergents on membrane integrity
can be quantitated with great sensitivity by flow
cytometry as either a change in forward light scatter
or pulse width due to osmotic swelling. Panel A in
Fig. 4 shows that dipyridamole, a drug that
increases DDP uptake without altering membrane
permeability, caused no change in pulse width or
light scatter. In contrast, 20 uM digitonin increased
both parameters within 60sec (panel B); a
concentration of 80 uM lysed the cells (data not
shown). Lysis of the cells with NaOH caused the
expected complete loss of signal (panel C), and
hypotonic lysis in water caused osmotic swelling
followed by loss of signal (panel D). Thus, the time
course of the effect of digitonin on PHJDEP uptake
was consistent with a rapid loss of membrane
integrity as measured by inability to maintain the
osmotic equilibrium of the cell.

It was expected that if digitonin was non-
specifically increasing membrane permeability, it
should enhance [PH]JDEP efflux as well as influx.
The data presented in Fig. 5 show that this was in
fact the case. Digitonin enhanced efflux both when
the cells had been loaded for only 15 min, at which
time 53 * 24% (mean = SD) of the total intracellular
[*H] was ultrafiltrable, and when the cells have been
loaded for 2 hr, at which time 27 + 15% (mean * SD)
was ultrafiltrable. However, while 20 uM digitonin
increased influx by 340% in 2008 cells, it enhanced
efflux over the first 60 min by a maximum of only
30%.

The data in Table 1 show that digitonin also
produced a large increase in DNA platination. When
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Fig. 4. Determination of cell permeability by forward light scatter and pulse width measurements. At

the 10-sec time point, cell flow was interrupted to add the drug, and flow was restarted immediately.

Panel A shows the effect of 100 uM dipyridamole, panel B the effect of 20 uM digitonin, panel C the
effect of SO0 mM NaOH, and panel D the effect of hypotonic lysis.

cells were treated with 20 uM digitonin for 10 min
prior to the start of a 1-hr exposure to 3.3 mM DDP,
there was a 8.5-fold increase in DNA platination in
the 2008 cells, and a 18-fold increase in the 2008/
C13*5.25 cells, indicating that the enhanced
intracellular accumulation of DDP resulted in the
increased delivery of DDP to at least one of its
cytotoxic targets, DNA. However, it was noteworthy
that while permeabilization of the plasma membrane
restored the platination of DNA in the DDP-
resistant cells to a level above that observed in the

untreated DDP-sensitive cells, the absolute level of
platination produced by digitonin pretreatment was
still less in the resistant than in the sensitive cells.
The ability of digitonin to increase [*H]DEP
uptake and DNA platination led to the prediction
that digitonin and DDP would produce synergistic
killing of malignant cells. Since both agents are
independently cytotoxic, median effect analysis was
used to formally determine the nature of the
interaction between these two drugs [29]. Median
effect analysis permits calculation of the CI; CI
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Table 1. Effect of digitonin on DNA platination
Digitonin

Coll Lina concentration (uM) Adducts/kb
SoAdl LEL AUV Qv \ ivay SAUUUVLS/ DU
2008 0 10.72 £ 2.5*
20 91.07 + 3.8t

C13*5.25 0 3.43x0.38
20 61.85 = 5.2f

* Mean = SD, N =3,
1 P < 0.005, relative to control.

values of less than 1 indicate synergy, and the smalier
the value of CI the greater the synergy. The ICs, for
a 10-min exposure to digitonin was 3.4 uM and for
a 1-hr exposure to DDP it was a 0.1 uM. Figure 6
shows that digitonin and DDP interacted in a highly
synergistic manner in the killing of 2008 cells, with
the magnitude of the synergy increasing with percent
cell kill. The mean CI at the level of 50% cell kill
was 0.64 = 0.14 (SD) (panel A). In comparison, for
the DDP-resistant 2008/C13*5.25 cells the CI at
50% cell kill was 0.65 + 0.04 (panel B), indicating
that exposure to these agents in combination was
capable of producing synergy in both drug-sensitive
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DDP at a molar ratio of 1:7.5 as a function of the exient
of cell kill. Each curve represents a separate experiment

using triplicate cultures for each data point.

and DDP-resistant tumor cells. The raw data from
the different median effect experiments are shown
as separate lines in Fig. 6. Such analyses often show
a great deal of variance, particularly on both ends
of the curves. The curves were statistically
significantly different (P < 0.05) from 1.0 across 40-
90% cell kill in 2008 cells, and across 10-95% in

2008/C13*5.25 cells.

DISCUSSION

The mechanism(s) by which DDP enters celis is
not understood completely. Based on the fact that
the initial uptake rate does not saturate with
increasing DDP concentration, and that closely
related analogues do not compete for uptake, many
investigators have concluded that uptake occurs
primarily by passive diffusion [30-32]. However, the
uptake of DDP can be rapidly stimulated by
activation of the protein kinase A signal transduction
pathway [9], indicating that some component of
uptake may be mediated by a regulatable channel
or transporter.

The experiments reported here establish that some
barrier, putatively the plasma membrane, constitutes
a significant obstacle to DDP uptake even in DDP-
sensitive cells. Cellular accumulation of [PHJDEP
was relatively slow compared to such natural products
as doxorubicin, etoposide, and vinblastine, all of
which have much higher uptake rate constants [27].
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We have reported previously that, using *™Pt-
DDP, the initial accumulation rate in the 11-fold
DDP-resistant 2008/C13*5.25 cells was 11% of that
in the parental 2008 cells [13]. The studies reported
here confirm that the DDP analogue, [*H]|DEP,
enters cells with similar kinetics and detects the same
impairment of accumulation as observed with DDP
itself.

Digitonin increased [*H]DEP uptake very rapidly
and in a concentration-dependent manner in both
the 2008 and 2008/C13*5.25 cells. This increase of
drug uptake occurred at the same time as the increase
in permeability detected by flow cytometry. This
confirms the work of Melvik et al. {15] who
showed that DDP uptake could be increased by
permeabilizing the membrane by electroporation,
and is consistent with the work of Riechm and Biedler
[33] who showed that the detergent polyoxyethylene-
sorbitan monooleate (Tween 80) could sensitize
resistant Chinese hamster ovary sublines to actino-
mycin D and daunomycin.

The increase in [*H]DEP uptake was accompanied
by a proportional increase in DNA platination,
indicating that the extra [’H]DEP entering the cell
had ready access to the chromatin and was not just
sequestered into subcellular compartments. Median
effect analysis demonstrated that digitonin and DDP
interacted in a truly synergistic manner with respect
to cell killing in both the DDP-sensitive and -re-
sistant cells, and that this synergy was of substantial
magnitude. This result is entirely consistent with the
observation that digitonin increased ["H]DEP uptake
and DNA platination, but it must be remembered
that it may also result from an effect of DDP on the
mechanism by which digitonin kills cells.

Comparison of the effect of digitonin on the DDP-
sensitive 2008 and DDP-resistant 2008/C13*5.25
cells is noteworthy for several points. First, digitonin
was able to overcome completely the impairment of
drug accumulation observed in the 2008/C13*5.25
cells. However, despite the fact that 2008 and 2008/
C13*5.25 cells do not differ with respect to the
relative abundance of the major classes of membrane
lipids [34], at digitonin concentrations of <20 uM,
there was still a difference in the absolute amount
of [*’H]DEP entering the cells. It required a higher
concentration of digitonin (40 uM) to equalize uptake
in the two cell types. This difference between the
cell types was also reflected by the measurements of
DNA platination. While 20 uM digitonin markedly
increased the extent of platination in both cell types
(from 11 to 91 adducts/kb in the 2008 cells, and 3
to 62 adducts/kb in the 2008/C13*5.25 cells), the
extent of platination in the resistant cells was still
only 68% of that observed in the sensitive cells.

While permeabilization of the plasma membrane
with digitonin markedly increased [°H]DEP uptake,
it had a more modest effect on the efflux of [*H}-
DEP, despite the fact that a significant fraction of
the total intracellular [°H] remained ultrafiltrable
following 15 min or 2 hr of [PH]DEP exposure. The
intracellular pharmacology of [PH]DEP is not well
understood, and the mechanism of this difference in
effect on influx and efflux is unknown. However,
this difference supports the concept of using digitonin
to enhance drug delivery to tumor cells, since
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digitonin does not enhance washout of the drug to
the same extent that it increases uptake.

In summary, it is clear that the plasma membrane
acts as a barrier to DDP accumulation, and
potentially limits the extent of DNA platination
resulting from clinically relevant exposures to DDP.
Brief exposure to digitonin increased [PH]DEP
uptake and synergistically enhanced the in vitro
killing of both cells intrinsically sensitive to DDP
and cells with acquired DDP resistance. These
results are consistent with the hypothesis that
increased drug delivery results in augmented tumor
cell killing. Although digitonin is not currently used
in the clinic, preliminary animal studies (Jekunen A
and Howell SB, unpublished) indicated that C57Bl/
6 mice tolerate doses of up to 40 mg/kg. The very
rapid permeabilization produced by relatively
low concentrations of digitonin suggests several
therapeutic applications, the most important of
which is intra-arterial chemotherapy. DDP is
administered intra-arterially for the treatment of
head and neck cancers and hepatocellular carcinoma
[35,36]. Because all of the advantage of an intra-
arterial injection accrues to the tumor during the
first passage of the drug through the tumor capillaries,
injection of digitonin immediately before DDP may
effectively increase drug delivery. Furthermore, it is
diluted extensively as it enters the systemic
circulation. In vivo studies with digitonin and other
plasma membrane active agents are indicated in
pursuit of this novel strategy.
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