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ABSTRACT

The effects of 1,25-dihydroxyvitamin D3 11.25(<>l1),!),] and platinum
treatments (both singly and combined) on the growth inhibition of MCF-
7 cells, an epithelial cell line shown to possess specific receptors for
1,25(OH)2D,, were evaluated. The inhibitory effects of 1,25(OH)2D, and
platinum on MCF-7 cell proliferation in vitro were time and dose related.
The data showed that 10 UMand 100 MM1.25Â«>lI ),!>, inhibited MCF-7
cell growth by 10.8 Â±2.4% and 34.9 Â±0.5% (mean Â±SE), respectively.
The degrees of growth inhibition induced by 0.2 to 200 Â¿ig/mlof cis-
diammine-l,l-cyclobutane dicarboxylatoplatinum(II) (carboplatin) were
slightly less than those induced by 0.02 to 20 fig/ml of c/i-diamminedi-
chloroplatinum(ll) (cisplatin). The combined administration of 10 MM
and 100 UM1,25(OH)2D3 with either carboplatin (200 to 0.2 fig/ml) or
cisplatin (20 to 0.02 MÂ«/ml)was evaluated. Addition of 1.25Â«)I I) l>, to
the platinum resulted in marginal to marked enhancement of growth
inhibition over that observed with either platinum alone. The strength of
these interactions varied inversely with the dose of the platinum drugs.
Evaluation of drug interactions with isobolograms showed that at near-
serum levels, carboplatin or cisplatin interacted synergistically with
1,25(OH)2D., to inhibit MCF-7 cell growth. Our findings suggest poten
tial usefulness in combining 1.25Â«)lI) I),, a biological modifier, with
cytotoxic agents for the treatment of malignant disease.

INTRODUCTION

The most biologically active metabolite of vitamin D3,
1,25(OH)2D.,,' is a potent mineralotropic steroid hormone

whose primary target tissues include intestine, kidney, and bone
(1). The actions of 1,25(OH)2D., in target tissues are mediated
through a specific, high-affinity receptor (1, 2). Recently, spe
cific cellular receptors for 1,25(OH)2D,, which are indistin
guishable from those in documented target tissues of 1,25
(OH)2Dj, have been identified in a variety of tumors and tumor
cell lines, including malignant breast (3), epidermal (4), thyroid
(5), hematopoietic (6, 7), and retinoblastoma (8) cells. This
suggests a biological role for l,25(OH)2D.i in human malig
nancy. In vitro and in vivo evidence suggests that 1,25(OH)2D,
can influence the growth and differentiation of malignant cells,
including cells from a human malignant melanoma cell line (4),
animal and human myeloid leukemia cell lines (9-13), breast
carcinoma cell lines (7, 14-16), a retinoblastoma cell line (8),
patients with myeloid leukemia (17), and in vivo growth of
human cancer solid tumor xenografts (18). Furthermore, ad
ministration of l,25(OH)2Dj and l-Â«-hydroxyvitamin D., to
mice inoculated with myeloid leukemia cells was shown to
prolong survival (19). Also, 1,25(OH)2D, was found to inhibit
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the promotional phase of 7,12-dimethylbenz[i*]anthracene-in-

duced skin carcinogenesis in female mice (20). More recently.
HellstrÃ¶m and coworkers reported high therapeutic responses
with combinations of various differentiation inducers, including
a vitamin D3 metabolite, in patients with acute leukemia (21,
22). These studies make a strong case for the potential of
1,25(OH)2D, as a biological agent for single-agent therapy or
in combination with other agents in the treatment of
malignancies.

The MCF-7 cell line was originally established from the

pleural effusion of a patient with breast carcinoma (23). Since
demonstration of cytosol receptors for estrogen in 1973, the
MCF-7 cell line has been used extensively as a model for
studying hormone-responsive/dependent growth and the treat
ment of hormone-dependent tumors (24). In 1979, a specific
receptor for l,25(OH)2Di was demonstrated in cultured MCF-
7 cells (3), and the addition of 1,25(OH)2D., to the culture
medium caused a dose-dependent decrease in their rate of
growth (7, 14-16). Therefore, MCF-7 cells were selected as a

model system for studying potential interactions between
1,25(OH)2D, and other antineoplastic drugs.

In advanced or recurrent malignant diseases including gyne
cological neoplasms, the development of adjuvant chemother
apy has improved response rates, but the overall impact on
survival has been minimal. Moreover, chemotherapeutic treat
ment is complicated by toxicity as well as development of drug
resistance (25). Thus, the development of new chemotherapeu
tic agents and new combination regimens is highly desirable.

In recent years, there has been increased interest in the use
of hormonal agents as palliative therapy in breast and gyneco
logical malignancies (26-29). In addition to 1,25(OH)2Dâ€žthe

effects of other biological response modifiers such as interferon,
glucocorticoids, and retinoic acid with or without cytotoxic
agents have been investigated (30, 31). One effect of these
agents may be to arrest cells in various phases of the cell cycle,
thus leading to a partial cell cycle synchronization and a cyto-
static effect. For example, cells can be arrested in G0-Gi by
tamoxifen and released using estradiol to cause a synchronous
progression into S phase (32, 33). These cells are 50-fold more
sensitive to the growth-inhibitory effects of 5-fluorouracil.

There have been legitimate concerns about possible antagonistic
effects of combining cytostatic agents (hormones and biological
modifiers) and agents with cell cycle dependence, such as anti-
metabolites and certain alkylating agents (e.g.. cyclophospha-
mide) (28, 34). However, cisplatin and. more recently, carbo
platin have been shown to be effective against not only rapidly
growing tumor cells but also slowly growing ones (35), suggest
ing that a cytostatic agent, such as l,25(OH)2Di, might not
antagonize (and may even enhance) the effects of this cytotoxic
agent.

This study was undertaken to determine if 1,25(OH)2D.,
would enhance the effects of platinum agents in inhibiting
MCF-7 cell proliferation in vitro.
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MATERIALS AND METHODS

Cells and Cell Culture. MCF-7 cells (passage 172). obtained from the
Michigan Cancer Foundation, Detroit, MI, were grown in monolayer
culture in DMEM, containing 5% donor calf serum (Sigma Chemical
Co., St. Louis, MO), 100 units/ml of penicillin. 100 Mg/ml of strepto
mycin, and 10 Mg/ml of insulin (Sigma). Stock cultures were maintained
in 75-cnr flasks (Corning Glass Works, Corning, NY) and incubated
at 37Â°C.Cell populations were serially passaged every 3 to 5 days.

Drugs. 1.25(OH);Di was kept dissolved in ethanol and stored in
concentrated solution at -20Â°C. 1.25(OH)2D, was freshly diluted in

the DMEM before each experiment. The ethanol concentration in the
test conditions never exceeded 0.1%. Carboplatin and cisplatin were
selected as cytotoxic agents and were obtained from Bristol-Myers

(Evansville. IN) as powder. Concentrated stocks of carboplatin and
cisplatin were made using sterile distilled water on the day of the
experiment, and dilutions were made with DMEM.

Measurement of Growth Inhibition. For each experiment, cells were
harvested at confluence with 5 ml of a trypsin-EDTA solution contain
ing 0.5 g of trypsin and 0.2 g of EDTA/liter (Sigma), and 2.2 x IO4
cells were passed in 1 ml of DMEM into a 24-well plate (Corning) on
Day 0 after centrifuging through DMEM at 1000 x g. 4Â°C.After 24-h
incubation at 37Â°Cin a humidified atmosphere of 5% CO: in air. the

appropriate chemotherapeutic agent and 1.25(OH)2D, were added in 1
ml of complete medium on Day 1. The effects of combinations of
1.25(OH)2D, with platinum were evaluated by coincubating cells with
1.25(OH)2D, combined with either carboplatin or cisplatin at various
concentrations. After a 3-day incubation, cells were counted by lysing
them and counting nuclei on Day 4, using the method of Butler (36).
The medium was removed, and 1 ml of hypotonie buffer [0.01 M
HEPES (pH 7.4):1.5 mM MgCI2) was added. The cells were allowed to
swell for 5 min. Then, 200 ^1 of lysis solution were added, and the plate
was shaken for 10 min. The lysis solution consisted of 3 ml of glacial
acetic acid and 5 g of ethylhexadecyldimethylammonium bromide
(Eastman Kodak Co., Rochester, NY) in 97 ml of deionized water.
Finally, 1 ml of saline:formaldehyde (9 g of NaCl/liter; 12.5 ml of 37%
formaldehyde/liter) was added. Complete cell lysis was confirmed vis
ually using an inverted microscope. Nuclei were counted using a Model
ZM Coulter Counter with a 100-Â¿ilaperture (Coulter Electronics. Inc.,
Hialeah, FL).

Isobologram Analysis for the Interaction of 1,25(OH)2D.<and Plati
num. The isobologram method of analysis allows for rigorous classifi
cation of the degree of interaction between two drugs into one of five
categories within a given range of drug concentrations and molar ratios
(37-39). A hypothetical isobologram is shown in Fig. 1 and described
in the following text. The LD2(lsand 95% confidence limits for single
and combined drug effects are determined by computerized regression
analysis of the dose-response data. The data are graphed by plotting
the LD20 for Drug I with 95% confidence limits on the .v-axis, and by
plotting the LD20 for Drug II (plus 95% confidence limits) on the y-
axis, and by connecting these two LD2(Ipoints with a diagonal line. The
degree of drug interaction is determined by calculating the LD2n (and
95% confidence limits) of the combination and plotting the result along
an imaginary fixed-drug ratio line extending outward from the origin.
The interaction between two drugs is defined as "simple addition" when

the effect of the combined drugs is the sum of the effects of the drugs
administered separately. The most straightforward example of this
would be the effect obtained if Drug I happened to be the same as Drug
II (Fig. 1, Region B). "Synergism" is defined here as a mixture of Drug

I and Drug II giving a greater effect than the sum of their individual
effects and is manifested by the LD:os of the combination being lower
than those which would be predicted if the drugs acted in a simply
additive fashion (Fig. 1, Region ,4). When a binary mixture of drugs
yields a response which is greater than that obtained with either of the
drugs independently, but is less than the response predicted on the basis
of simple addition, the interaction is defined as "infraadditivity" (Fig.

1. RegionC).
If combining Drug I with Drug II results in a response which is not

different from Drug II administered alone, then there is "noninterac
tion" (Fig. 1. Region D). "Antagonism" is defined as Drug I causing

O)

Q

Drug I

Concentration Drug I

Fig. 1. Hypothetical Â¡sobologram.This figure was adapted from Church et al.
(38). The isobologram is defined as lines connecting equieffective dose pairs in
regard to a selected endpoint such as the LD:0. First, the LDJOpoints of Drug I
and Drug II are plotted on the .v- and }'-axes along with their 95ri confidence

limits. A diagonal line is then drawn between the LDMendpoints of these 2 drugs.
This diagonal lint' and its 95'V confidence limits (shaded Region B) delineate the

region of equieffectiveness for systematic combinations of the 2 drugs. The 95%
confidence intervals for the 2 single drugs are also extended perpendicularly to
the .v- and y-axes to delineate a region of noninteraction (shaded Region D). If
the LD;,, for a drug combination falls in Region A. this would indicate synergism
or "superadditivity." If the lethal dose for a drug combination falls in Regions B.

C, D, or E. this would indicate simple activity, infraadditivity, no interaction, or
antagonism, respectively. The dashed line emanating from the origin gives the
loci of all possible results from a particular fixed-ratio combination of the two
drugs. The observed LD;o and its 95% confidence limits from this particular drug
combination are plotted along the dashed line. In this illustration, the drug
combination's LD20 is located in Region A. indicating synergism.

Drug II to elicit a lesser response than would be obtained by Drug II
alone (Fig. 1, Region E).

RESULTS

Dose-Response of 1,25(OH)2D.,, Carboplatin, and Cisplatin on
MCF-7 Cells. Initial experiments were carried out to determine
the optimum drug concentration and exposure time which
would elicit partial responses in MCF-7 cell growth inhibition.
This was done in order to allow ample opportunity for com
bined drug effects to occur. The growth inhibition was assayed
as described in "Materials and Methods."

To determine optimum dose and concentration for each drug,
cells (2.2 x IO4 cells/well) were incubated with 0.1 to 100 nivi

1,25(OH)2D3, 0.2 to 200 Mg/ml of carboplatin, and 0.02 to 20
/Â¿g/mlof cisplatin for 3 days. The doses of 1,25(OH)2D3 to be
tested were selected on the basis of previous reports of 1,25
(OH):D, on malignant cells in vitro and on the basis of phys
iological relevance (6-17). Fig. 2A shows that l,25(OH):D.i
suppressed MCF-7 cell growth in a dose-dependent manner.
Ten n\t and 100 n\i 1,25(OH),D3 inhibited MCF-7 cell growth
by 10.8 Â±2.4% and 34.9 Â±0.5% (mean Â±SE), respectively.
Carboplatin and cisplatin also inhibited MCF-7 cell growth in
a dose-dependent manner. The degrees of growth inhibition
induced by 0.2 to 200 Mg/ml of carboplatin were slightly less
than those induced by 0.02 to 20 ng/m\ of cisplatin (Fig. 2, B
and C). The doses causing 50% growth inhibition (LD50) of
MCF-7 cells for 3-day treatment were found to be 15 ng/m\ for
carboplatin and 1.3 Mg/ml for cisplatin, respectively, which
were less than clinical treatment levels (Fig. 2, B and C).

In two separate time-course experiments, time-dependent
growth inhibition of MCF-7 cells was seen in the 1,25(OH)2D3-
and platinum-treated cultures at 2, 4, and 6 days of continuous
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Fig. 2. Dose-response effects of l,25(OH):Di. carboplutin. and cisplatin on
the growth of MCF-7 cells. Cells (2.2 x 10* cells/well) were passed into 24-well

plates on Day 0 and dosed with various concentrations of l,25(OHhDi or
platinum on Day I. After a 3-day incubation, cells were lysed and counted on
Day 4 as described in "Materials and Methods." Columns, mean of 4 wells: bars.

SE. The results are representative of 4 experiments. SEs were calculated for all
data points but were too small in some cases to be visualized. A. dose-response to
1.25(OH)jD,; B. dose-response to carboplatin; C, dose-response to cisplatin.

exposure (Fig. 3). During continuous treatment with 100 n\i
l,25(OH)2Di, progressive growth inhibition was observed over
4 days of treatment, plateauing at 60% inhibition. Four days of
exposure to 20 Â¿ig/mlof carboplatin or 2 ng/m\ of cisplatin
resulted in an increase of the extent of growth inhibition, also
followed by a plateau during the 4- to 6-day time period. Thus,
the pattern of growth inhibition was similar among
l,25(OH)2D.i, carboplatin, and cisplatin from 2 days of treat
ment to 6 days of treatment. For carboplatin and cisplatin, the
durations of treatment causing 50% inhibition of MCF-7 cell
growth were 2.6 days and 2.0 days, respectively. The data from
these experiments were utilized later in setting up experiments
under optimal conditions for obtaining combined drug effects.

Effects of Combination Treatment with l,25(OH)2D,and Plat
inum. To assess the effects of combination treatment on the
growth inhibition of MCF-7 cells by l,25(OH)2Di combined
with either carboplatin or cisplatin, MCF-7 cells (2.2 x IO4
cells/well) were incubated with various concentrations of plati-

DURATION of TREATMENT (DAYS)

Fig. 3. Time-courses of growth inhibition in MCF-7 cells by l.25(OH)2Dj and
platinum agents. MCF-7 cells (2.2 x IO4 cells/well) were incubated in 24-wcll
plates with medium containing lOOnM I.25(OH);D, (â€¢).20 pg/ml of carboplatin
(O), or 2 (jg/ml of cisplatin (A). The medium was changed every 2 days with
renewal of each drug. At the indicated times, cells were lysed and counted as
described in "Materials and Methods." Points, mean of 4 wells. The results are

representative of 2 experiments. SEs were obtained for all data paints but. in
some cases, were too small to visuali/c on this graph.

num in the presence or absence of 10 nM and 100 nM
1,25(OH)2D, for 3 days and assayed as described in "Materials
and Methods."

The data in the insets to Fig. 4 show that 10 nM and 100 nM
1,25(OH)2D, enhanced the platinum-induced inhibition of
MCF-7 cell growth at all platinum concentrations except the
very highest (200 ng/m\ of carboplatin and 20 Â¿ig/mlof cispla
tin). The ranges of enhancement of growth inhibition by 10 nM
l,25(OH)2Dj over that obtained by carboplatin or cisplatin
alone were 0% at 200 Â¿/g/mlto 190% at 0.2 /Â¿g/ml(Fig. 4/4)
and from 0% at 20 to 2409Â¿at 0.02 Mg/ml (Fig. 4fi),
respectively. At 100 nM 1,25(OH)2D,, the enhancement ranged
from 3% at 200 ng/m\ to 260% at 0.2 ng/m\ of carboplatin
(Fig. 4C) and from 0% at 20 Mg/ml to 270% at 0.02 Mg/ml of
cisplatin (Fig. 4D). Significantly, 1,25(OH)2D, did not reduce
the effects of either platinum drug at any of the concentrations
tested.

A preliminary assessment of the degree of interaction between
1,25(OH)2D, (at both 10 and 100 nM) and platinum drugs was
made by comparing the summed effects of the combined drugs
(Fig. 4, A to D). The effects of simultaneous drug treatment on
the growth inhibition of MCF-7 cells with 10 nM 1,25(OH)2D,
and either carboplatin or cisplatin appeared to be greater than
simple addition at lower concentrations of both platinums (0.2
Mg/ml of carboplatin; 0.02 ng/ml and 0.2 ng/m\ of cisplatin)
and less than simple addition at higher doses (Fig. 4, A and B).
The effects of platinum in combination with 100 nM
l,25(OH)2D.i in the inhibition of MCF-7 cell growth ranged
from simple addition to less than simple addition (Fig. 4, C
and D). These experiments suggest that the amount of inter
action between 1,25(OH)2D, and the platinum drugs in inhib
iting MCF-7 cell growth varies inversely with the concentration
of the drugs.

Isobolographic Analysis of the Effects of Combination Treat
ment with 1,25(OH)2D, and Platinum. The data in Fig. 5,
showing that 1,25(OH)2Di and platinum compounds interacted
most effectively at lower concentrations, were utilized to design
an isobologram experiment which would show the greatest
amount of drug interaction. Using this criterion, the following
ranges were chosen: 10 to 40 nM 1,25(OH)2D,; 0.05 to 0.2 /ug/
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Fig. 4. Combined effects of 1.25(OH)2D3 and platinum on the growth of MCF-
7 cells. MCF-7 cells (2.2 x IO4cells/well) were split into 24-well plates on Day 0

and dosed with various concentrations of either carboplatin or cisplatin in the
presence or absence of 10 n.Mor 100 nM 1,25(OH)2D3 on Day 1. After a 3-day
incubation, cells were lysed and counted on Day 4 as described in "Materials and
Methods." The stackeÃ¼-columngraphs show the calculated inhibition of cell

growth obtained by adding the percentage of inhibition obtained by separate
incubations with l.25(OH)2D3 (D) and carboplatin or cisplatin (â€¢).The actual
(observed) inhibition (D) of cell growth is plotted next to the stacked columns
depicting the effects of the individual drugs. Inset shows dose-response curves of
carboplatin and cisplatin plus (+1)) and minus (-D) 10 n\t and 100 nM
1.25(OH)2D3. Columns, mean of 4 wells: bars. SE. The results are representative
of 4 experiments. As before. SEs were determined for all observations. A, 10 nM
1.25(OH)2D3 and carboplatin: B. 10 nM I.25(OH)2D3 and cisplatin; C. 100 nM
1,25(OH)2D3 and carboplatin: D. 100 nM 1.25(OH)2D3 and cisplatin.

ml of cisplatin; and 0.5 to 2 ng/m\ of carboplatin. Fig. 5A
shows the LD2(,s and 95% confidence limits for 1,25(OH)2D.,
alone (91 Â±10 nM) and for carboplatin alone (4.9 Â±0.3 Â¿ig/
ml), connected by a diagonal line. The LD20and 95% confidence
limits, for the combined drugs, were plotted along an imaginary
line beginning at the origin and extending along the 20:1 fixed-

drug ratio line. The LD20 for the combined drugs (22 Â±6 nM
for 1,25(OH)2D, and 1.1 Â±0.2 Mg/ml for carboplatin) lay well
below the line connecting the single-drug LD20s, indicating that
1,25(OH)2D., and carboplatin interacted synergistically (at the
chosen concentrations) to inhibit MCF-7 cell growth. Fig. 5B
shows the isobologram for a 200:1 fixed ratio 1,25
(OH)2D,:cisplatin dosage combination. The LD20 for
1,25(OH)2D, alone was 91 Â±10 nM, and the LD20 for cisplatin
alone was 0.35 Â±0.03 Â¿ig/ml.In the combination experiment,
the LD20s were 16 Â±4 nM for 1,25(OH)2D, and 0.08 Â±0.02
Mg/ml for cisplatin, which were far below the line connecting
the single-drug LD20s, indicating that 1,25(OH)2D, and cispla
tin also synergistically inhibited MCF-7 cell growth at the

chosen concentrations.

DISCUSSION

Recently, the study of growth-inhibitory (cytostatic) or
growth-stimulatory (sensitizing) drugs combined with standard
chemotherapy has been undertaken to determine if these drugs
enhance the antineoplastic activity of cytotoxic drugs (27, 28,
31). Furthermore, it has been shown that breast carcinomas
possess receptors for 1,25(OH)2D3 and that these cancers are
growth inhibited by 1,25(OH)2D., (14,15). Also, this laboratory
has identified receptors for 1,25(OH)2D, in a broad spectrum
of gynecological malignancies, such as uterine sarcomas and
common epithelial ovarian malignancies (40). These data led
to the current study to evaluate the potential interaction be
tween 1,25(OH)2D, and platinum agents in inhibiting the
growth of a hormone-responsive epithelial carcinoma, MCF-7.

In the present study, it was demonstrated that 1,25(OH)2D,
inhibited MCF-7 cell growth in a time- and dose-dependent
manner. Treatment of MCF-7 cells resulted in up to 35%
growth inhibition by 3 days and plateaued at 60% inhibition by
6 days. These results are consistent with those reported by
Thomas and Simpson (7) and Simpson and Arnold (15). The
limited growth inhibition by 1,25(OH)2D, was previously
shown to be dependent on receptor number per cell and is a

40 BO 120 160

40 80 160

1,25(OH)2D3(nM)

Fig. 5. Isobologram plots of the interactions between 1,25(OH)2D3 and plati
num agents in the growth inhibition of MCF-7 cells. Cells were passed into 24-
well plates and dosed 24 h later with various concentrations of the drugs. The
cells were exposed to the drugs for 3 days. Cell numbers were determined as
described in "Materials and Methods." Single-drug LD2c>swere determined from
incubations with 1 to 100 nM 1.25(OH)2D3 (plotted on the .v-axis of A and A),
with 2 to 200 ^g/ml of carboplatin (plotted on the j'-axis of A), or with 0.2 to 20
fig/ml of cisplatin (plotted on the .y-axis of B). Effective drug concentrations for
the combination incubation presented here were determined in the Fig. 4 experi
ment. Combined drug LD20s were determined by incubating with multiple fixed-
ratio combinations of 1,25(OH)2D3 (10 to 40 nM) with carboplatin (0.5 to 2 /ig/
ml) (A) or of 1,25(OH)2D3 (10 to 100 nM) with cisplatin (0.05 to 0.2 /jg/ml) (B).
The combined drug LD20s and 95'r confidence limits are plotted as a single dala
paini (with error bars) along the fixed-drug-ratio line. A, isobologram of
1,25(OH)2D3 and carboplatin; B. isobologram of 1,25(OH)2D3 and cisplatin.
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likely explanation for the limited effects of 1,25(OH)2D, shown
here (7, 18).

Cisplatin has proved to be one of the most important cyto-

toxic drugs in the treatment of solid tumors, including gyne
cological neoplasms, and has become the central drug in many
new combination regimens of adjuvant chemotherapy (25).
Carboplatin has emerged as the leading second-generation cis-
platin, which is comparable to cisplatin in antitumor activity,
but less toxic to the kidneys, gastrointestinal tract, and periph
eral nerves (41).

In clinical and in vivo studies, improved median survival or
disease-free interval with combination chemotherapy or che-
mohormonal therapy has led to possibly erroneous conclusions
that these drugs act in an additive or synergistic fashion. How
ever, the nonlinear response curve of most drugs makes it
virtually impossible to accurately demonstrate drug interactions
simply by comparing the sum of individual drug effects with
the actual observed combined effects (42). Isobologram analysis
is a superior method because it concisely determines drug
interactions independently of the shape of the dose-response
curves, thus avoiding artifactual conclusions. Also, isobologram
analysis is able to concisely categorize the degree of interaction
between two drugs, regardless of whether the drugs act through
similar or different mechanisms (37, 42).

The most important impact of this investigation is the obser
vation that l,25(OH)2Di enhances the growth-inhibitory effects
of cisplatin and carboplatin of MCF-7 cells in a manner which
varies inversely with the concentration of the platinum drugs.
Comparison of growth inhibition by platinum alone versus
l,25(OH)2D.i and platinum (Fig. 3) showed a substantial en
hancement of growth inhibition at clinically relevant concentra
tions of cisplatin (0.02 to 2.0 /ug/ml) and carboplatin (0.2 to 20
fig/ml). Furthermore, isobologram analysis of combination ef
fects at drug levels approaching those attainable in the plasma
of patients (0.05 to 0.2 Mg/ml of cisplatin and 0.5 to 2 iig/m\
of carboplatin) showed 1,25(OH)2D., and each of the platinum
drugs to interact synergistically. At 10-fold above attainable
serum levels (20 ng/m\ of cisplatin and 200 Mg/ml of carbopla
tin) (41), the platinum drugs were extremely cytotoxic, and
therefore no enhancement of growth inhibition by 1,25(OH)2D,
was observed. In contrast, a separate isobologram experiment,
with different fixed ratio levels and higher drug concentrations,
showed that the interactions between 1,25(OH)2D, and both
platinums were infraadditive (data not shown). Thus synergism
is seen at low platinum concentrations, while infraadditivity is
seen at high platinum concentrations. These results are con
sistent with other findings which show that the degree of drug
interaction is dependent upon drug concentrations and drug
ratios and indicate that conclusions must be specific to the
circumstances examined and cannot be generalized to concen
trations and ratios not tested (42).

Studies cited in the "Introduction" suggested that synchro

nization of cells followed by treatment with a cell cycle-depend
ent cytotoxic agent resulted in an enhanced response. In HL60
leukemic and T 47D breast cancer cells, 1,25(OH)2D, has been
shown to cause a dose-dependent accumulation in G0-G| and
therefore might tend to drive responsive cell populations toward
synchronization (43, 44). It is therefore possible that this phe
nomenon plays a role in the enhancement of platinum effects
by 1,25(OH)2D, reported herein. Additional studies will be
required to determine if this hypothesis is true.

Recently, the combination of 1,25(OH)2D3 and cisplatin has
been investigated in HL60 human leukemic cells (45). The

binding of cisplatin and DNA was increased more than 10-fold
by 100 n\i 1,25(OH)2D.,. The increase in cisplatin-DNA binding
was proportional to l,25(OH)2D,-induced differentiation. The
bound platinum was in 2 pools, one that was easily dissociated
from nuclei and one that was tightly bound, presumably to
DNA. These data suggest that 1,25(OH)2D, altered chromatin
structure in a manner which made the DNA more accessible to
cisplatin and thereby enhanced cisplatin binding. The results
from HL60 cells raise the possibility that, in the current study,
the enhancement of platinum-induced growth inhibition was
caused by 1,25(OH)2D., creating a more open chromatin struc
ture, thus facilitating binding of the platinum drugs to DNA.

In conclusion, this study showed that the combination treat
ment of 1,25(OH)2D.1 and platinum produced effects ranging
from infraadditivity to synergism in inhibiting the growth of
MCF-7 cells. These findings suggest potential usefulness in
combining l,25(OH)2D.i, a biological modifier, with cytotoxic
agents for the treatment of malignant disease.
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