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Abstract—Insulin, which activates and modifies metabolic pathways in MCF-1 human
breast cancer cells, is shown to increase the cytotoxic effect of methotrexate up to ten
thousand-fold in vitro. This enhanced Cytotoxicity is not due to an increased bound
intracellular drug level, an increased growth rate or an increase in S phase cells, but
may involve the modification or activation of biochemical pathways associated with cell
growth, even in cells not undergoing DNA synthesis. This observation supports the
hypothesis that tumor cell sensitivity to chemotherapy could be increased by using agents
that can activate the biochemical or metabolic pathways that determine the cytotoxic process.

INTRODUCTION

IT IS well established that rapidly growing, high
growth fraction tumors are more sensitive to
chemotherapy than slow growing, low growth
fraction tumors [1]. This reflects significant
metabolic or biochemical differences between
rapidly cycling, slow cycling and non-cycling
cells. It would therefore be desirable to modify
the metabolic characteristics of slow cycling and
non-cycling cells in such a way that they
develop drug sensitivity comparable to that of
fast cycling cells.

Although pharmacological studies of che-
motherapeutic agents have identified bioche-
mical and metabolic pathways that are related
to the cytotoxic process, the precise biochemical
lesions that actually cause the irreversible
process of cell death have not been clearly
defined. Nevertheless, physiological agents
such as hormones are known to produce many
metabolic changes in target cells. The possi-
bility thus arises that changes, for example, in
the hormonal milieu of tumor cells, could be
created for the express purpose of inducing
changes in the biochemical profile of these cells,
thereby enhancing their drug sensitivity. Put
most simply, if a drug's Cytotoxicity depends
upon the disruption of one biochemical pathway
which is dormant, then the drug should have no
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lethal effect. If this pathway is active, then the
consequences of its disruption should be lethal
to the cell.

Insulin (INS) has been shown to activate
metabolic pathways in the human breast cancer
cell line MCF-7 [2] that can lead to increased
DNA, RNA and protein synthesis [3], and can
also increase their growth under certain
experimental conditions [4]. In view of these
metabolic effects, and because there is so much
clinical experience in the manipulation of INS,
it was selected as the metabolic modifier in
experiments designed to test this hypothesis.
Methotrexate (MTX) was selected because it is
a cell cycle-specific antifolate drug that is much
more effective against fast cycling S phase cells
than against resting S phase cells [5]. It has
been widely used in the treatment of human
tumors and is currently included in many
breast cancer treatment regimens.

This study was therefore designed to
examine the effect of INS on MTX Cytotoxicity
to MCF-7 cells and thereby establish the prin-
ciple that appropriate metabolic manipulation
can increase tumor cell sensitivity to cytotoxic
drugs.

MATERIALS AND METHODS

Cell culture
The MCF-7 cells were cultured in T25 Falcon

flasks using minimal essential medium with
Hank's balanced salt solution (MEM) sup-
plemented with 2mM L-glutamine, 100 units
penicillin-100 /xg streptomycin per ml, 10%
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fetal calf serum (Flow Laboratories, Maclean,
VA) and 10 /xg bovine INS (Sigma Chemical
Co., St. Louis MO) per ml.

For drug experiments, actively growing (log
phase) cells were subcultured at a density of 106

cells/T25 flask without INS. Twenty four hours
after plating, the flasks were divided into two
groups. The first group continued to be cul-
tured with the same medium containing MTX
(Lederle, Pearl River, NY) at concentrations of
10~~10-10~4 M. The second group was cultured
with the same MTX concentrations in an iden-
tical way, except that the medium contained
INS. Control cultures in each group did not
contain MTX, but those in the second group
received INS. Media were replaced every two
days and the drug effect was determined by
measuring the total DNA mass on days 1, 4 and
7 of cell culture. At each time point cells from
triplicate flasks were collected by scraping and
pelleted with cold 10% TCA. DNA mass was
then determined on each individual pelleted
sample according to the method of Kissane and
Robbins, using salmon sperm DNA as the
standard [6]. In previous experiments, changes
in DNA mass correlated consistently with
changes in cell number as measured in a
hemocytometer.

Similar experiments were also conducted to
ascertain the range of MTX concentrations that
could be influenced by INS. MCF-7 celjs were
established in T25 flasks as in the first experi-
ment and were exposed to MTX 10~12—10~6 M ±
INS (10 jug/ml) 24 hr after plating. At this time,
cells from triplicate control flasks (— INS) were
harvested and pooled for total DNA mass
estimation. Media were replaced every 2 days,
and on day 7 cells from triplicate flasks in each
drug group (± INS) were also pooled for total
DNA mass estimation. Corresponding controls
± INS were also obtained.

A subsidiary set of experiments were also
carried out to determine the influence of INS
concentration. MCF-7 cells were established in
T25 flasks as described above and, 24 hr after
plating, 10"10M MTX, with INS at concen-
trations of 0.1, 1.0 and 10 jag/ml was added to
groups of triplicate flasks. Corresponding con-
trol groups containing these INS concentra-
tions were also established. On day 7 cells were
harvested from respective drug-treated and
control flasks, as in previous experiments.

Cytokinetic analysis
Relative DNA content distributions for cell

cycle analysis were derived from aliquots of
MCF-7 cells on the seventh day of culture in
the first series of experiments. These cells had

been exposed to various concentrations of
MTX for six days, with and without sup-
plementary INS. Cells were harvested from T25
flasks mechanically using a syringe and can-
nula, washed in phosphate-buffered 0.85% sal-
ine and fixed in 70% ethanol. Fixed cells were
subsequently analyzed in a Los Alamos Flow
Cytometer and Cell Sorter, using the method
previously described [7]. Duplicate samples
were analyzed.

[3H]-Methotrexate uptake
To assess the influence of INS on long term

MTX uptake by MCF-7 cells, six T25 flasks
containing MCF-7 cells in exponential growth
were combined to produce a cell suspension.
These cells were then divided into 4 large cen-
trifuge tubes and the medium removed. Cells
were resuspended in two tubes, in medium
containing 5 x 10~8 M labeled MTX (15mCi
S.A., Amersham, Illinois) in one tube and in
medium containing 5 x 10~8 M labeled MTX +
INS (10 /xg/ml) in the other tube. Two control
tubes contained cells and the respective media
with unlabeled MTX. These tubes were then
maintained in a shaking water bath at 37°C and
equal aliquots of cells were removed from each
tube in duplicate at 30, 60, 120 and 240 min
respectively. Each cell aliquot was washed three
times in 0.85% NaCl and the final cell pellets
were resuspended in 1 ml 1M NaOH.
Radioactivity in each dissolved cell pellet was
then determined in a liquid scintillation spec-
trometer. Radioactivity in the supernatants
from the last wash was undetectable in each
sample, indicating effect removal of all free
[3H]-MTX.

RESULTS

The cytotoxic effect is defined as either
reversible or irreversible cell damage. Figure 1
illustrates the effect of 10"10 M-10"4 M MTX on
the growth of MCF-7 cells, with and without
supplementary INS. Note that cells were
exposed to the drug ± INS for six days. INS
itself did not increase the growth rate or the
final cell number in the controls. Evidently,
10"10 M and 10"8 M MTX had no cytotoxic effect
in the absence of additional INS. However,
these concentrations were cytotoxic in the
presence of INS, so that 10~10M with INS was
equivalent to 10~6 M without INS. Cells remaining
in flasks in which there was Cytotoxicity were
grossly deformed morphologically; nonetheless
they excluded Trypan blue. Attempts to grow
these remaining cells in drug-free medium
were unsuccessful in subsequent experiments.


