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ABSTRACT

Treatment of 9L cells with the ornithine decarboxylase inhibitor a-
difluoromethylornithine (DFMO) depletes cells of putrescine and sper-
midine and sensitizes cells to the cytotoxic effects of the alkylating agent
l,3-Wi(2-chloroethyl)-l-nitrosourea. Because depletion of intracellular
levels of the sulfhydryl compound glutathione also increases the cytotox-
icity of alkylating agents, the effect of DFMO on intracellular glutathione
content was investigated to determine whether DFMO-induced sensiti-
zation could be explained by a sulfhydryl-related mechanism. Treatment
of 9L cells with 1 HIM DFMO caused no change in the glutathione
concentration within 48 h; sensitization of cells to 1,<-/>Â«(2~chlorocthyI)-
I-nii rosolimi is generally studied after 48 h of treatment with DFMO.
Incubation of cells with DFMO for longer periods caused an increase in
glutathione that is related to the depletion of polyamines and not to a
decrease in growth rate or a cell cycle effect. Increased glutathione
content is not due to a decrease in glutathione catabolism, but rather to
an apparent increase in the rate of synthesis of the tripeptide.

INTRODUCTION

Treatment of cells In vitro and in vivo with the ornithine
decarboxylase inhibitor DFMO3 depletes intracellular pools of

the polyamines PU and SD and sensitizes 9L rat brain tumor
cells to subsequent treatment with the alkylating agent BCNU
(1-3). DFMO potentiation of BCNU toxicity can be prevented
(3) and the slowing of the growth rate of DFMO-treated 9L
cells can be reversed (4) by the addition of PU, which indicates
that these effects are related to polyamine depletion. Because
polyamines protect native DNA from thermal denaturation (5),
psoralen monoadduct and cross-link formation (6), and meth-
ylation by yV-methyI-Ar-nitrosourea (7), it has been postulated
that polyamine depletion may lead to a change in the confor
mation of DNA that allows more cross-linking from BCNU
adducts on DNA and therefore leads to an increase in cell kill
(3, 8).

GSH is a tripeptide present in cells in millimolar concentra
tions that is involved in the sensitivity of cells to alkylating
agents (9, 10) and radiation (11). Therefore, it is possible that
the enhanced toxicity caused by DFMO treatment involves
DFMO-induced changes in intracellular GSH concentrations.
The experiments reported here were performed to assess pos
sible effects of DFMO on cellular GSH pools. To separate the
effects of polyamine depletion and growth inhibition produced
by DFMO from those of growth alone, cells were grown in
medium with a low concentration of serum, which slowed the
growth rate, and intracellular GSH and polyamine levels were
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measured. To examine the effects of GSH depletion on polya
mine metabolism, cells were also grown in the presence of the
GSH synthesis inhibitor BSO (12).

MATERIALS AND METHODS

Cell Culture. 9L rat brain tumor cells were grown in monolayer
culture in complete Eagle's MEM containing nonessential amino acids,

insulin, transferrin, and selenite, 10% bovine calf serum, and genuini icin
(SOMg/ml). Cultures were incubated at 37'C in a humidified atmosphere
of 95% air/5% CO2. Cells were seeded at a density of 5 x 10* in 75-
cm2 tissue culture flasks (Falcon Plastics, Oxnard, CA), and 0.25 ml of

drug solution was added 24 h later. In experiments using low serum
medium, growth medium containing 10% bovine calf serum was aspi
rated 24 h after seeding and replaced with medium containing 3%
bovine calf serum.

Drugs. DFMO, generously supplied by the Merrell Dow Research
Institute (Cincinnati, OH), was dissolved in MEM to give a 100 HIM
stock solution. After adjusting the stock to pH 7 with 5 M sodium
hydroxide, the solution was filter sterilized. All other drugs, obtained
from the Sigma Chemical Company (St. Louis, MO), were dissolved in
MEM and filter sterilized.

Polyamine Analysis. Cells were prepared for analysis, and the poly
amine content was determined by a high performance liquid chroma
tography method described elsewhere (13).

GSH Assay. Cells were prepared for analysis by washing a single cell
suspension in phosphate-buffered saline, pelleting the cells by centrif-
ugation, drying the pellet, and adding 250 /ul of a solution of 8%
sulfosalicylic acid/106 cells. Cells were then lysed by sonication on ice,

the precipitate was removed by centrifugation, and the supernatant was
stored at -20'C until assayed for GSH by the method of Griffith (14)

as modified by Stratford el al. (15); this method assays total GSH and
does not distinguish between the oxidized and reduced forms.

Colony-forming Efficiency Assay. This assay has been described (16).
Briefly, a known number of cells in a single cell suspension was added
to 60-mm Petri dishes to which 5 x IO4 heavily irradiated feeder cells

had been added the previous day. After 2 weeks of incubation, colonies
were fixed, stained with Giemsa, and counted.

Flow Cytometry. Cells were prepared and analyzed as described (17).
Briefly, cells were fixed in 70% ethanol, stained with chromomycin A3,
and analyzed on a FACS III flow cytometer (Becton-Dickinson, Moun
tain View, CA). Fractions of cells in each phase of the cell cycle were
analyzed by a computer program developed by Dean (18).

RESULTS

Continuous treatment of 9L cells with 1 mM DFMO caused
a decrease in growth rate such that the cell number after 5 days
of treatment was 30% that of untreated cells (Fig. 1). Incubation
of cells in MEM containing 3% serum caused the growth rate
to decrease by an amount similar to that caused by DFMO.
Treatment of cells with 100 MM BSO caused only a slight
inhibition of growth; at Day 5, the cell number was 80% of
untreated control cells. The colony-forming efficiency of cells
treated for 5 days with 1 HIMDFMO was 29%, while the value
for untreated control cells was 32%.

Levels of PU in untreated cells reached a maximum by Day
2 and then declined over the next 3 days; levels of SP increased
by approximately 50% by Day 2 and, with some fluctuation,
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Fig. 1. Growth curves for untreated control cells (O) and cells treated with 1
HIMDFMO (â€¢),100 uM USO (.il. or medium containing 3% serum (â€¢)on Day
0. Points are from a representative experiment and are the means Â±SD (har\) of
three flasks.
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of cells treated with DFMO was higher than in untreated cells
after Day 3 and reached approximately twice the control value
by Day 5. In cells treated with 100 /Â¿MBSO, GSH content was
reduced to 3% of control values within 24 h; PU and SD levels
were slightly increased compared with control values, and SP
levels were not significantly affected (Fig. 2). GSH levels in
cells grown in medium with 3% serum were not significantly
different from control levels. Levels of PU and SD were initially
depleted and then reached control levels by Days 4 and 3,
respectively (Fig. 3). SP levels were increased substantially by
Day 3 and were at 150% of control values by Day 5.

Unlike cells treated with DFMO alone, there was no increase
in the GSH content of cells treated simultaneously with 1 mivi
DFMO and PU, and cell growth was similar to control levels
(Table 1).

The kinetics of GSH depletion in cells treated with 1 HIM
DFMO for 5 days and then treated with 100 //M BSO for 24,
16, and 8 h before assay for GSH content on Day 5 were similar
to the kinetics for untreated control cells treated similarly (Fig.
4a). When cells were grown in 1 HIMDFMO for 5 days with
the addition of 100 uM BSO for the final 24 h and the medium
was replaced with medium containing DFMO only, cells pre-
treated with DFMO has a faster rate of recovery of GSH
content than control cells treated in the absence of DFMO (Fig.
4h). Replacing the medium on control cells with medium con
taining DFMO did not increase the rate of GSH synthesis
compared with control rates, and replacing the medium on
DFMO-treated cells with fresh medium did not cause a decrease
in the rate, which shows that only preincubation with DFMO
causes the rapid increase in GSH content (data not shown).

The distribution of 9L cells within the cell cycle on Day 5
was essentially the same in control cells and cells treated
continuously with 1 mivi DFMO (data not shown).

PU
10 r GSH

Time (days)

Fig. 2. GSH and polyamine contents of untreated control cells (O) and cells
treated with l IHMDFMO (â€¢)or 100 MMBSO (II) on Day 0. Points are from a
representative experiment and are the means Â±SD (ban) of three flasks.

remained essentially constant for the next 3 days (Fig. 2). Levels
of SD peaked in control cells at Day 2, then decreased slowly.
GSH levels also peaked on Day 2, declined, and then peaked
again on Day 4. In contrast, levels of PU and SD in cells treated
with 1 HIMDFMO decreased to undetectable levels by 24 h of
treatment, and SP levels were only slightly lower than levels in
untreated control cells after Day 3 (Fig. 2). The GSH content
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Fig. 3. GSH and polyamine contents of untreated control cells (O, taken from
Fig. 2) and cells treated with medium containing 3% serum (â€¢)on Day 0. Points
are from a representative experiment and are the means Â±SI) (bars) of three
flasks.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/20/5270/2429061/cr0470205270.pdf by guest on 19 M

ay 2023



EFFECT OF DFMO ON CELLULAR GLUTATHIONE CONTENT

Table 1 Effect of exogenous putrescine on DFMO-induced GSH elevation

Cells were seeded at a density of 5 x lOVflask, and I m\i DFMO or PU alone or in combination was added 24 h later. After 5 days, cells were assayed for
pulvinimi- and GSH contents. Values are the means Â±SD of three separate experiments.

TreatmentControl

PU
DFMO
DFMO/PUCell

no.
(X107)1.45

Â±0.22
1.10 Â±0.22
0.62+0.16
1.11 Â±0.22Intracellular

concentration(fmol/cell)GSH3.66

Â±1.03
3.89 Â±1.40
8.13 Â±1.70
4.53 Â±1.27PU1.09

Â±0.22
3.38 Â±0.52
Not detected
2.84 Â±0.62SD1.22

Â±0.08
0.97 Â±0.05
Not detected
1.10 Â±0.10SP0.95

Â±0.06
0.79 Â±0.05
0.79 Â±0.08
0.91 Â±0.09

TIME IN BSO (hrs) TIME AFTER BSD
REMOVAL (hrs)

Fig. 4. GSH metabolism in control and DFMO-treated cells, a, cells grown
in the presence (â€¢)or absence (O) of I HIMDFMO for 5 days and 100 HMBSO
added 8, 16. or 24 h before the assay for GSH content on Day 5; A, cells grown
in the presence (â€¢)or absence (O) of I HIMDFMO for 5 days with 100 u\i BSO
added for the final 24 h and allowed to recover in medium containing 1 HIM
DFMO only or fresh medium, respectively. Cells were assayed for GSH content
at 0, 8, 16, or 24 h after replacement of medium. Points, means Â±SD (bars) of
two experiments.

DISCUSSION

The results reported here show clearly that although treat
ment of 9L cells with DFMO for 48 h depletes levels of PU
and SD, and that the growth rate is slowed (4), DFMO has no
effect on GSH levels within this time period. Thus, potentiation
of BCNU toxicity does not appear to be mediated by a mecha
nism related to GSH levels. After 4 days, however, cells treated
with 1 mM DFMO have a significantly higher GSH content
than control cells, consistent with results found for rat brain
cells in vivo (19). In 9L cells, this is the result of maintenance
of abnormally high GSH levels in the DFMO-treated cells over
time, compared with the normal decline in GSH levels in
control cells as they approach confluency, an effect found in
many cell lines (20-22). The higher GSH content is not related
to the inhibition of cell growth caused by DFMO treatment;
cells grown in medium containing 3% serum display reduced
proliferation, but had GSH levels similar to control levels and
had only transiently depleted levels of polyamines. The hypoth
esis that the increase in GSH content is mediated by a polya-
mine-related mechanism is supported by the finding that cells
treated simultaneously with DFMO and PU have neither the
depleted levels of polyamines nor the increase in GSH observed
in cells treated with DFMO alone. Therefore, depletion of
polyamines and not merely the presence of DFMO appears to
be necessary for this phenomenon to occur.

Because it is known that GSH levels are different in Hela
cells in different phases of the cell cycle (23), the proportion of
9L cells in different phases of the cell cycle treated with 1 mM

DFMO was compared with untreated control cells. Although
it has been shown that DFMO causes a block in the GÃ¬to S
transition in 9L cells that only becomes apparent when the cells
are reseeded in fresh medium (4), the percentage of cells in
each cell cycle phase was similar in DFMO-treated and un
treated cells on Day 5. Therefore, the increase in GSH content
seen in DFMO-treated cells is not the result of arrest of growth
in a GSH-rich phase.

It has been shown that DFMO is not toxic to 9L cells at low
concentrations over 48 h (3); DFMO is toxic to some human
cell lines over a similar period, however (24, 25). Therefore,
cytotoxicity for cells grown in the presence and absence of
DFMO for 5 days was once again assessed by the colony-
forming efficiency assay. If cells were being killed by the inhib
itor over extended periods, the normal decrease in GSH might
not be expected to occur. The similar plating efficiencies in the
presence and absence of DFMO (29 and 32%, respectively),
however, shows that the inhibitor is not causing cell death after
a period of 5 days.

The higher GSH content in DFMO-treated cells does not
reflect inhibition of GSH catabolism because when GSH syn
thesis is inhibited by the addition of BSO, cells treated with
DFMO are depleted of GSH at the same rate as untreated
control cells (Fig. 4a). If BSO is removed after 24 h of treat
ment, however, the recovery of GSH content is more rapid in
DFMO-pretreated cells (Fig. 4b). The different rates of recovery
depend only on preincubation conditions because there is no
difference between cultures in which the medium is replaced
with fresh or DFMO-containing medium. This finding suggests
that extended treatment of cells with DFMO causes an increase
in the rate of GSH synthesis. High levels of GSH might reduce
the efficacy of alkylating agents, and this phenomenon is worthy
of consideration and study for protocols in which cells are
treated with DFMO for long periods.
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