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ABSTRACT

Uptake characteristics and growth-inhibitory effects of meth-

ylglyoxal bis(guanylhydrazone) (MGBG), a competitive inhibitor
of S-adenosylmethionine decarboxylase, were investigated in 9L

rat brain tumor cells and in V79 hamster lung cells. Proliferation
of 9L cells was only slightly inhibited by treatment with 40 U.M
MGBG alone, but when used in combination with 0.5 HIM Â«-
difluoromethylomithine (DFMO), an irreversible inhibitor of omi-

thine decarboxylase, proliferation was much more effectively
inhibited. The intracellular concentration of MGBG was approxi
mately 2-fold higher 4 days after cells were treated with both

DFMO and MGBG, either simultaneously or when MGBG was
added after a 48-hr DFMO pretreatment, than that in cells treated
with MGBG alone. Polyamine levels in DFMO- and MGBG-

treated cells correlated with the antiproliferative effects of the
drugs.

Used either alone or in combination with 1 rnwi DFMO, 0.5 MM
MGBG inhibited the growth of and eventually killed V79 cells.
Simultaneous or sequential treatment with DFMO and MGBG
increased intracellular concentrations of MGBG at 4 days by 2-
and 3-fold, respectively, compared to treatment with MGBG

alone. Intracellular polyamine levels did not correlate with the
antiproliferative effect of the two drugs in V79 cells.

In both cell lines, polyamines and MGBG share a common
transport system. The net transport of polyamines and MGBG
was more temperature dependent and up to 10-fold more active
in V79 cells than in 9L cells. The Kâ„¢and V,â„¢*values for spermi-

dine and MGBG measured 10 sec after addition (initial permea
tion) were not affected by DFMO pretreatment in either cell line.
However, 1 hr after administration, the Vâ„¢,values for spermidine
and MGBG uptake were doubled in V79 cells pretreated for 48
hr with DFMO; no significant change occurred in 9L cells. Mito
chondria! function, assessed by pyruvate oxidation, was sub
stantially impaired by MGBG in V79 cells but not in 9L cells when
the intracellular concentrations of MGBG were equal in each cell
line. Pretreatment with DFMO did not increase MGBG-induced

inhibition of pyruvate oxidation in V79 cells.
These results show that, compared with V79 cells, the de

creased sensitivity of 9L cells to MGBG may be related to
decreased intracellular MGBG accumulation but not to cellular
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permeation such as camer transport. Results of measurements
of both polyamine levels and mitochondria! function indicate that
V79 cells may be more susceptible to nonpolyamine-dependent
effects of MGBG than are 9L cells.

INTRODUCTION

The anticancer drug MGBG,4 a competitive inhibitor of mam
malian S-adenosylmethionine decarboxylase (25), has been used

to study the effects of polyamine depletion on cell proliferation
(20). In most cell lines studied, MGBG suppresses intracellular
levels of spermidine and spermine but causes an increase in
putrescine levels. Low concentrations (/Â¿M)of MGBG in culture
medium can affect the growth of many normal and tumor cell
lines. However, cells can concentrate the drug intracellulariy to
rriM levels (9,23). MGBG is regarded as a structural analogue of
spermidine (5), and it shares transport mechanisms with the
polyamines spermidine and spermine (2, 9, 11, 23). In cells
depleted of putrescine and spermidine by treatment with DFMO,
an irreversible inhibitor of omithine decarboxylase (10), uptake
of polyamines and of MGBG is strikingly enhanced (1); combi
nation treatment with DFMO and MGBG can be used to produce
a profound antiproliferative effect. However, despite the fact that
MGBG and polyamines share a common transport mechanism
and that MGBG interferes with polyamine biosynthesis, it is
possible that the antiproliferative effect of MGBG is not entirely
related to depletion of spermidine and spermine levels. Changes
in mitochondria have been observed to precede depletion of
polyamine pools and inhibition of cell growth. These changes
include selective ultrastructural damage (12,13,15), inhibition of
mitochondria! DNA synthesis (4), inhibition of cellular respiration
and uncoupling of oxidative phosphorylation (16), and decreased
pyruvate oxidation (17). However, these observations might
reflect the fact that, because it is a spermidine analogue, MGBG
may replace spermidine in vital cellular functions.

Irrespective of the mechanism of action, MGBG is a potent
agent that produces profound growth inhibition and cell kill,
especially in combination with the relatively nontoxic DFMO (22).
Pretreatment with DFMO has been shown to increase MGBG
uptake in various tissues in vivo (8). Clinically, sequential treat
ment with DFMO and MGBG may have efficacy in the treatment
of advanced lymphoblastic and myeloblastic leukemia (24).

9L rat brain tumor cells are relatively resistant to the antipro
liferative effect of MGBG, and any growth inhibition produced

'The abbreviations used are: MQBG, methylglyoxal bis(guanylhydrazone);

DFMO, a-difluoromethylornithine.
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cannot be prevented by addition of spermidine to cell cultures
(7). In addition, in 9L cells MGBG does not produce the damage
to mitochondria that is usually produced in other cell lines (14).
In contrast, DFMO depletes polyamine levels in 9L cells and
produces cytostasis; these effects can be reversed by addition
of putrescine to cell cultures (18). In this study, we compared
the growth-inhibitory effect of MGBG alone and in combination
with DFMO in 9L cells and V79 hamster cells. To investigate
possible transport-related effects on MGBG sensitivity, we mea

sured MGBG and polyamine uptake in the 2 cell lines. The effect
of MGBG on mitochondria was studied by measuring pyruvate
oxidation in the cells. DFMO treatment before addition of MGBG
was used to study the effect of intracellular polyamine depletion
on growth inhibition, transport, and mitochondria! function
caused by MGBG.

MATERIALS AND METHODS

Cell Culture. 9L rat brain tumor cells were grown in monolayer culture
in Eagle's minimal essential medium supplemented with nonessential

amino acids, 10% newborn calf serum, and gentamicin (50 ng/m\). The
doubling time of 9L cells during exponential growth was about 20 hr.
V79 hamster lung cells were grown in monolayer culture in McCoy's

Medium 5A supplemented with 10% newborn calf serum and gentamicin
(50 Mg/ml). The doubling time of V79 cells was 8 to 10 hr. Both cell lines
were grown at 37Â°in a humidified 5% C02-95% air atmosphere.

Chemicals and Drugs. DFMO was generously provided by the Mer-
rell-Dow Research Institute (Cincinnati, OH). MGBG was purchased from

Aldrich Chemical Co. (Milwaukee, Wl), and putrescine and spermidine
were purchased from Calbiochem-Behring Corp. (La Jolla, CA). [3H]-
Putrescine (specific activity, 16.8 Ci/mmol) and [3H]spermidine (specific-

activity, 29.2 Ci/mmol) were purchased from New England Nuclear Corp.
(Boston, MA). [14C]MGBG (specific activity, 19 mCi/mmol) was provided

by the Pharmaceutical Resources Branch, National Cancer Institute,
through a contract with the Research Triangle Institute (Research Tri
angle Park, NC). Stock solutions of drugs were made in Hanks' balanced

salt solution (DFMO, putrescine, spermidine) or in distilled water (MGBG,
labeled compounds). Solutions were sterile filtered and stored at -20Â°.

Analytical Methods. For growth, polyamine, and MGBG measure
ments and for the assay of pyruvate oxidation, cells were grown in 75-

sq cm flasks and harvested by trypsinization. Methods to determine
polyamine levels (19), MGBG levels (23), and pyruvate oxidation (17)
have been described. For uptake studies, cells were grown in polyeth
ylene film-lined Retri dishes. Transmembrane transport of labeled com

pounds was measured at 10 sec and 1 hr after addition of labeled
compound to the culture medium. After pouring off the medium, the
monolayer was washed twice with ice-cold phosphate-buffered saline to

stop the transport processes and to wash residual medium from cells.
Monolayer cells were digested with 1.5 ml of NSC tissue solubilizer
(Amersham/Searle), and duplicate samples of medium and a single
sample of homogenate were counted for radioactivity. To determine the
number of cells treated, cell cultures that were untreated with NCS tissue
solubilizer were trypsinized and counted electrpnically.

Km and VmÂ»values for polyamine and MGBG uptake studies were
computed by the Eadie-Hofstee method described in Ref. 27. Plots of
Â«â€ž,and V,â„¢ values for untreated versus DFMO-pretreated cells were

tested for the equality of intercepts, slopes, and standard error of the
estimate; the significance of the difference was calculated as a p value
with degrees of freedom.

RESULTS

Treatment of 9L Cells. Growth of 9L cells treated with either
40 MMMGBG or with 0.5 mw DFMO alone was not affected by

4 days after drug administration, after which cultures treated
with MGBG reached confluency, and growth of DFMO-treated

cells plateaued (Chart 1). Simultaneous treatment with MGBG
and DFMO markedly inhibited growth (Chart 1). If cells were
treated with 0.5 mw DFMO for 48 hr before being treated with
MGBG, cell proliferation was inhibited completely; however, con
tinuous treatment with DFMO alone produced a similar level of
growth inhibition (Chart 1). MGBG treatment either alone or in
combination with DFMO for 4 days caused no more cell kill
(measured with a colony-forming efficiency assay) than did treat

ment with DFMO alone (results not shown). The effect of the 2
drugs used in combination was more cytostatic than cytotoxic;
cells could be treated continuously with DFMO alone or in
combination with 40 Â¿Â¿MMGBG for 10 days without causing cell
kill.

Treatment of 9L cells for 4 days with 40 /Â¿MMGBG produced
a 2.6-fold increase in putrescine levels, a 30% reduction of

spermidine levels, and a 77% reduction of spermine levels (Table
1). Treatment with 0.5 mw DFMO reduced putrescine and sper
midine levels to 8 and 6% of the control levels, respectively, and
spermine levels were virtually unchanged (Table 1). Concurrent
treatment with DFMO and MGBG produced essentially the same
depletion of putrescine and spermidine levels as treatment with
DFMO alone. However, this treatment reduced spermine levels

S
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&

Time (days)
Chart 1. Effect of DFMO, MGBG, and their use in combination on the growth

of 9L cells. The cells were grown in the absence (O; initial cell number, 105) or
presence (A; initial cell number, 2 x 105) of 0.5 mw DFMO for 48 hr, at which time

(Time 0), the untreated cultures were supplemented with 40 *IM MGBG (â€¢),0.5
mW DFMO (V), or the combination of 40 Â¡MIMGBG and 0.5 mu DFMO (V), and
the DFMO-pretreated cultures were supplemented with 40 /<MMGBG (A).
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Table 1

Polyamine and MGBG concentrations in 9L cells treated with DFMO and MGBG

Polyamine concentration
(nmol/1 0ecells)TreatmentNone40

MMMGBG, 4days0.5

mm DFMO, 4days0.5

mM DFMO + 40 MM
MGBG, 4days0.5

mm DFMO, 6days0.5

mu DFMO, 6 days
t 40 IM MGBG, 4

daysPutres-

cine1.243.210.100.080.090.11Spermi-dine2.581.810.160.060.200.08Spermine3.510.803.561.752.201.79MGBG

concentra
tion (nmol/
10*cells)0.500.811.13

more than treatment with DFMO alone, but not as much as by
treatment with MGBG alone, compared to control cells. Polya
mine levels were essentially the same in cells pretreated with
DFMO before treatment with MGBG and in cells treated simul
taneously with DFMO and MGBG (Table 1).

Uptake of MGBG in 9L cells was greater after either simulta
neous treatment with DFMO and MGBG or after pretreatment
with DFMO than after treatment with 40 /tM MGBG alone (Table
1).

Treatment of V79 Cells. In experimentson the effect of
MGBG on V79 cells, 0.5 UMMGBG was used rather than the 40
A/Mused to treat 9L cells. As shown in Chart 2, MGBG alone
greatly inhibitedgrowth and, used either alone or in simultaneous
or sequential combination with DFMO, MGBG killed cells after 2
days of treatment. Treatment of V79 cells with 1 mw DFMD
caused very little inhibition of cell growth (Chart 2). Intracellular
levels of polyamines and MGBG in V79 cells after 4 days of
treatment with MGBG are listed in Table 2. MGBG caused a 6.8-
and a 1.2-fold accumulation of putrescine and spermidine, re
spectively; spermine levels were depleted by 40%. Treatment
with DFMO alone depleted putrescine and spermidine levels
almost completely and caused a 17 to 30% decrease in spermine
levels (Table 2). In contrast to 9L cells, only minor changes in
polyamine levels were caused by treatment with both DFMO and
MGBG, compared with changes caused by MGBG treatment
alone.

Accumulation of MGBG in V79 cells was increased 1.9- and
3.1-fold by either simultaneous treatment or by pretreatment
with DFMO, respectively, compared to levels in cells treated with
0.5 IÃ•MMGBG alone (Table 2). MGBG levels in V79 cells were
considerably higher than levels in 9L cells after 4 days of treat
ment.

Uptake Studies. MGBG is transportedintoboth9L and V79
cells by the system that regulates transport of polyamines.
MGBG inhibited putrescine and spermidine uptake, and there
was competition for uptake between MGBG and polyamines,
especially spermidine, in both untreated and polyamine-depleted
cells (results not shown). To investigate whether the relative
insensitivity, compared to V79 cells, of 9L cells to MGBG was
related to transport phenomena, cultures of both cell lines were
incubated in the presence of 10 pM putrescine, spermidine, or
MGBG at 4Â°or at 37Â°for 1 hr. In untreated and DFMO-pretreated

u

1 23456

Time (days)

Chart 2. Effect of DFMO, MGBG, and their use in combination on the growth
of V79 cells. Cells (initial cell number, 10') were grown in the absence (O) or

presence (A) of 1 mm DFMO for 31 hr, at which time (Time 0) the untreated cultures
were supplemented with 0.5 MMMGBG (â€¢),1 mw DFMO (V), or the combination
of 0.5 MM MGBG and 1 RIM DFMO (V), and the DFMO-pretreated cultures were
supplemented with 0.5 MMMGBG (A).

Table 2

Polyamine and MGBG concentrations in V79 cells treated with DFMO and MGBG

Polyamine concentration
(nmol/1 0*cells)Putres-

TreatmentcineNone0.5

MMMGBG, 4days1

RIMDFMO, 4days1

rriM DFMO + 0.5 MM
MGBG, 4days1

HIM DFMO, 5.3days1

rriM DFMO, 5.3 days
+ 0.5 MMMGBG, 4
days0.704.79ND"3.14NO3.06Spermi

dine1.902.340.032.320.062.59Spermine1.000.600.830.820.690.69MGBG

concentra
tion (nmol/
10*cells)0.991.923.06*

ND, not detectable (<5 pmol).

9L cells, rates of putrescine and spermidine uptake at 4Â°were
60 to 70% and 30 to 48%, respectively, of those at 37Â°(Table

3). Uptakeof MGBG at 1 hr was the same for both temperatures.
Pretreatment of 9L cells with 1 mw DFMO for 48 hr before
addition of polyamines or MGBG enhanced uptake of all 3
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MGBG UPTAKE AND EFFECT ON GROWTH IN 2 CELL LINES

Tabte3
Effect of temperature on the 1-hr uptake of putrescine, spermidine, and MGBG in

9L and V79 cells

Pretreat
ment9L

cellsNoneNoneDFMODFMOV79

cellsNoneNoneDFMODFMOTemperature

O437437437437Uptake

(pmol/10"cells)Putrescine15325225635735123643304011Spermidine17436321770126420853957623MGBG18818231130845017675013305

compounds 1.4- to 1.9-fold at 37Â°(Table 3). In V79 cells, uptake
of putrescine, spermidine, and MGBG at 4Â°was less than 25%
of the uptake at 37Â°.As found for 9L cells, uptake was markedly
enhanced by pretreatment with DFMO. At 37Â°,the rate of uptake

of both polyamines and MGBG was about 10 times greater in
V79 cells than in 9L cells (Table 3).

The values of Kâ„¢and Vâ„¢,for spermidine and MGBG transport
at 10 sec (initial permeation) were not affected by DFMO-induced
polyamine depletion in either cell line (Table 4). The 10-sec value

for K,,,for MGBG was similar in both cell lines, but the Vinilxwas
2-fold higher in 9L cells, which may reflect the fact that 9L cells
are somewhat larger and undoubtedly have a greater surface
area. Transport kinetics in 9L cells also remained virtually unaf
fected by DFMO pretreatment at 1 hr, at which time steady-

state turnover of the carrier was measured (Table 4). However,
a significant increase in v,I1Mvalues for spermidine and MGBG
was seen at 1 hr in polyamine-depleted V79 cells. These data

confirmed the results listed in Table 3 and show that the rate of
spermidine and MGBG uptake at 1 hr is strikingly higher in V79
cells than in 9L cells, even though affinities may not be different.

Mitochondria! Function. The effect of DFMO and MGBG on
mitochondrial function was studied by measuring pyruvate oxi
dation in both cell lines. Under the conditions shown in Chart 1,
mitochondrial function in 9L cells was either unchanged or was
enhanced by DFMO and/or MGBG after 3 days of treatment
(Table 5). There was a 70% inhibition of pyruvate oxidation in
V79 cells treated with 0.5 MMMGBG alone for 27 hr. Sequential
or simultaneous treatment with 1 ITIMDFMO and 0.5 Â¿IMMGBG

produced a similar level of inhibition (Table 5). Treatment with 1
mw DFMO alone did not inhibit pyruvate oxidation at either 27
or 50 hr. Intracellular levels of MGBG measured at the time the
pyruvate oxidation assay was performed are also listed in Table
5. Because V79 cells could concentrate MGBG to levels higher
than 9L cells could, virtually the same MGBG levels were present
in V79 cells after 27 hr of treatment with 0.5 >IMMGBG as were
found in 9L cells after sequential treatment with DFMO (120 hr)
and 40 U.MMGBG (72 hr) (Table 5). At this concentration of
MGBG (1600 to 1700 pmol/106 cells) in cells, the rate of pyruvate

oxidation was 146% of control in 9L cells and 30% of control in
V79 cells.

DISCUSSION

V79 cells are sensitive to concentrations of less than 1 ^M
MGBG (3), but 9L cells can tolerate as much as 400 U.MMGBG
for 2 doubling times before cell death occurs (7). In an attempt
to explain different sensitivities of these 2 cell lines to MGBG,
we investigated possible differences in drug transport and cellular
uptake. We found that the rate of MGBG transport in both
untreated and polyamine-depleted cells is approximately 10-fold

faster in V79 cells than in 9L cells. To achieve comparable
intracellular MGBG levels during long-term treatment, 9L cells
must be treated with at least 80-fold higher concentrations of

MGBG in medium than are needed for V79 cells. The greater
uptake of MGBG in V79 cells may be related in part to their
faster growth rate compared to 9L cells; MGBG uptake has been
shown to depend on growth rate in other cell lines (21, 22).
Polyamine and MGBG uptake correlates inversely with intracel
lular levels of polyamines; the lower the intracellular polyamine
levels, the faster the rate of uptake (22). Normal polyamine levels
in 9L cells are considerably higher than levels in V79 cells, which
may contribute to the slower uptake of polyamines and MGBG
in untreated 9L cells.

Putrescine and spermidine depletion by DFMO is similar in
both cell lines; thus, when pretreated with DFMO, both 9L and
V79 cells should take up MGBG at equal rates if the transport
mechanisms were otherwise identical. However, after long-term
treatment, V79 cells pretreated with DFMO have high levels of
both MGBG and polyamines (Chart 2; Table 2), which indicates
that MGBG can accumulate in the presence of relatively high
levels of polyamines intracellulariy. Although DFMO pretreatment

Table 4

Uptake kinetics of spermidine and MGBG in 9L and V79 cells

UntreatedcellsAmine

added +
incubationtime9L

cellsSpermidine,
10secSpermidine,
1hrMGBG,

10secMGBG,
1hrV79

cellsSpermidine,
10secSpermidine,
1hrMGBG.

10secMGBG,
1 hrDFMO-pretreated

cellsyKâ€ž

0"M) (pmol/10" cells/hr) Kâ€ž(MM)6.2

Â±2.0a8.7

Â±1.36.5
Â±1.612.6
Â±3.81

.5 Â±0.47.8
Â±1.05.7

Â±1.44.5
Â±0.4391

Â±8222.3
Â±2.5948
Â±1387.4
Â±1.8246

Â±36232
Â±22408
Â±6063.2
Â±3.87.5

Â±4.66.7
Â±2.15.0

Â±1.85.2
Â±1.30.8

Â±0.312.4
Â±3.97.2

Â±1.34.5
Â±0.8Vâ„¢,

(pmol/10"cells/hr)439

Â±21634.5
Â±6.7"804

Â±1864.7
Â±0.9294

Â±36588
+147"445

Â±57151
+17Â°

" Mean Â±S.E.
0 Significanceversus untreated controls: p < 0.01.
c Significanceversus untreated controls: p < 0.005.
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Tables
Effect of DFMO, MGBG, and their use in combination on pyruvate oxidation in 9L

and V79 cells

Pyruvate oxida-
Intracellular tion (nmol

MGBG (pmol/ "C02/hr/
Treatment 10'Å“lls) 10s cells)

9L cells
None 1.36
40 MMMGBG, 72 hr 956 1.68
1 mM DFMO, 72 hr 1.94
1 mM DFMO + 40 MMMGBG, 72 hr 825 1.68
1 mm DFMO, 120 hr 1.52
1 mM DFMO, 120 hr + 40 MMMGBG, 1570 1.99

72 hr

V79 cells
None 1.06
0.5 MMMGBG, 27 hr 1667 0.32
ImwDFMO, 27 hr 2.17
1 rrtw DFMO + 0.5 MMMGBG, 27 hr 1902 0.47
1IDMDFMO, 50 hr 1.40
1 mw DFMO, 50 hr + 0.5 M" MGBG, 2202 0.37

27 hr

clearly increases MGBG concentrations, the mechanism of this
increase is not obvious in V79 cells, although it is possibly the
result of an increase in the number of binding sites for MGBG.
In addition, the resistance of some cell lines to MGBG has been
related to a rapid efflux of the drug (26). The possibility that 9L
cells may exhibit a faster rate of MGBG efflux than V79 cells
must also be considered in explaining the difference in MGBG
accumulation observed in the 2 cell lines.

Although MGBG uptake was enhanced by DFMO in 9L cells,
cell proliferation was not significantly inhibited. In part, this is
probably because DFMO alone significantly slows 9L cell prolif
eration, and cytostasis is achieved after 3 to 4 days of treatment.
Either sequential or simultaneous treatment with DFMO and
MGBG was advantageous in V79 cells, which may in part be the
result of the fact that DFMO only minimally affects V79 cell
proliferation.

Obviously, the transport systems of polyamines and MGBG
are different for V79 and 9L cells. However, the fact that roughly
equal intracellular MGBG levels (although the periods needed to
achieve these levels are different) are not associated with similar
antiproliferative effects suggests that the relative resistance of
9L cells, compared to V79 cells, does not depend on drug
transport alone. 9L cells can tolerate higher intracellular levels of
MGBG than V79 cells, without cytotoxic effects being observed
in 9L cells. These results may indicate that intracellular targets
for MGBG are different for each cell line.

Because it has been shown that mitochondria are affected
dramatically by MGBG in sensitive cell lines such as L1210 (12,
17), we investigated mitochondrial function in V79 cells and 9L
cells after treatment with DFMO and MGBG. At equal intracellular
concentrations of MGBG (1600 to 1700 pmol/106 cells), the rate

of pyruvate oxidation is essentially unchanged in 9L cells but is
markedly decreased in V79 cells (Table 5). Under these culture
conditions, DFMO pretreatment did not inhibit pyruvate oxidation
in either cell line and did not potentiate the inhibition of pyruvate
oxidation caused by MGBG in V79 cells. These results confirm
the earlier observation, obtained by electron microscopy (14),
that MGBG has little effect on 9L cell mitochondria. In contrast,
we found that DFMO caused 9L cell mitochondria to swell (14).
However, this DFMO-induced morphological modification of the

size of mitochondria in 9L cells was not the same phenomenon
produced by MGBG in other cell lines (12, 17). In addition,
whereas MGBG is cytotoxic to most cell lines, DFMO causes
virtually no cell kill in 9L cells despite the fact that it causes 9L
cell mitochondria to swell.

Polyamine levels did not correlate with growth inhibition
caused by DFMO and MGBG in V79 cells. V79 cells are signifi
cantly growth inhibited by MGBG, despite the minimal effect the
drug has on polyamine levels. We have no explanation for the
unusual finding that spermidine levels are not depleted. This
minimal effect on polyamine levels provides further proof for the
concept that the cytotoxic action of MGBG in V79 cells is not
entirely based on inhibition of S-adenosylmethionine decarbox-

ylase. Our data are consistent with recent findings that MGBG
selectively affects mitochondria (13). Nevertheless, the MGBG
effect may still be polyamine dependent in the sense that MGBG
competes with polyamines for cellular binding sites.
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