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Administration of methylglyoxal bis(guanylhydrazone) to leukaemic mice results in an

early depression followed by a marked elevation of S-adenosyl-L-methionine decarb-
oxylase activity. Further, there is an early prolonged increase in the activity of ornithine
decarboxylase, the initial enzyme in the polyamine biosynthetic pathway. Because of the
profound effects of methylglyoxal bis(guanylhydrazone) in vivo on the polyamine bio-
synthetic pathway, the drug can no longer be considered a specific inhibitor of spermidine
synthesis.

Increased biosynthesis and subsequent accumula-
tion of the polyamines putrescine, spermidine and
spermine have been shown to occur in tissues after
various growth stimuli (Dykstra & Herbst, 1965;
Raina et al., 1966; Russell & Snyder, 1968; Russell,
1970). Although the precise roles of the polyamines in
growth processes are yet unknown, it has been postu-
lated that they play a role in the control of RNA
metabolism (Cohen, 1971). In a number of animal
systems, the accumulation of spermidine parallels
that of RNA (Caldarera et al., 1965; Raina et al.,
1966; Russell & Lombardini, 1971; Heby & Lewan,
1971; Russell & McVicker, 1972). However, it is ex-
ceedingly difficult to obtain definitive data which
specifically show that depression of spermidine syn-
thesis leads to a depression of RNA synthesis. For
this reason, the report by Williams-Ashman &
Schenone (1972), which indicated that methylglyoxal
bis(guanylhydrazone) was a potent inhibitor of sper-
midine synthesis in vitro, was received with great
interest.

Several years ago it was reported that the anticancer
effects of methylglyoxal bis(guanylhydrazone) could
be prevented in L1210 leukaemic mice by the con-
current administration of spermidine (Mihich, 1963).
Probably these results are due to inhibition of spermi-
dine and spermine synthesis, since low concentrations
of methylglyoxal bis(guanylhydrazone) inhibit putre-
scine-stimulated S-adenosyl-L-methionine decarb-
oxylase in extracts of mammalian tissues (Williams-
Ashman & Schenone, 1972). The Mg2"-activated and
putrescine-insensitive S-adenosyl-L-methionine de-
carboxylase of Escherichia coli, on the other hand,
was inhibited only at very high concentrations of
methylglyoxal bis(guanylhydrazone).
When studying the effects of various antineoplastic

agents on the concentrations ofputrescine, spermidine
and spermine in spleens of leukaemic mice, we ob-
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served that all the drugs tested, with the exception
of methylglyoxal bis(guanylhydrazone), caused de-
creases in putrescine, spermidine and spermine con-
centrations (Heby & Russell, 1973a). Methylglyoxal
bis(guanylhydrazone) caused an almost 3-fold in-
crease in the putrescine concentration but a decrease
in the concentrations of spermidine and spermine.
Accordingly, Fillingame & Morris (1973a) found
that addition of methylglyoxal bis(guanylhydrazone)
to transforming lymphocyte cultures led to almost
complete suppression of both spermidine and
spermine formation, whereas putrescine continued
to accumulate, at an even higher rate. Surprisingly, the
activities of both ornithine decarboxylase and S-
adenosyl-L-methionine decarboxylase in dialysed ex-
tracts of the lymphocytes were found to be elevated
(Fillingame & Morris, 1973a).

In an attempt to determine the cause of putrescine
accumulation in methylglyoxal bis(guanylhydrazone)-
treated leukaemic mice we have studied the activities
of the polyamine biosynthetic enzymes in spleen ex-

tracts ofleukaemic and non-leukaemic mice at various
times after a single injection of the drug.

Materials and methods
Chemicals. DL-[1-14C]OMithine monohydrochlor-

ide (12.8mCi/mmol) and S-adenosyl-L-[carboxy-14C]-
methionine (7.7 mCi/mmol) were obtained from New
England Nuclear Corp., Boston, Mass., U.S.A.
Pyridoxal 5-phosphate, dithiothreitol and the hydro-
chloride salts of putrescine and spermidine were

purchased from Calbiochem, Gaithersburg, Md.,
U.S.A. Methylglyoxal bis(guanylhydrazone) (NSC-
32946) was obtained from Microbiological Asso-
ciates, Bethesda, Md., U.S.A., through the courtesy
of Dr. Harry B. Wood, Jr., National Cancer Institute,
Bethesda, Md., U.S.A.

Experimental animals. BDF1 male mice and lym-
phoid leukaemia L1210 tumour strain were obtained
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from Microbiological Associates. Experimental de-
tails of tumour maintenance and transfer have been
previously described (Heby & Russell, 1973b). Into
each mouse 106 L1210 ascites-tumour cells were
inoculated intraperitoneally.
Drug regimen. At 6 days after tumour inoculation,

methylglyoxal bis(guanylhydrazone) (50mg/kg) in
0.9% NaCl, or 0.9% NaCl alone, was injected intra-
peritoneally in a total volume of 0.1 ml.
Enzyme assays. The spleens of leukaemic and non-

leukaemic mice were excised, chilled on ice, rinsed
in 0.9% NaCl, blotted, weighed, and immediately
homogenized in 5 vol. of ice-cold 0.05M-sodium-
potassium phosphate buffer, pH 7.2, containing 1 mm-
dithiothreitol. Because any methylglyoxal bis(guanyl-
hydrazone) still present in the spleen extracts would
directly inhibit the S-adenosyl-L-methionine de-
carboxylase activities (Heby & Russell, 1973a), the
supernatant after centrifugation at 20000g was
dialysed for 4h in three changes of 3 litres of 0.01 M-
sodium-potassium phosphate buffer, pH7.2, con-
taining 0.01 mM-dithiothreitol and 3,FM-pyridoxal
5-phosphate. Dialysed supernatants were used as
enzyme preparations in all the assays.

Assay for ornithine decarboxylase activity. Enzyme
activity was determined by measuring the release of

"CO2 from DL-[1-14C]ornithine as previously de-
scribed (Russell & Snyder, 1968) with the following
minor modification. The buffer used in the assays
was 0.05M-sodium-potassium phosphate buffer,
pH7.2, containing 1 mM-dithiothreitol.

Assays for putrescine- or spermnidine-stimulated
S-adenosyl-L-methionine decarboxylase activities. En-
zyme activities were determined by measuring the
release of "'CO2 from S-adenosyl-L-[carboxy-"4C]-
methionine in the presence of either putrescine or
spermidine, as previously described (Russell, 1972).
The activators putrescine or spermidine were added
in saturating concentrations, i.e. 2.5mM and 5mM
respectively.

Results

We have studied the effects of a single intraperito-
neal injection of methylglyoxal bis(guanylhydrazone)
on polyamine biosynthesis in the spleen of normal
and leukaemic mice 6 days after the inoculation of
L1210 cells. At 6 days after transplantation the
leukaemic infiltration almost completely obliterated
the normal structure of the spleen (Heby & Russell,
1973a).
Within 4h after administration of methylglyoxal
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Fig. 1. Changes in the activities ofthe enzymes in thepolyamine biosynthetic pathway in the mouse spleen in response
to administration ofmethylglyoxal bis(guanylhydrazone) (50mg/kg)

Methylglyoxal bis(guanylhydrazone) in 0.9% NaCl, or 0.9% NaCl alone, was administered in a total volume of
0.1 ml. Tumour-bearing mice had been inoculated with 106 L1210 leukaemic cells 6 days before initiation ofmethyl-
glyoxal bis(guanylhydrazone) treatment. Previously it has been shown that by day 6 of tumour growth leukaemic
infiltration almost completely obliterates the normal structure of the spleen (Heby & Russell, 1973a). (a) Ornithine
decarboxylase activity was determined by measuring the release of 14CO2 from DL-[1-_4C]ornithine. (b) Putrescine-
stimulated and (c) spermidine-stimulated S-adenosyl-L-methionine decarboxylase activities were determined by
measuring the release of 14CO2 from S-adenosyl-L-[carboxy-14C]methionine in the presence of putrescine or
spermidine respectively. Each value plotted represents the mean±S.E.M. of four spleen extracts. Five spleens were
used for the preparation of each extract. o, Tumour-bearing mice given 0.9% NaCl. *, Tumour-bearing mice
given methylglyoxal bis(guanylhydrazone). ----, Control (non-tumour) mice given 0.9% NaCl. A, Control
(non-tumour) mice given methylglyoxal bis(guanylhydrazone). In all cases enzyme activities were measured at
4, 8, 12 and 24h after administration of 0.9% NaCl or the drug.

1973

1122



SHORT COMMUNICATIONS

bis(guanylhydrazone) ornithine decarboxylase acti-
vity increased 3-fold in leukaemic mice (Fig. la).
This marked elevation of ornithine decarboxylase
activity persisted through 12h after administration of
methylglyoxal bis(guanylhydrazone). The enzyme
activity then declined, but was still elevated by 24h
after injection ofmethylglyoxal bis(guanylhydrazone)
when compared with the controls (0.9 %-NaCl-
injected leukaemic mice). In non-leukaemic mice
there was a brief, but 3-fold, increase in the ornithine
decarboxylase activity at 8h after administration of
methylglyoxal bis(guanylhydrazone) when compared
with the controls (0.9 %-NaCl injected non-leukaemic
mice). Addition of methylglyoxal bis(guanyl-
hydrazone) directly to the reaction mixture did not
markedly affect the ornithine decarboxylase activity.
The putrescine-stimulated S-adenosyl-L-methio-

nine decarboxylase activity in leukaemic mice was
markedly depressed 4h after administration of
methylglyoxal bis(guanylhydrazone) when compared
with the controls (0.9 %-NaCl-injected leukaemic
mice) even after extensive dialysis (Fig. lb). At 8-12h
after the injection of methylglyoxal bis(guanyl-
hydrazone), however, the activities of putrescine-
stimulated S-adenosyl-L-methionine decarboxylase
were similar to those of the controls (0.9 %-NaCl-
injected leukaemic mice). Within 24h after drug
administration the enzyme activity was significantly
elevated. The putrescine-stimulated S-adenosyl-L-
methionine decarboxylase activity in non-leukaemic
mice showed a 4-fold increase within 12h after
administration of methylglyoxal bis(guanylhydra-
zone) when compared with the controls (0.9 %-NaCl-
injected non-leukaemic mice) (Fig. Ib). A decrease in
the enzyme activity at 4h was recorded only if the
enzyme preparation was not dialysed. The increase in
enzyme activity was transient, and 24h after drug
treatment the activity was within the range of the
control.
The pattern of spermidine-stimulated S-adenosyl-

L-methionine decarboxylase activity after admini-
stration of methylglyoxal bis(guanylhydrazone) (Fig.
ic) was similar to that of the putrescine-stimulated
activity (Fig. Ib) for all four groups ofmice. However,
at 8-12h after the drug injection the spermidine-
stimulated S-adenosyl-L-methionine decarboxylase
activity in leukaemic mice was significantly elevated
over that of the controls (0.9 %-NaCl-injected leuk-
aemic and non-leukaemic mice). In the control groups
(0.9 %-NaCl-injected leukaemic and non-leukaemic
mice) there was about a 2: 1 preference for putrescine
compared with spermidine as the acceptor for the
propylamine moiety from decarboxylated S-adenosyl-
L-methionine at all times (Figs. lb and lc). However,
in the methylglyoxal bis(guanylhydrazone)-treated
animals theenzyme no longerexhibited any preference
for putrescine as opposed to spermidine, i.e. the
activity of spermidine-stimulated S-adenosyl-L-
Vol. 136

methionine decarboxylase was as high as that of
the putrescine-stimulated enzyme. This observation
indicates that methylglyoxal bis(guanylhydrazone)
may change the specificity requirements for sub-
strate.

Discussion
Duringthe last few years it hasbeenshown repeated-

ly that very low concentrations (<1 jLM) of methyl-
glyoxal bis(guanylhydrazone) almost completely
inhibit S-adenosyl-L-methionine decarboxylase acti-
vities when added to enzyme preparations or cell-cul-
ture media, or after injection into animals (Williams-
Ashman & Schenone, 1972; Heby & Russell, 1973a;
Fillingame & Morris, 1973a,b; Pegg, 1973; Kay &
Pegg, 1973; Pegg et al., 1973). The increase in the
putrescine concentration produced by the inhibitor
seemed to be caused by the continued formation of
putrescine by ornithine decarboxylase while synthesis
of spermidine and spermine was inhibited. Ornithine
decarboxylase activity was reported not to be affected
when methylglyoxal bis(guanylhydrazone) was added
directly to the tissue extracts. However, in accordance
with a previous observation (Fillingame & Morris,
1973a) we have found that treatment with methyl-
glyoxal bis(guanylhydrazone) in vivo markedly
stimulates ornithine decarboxylase activity. Therefore
the accumulation of putrescine subsequent to
methylglyoxal bis(guanylhydrazone) treatment seems
to be due not only to inhibition of spermidine syn-
thesis but also to increased synthesis of putrescine.
Strangely enough, however, S-adenosyl-L-methionine
decarboxylase activities were also markedly elevated
after methylglyoxal bis(guanylhydrazone) treatment
when the enzyme was assayed in dialysed tissue ex-
tracts (Fillingame & Morris, 1973a; Pegg et al., 1973).
Recent results indicate that the enhancement of
S-adenosyl-L-methione decarboxylase activities after
administration of methylglyoxal bis(guanylhydra-
zone) may be due to an effect of this drug on the half-
life of this enzyme (Pegg et al., 1973; Fillingame &
Morris, 1973b). The half-life increased from 2h to
more than 20h in the kidney and from 40min to more
than 20h in concanavalin A-stimulated lymphocytes
after administration of methylglyoxal bis(guanyl-
hydrazone). It was suggested that the drug decreases
the degradation of S-adenosyl-L-methionine de-
carboxylase by direct interaction with the enzyme
(Fillingame & Morris, 1973b). Assays ofnon-dialysed
spleen extracts showed that the S-adenosyl-L-
methionine decarboxylase activities were greatly
inhibited for several hours after treatment with
methylglyoxal bis(guanylhydrazone). Also, since
the assay conditions represented a 5-fold dilution of
the tissues the inhibition of the enzyme in vivo may
have been greater than that evaluated in vitro.
The stimulation of ornithine decarboxylase activity

as well as the inhibition of S-adenosyl-L-methionine
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decarboxylase activity would account for the in-
creased concentration of putrescine found in tissues
after administration of methylglyoxal bis(guanyl-
hydrazone) and indicate that any attempt to use this
drug as a tool to ascertain the precise role that spermi-
dine plays in mammalian tissues will have to be inter-
preted with caution. That is, severalfold increases in
the putrescine concentrations could well be sufficient
to allow for normal cellular function in spite of de-
creased synthesis of spermidine and spermine.

This work is supported in part by grants from the
National Cancer Institute and the U.S. Public Health
Service (PHS-1-Rol-Ca 14783-01).
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