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Abstrae~Changes in immunological function and in the activity of S-adenosylmethionine decarboxy- 
lase were studied in bone marrow and spleen cells from mice immunized with sheep red blood cells 
and given multiple doses of methylglyoxal-bis(guanylhydrazone) (CH3-G) or CH3-G in combination 
with spermidine. Inhibition by CH3-G was found in the complement-dependent and complement-inde- 
pendent immune responses of cells from both tissue sources; however, this inhibition was greater 
and more persistent in bone marrow than in spleen cells. Co-administration of spermidine with CH3-G 
completely prevented this inhibition in the spleen at all the time points studied, whereas in the bone 
marrow prevention appeared later and was lower in magnitude. The increase in the activity of S-adeno- 
sylmethionine decarboxylase, a key enzyme in spermidine biosynthesis, was greater in bone marrow 
than in spleen after the administration of CH3-G. Co-administration of spermidine with CH3-G consis- 
tently reduced this increase in enzyme activity in spleen but not in bone marrow, in addition to 
prevention, appropriate scheduling of spermidine subsequent to CHa-G resulted in reversal of both 
the immunosuppression and the increase in S-adenosylmethionine decarboxylase activity produced by 
CH3-G in spleen cells. 

Methylglyoxal-bis(guanylhydrazone) (CH3-G) is an 
antiproliferative agent which has been used in the 
treatment of acute myelocytic leukemia [ l ,  2] and is 
currently being used for the maintenance in acute 
myelocytic leukemia (E. Henderson, personal com- 
munication). Although the mechanism of cytotoxicity 
by CH3-G is still unknown, the prevention of its pro- 
liferative toxicity by spermidine [3] suggests that this 
effect may be related to an interference with polya- 
mine metabolism. CHa-G has been found to inhibit 
S-adenosylmethionine decarboxylase (SAMDC), a key 
enzyme involved in the biosynthesis of spermidine 
[4]. However, administration of this drug in vivo has 
led to an increase in SAMDC activity in various 
rodent tissues [5]. This was apparently due to an in- 
tracellular stabilization of the enzyme as a result of 
drug binding which was manifested as an apparent 
increase in enzyme half-life and an eventual increase 
in enzyme activity. Furthermore, CH3-G has been 
shown to compete with spermidine for uptake into 
cells [6]. Since increases in polyamine levels have 
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been correlated with increases in cellular proliferation 
[7], the relationships of CH3-G to polyamines may 
be related to the antiproliferative action of the drug. 

The effectiveness of CH3-G as a cancer chemo- 
therapeutic agent has been limited by its toxicity to 
host tissues such as gastro-intestinal epithelium and 
various cell types within the immune system [2]. Pre- 
vious studies from this laboratory have shown selec- 
tivity in the effects of CH3-G on immune effector cells 
within mouse spleen [8], namely the immune re- 
sponse of antibody-forming B cells to sheep red blood 
cells (SRBC) was inhibited while the responses of 
phagocytes and non-specific killer cells were not 
affected as a result of CH3-G administration. Corre- 
spondingly, the uptake of CH3-G as well as the CH 3- 
G-related enhancement in SAMDC activity was 
greater in "B cell"-enriched populations than it was 
in "T cell"-enriched populations. 

This investigation was undertaken to compare the 
effects of CH3-G on mouse bone marrow and spleen 
cells and also to evaluate the antagonistic influence 
of spermidine on the changes caused by CH3-G in 
these tissues. It was found that after the administra- 
tion of CH3-G to mice, the increase in SAMDC ac- 
tivity and the inhibition of the immune response to 
SRBC appeared to be greater and longer lasting in 
bone marrow than in spleen cells. Co-administration 
of spermidine with CH3-G prevented these drug- 
related changes in spleen but not in bone marrow. 
By appropriate scheduling, spermidine also reversed 
the changes caused by CH3-G in spleen cells. 
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MATERIALS AND M E T H O D S  

Chemicals. Meth ylglyoxal-bis(guanylhydrazone) 
dihydrochloride was obtained from the Cancer 
Chemotherapy National Service Center, National 
Cancer Institute, Bethesda, MD. Labeled S-adenosyl- 
L-methionine [ t 4 C O O H ]  (10mCi/mmolel  was pur- 
chased from New England Nuclear and radioactive 
sodium chromate (SlCr) was purchased from Amer- 
sham/Searle. Spermidine (grade A) was obtained as 
the trihydrochloride salt from CalBiochem. Both 
CHa-G and spermidine were dissolved in saline im- 
mediately before injection. 

Treatment of animals. Inbred C57B1/6 Jacobs 
(C57Bl/6Ja) female mice, 10-12 weeks old, obtained 
from the animal breeding center at Roswell Park 
Memorial  Institute, West Seneca, NY, were used 
throughout this study. Mice were immunized i.p. with 
a single dose of 5 × 108 SRBC as antigen. Treatment  
with CH3-G, spermidine, CHs-G plus spermidine, or 
CH3-G followed by spermidine was begun 3 hr after 
the administration of SRBC. Each agent was given 
i.p. in a dose of 85 mg/kg/day in accordance with the 
schedules outlined in Results. There was no evidence 
of toxicity with any of the drug schedules reported 
in this study. 

Cell suspensions. Each treatment group consisted 
of four mice from which spleen, femurs and tibias 
were removed. The spleens from each group were 
pooled and single cell suspensions were obtained [9]. 
The femurs and tibias from each group were also 
pooled. The ends of the bones were severed and a 
25 gauge needle attached to a 3 cm 3 syringe contain- 
ing RPMI  1640 medium was inserted into the marrow 
cavity. Marrow was flushed from the cavity with this 
medium, and clumps of marrow cells were dispersed 
by aspiration through a 22 gauge needle fitted to the 
same 3 cm 3 syringe. Cell suspensions obtained from 
spleen and bone marrow were washed once in saline 
and once in medium, resuspended in RPMI  1640 
medium containing 5% heat-inactivated fetal calf 
serum, counted microscopically, and then used in the 
various assays. In all the treatment groups the cells 
were found to be more than 90 per cent viable by 
the trypan blue exclusion technique [10], and the 
total recovery of cells was similar in these groups. 

Determination of S-adenosylmethionine decarbox y- 
lase activity. Approximately 1 x 108 spleen or bone 
marrow cells were washed and resuspended in 0.5 ml 
of ice-cold 25 mM Tris buffer (pH 7.5), containing 
0.1 mM EDTA and 5 mM dithiothreitol and were 
then disrupted in a Pot ter-Elvehjem homogenizer 
with a motor-driven Teflon pestle. Homogenates  were 
centrifuged at 100,000 O for 60 min and supernatants 
were used as a source of enzyme. S A M D C  activity 
was determined by measuring the release of ~4C02 
from SAM[14COOH]  as previously described [11]. 
The standard incubation mixture contained in a final 
volume of 0.2 ml: 0.5 #mole putrescine, 1 #mole dith- 
iothreitol, 20/amoles of sodium potassium phosphate 
buffer, pH 7.2, 0.04 pmole SAM[I 4COOH]  
( ~ 30,000 dis./min), and 50/~l of the cell extract. Incu- 
bations were carried out for 60 min at 37 °. Enzyme 
activities were corrected for non-specific release of 
CO2 with cell extract which had been heated at 100 ° 
for i0 min and thereafter assayed as above, and activi- 

ties were expressed as nmoles CO2 released/mg of 
protein/60min. Protein concentrations were deter- 
mined by the method of Lowry et al. [12]. 

Cytotoxicity assays. SRBC were labeled with 51Cr 
as previously described [8], and the release of 51Cr 
from SRBC, after incubation with either spleen cells 
or bone marrow cells, was used as a measure of cyto- 
toxicity. 

In complement-dependent cellular cytotoxicity 
(CDCC), various numbers of spleen or bone marrow 
cells were mixed with I x 105 5~Cr-labeled SRBC in 
12 x 75 mm plastic tubes (Falcon) in a volume of 
0.2 ml RPMI 1640 medium containing 5% heat-inacti- 
vated fetal calf serum and incubated at 37 ° in an at- 
mosphere of 10% CO2 in air for 45 min. Guinea pig 
complement (0.4 mt of a 1 to 40 dilution) was then 
added and the incubation was continued for another 
45 min. In this test, antibody to SRBC secreted from 
immune spleen or  immune bone marrow cells binds 
to target SRBC and marks them for complement- 
mediated cytotoxicity [t3].  The complement-indepen- 
dent cellular cytotoxicity (CICC) differed from 
C D C C  in that the incubation of spleen or bone mar- 
row cells with labeled SRBC was carried out for 20 hr 
and no complement was added. In this test the se- 
creted antibody bound to target SRBC marks them 
for the lyric action of killer cells contained in the 
spleen or bone marrow cell populations [14]. 

The C D C C  and CICC reactions were stopped by 
diluting the incubation mixtures with 2 ml of ice-cold 
medium. In order to determine the release of 51Cr 
in each test, cell suspensions were centrifuged at 500 g 
for 5 min and supernatants were poured off into 
12 × 75 mm disposable glass tubes. Radioactivity in 
both pellet and supernatant was obtained as cpm in 
a Packard Auto-Gamma spectrometer. The per cent 
of 51Cr released from the SRBC target cells was cal- 
culated as a ratio in the following way: 

~o 51Cr release = supernatant (cpm) 
pellet (cpm) + supernatant (cpm) 

× I00.  

The per cent specific release was the difference 
between the percentage ratios obtained with spleen 
or bone marrow cells from immunized animals and 
those obtained with spleen or bone marrow cells from 
non-immunized animals. 

All assays in this investigation were carried out in 
duplicate and each experiment was repeated at least 
three times. Although there was considerable vari- 
ation in the absolute values obtained from each ex- 
periment, the differences between drug-treated and 
control groups were consistent and did not vary by 
more than 15 per cent from experiment to experiment 
in the case of immunosuppression and by more than 
40 per cent in the case of enzyme enhancement. 

RESULTS 

Immunosuppressive effects of CHa-G. Daily i.p. 
treatment of mice, immunized against SRBC, with 
CHa-G (85 mg/kg) for 5 days resulted in a marked 
suppression on day 7 of the C D C C  and CICC im- 
mune responses of both spleen and bone marrow cells 
to 51Cr-labeled SRBC at all effector to target cell 
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Fig. l. Effects of CH3-G and CH3-G plus spermidine on 
CDCC and CICC responses of mouse bone marrow and 
spleen cells at different effector to target cell ratios. 
C57BI/6Ja mice were immunized with a single i.p. injection 
of 5 x 10 a SRBC (E3) on day 0, and their bone marrow 
and spleen cells were tested for immune functions on day 
7. Some groups of mice were also injected i.p. with an 
85 mg/kg dose of CH3-G (I),  or with an 85 mg/kg dose 
of CH3-G plus an 85 mg/kg dose of spermidine (11) on 
day 0, 3 hr after antigen administration, and again on days 
1, 2, 3 and 5. Spleen or bone marrow cells were incubated 
with 5'Cr-labeled SRBC at the ratios indicated below the 
corresponding set of bars and assayed for CDCC and 
CICC as described in Materials and Methods. The CDCC 
and CICC responses obtained with spleen and bone mar- 
row from mice immunized with SRBC and treated with 
spermidine were 2 to 7 units greater than the responses 

obtained in the immunized control group. 

ratios studied (Fig. 1). Immunosuppress ion  appeared 
to be greater in bone marrow than in spleen cells. 
Co-adminis t ra t ion  of equal doses of spermidine with 
CH3-G resulted in a prevention of the drug-induced 
suppression of the C D C C  and CICC responses of 
spleen cells and  the C D C C  response of bone marrow 
cells but  no t  of the CICC response of bone marrow 
cells. Trea tment  with spermidine alone had  no in- 
fluence on the immunological  responses (data not  
shown). 

M a r k e d  inhibi t ions of C D C C  and CICC responses 
in bo th  bone marrow and  spleen cells were also 
observed 6 days after immuniza t ion  in CH3-G-t rea ted  
groups (Fig. 2). These inhibi t ions  persisted in bone 
mar row cells, whereas in spleen cells a gradual  recov- 
ery occurred by days 7 and  8. Co-adminis t ra t ion  of 
spermidine completely prevented the CH3-G-rela ted 
suppression of the C D C C  and CICC responses in 
spleen cells a t  the times studied. In contrast ,  in bone 
mar row cells spermidine did no t  prevent  the suppres- 
sion of these responses on day 6; by day 7, spermidine 
prevented the suppression of the C D C C  response and  
by day 8, prevention of both  responses was seen (Fig. 
2). 

Enhancement in the activity of SAMDC after CH3-G 
administration. The CH3-G-induced changes in the ac- 
tivity of S A M D C  and the effect of spermidine co- 
adminis t ra t ion on these changes were investigated in 
bone marrow and  spleen cells in order  to determine 
whether  drug-induced changes in enzyme activity 
would manifest a selectivity similar to that  found in 
the effects on immunological  function. As shown in 
Table 1, the activity of S A M D C  was increased more 
than 30-fold over control  values in both  bone marrow 
and  spleen cells from mice treated with CHa-G after 
the 5-day drug t rea tment  schedule outfined in Fig. 
1. This  increase had  previously been found to be inde- 
pendent  of immuniza t ion  [8]. Adminis t ra t ion of sper- 
midine a lone did not  appear  to affect the activity of 
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Fig. 2. Time course of immunosuppression in mouse bone marrow and spleen cells after treatment 
with CH3-G, and the prevention of this suppression by co-administration of spermidine. C57B1/6Ja 
mice were treated and their bone marrow and spleen cells were tested at the above indicated times 
as outlined in the legend for Fig. 1. The effector to target cell ratio was 10:1 for the CDCC response 

and 50:1 for the CICC response. The symbols indicate groups similar to those for Fig. 1. 
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Table 1. Activity of SAMDC in bone marrow and spleen 
cells from mice treated with CH3-G, spermidine, or CH3-G 

plus spermidine* 

CO2(nmoles/mg protein/60 min) 
Drug 

treatment Bone marrow Spleen 

Control 0.8 (1.3 
CH3-G 27.2 12.7 

Spermidine 1.2 0.2 

CH3-G + 
spermidine 21.9 3.8 

*C57B1/6 Ja mice were treated i.p. with CH3-G 
(85 mg/kgh spermidine (85 mg/kg), or CH3-G plus spermi- 
dine (85 mg/kg each drug) on days 0, 1, 2, 3 and 5. Mice 
were sacrificed on day 7 and bone marrow and spleen 
cells were tested for SAMDC activity as described in 
Materials and Methods. 

S A M D C  in either tissue (Table 1). However,  after the 
co-adminis t ra t ion of spermidine, the CH3-G- 
mediated increase in S A M D C  activity in spleen was 
only 33 per cent whereas the increase in bone mar row 
was nearly 80 per cent of that  found with CH3-G 
alone (Table 1). 

Time-dependent  kinetics of S A M D C  activity was 
studied after a single dose of CH3-G or CH3-G plus 
spermidine. The maximal increase in enzyme activity 
was 20- to 40-fold at  48 hr  after CH3-G in both  spleen 
and  bone marrow, a l though the basal level of enzyme 
activity was consistently higher in the bone marrow. 
In agreement  with previous results, there was a 50 
per cent reduction in such increase of enzyme activity 
in the spleen after spermidine co-adminis t ra t ion,  
whereas there was only a slight reduction of that  in- 
crease in the bone marrow (Table 2). 

Reversal of CH3-G effects by spermidine. In order 
to explore the possibility that  spermidine may also 
antagonize CH3-G at intracellular sites, spermidine 
was administered,  once daily, i.p., for 3 days. The first 
spermidine injection was given 2 4 h r  after the final 
i.p. t rea tment  with CH3-G, which was adminis tered 
once daily on days 0 and  1 or on days 0, 1 and 2. 
As shown in Fig. 3, adminis t ra t ion  of spermidine on 
days 2, 3 and  4 reversed the immunosuppress ion  
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Fig. 3. Effect of administration of spermidine subsequent 
to that of CH3-G on the immunosuppressive action of 
CH3-G. C57B1,/6Ja mice were immunized with a single 
i.p. injection of 5 × l0 w SRBC on day 0 and were then 
treated with CH3-G or CH3-G followed by spcrmidine on 
the days indicated in the figure. Spleen cells were harvested 
on day 7 and were incubated with 5tCr-labeled SRBC at 
an effector to target cell ratio of 10:1 for 1.5hr in the 
CDCC test and at a ratio of 50:1 for 20hr in the CICC 

test. 

resulting from CH3-G t reatments  on days 0 and  1. 
Similarly, such a schedule of spermidine administra-  
tion also resulted in a reduction of accumulat ion of 
S A M D C  to abou t  33 per cent of that  seen with 
CH3-G alone (Table 3). However, when t reatment  
with CH3-G was prolonged for 1 more day, no  signifi- 
cant  reversal of immunosuppress ion  occurred by ad- 
ministering spermidine for the next 3 days (Fig. 3) 
a l though the activity of S A M D C  was reduced to 
abou t  50 per cent of that  seen with CH3-G alone 
(Table 3). 

DISCUSSION 

CH3-G t reatment  resulted in suppression of the 
function of immune effector cells from both  bone 
marrow and  spleen. However,  this drug effect 
appeared to be greater in the bone marrow. The en- 
hancement  of S A M D C  activity was also greater in 
the bone marrow, suggesting a possible parallel 

Table 2. Kinetics of enhancement of SAMDC in bone marrow and spleen from mice 
treated with CH3-G or CH3-G plus spermidine* 

CO2(nmoles/mg protein/60 min) 

Bone marrow Spleen 

Drug 
treatment 24 hr 48 hr 72 hr 24 hr 48 hr 72 hr 

Control 0.7 0.5 0.8 0.2 0.3 0.3 
CH3-G 10.3 20.1 5.9 4.1 6.0 2.5 
CH3-G + spermidine 9.8 19.4 5.0 1.8 3.5 1.8 

* C57BI/6Ja mice were injected i.p. with a single 85 mg/kg dose of CH3-G or CH3-G 
and 85 mg/kg of spermidine. At the indicated times after drug administration, mice 
were sacrificed, and the activity of SAMDC was determined in cells from bone marrow 
and spleen as described in Materials and Methods. Tissues from mice receiving spermi- 
dine alone possessed the enzyme activities within +_ 0.2 units of the control. 
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Table 3. Effect of administration of spermidine subsequent to that of CH3-G on the 
CH3-G-mediated enhancement of SAMDC in mouse spleen cells* 

Treatment 

Drug(s) Days of Adm. CO2(nmole/mg protein/60 min) 

Control 

CHa-G 0, 1 

CH3-G + 0, 1 
spermidine 2, 3, 4 

CH3-G 0. 1,2 

CH3-G + 0, 1, 2 
spermidine 3, 4, 5 

0.1 

1.4 

0.4 

1.2 

0.6 

* C57BI/6Ja mice were treated with CH3-G or CH3-G followed by spermidine 
on the days indicated in the table. Spleen cells were harvested on day 7, and the 
activity of SAMDC was determined as described in Materials and Methods. 

between the effect on enzyme and immunosuppres- 
sion. The biochemical basis for the accumulation of 
SAMDC in cells treated with CH3-G is believed to 
be due to stabilization of the enzyme rather than to 
increased synthesis 1,5]. The basis for immunosup- 
pression by CHa-G is not clear. It may result from 
either an inhibition of spermidine and spermine bio- 
synthesis 1,15, 16] or from a direct interaction of 
CH3-G with some macromolecules 1-17, 18] in cyto- 
plasm or within some organelle, such as, mitochon- 
dria [19]. Indeed, mitochondria seem to be a selective 
target site for CH3-G action in L1210 cells 1-20]. Since 
the blood flow to spleen does not appear to be slower 
than that to the bone marrow, the greater effects of 
CH3-G in bone marrow may be due to a greater 
uptake and/or  retention of CH3-G by oone marrow 
cells. 

Co-administration of spermidine with CH3-G was 
more effective in preventing immunosuppression of 
spleen cells than of bone marrow cells. This effect 
together with the greater reduction in the accumu- 
lation of S A M D C  in spleen cells may be related to 
a differential distribution of spermidine in the two 
tissues which could result in a greater inhibition of 
the CH3-G uptake at the plasma membrane level in 
spleen cells [6]. However, since administration of 
spermidine subsequent to CH3-G under the appro- 
priate schedule was indeed effective in reversing the 
drug effect, the basis for such antagonism may involve 
intracellular sites as well. It is known that CH3-G 
causes a specific inhibition of the putrescine-activated 
SAMDC, this resulting in the inhibition of spermidine 
and spermine biosynthesis [16,21]. Although the 
enzyme protein accumulates in the presence of 
CHa-G, possibly due to stabilization I-5], the enzyme 
activity in CH3-G-treated cells does not seem to be 
adequate to maintain spermidine pools [16]. When 
the drug concentration is reduced by dilution or di- 
alysis, the enzyme activity is measurable and is con- 
siderably higher than that of untreated controls. If 
the cytotoxicity of CH3-G were indeed related to its 
ability to inhibit polyamine biosynthesis, this would 
be consistent with the observed correlation between 
drug action on S A M D C  accumulation and immuno- 
suppression. Alternately, inhibition of polyamine bio- 
synthesis and accumulation of S A M D C  may rep- 
resent independent drug effects occurring in parallel 
with the immunosuppressive effect of CH3-G. The 

above correlation between increased accumulation of 
SAMDC and decreased cellular function, although 
qualitative in nature, may be useful in obtaining a 
gross assessment of the sensitivity of a target cell type 
to CH3-G. As such it may be helpful in improving 
the therapeutic application on this agent. Thus, 
further work is indicated to verify this possibility. 

It has been shown previously that co-adminis- 
tration of spermidine antagonizes the antiproliferative 
effects of CH3-G 1,3]. However, the possibility that 
delayed administration of spermidine may actually 
reverse CH3-G action has not been explored pre- 
viously. Our data (Table 3 and Fig. 3) not  only show 
that such a reversal or rescue occurs but also that 
a quantitative difference exists in this respect between 
the two tissues examined. Regardless of its basis, it 
may be worthwhile to explore further the rescue from 
CH3-G action by spermidine with a view to increase 
the selectivity of anti-leukemic action of CHa-G by 
appropriate sequential scheduling of CH3-G and 
spermidine. 
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