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ABSTRACT

The effect of a continuous i.v. infusion of a-difluoromethylornithine
(DFMO) on the polyamine metabolism of tumor and normal host tissue
was determined. Non-tumor-bearing Fischer 344 rats or rats bearing a
transplantable fibrosarcoma received continuous infusions of DFMO
through a central venous catheter at three dose levels. Treatment with
DFMO resulted in a time- and dose-dependent, cytostatic effect on the
growth of the tumor. In fibrosarcoma-bearing rats the tumor putrescine
levels were reduced after 6 and 12 days of DFMO treatment. Tumor
spermidine levels were consistently reduced after 6 and 12 days of
treatment with the reduction being dose dependent. The decrease in tumor
ornithine decarboxylase activity was dose dependent. Erythrocyte putres
cine levels were decreased in tumor- and non-tumor-bearing rats, sug
gesting that DFMO reduces the tumor contribution to the erythrocyte
pool. Erythrocyte spermidine levels of fibrosarcoma- and non-tumor-
bearing rats were elevated at the lower DFMO doses administered for
12 days but returned to normal as the dose was increased. Erythrocyte
spermine levels were elevated in both groups of rats at all DFMO doses.
Although normal host tissue weights were not affected by treatment with
DFMO, the putrescine and spermidine levels of liver, spleen, and kidney
and ornithine decarboxylase activity of the liver and kidney were de
creased. These data demonstrate that i.v. DFMO has a cytostatic effect
toward a rapidly growing fibrosarcoma associated with the depletion of
both tumor putrescine and spermidine levels.

INTRODUCTION

The polyamines putrescine, spermidine, and spermine are
required for optimal cell growth, although their precise physi
ological role is not well established (1, 2). An association
between increased polyamine synthesis and rapidly growing
cells has stimulated interest in the relationship of polyamines
to malignant disease. Increased levels of polyamines have been
observed in erythrocytes, plasma, urine (2), and cerebrospinal
fluid (3) of the tumor-bearing host. Because erythrocytes con
tain a majority of the polyamines in the circulation (4, 5), they
are more sensitive markers for the presence of a tumor than
plasma (5).

DFMO3 is an irreversible inhibitor of ODC, which is a rate-
limiting enzyme in the biosynthesis of polyamines. ODC con
verts ornithine to putrescine and is sensitive to positive and
negative stimuli (1). Several studies have shown that DFMO
has an amÂ¡proliferativeactivity against a variety of experimental
tumors (6-13). Because ODC has a short half-life, continuous
parenteral administration of DFMO would theoretically inhibit
ODC activity more effectively. Herein we report the effect of a
continuous infusion of DFMO on the polyamine levels of
erythrocytes, liver, spleen, kidney, and tumor and ODC activi-
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ties of tumor, liver, and kidney. The results demonstrate that
DFMO has a significant time- and dose-dependent cytostatic
effect on the growth of a transplantable fibrosarcoma. The
polyamine content and ODC activities of tumor and normal
host tissues were also affected by continuous DFMO treatment.

MATERIALS AND METHODS

Male Fischer 344 rats were purchased from Harlan-Sprague Dawley
(Houston, TX). All rats were allowed at least a 7-day acclimation period
prior to use in an experiment. During this period and throughout all
experiments, the rats were given chow (Purina 5001) and water ad
libitum and were maintained in a 12-h light:dark cycle.

The effect of continuous infusion of DFMO on polyamine metabo
lism of fibrosarcoma-bearing and non-tumor-bearing rats was com
pared. Non-tumor-bearing rats were age matched and treated similarly
to tumor-bearing rats throughout the experiments. Tumor-bearing rats
received a transplantable methylcholanthrene-induced fibrosarcoma, as
a brei, s.c. in the right flank and were returned to their respective cages.
After the tumors were 1.0 cm in width (10 to 14 days after inoculation),
two dimensional measurements were initiated, and the tumor weight
was calculated by a previously published formula (14). The rats were
randomized to 1 of 4 groups by tumor weight when the calculated
tumor weight was approximately 5 to 7 g. Rats were anesthetized with
phÃ©nobarbital(40 mg/kg, i.p.), and a sterile, Silastic catheter was placed
in the superior vena cava as previously described (IS). Rats were allowed
to recover overnight with access to food and water. The patency of the
infusion line was maintained with 0.45% NaCl solution (30 IU of
sodium heparin/ml). The following morning a continuous infusion of
DFMO in 0.45% NaCl solution at one of three doses was initiated.
Controls received 0.45% NaCl solution at an identical infusion rate.
The flow rate of the solutions was controlled by a Holler 903 infusion
pump (Critikon, Tampa, FL) at 40 ml/day for 6 or 12 days.

At the end of the respective infusion period, rats were anesthetized
with ketamine (50 mg/kg, i.m.), and the tumors were measured two
dimensionally. The rats were exsanguinated through the abdominal
aorta into a vacutainer tube containing heparin, after which the tumor,
liver, spleen, and kidneys were removed and weighed. The liver, spleen,
and kidneys were stored intact at -70*C until analysis. Necrosis-free
tumor tissue was separated and stored at -70'C. The hemorrhagic

necrosis (16) is small with respect to the amount of viable tumor tissue
and easily removed. No attempt was made, however, to quantitate
necrosis with respect to treatment. The polyamine levels of erythrocytes
(nmol/ml packed cells) and tissues (nmol/g wet tissue) as well as tissue
ODC activity (nmol CO2/h/g wet tissue) were analyzed according to
the methods outlined by Harris et al. (17). Tumor growth was evaluated
as the percentage of increase in tumor weight during the 6 or 12 days
of infusion.

All data are reported as the mean Â±SD. Statistical evaluation of the
differences between means was accomplished with Student's t test (P <
0.05, two-tail).

RESULTS

The tumor weights at the beginning of the 6 and 12 days of
treatment were equivalent (Table 1); the tumors of control rats
grew progressively with no spontaneous regressions. The
growth rate of the fibrosarcoma wascalculated as the percentage
of increase in weight during treatment. At the low dose of
DFMO (400 and 425 mg/kg/day), tumor growth was signifi-
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Table 1 Effect of a continuous i.v. infusion of DFMO on tumor growth

Dose of
DFMO-0.45%

NaCl400
Â±n4837

Â±1551696
Â±2320.45%

NaCl425
Â±61916

+591697
Â±190Days

of
infusionn6

453512

6345Tumor

wt*Initial6.1

Â±0.7''6.0

Â±0.36.5
Â±1.26.2
Â±0.75.8

Â±1.05.1
Â±0.66.4
+0.95.5
Â±1.0Final14.1

Â±2.014.2
Â±3.211.4

Â±1.412.0
Â±1.827.0

Â±4.215.6
Â±2.515.0+
1.811.

1 Â±1.8%

of in
crease'133

Â±29105
Â±3278
Â±24'94

Â±21'371

Â±66204
Â±26'142
+55'104Â±46''/

"'The dose of DFMO (mg/kg body weight/day) administered as a constant i.v.

infusion via a central venous catheter. NaCl solution (0.45%) was administered
to control rats at the same rate used for the DFMO infusions.

'' A transplantable fibrosarcoma growing s.c. in the flank. Tumors were mea

sured, and the weights were calculated before and after DFMO treatment.
' Percentage of increase in tumor weight during the infusion.
1/MeanÂ±SD.
' Means that differ significantly as compared with 0.45% NaCl solution-infused

rats for the respective length of infusion.
^ Means that differ significantly compared with 435 Â±61 mg/kg day dose.

cantly reduced only after 12 days of treatment (Table 1). Treat
ment with the intermediate dose of DFMO for 6 and 12 days
resulted in a significant reduction of tumor growth as compared
with the controls receiving 0.45% NaCl solution for the same
length of infusion. At the low and intermediate doses the
percentage of increase after 12 days of infusion was greater
than that at 6 days for the respective dose range. When rats
were treated with the high dose of DFMO (1700 mg/kg/day),
however, the tumor growth after 6 days of treatment was
equivalent to that after 12 days (94 Â±21% versus 104 Â±46%,
respectively).

Continuous administration of DFMO for 6 and 12 days
resulted in reduced tumor putrescine levels at all doses of
DFMO compared with the control (Fig. 1). The tumor sper-
midine levels, however, were reduced by successive increases in
the dose to approximately 837 and 916 mg/kg/day for 6 and
12 days of treatment, respectively, but were not further de
creased by an escalation of the dose to 1700 mg/kg/day. The
tumor spermine levels increased with successive increases in
the dose of DFMO and were consistently greater than the levels
in controls at doses greater than 800 mg/kg/day.

The tumor ODC activity (Fig. 2) after 12 days of continuous
DFMO treatment was decreased at the low dose compared with
the control. Successive increases in the dose of DFMO resulted
in a further dose-related decrease in ODC activity.

The effect of DFMO on the polyamine levels in the liver,
kidney, and spleen of non-tumor-bearing rats is illustrated in
Fig. 3. The putrescine and spermidine levels in the liver, spleen,
and kidney were consistently decreased after DFMO treatment.
The spermine levels in the liver but not the spleen and kidney
were increased at the intermediate and high dose of DFMO.
The liver, kidney, and spleen weights of tumor-bearing and non-
tumor-bearing rats were not affected by a continuous 12-day
treatment regimen of DFMO (data not shown).

The hepatic ODC activity (Fig. 4) was reduced when the
intermediate and high dose of DFMO was administered. The
ODC activity of the kidney (Fig. 4) was decreased at the low
and intermediate dose of DFMO with a further reduction
occurring at the high dose. Splenic ODC activity was not
determined because the low activity (18) and tissue size allowed
only quantitation of polyamines without pooling of tissues.

DFMO administration for 6 days resulted in lower erythro-
cyte putrescine levels compared with controls but had no sig
nificant effect on spermidine or spermine levels (data not
shown). The erythrocyte putrescine levelsof fibrosarcoma-bear-
ing and non-tumor-bearing rats treated with DFMO for 12 days
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Fig. 1. Tumor polyamine levels (nmol/g wet tissue) after 6 or 12 days of a
continuous infusion of DFMO. Points, mean of 3 to 5 rats with a transplantable
fibrosarcoma; bars, SD. *, mean of rats receiving DFMO that differs significantly
from that of the respective polyamine receiving 0.45% NaCl solution control; **,
mean that differs from that of rats receiving 400 mg/kg/day of DFMO (6 days)
or 425 mg/kg/day of DFMO (12 days).
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Fig. 2. ODC activity (numi CO.. released/h/g wet tissue) of a transplantable
fibrosarcoma after 12 days of continuous infusion of DFMO. Points, mean of 3
to 5 tumors; bars, SD. The activity after each successive increase in the dose
differs significantly from the activity after treatment with the preceding dose.

were significantly reduced compared with the 0.45% NaCl
solution-infused controls (Fig. 5). When DFMO was adminis
tered for 12 days, the erythrocyte spermidine levels (Fig. 5) of
tumor-bearing and non-tumor-bearing rats were significantly
elevated at doses below 800 mg/kg/day. The spermidine levels
peaked at a dose of 400 mg/kg/day and then decreased toward
normal with higher doses. The erythrocyte spermine levels(Fig.
5) were significantly elevated by all doses of DFMO adminis
tered for 12 days to tumor- and non-tumor-bearing rats.
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Fig. 3. Polyamine levels (nmol/g wet tissue) of the liver, kidney, and spleen
of non-tumor-bearing F344 rats after 12 days of continuous infusion of DFMO.
Points, mean of 3 to 5 rats; bars, SD. *, mean of rats receiving DFMO that differs
significantly from that of the respective polyamines of control rats receiving
0.45% NaCI solution.

30

20

10

0 1000 2000 2200

Dose DFMO Img/kg/d)

Fig. 4. ODC activity (nmol CO2 released/h/g wet tissue) of liver (A) and
kidney (â€¢)of non-tumor-bearing rats after 12 days of continuous infusion of
DFMO. Points, mean of 3 to 5 rats; bars, SD. *, mean that differs significantly
from that of the control; **, mean that differs significantly from that of rats
receiving 540 and 1043 mg/kg/day of DFMO.

DISCUSSION

The transplantable fibrosarcoma used in these studies has
previously been demonstrated to grow exponentially up to 69
Â±15 g with a doubling time of 4 days (16); tumor growth of
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Fig. 5. Erythrocyte polyamine levels (nmol/ml packed erythrocytes) of fibro-

sarcoma-bearing (â€¢)and non-tumor-bearing (A) F344 rats receiving a continuous
infusion of DFMO for 12 days. Points, mean of 3 to 5 rats; bars, SD. *, mean of
rats receiving DFMO that differs significantly from that of the respective poly-
amines of control rats receiving 0.45% NaCI solution. The putrescine levels of
DFMO-treated rats differ significantly compared with the respective tumor- or
non-tumor-bearing control rats receiving 0.45% NaCI solution.

control, untreated rats was exponential during the treatment
periods. The host toxicity of DFMO to male Fischer 344 rats
has previously been reported (19). Thrombocytopenia was the
dose-limiting toxicity. Platelet count suppression was time and
dose dependent at 1000 and 2000 mg/kg of body weight/day,
but was not evident at a dose of 500 mg/kg of body weight/
day. No diarrhea was noted, although a decrease in the villi
length of the duodenum and jejunum occurred at the high dose.
No DFMO-related changes in host weight occurred.

The cytostatic effect of DFMO toward this tumor was both
time and dose dependent. The tumor weight of rats which
received the low or intermediate doses continued to increase in
size from Day 6 to Day 12 although at a slower rate (percentage
of increase) than the controls. At the high dose of DFMO the
tumor growth after 6 and 12 days of treatment was not signifi
cantly different, suggesting that growth was completely inhib
ited after 6 days of treatment. The calculated doubling time of
the fibrosarcoma is 4.4 days (16). Growth inhibition of this
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solid tumor was evident after 6 days or about 1.5 doubling
times at the high dose of DFMO. Previously, 2 to 3 doubling
times were necessary in tissue culture before significant DFMO
effects on cell growth were noted (20, 21), suggesting that the
fibrosarcoma is sensitive to DFMO treatment.

The relationship between specific tumor polyamine levels
and antiproliferative activity of DFMO is tumor specific (7,
10). The cytostatic activity of DFMO toward the fibrosarcoma
was associated with reduced tissue levels of putrescine and
spermidine and ODC activity. The DFMO-related decrease in
tumor growth was associated with the dose-related decrease in
ODC activity. The tumor levels of putrescine were reduced by
greater than 90% after all DFMO doses, while the tumor
spermidine levels were decreased 50 to 60% at the highest
DFMO dose.

Except after treatment with the low dose of DFMO, the
hepatic and kidney ODC activities and putrescine levels de
creased simultaneously. A significant decrease in the level of
putrescine without a concomitant, significant reduction in he
patic ODC activity was unexpected, but has previously been
reported for HTC cells in culture (21) and the spleens of non-
tumor-bearing mice (12) treated with DFMO.

The majority of circulating polyamines occur in the erythro-
cytes (4, 5). Normal human erythrocytes have no polyamine
biosynthetic enzymes (22). Our data suggest that ODC and
SAMDC activity in rat erythrocytes is negligible4 and would

not be expected to contribute significantly to the polyamine
levels. The erythrocytes therefore may function as a polyamine
transport (4). This conclusion is supported by Lundgren and
coworkers who reported that the transient increases in blood
spermidine levels decreased rapidly after parturition (23) and
the normal menstrual cycle (24). Lower erythrocyte putrescine
levels after DFMO treatment corresponded with lower putres
cine levels in tumor and normal tissues. The erythrocyte pu
trescine levels of fibrosarcoma-bearing rats were greater than
those of non-tumor-bearing rats, confirming our earlier report
(16). The erythrocyte putrescine levels of tumor-bearing and
non-tumor-bearing rats treated with DFMO were similar, sug
gesting that DFMO reduced the tumor contribution to the
erythrocyte pool. The increased erythrocyte spermidine levels
at lower doses of DFMO occurred when both tumor and host
tissue levels were low. Russell and coworkers have previously
suggested that an increase in serum spermidine levels indicates
a tumor response to cancer therapy (25-27) and cell death.
Increased erythrocyte spermidine levels during DFMO infusion
were equivalent for tumor-bearing and non-tumor-bearing rats
and cannot be attributed to DFMO-induced changes in tumor
spermidine levels or metabolism. Increased erythrocyte sperm-
ine levels during DFMO infusion were not related to the
presence of tumor. Slight increases of tumor and host tissue
sperm ine levels might have accounted partially for the large
increases of erythrocyte spermine levels observed during drug
infusion. Other possibilities include increased erythrocyte up
take, reduced erythrocyte release, or reduced degradation of
spermine in host or tumor tissue.

DFMO administered by continuous i.v. infusion had a cyto
static effect on the growth of an established fibrosarcoma. The
growth inhibition was associated with reduced tumor putrescine
and spermidine levels and erythrocyte putrescine levels com
pared with controls. The optimal dose of an antitumor drug
depends on effective cytotoxicity to the tumor without inducing
severe host toxicity. When administered by continuous infusion

4 Unpublished observations.

in this model, DFMO at 500 mg/kg/day for 12 days resulted
in slower tumor growth without significant thrombocytopenia
(19). Further inhibition of tumor growth might be achieved by
reduction of the spermidine levels with longer DFMO infusion
times or with combination therapy with a drug such as meth-
ylglyoxal bis(guanylhydrazone) that preferentially interferes
with spermidine synthesis.
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