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ABSTRACT
Ornithine decarboxylase (ODO catalyzes the rate-limiting step in the

synthesis of polyamines, it has a short half-life, and its synthesis is under
hormonal control. Recently, insight into the role of ODC and thus into
the physiology of polyamines has been gained by the use of an inhibitor
of ODC, difluoromethylornithine (DFMO). In the present report cell
proliferation was measured by a stathmokinetic method in the crypt
epithelium of the jejunum and colon of normal rats and in dimethylhy-
drazine-induced colonie tumors. Growth of human colon tumor xenografts
in immunosuppressed mice and mouse colon tumor isografts was also
assessed.

Cell proliferation in primary colonie tumors was substantially sup
pressed by a single dose of DFMO at 100 mg/kg whereas the normal
crypt epithelium of the small and large intestine required two doses at
400 mg/kg to produce a similar magnitude of inhibition of cell prolifera
tion. DFMO was also found to suppress cell proliferation in, and the
growth of, the transplantable colon cancers. Because of the apparent
selectivity of the antimitotic activity of DFMO towards tumors, ODC
inhibitors may prove to be useful anticancer drugs.

INTRODUCTION

The polyamines have long been known to be associated with
rapid cell proliferation in both normal and neoplastic tissues
(1,2) and ODC3 is the rate-limiting enzyme for the synthesis
of these agents. Increased ODC activity and/or elevated poly-
amine levels have recently been shown to be associated with
intestinal epithelial hyperplasia during lactation (3), following
intestinal resection (4-6), and during recovery from intestinal
damage caused by cytotoxic drugs (7) or obstruction (8). ODC
levels are also increased by the intestinal carcinogens DMH (9)
and azoxymethane (10), while drug-induced inhibition of ODC
reduces the effectiveness of each of these carcinogens (10, 11).
Intestinal tumors of both rodent and human origin are known
to have higher ODC activity and/or higher polyamine levels
than the corresponding normal mucosa (10,12,13) and patients
with colon tumors excrete elevated levels of polyamines in their
urine (14). Given this background, it was decided to investigate
the short term influence of an ODC inhibitor, DFMO, on
epithelial cell proliferation in the small and large intestine of
rat in DMH-induced primary rat colonie tumors and in trans
plantable, DMH-induced mouse colonie tumors. The longer
term effect of DFMO on the growth of human colonie tumor
xenografts was also assessed. DFMO is an enzyme-activated
inhibitor of ODC (14) that has been shown to be effective in
mouse large intestine (11), rat small and large intestine (10),
and human colon carcinoma in vitro (IS).

MATERIALS AND METHODS
Animals. Male Sprague-Dawley rats were fed Clark King GR2 pellets

and tap water ad libitum. Only male rats were used because, in our
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laboratory, the incidence of colon tumors in female rats treated with
DMH is low. Male and female inbred CBA mice were fed irradiated
feed and tap water acidified to pH 2 with HC1 ad libitum. Both male
and female mice were used because they each support equally well the
transplantable tumors used in these experiments.

Induction of Rat and Mouse Colonie Tumors. Commencing at the age
of 5 weeks rats and mice were given 15 weekly s.c. injections of 21 mg
of DMH (Aldrich Chemical Co., Inc., Milwaukee, WI) per kg (10, 16).
The stock solution for injections contained 400 mg of DMH dissolved
in 100 ml of distilled water containing 37 mg of EDTA and was
adjusted to pH 6.5 using sodium hydroxide. Ten weeks after the last
injection the animals were used in the experiments described below.

Immunosuppression Technique. Mice were immunosuppressed using
a technique similar to that previously reported (11, 17). Immunosup
pressed mice were used in preference to congenitally athymic mice
because the former are more readily obtained in large numbers and are
sufficiently robust to be kept under clean conventional conditions,
rather than under specified pathogen-free or gnotobiotic conditions.
Briefly, mice 16-20 days old were thymectomized under general anes
thesia. After an interval of 18-21 days the mice were given i.p. injections
of 1-jÃ®-D-arabinofuranosylcytosine (Cytosar; The Upjohn Company,
Kalamazoo, MI) at a dose of 200 mg/kg and were then subjected 48 h
later to 8.5 Gy of whole body irradiation from a '37Cs source (Gamma

Cell 1000; Atomic Energy of Canada, Ottawa, Ontario, Canada). Pre
treatment with l-|8-D-arabinofuranosylcytosine obviates the need for
subsequent reconstitution of bone marrow that would otherwise be
necessary.

Xenograft and Isograft Technique. Tumor tissue from either a sur
gically resected specimen (designated HXM2) or from DMH-treated
mice (lines DMH1 and DMH2) was finely chopped in cold Dulbecco's
modified Eagle's medium (Commonwealth Serum Laboratories, Mel

bourne, Australia). All manipulations were carried out under sterile
conditions in a Biohazard Cabinet (Clemco, Sydney, Australia). Tumor
line HXM2 is a moderately differentiated human nummi adenocarci-
noma that originated in the descending colon and the growth of which
is retarded by serotonin antagonists, but not histamine H2 receptor
antagonists (18). Lines DMH1 and DMH2 are moderately well differ
entiated mouse colon tumors, with similar proliferative activity and
inhibitory response to histamine H2 receptor antagonists but only
DMH2 is inhibited by serotonin antagonists (19). Immunosuppressed
mice for xenografting and intact mice for isografting were anesthetized
and small pieces of tumor (2-3 mm in largest diameter) were introduced
through a single 5-mm midline dorsal incision and positioned in lateral
s.c. pockets, formed by a blunt dissection, in each flank of the mouse.
The dorsal incision was then closed using a single 9-mm Auto clip
(Clay Adams, Parsippany, NJ). Following a period of 6-8 weeks
xenografts with a volume estimated to be 2-3 ml were surgically
removed from mice and used to propagate the tumor line in a second
generation of mice. The procedures used for transplantation into the
second and subsequent generation of mice were identical to those
described for the initial transplantation.

Tumor Measurement. Starting on the 21st day after implantation,
tumors were measured every 1 or 2 days for periods of up to 30 days.
The greatest and least superficial diameters of xenografts were mea
sured using vernier calipers and the volume of xenografts was calculated
using the formula

Volume = (Mean diameter)3 x â€”
6

The volume of each tumor on each day of assessment (I,) was divided
by the volume of the same tumor on the day at the commencement of
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assessment (( â€ž)to obtain the relative tumor volume (ly/r,,). The
logarithm of this quotient was then calculated and the mean for each
group of experimental and control mice was plotted as a function of
time. The relative tumor volume was calculated because interxenograft
variations in this parameter arise only during the period of treatment;
the logarithm of the quotient was plotted against time because of the
previously observed linearity of logarithm volume versus time graphs
for xenografts. A least square estimate of the gradient of the graph of
log y,/ya versus time was then made and the tumor volume-doubling
time was estimated from this gradient. Groups of 8 mice received either
acidified tap water (controls) or acidified tap water containing either 2
or 4% DFMO (Merrell-Dow Research, Strasbourg, France).

Estimation of Mitotic Rates. Rats and mice, either normal or carcin
ogen treated, were given i.p. injections of the metaphase-airesting agent,
vinblastine sulfate (Velbe; Eli Lilly Co.,), 8 mg/kg, at 12 noon and were
killed by decapitation at times ranging from 12:45 p.m. to 4 p.m. All
estimates of cell proliferation were commenced at the same time of day
to avoid errors due to circadian variation in cell proliferation in the
crypt epithelium and in tumors (20, 21). Counts of metaphase and of
nonmetaphase cells in the crypt epithelium of the proximal jejunum or
descending colon and in colonie adenocarcinomas were made at x 1250;
metaphase indices were calculated and corrected for sectioning unitaci
and, in the crypt epithelium, were also corrected for geometric artifacts
as described previously (22).

Graphs of true metaphase index versus duration of vinblastine treat
ment were then constructed for each experimental group of tissues
having mitoses blocked for a period of 0.75 to 4 h. The regression
coefficients for each of the graphs was then calculated using the method
of least squares; this calculated value represents the rate at which cells
enter metaphase and has the units of mitoses per cell per h. The
statistical significance of apparent differences between the values of the
regression coefficient for different experimental groups of tissue was
estimated by analysis of variance (23).

Initially the mitotic rate was studied in six normal rats, in six normal
mice, and in six rats with primary DMH-induced tumors and six mice
with each of the transplantable colonie tumor lines. Another six tumor-
bearing rats were given i.p. injections of DFMO at a dose of 100 nig/
kg at 8 a.m., and the mitotic rate in their tumors was studied over the
period 12 noon to 4 p.m. The doses of DFMO and the times at which
they were given are based on an earlier study of its effectiveness in rat
tissues (10, 24). Cell proliferation in the crypt epithelium was studied
in groups of six normal rats or mice treated with DFMO as outlined in
Tables 1-4.

RESULTS

Treatment with DFMO, whether p.o. or parenteral, was well
tolerated by all the animals used. Results in Table 1 indicate
that a relatively small dose of DFMO profoundly suppressed
cell proliferation in DMH-induced tumors of rat colon but was
without statistically significant effect on crypt cell proliferation
in the small or large intestine of the same animals. When higher
doses of DFMO were administered to normal rats (Table 2)
cell proliferation was moderately suppressed in the colonie
crypts, but only at the highest dose used (400 mg/kg at 9 a.m.
and again at 12 noon) was a statistically significant effect seen
in the small intestine. In both lines of mouse colon tumor
isografts (Table 3) cell proliferation was strongly inhibited by

Table 1 Influence of DFMO on cell proliferation in the crypt epithelium of the
jejunum and of the descending colon and in colon carcinoma

of DMH-treated rats

Dose of DFMO
at 8 a.m.

(mg/kg)Nil

(control)
100Mitotic

rate, mean Â±
(mitoses/cell/h)Jejunum0.053

Â±0.007
0.046 Â±0.003Descending

colon0.028

Â±0.004
0.023 Â±0.002SEColon

carcinoma0.025

Â±0.004
0.008 Â±0.004"

Â°P > 0.01 versus control.

Table 2 Influence of DFMO on cell proliferation in the crypt epithelium of the
jejunum and of the descending colon of normal rats

Dose of DFMO
(mg/kg)

8a.m. 12 noon

Mitotic rate, mean Â±SE
(mitoses/cell/h)

Descending
Jejunum colon

Nil (control)
200
200
400
400

200

400

0.060 Â±0.008
0.041 Â±0.007
0.042 Â±0.008
0.043 Â±0.009
0.032 Â±0.008*

0.033 Â±0.004
0.018 Â±0.004Â°
0.013 Â±0.003Â°
0.019 Â±0.003Â°
0.013 Â±0.002Â°

" P < 0.01 versus control.
* P < 0.025 versus control.

Table 3 Influence of DFMO on cell proliferation in isografts of DMH-induced
tumors of mouse colon

Dose of DFMO
(mg/kg)

Mitotic rate, mean Â±SE
(mitoses/cell/h)

8a.m. 12 noon DMH1 DMH2

Nil (control)
200 200

0.036 Â±0.005
0.009 Â±0.005Â°

0.028 Â±0.002
0.010 Â±0.002

Â°P< 0.001 versus control.

Table 4 Influence of DFMO p.o. on cell proliferation in the crpyt epithelium of
mouse jejunum

Dose ofDFMO(M
100 ml in drinking
water) for 24h0

(control)
2
4Mitotic

rate, mean Â±SE
(mitoses/cell/h)0.052

Â±0.005
0.056 Â±0.004
0.032 Â±0.004Â°

1P < 0.05 versus control.
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Fig. 1. Plot of log VJVa versus time for tumor line HXM2. , control;
, 2% DFMO in drinking water, ,4% DFMO in drinking water. Each

point represents the mean from 16 xenografts carried by 8 mice.

DFMO. In longer term experiments, DFMO added to the
drinking water of mice retarded the growth of human colon
tumor xenografts (Fig. 1). Tumors in control animals grew with
a mean doubling time 4.9 days over the 30 days of the experi
ment. The graph of log V,/V0versus time showed good linearity
for the duration of the experiment (correlation coefficient,
0.996). Tumors in DFMO-fed mice grew significantly more
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slowly (P < 0.001) than did those in control mice, but the
doubling times for tumors in the mice drinking 2 or 4% DFMO
for 10.4 and 11.0 days, respectively, were statistically similar
(P > 0.25). Mitotic rates for jejunal crypt cells in CBA mice
drinking tap water (controls) or tap water with 2 or 4% DFMO
for 24 h is shown in Table 4.

DISCUSSION

The preceding results show that DFMO is able to strongly
inhibit cell proliferation in intestinal tumors of rat, mouse, and
human origin at lower doses than are required to inhibit prolif
eration of normal cells in the intestine of either rat or mouse.
The 50% lethal dose for DFMO in rats and mice is over 3 g/
kg i.p. and over 5 g/kg p.o. (4), greatly above the doses used in
these experiments. Only at i.v. doses of 1000 mg/kg/day for 7
days does DFMO produce diarrhea in monkeys (25). Given a
combination of an antitumor effect at relatively low doses and
a low toxicity, DFMO must be considered as a potentially
useful anticancer drug. The reason why DFMO is a relatively
selective inhibitor of tumors of the intestine by comparison to
the normal intestine is not clear, but two alternative explana
tions appear to be worth contemplating: (a) cell proliferation
in tumors may be more dependent on ODG-catalyzed polya-
mine synthesis than is cell proliferation in normal tissue; (h)
ODC in normal intestine may be relatively resistant to the
inhibitory effects of DFMO. In support of the first notion is
the observation that ODC and polyamine levels are higher in
tumors than in the normal intestine (10, 12, 13) and yet cell
proliferation in the normal intestine is faster than that in tumors
(22, 26). The second possibility is supported by the observation
that DFMO only inhibits cytoplasmic ODC as distinct from
nuclear ODC (27) and there is, of course, a possibility that in
some tissues nuclear ODC may be more relevant to the control
of cell proliferation.

Our current results support the previous work by Luk et al.
(4-6, 13) and Kingsnorth et al (l l, 12, 15) as well as that from
some other laboratories (8, 10) regarding the importance of
polyamines in intestinal epithelial cell proliferation. More spe
cifically, Luk and Baylin (6) found as we did (see Table 4) that
DFMO at 2% in drinking water did not inhibit cell division in
the normal small intestine. However, the same dose of DFMO
was strongly inhibitory in the crypt epithelium after jejunec-
tomy (6) and after malignant transformation (Fig. 1), both
circumstances being associated with elevated ODC activity (5,
10). The demonstrated importance of ODC in the regulation
of cell proliferation is the normal intestine and in intestinal
tumors may also be relevant to our earlier observations regard
ing the influence of biogenic amines and cyclic nucleotides on
cell proliferation in these tissues. Briefly, biogenic amines such
as norepinephrine, histamine, and serotonin are well established
as regulators of cyclic nucleotide metabolism (28-30). Norepi

nephrine appears to be a stimulant to cell proliferation in the
crypt epithelium of the small and large intestines (31, 32)
possibly acting via an a2-adrenoceptor (33). Colonie tumor cell
proliferation by contrast appears to be stimulated by serotonin
(34) and histamine (35). Blockade of serotonin and histamine
receptors has been shown to retard the growth of human
colorectal tumor xenografts in immune-deprived mice (36-38).
Given that each of these amines is able to influence cAMP
synthesis and that cAMP is able to induce ODC via type I
cAMP-dependent protein kinase (39) and possibly to inhibit
ODC activity via Type II cAMP dependent protein kinase (40),
evidence for an information pathway for the regulation of cell

proliferation, from extracellular stimulation by norepinephrine,
serotonin, or histamine, via membrane or cytoplasmic receptors
to cyclic nucleotides and thence polyamines, is beginning to
emerge.

Inhibition of ODC by DFMO may also prove to be a useful
strategy for analyzing the mechanism by which the numerous
factors known to influence intestinal crypt cell and tumor cell
proliferation operate. It should be possible to at least classify
these factors into a group that operates by stimulating ODC
and a group which acts by a pathway independent of ODC.
Studies in this field are currently under way in our laboratory.
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