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ABSTRACT

Inhibitory effects of a-difluoromethylomithine (DFMO) on uri
nary bladder carcinogenesis were examined using the heterotop-

ically transplanted rat urinary bladder (HTB) model. Male Fischer
rats with an HTB were arbitrarily divided into four groups. Group
1 rats received into the HTBs 0.25 mg of A/-methyl-A/-nitrosourea

(MNU) once a week for 3 weeks, followed by instillation twice a
week of 0.5 ml of 2% DFMO dissolved in normal rat urine. Group
2 rats received the same amount of MNU, followed by instillation
of urine without DFMO. Group 3 rats received a single dose of
0.25 mg of MNU, followed by instillation twice a week of urine
containing 2% DFMO. Group 4 rats were treated as those in
Group 3 but without DFMO. At 8, 14, and 20 weeks after the
last MNU administration, urothelial polyamine levels and [3H]

thymidine incorporation by the urothelium of HTBs were deter
mined in nine rats of Groups 1 and 2. The remaining animals of
Groups 1 and 2 were killed 25 weeks after the beginning of MNU
injection, while those of Groups 3 and 4, 30 weeks after the
MNU treatment. The contents of 3 polyamines (putrescine, sper-

midine, and spermine) in urothelial cells were significantly lower
in Group 1 as compared with Group 2. The incidences of carci
noma were significantly lower in the groups treated with DFMO
(p < 0.001, Group 1 versus Group 2; p < 0.005, Group 3 versus
Group 4). These observations indicate that administration of
DFMO inhibits (or retards) bladder carcinogenesis in HTBs. A
possible mechanism for this effect is suppression of polyamine
biosynthesis and proliferation of bladder epithelial cells.

INTRODUCTION

The intracellular content of polyamines (putrescine, spermi-
dine, and spermine) and the activity of ODC4, which catalyzes

the first step in polyamine synthesis (20), are closely related to
cell proliferation, differentiation, and neoplasia (11).

DFMO is an enzyme-activated irreversible inhibitor of ODC

(17) and suppresses growth of normal and neoplastic cells (28).
Inhibitory effects of DFMO have been reported on tumorigenesis
of the skin and colon (13, 31, 33).

The HTB system was developed in our laboratory as a model
for urinary bladder carcinogenesis (25). Topical application of
MNU to the HTB resulted in the development of carcinoma, and
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the incidences were dependent upon the dose of the carcinogen
(18, 24, 26). Using this model, we demonstrated tumor-enhanc
ing activity by both whole normal rat urine and specific urinary
fractions (1, 2, 23). Urine and the tumor-enhancing urinary frac

tions were also capable of inducing ODC in a bladder carcinoma
cell line, 804G cells (10). Thus, there appears to be a close
relationship between tumor-promoting activity in vivo and ODC

inducibility in vitro (1, 2). A recently completed study in our
laboratory (6) showed that DFMO completely inhibits ODC in
duction by urine, or by the specific urinary ODC-inducible fraction,

in 804G cells. Furthermore, inhibition of ODC activity was clearly
associated with significant reduction of polyamine (putrescine
and spermidine) levels and inhibition of cell proliferation.

The present experiment was conducted to determine whether
chronic administration of DFMO inhibits bladder carcinogenesis
initiated by MNU and promoted by urine.

MATERIALS AND METHODS

Male Fischer F344 rats were purchased from Chartes River Breeding
Laboratory, Wilmington, MA. Urinary bladders were transplanted into the
gluteal muscle of recipient animals by the technique described previously
(23, 25). The rats were housed in plastic boxes 4 to 6/cage in an air-
conditioned room at 22Â° with 50% humidity under a 12-hr light-dark

cycle. They had free access to water and chow diet (Purina 5012;
Ralston Purina Co., St. Louis, MO).

The urine collected from normal male Fischer rats was adjusted to pH
7.0 with 0.5 N NaOH and 700 mOsmol with distilled water (5) and stored
at -80Â° until use. DFMO (a gift of the Merrell Research Center, Merrell-

Dow Pharmaceuticals, Inc., Cincinnati, OH) was dissolved in urine at 2%
(w/v) and adjusted to pH 7.0 with 10 N NaOH immediately before use. A
preliminary test was conducted to determine the weekly DFMO instillation
schedule; residual radioactivity was measured 1, 3, and 7 days after
instillation of 2% DFMO containing [14C]DFMO (56 Ci/mol; Amersham

Corp., Arlington Heights, IL) into four 4-week-old HTBs. The results,
when expressed as a percentage of the 0-time aspirate, were 87% at
Day 1, 75% at Day 3, and 60% at Day 7 (n = 4 at each time point).

Based on the results, it was decided to instill DFMO twice a week.
Aspirates were also taken from four 23-week-old HTBs Â¡nGroup 1

(treated with MNU, urine, and DFMO) 4 days after instillation, and residual
amounts and concentrations of DFMO were measured by radioactivity
as well as by an amino acid analyzer. The latter analysis was performed
in the laboratory of Dr. A. Veis, Department of Oral Biology, Northwestern
University Dental School.

The experimental design is shown in Chart 1. Four weeks after bladder
transplantation, the recipients were arbitrarily divided into the following
4 groups. Groups 1 and 2, each consisting of 65 rats, received topical
instillation into the HTBs of 0.25 mg of MNU (ICN Pharmaceuticals, Inc.,
Plainview, NY) in 0.5 ml of 0.9% NaCI solution once a week for 3 weeks.
Groups 3 and 4, each consisting of 35 rats, were treated once with 0.25
mg of MNU. One week after the last MNU administration, rats of Groups
1 and 3 received twice a week into their HTBs 0.5 ml of 2% DFMO
dissolved in normal rat urine, and rats of Groups 2 and 4 received twice

CANCER RESEARCH VOL. 45 FEBRUARY 1985

648

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421995/cr0450020648.pdf by guest on 19 M

ay 2023



BLADDER TUMOR INHIBITION BY DFMO

weekQ

group
jâ€”i

1

2

3

4567 14 2p 26 29 34

Chart 1. Experimental design. Four weeks after bladder transplantatton (^),
rats received into the HTBs one or 3 instillations of 0.25 mg of MNU (Â»)followed
by instillation into the HTBs of urine with 2% DFMO P) or urine without DFMO (â€¢)
twice a week. Nine rats were killed for polyamine assay and autoradiography (f ).
For the first 4 weeks, 0.9% NaCI solution was instilled once a week (LI).

a week 0.5 ml of urine without DFMO. At 8,12, and 20 weeks after the
last MNU treatment, 4 rats each of Groups 1 and 2 were sacrificed for
polyamine assay. An additional 5 rats were sacrificed for autoradiography
using [3H]thymidine. All the remaining rats of Groups 1 and 2 were

sacrificed at 25 weeks, and animals of Groups 3 and 4, at 30 weeks
after the beginning of MNU treatment.

Polyamine Assay. HTBs were washed in situ with 2 changes of 0.5
ml of 0.9% NaCI solution, treated in situ with up to 1 ml of 0.1% trypsin
and 0.05% EDTA in phosphate-buffered saline (0.8% NaCI-, 0.02%
KCI-, 0.115% Na2HPO4-, 0.02% KH2PO4) for 5 min, and then removed

together with the attached reservoir. The bladders were everted, and
the portion with an inflammatory polyp (24) was resected and discarded.
After further incubation in 3 ml of 0.01% trypsin and 0.025% EDTA in
phosphate-buffered saline at 37Â°for 45 min, the mucosa! surface was

squeezed gently with forceps. Detached cells were washed twice with
10 ml of 10% fetal calf serum (Grand Island Biological Co., Grand Island,
NY) in Eagle's minimal essential medium. After hemolysis by hypotonie

shock, cell viability of more than 90% was ascertained by the try pan
blue exclusion test. The cells were disrupted in 250 n\ of 0.2 N perchloric
acid by an ultrasonic cell disruptor (Cell Disrupter 185; Branson Sonic
Power Co., Danbury, CT) and centrifugea at 3000 rpm for 20 min. The
supernatant was stored at -20Â° until analysis. The pellet was used for

DNA determination.
Polyamine concentrations in the cell extracts were measured by

reverse-phase high-performance liquid chromatography using a gradient

of acetonitrile in aqueous phosphate buffers with octane sulfonate as an
ion-pairing reagent. Detection and quantitation of the eluted polyamines
were achieved by postcolumn derivatization with o-phthalaldehyde and

fluorometric detection. The assay used was a minor modification of the
procedure described by Seiler and KnÃ¶dgen (29). Recovery was esti
mated using diaminohexane as an internal standard.

DNA was determined by a fluorometric method described by Kissane
and Robins (14) with a slight modification. The pellet was washed twice
with 1 ml of 100% ethanol and suspended in 1 ml of 1 N NH4OH
overnight. An aliquot of 100 n\ was lyophilized in a centrifuging concen
trator (SAVANT Instruments, Inc., Hicksville, NY). After incubation with
100 ill of aqueous 3,5-diaminobenzoic acid hydrochloride (Aldrich Chem
ical Co., Inc., Milwaukee, Wl) (400 mg/ml) for 30 min at 60Â°,4 ml of 0.6

N perchloric acid were added. DNA contents were measured in a spec-

trophotofluorometer (SPF 125; American Instrument Co., Silver Spring,
NY) at 415-nm excitation and 515-nm emission using salmon testis DNA

(Sigma Chemical Co., St. Louis, MO) as standard.
Autoradiography. The rats were given injections i.p. of [3H]thymidine

(2 Ci/mmol; Amersham Corp., Arlington Heights, IL) at 1 tiC\/g body
weight and sacrificed 1 hr later. The study was done between 1 and 4
p.m. to avoid the effect of circadian rhythm. The removed HTBs were
processed as described previously (5). The number of labeled cells per

1000 cells was counted. Counting was repeated 5 times for each bladder,
using different fields of urothelium showing no overt neoplastic changes.

Histological Examination. HTBs were inflated with 1 to 2 ml of 10%
buffered formalin solution and fixed overnight. They were cut into 8

pieces, embedded in paraffin, sectioned at 4 ^m thickness, and stained
with hematoxylin-eosin. Histological criteria were described previously

(27).

RESULTS

There was no difference in body weight of rats among groups
at sacrifice.

The residual amount of DFMO in 23-week-old HTBs of Group

1 (0.75 mg of MNU followed by urine and 2% DFMO) was much
lower than that seen in 4-week-old untreated HTBs (see "Mate
rials and Methods"), and the value 4 days after instillation of test

DFMO was 6.8% by amino acid analysis and 7.1% by radioac
tivity. The mean DFMO concentration in the aspirate was 4.2
HIM by amino acid analysis and 3.0 mw by radioactivity.

Polyamine levels of mucosal cells isolated from the HTBs are
shown in Table 1. No significant effect of treatment on polyamine
content was observed at 8 weeks. Although not statistically
significant, a trend towards reduced spermidine content in the
DFMO-treated HTBs was observed at 14 weeks. At 20 weeks,

a significant decrease in the contents of urothelial putrescine,
spermidine, and spermine was observed as a consequence of
DFMO treatment (p < 0.01 for the comparison for putrescine
content, p < 0.05 for spermidine and spermine; Student's f test).
[3H]Thymidine labeling indices are also shown in Table 1. The

labeling indices, after appropriate transformation, were analyzed
as a completely randomized design with subsampling (5 samples
by HTB) with one grouping factor (Group 1 versus Group 2) and
duration as covariate (12, 22). This analysis indicates that the
labeling indices, when all the time points were combined, were
significantly lower in Group 1, compared to those in Group 2 (p
< 0.03). The coefficient for the covariate (duration) was positive,
suggesting an increased mean labeling index for longer dura
tions, but this was not statistically significant (p < 0.15).

The gross appearance of typical representative bladders of
Groups 1 and 2 are shown in Fig. 1. Microscopic findings are
tabulated in Table 2. Sessile polypoid lesion (inflammatory polyp)
was observed frequently in the mucosa around the intraluminal
portion of the connector. Carcinomas which developed at the
sites of inflammatory polyps were excluded from tabulation for
reasons described previously (26). DFMO treatment (Group 1)
reduced significantly the incidence of nodulopapillary hyperplasia
(p < 0.001; x2 test), carcinoma (p < 0.001), and the average
number of tumors per bladder (p < 0.001 ; Student's t test) when

compared with the group without DFMO (Group 2). In the animals
treated with a lower dose of MNU (Groups 3 and 4), DFMO
likewise suppressed the incidence of carcinoma (p < 0.005) and
the number of tumors per bladder (p < 0.02). Historically, all
tumors were transitional cell carcinoma except one squamous
cell carcinoma in Group 4, and most of them were of Grade 1 or
2. No significant difference was observed in grade and stage of
carcinomas among the 4 groups. The homotopic bladders were
normal.
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Table 1
Polyaminelevels and pHJthymidine labeling indices of HTB urothelial cells

Group121212TreatmentDurationDFMO8(wk)+

88+

1414+

2020Polyamine

level (nmol/mgDNA)PutrescineUD"UD6.7

Â±3.26.7
Â±3.94.3

Â±1.7*14.7

Â±5.3Spermidine14.9

Â±1.3Â°14.6

Â±2.636.1

Â±14.556.7
Â±20.253.8

Â±41.-Â¿140

Â±50.9Spermine83.9

Â±11.354.8
Â±15.8104

+18.5101
Â±26.071.4Â±27.1'160

Â±73.6Labelingindex/1000

cells1.9"2.02.53.34.56.3

* DFMO at 2% in urine.
b UD, undetectable.
0 Mean Â±S.D. (n = 5).
" Mean (n = 4): p < 0.03, Group 1 versus 2, if all points of time are combined.
0 Student's ( test; p < 0.01, Group 1 versus 2.
' Student's ( test; p < 0.05, Group 1 versus 2.

Fig. 1. Gross appearance of typical HTBs of Group 1 (with DFMO) and Group
2 (without DFMO).Note tumors are less frequent and fewer in number per bladder
in Group 1.

Table 2
Microscopic findings in HTBs

No. of rats

Group1234Total37383435NPH"3"
(8.1)c22

(57.9)4
(11.8)7

(20.0)Carcinoma56

(16.1)31

(81.6)3'
(8.8)15

(42.9)No.

oftumors/rat0.14Â±0.360'81.87

Â±0.990.15
+0.5690.49
Â±0.61

8 NPH, nodulopapillaryhyperplasia.
b xz test; p < 0.001, Group 1 versus 2.
c Numbers in parentheses,percentage.
" Mean Â±S.D.
8 Student's t test; p < 0.001, Group 1 versus 2.
' x2 test; p < 0.005, Group 3 versus 4.
9 Student's t test; p < 0.02, Group 3 versus 4.
" One squamous cell carcinoma included.

DISCUSSION

The majority of human bladder cancers are superficial low-

grade transitional cell carcinomas and characteristically recur
frequently after surgical resection (30). Means to prevent recur
rence are urgently needed. Known inhibitors of experimental
bladder carcinogenesis include disulfiram (8, 9), aspirin (3), and
retinoids (19). The mechanism of tumor inhibition by disulfiram is

regarded as inhibiton of metabolic activation of A/-butyl-A/-(4-
hydroxybutyl)nitrosamine and A/-butyl-A/-(3-carboxypropyl)-

nitrosamine (8, 9). Aspirin also inhibits the metabolic activation
of A/-[4-(5-nitro-2-furyl)-2-thiazolyl]formamide by suppressing

prostaglandin endoperoxide synthase (34). Although the mech
anism involved Â¡nretinola inhibition remains to be elucidated, one
effect of retinoids may be suppression of ODC induction and
polyamine synthesis (32). In the present study, inhibitory effects
on bladder tumorigenesis were clearly demonstrated by DFMO
by a mechanism perhaps different from those described above.

Induction of ODC activity has been regarded as an essential
property of promoters of skin carcinogenesis, although not all
ODC inducers act as tumor promoters (21). DFMO is an enzyme-

activated irreversible inhibitor of ODC (17). Thus, it is reasonable
to postulate that DFMO may suppress 12-O-tetradecanoylphor-
bol-13-acetate-stimulated mouse skin carcinogenesis by inhibit

ing ODC activity and putrescine accumulation. Two recent re
ports, indeed, demonstrated inhibition of skin carcinogenesis by
DFMO (31, 33). In the colon tumor model, DFMO also reduced
tumor formation, ODC activity, and putrescine levels when
DFMO was given concurrently with carcinogen (13).

We have demonstrated previously that normal rat urine and 2
specific fractions of rat urine obtained by Bio-Gel P-100 chro-

matography are capable of inducing ODC when tested with a rat
bladder carcinoma cell line, 804G cells (1). Using the HTB system,
whole rat urine (24) as well as both ODC-inducible Chromato

graphie fractions cited above were demonstrated to enhance
MNU-initiated urinary bladder carcinogenesis (1). Thus, there

appears to be a positive correlation between ODC inducibility of
test substances and their activity as promoters in bladder carcin
ogenesis. In a study completed recently using the same in vitro
ODC assay system, DFMO effectively inhibited ODC activity,
polyamine (putrescine and spermidine) synthesis, and cell growth
induced by one of the urinary fractions with potent tumor-

promoting activity (6). This in vitro study thus raised a possibility
of inhibitory effects of DFMO on tumor promotion by urine in
vivo. The results of the present experiment show clearly that
DFMO effectively inhibits (or possibly retards) tumor promotion
in the HTB model.

In an attempt to correlate DFMO inhibition of tumorigenesis to
decreased cellular polyamine contents and decreased prolifera-
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live activity, polyamine levels and [3H]thymidine incorporation by

urothelial cells were studied. Contrary to our prediction, a signif
icant difference in polyamine levels was limited to the late stage
of carcinogenesis, when 4 of 5 HTBs of Group 2 (no DFMO
treatment) had gross tumors, while none of the HTBs of Group
1 (treated with DFMO) showed tumors. Therefore, the difference
in polyamine levels might be attributed to the presence of tumors
and early neoplastic lesions. The [3H]thymidine incorporation

study by autoradiography was not conclusive either; labeling
indices were significantly higher in Group 2 than in Group 1 only
when the indices at 3 points of time were combined.

One possible explanation for these inconclusive results may
be that cell turnover of the bladder epithelium is too slow to be
reflected by changes in labeling index or polyamine levels. The
turnover rate of urothelial cells, expressed as the labeling index,
is as low as 0.06 to 0.50% in homotopic bladders (15) and about
0.2% in HTBs (5), and ODC activity in bladder cells still remained
low after induction by direct instillation of carcinogen into the
bladder (16). A second possibility is that, since carcinogen admin
istration was limited to the very early stage, the dose might not
have been large enough to induce diffuse hyperplastic change
which could have been controlled by DFMO. Continued exposure
to carcinogen could have demonstrated a significant difference
in putrescine levels in urothelial cells, as shown in the colon
tumor prevention experiment (13). The third possibility is that the
DFMO amount in the HTB lumen might have fallen to an ex
tremely low level as a result of nonenzymatic degradation or
diffusion from the lumen (4). Taking account of this possibility,
we determined DFMO concentration in the aspirate using an
amino acid analyzer 4 days after the instillation in the late stage
of the experiment. The concentration was unexpectedly lower
as compared with the results using 4-week-old HTBs. Yet, the

concentration (3.0 mw by radioactivity and 4.2 mw by amino acid
analysis) was as high as those effective in in vitro experiments
(6). The possibility that residual radioactivity is that of an inactive
DFMO metabolite(s) is unlikely, because by amino acid analysis,
only a single peak was observed at the position expected for an
authentic DFMO sample, and this was the only area where
significant radioactivity was measured among all the fractions
collected.

In conclusion, this is the first paper to show that DFMO is an
agent which remarkably inhibits (or possibly retards) the devel
opment of bladder cancer. Its known low toxicity in humans as
well as in animals (7) may make realistic its use as a chemopre-
ventive agent of "recurrences" which are so characteristic of

human bladder cancer (30). To better define the underlying
mechanism, an experiment to show reversal of DFMO effects by
exogenous putrescine is in progress.
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