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ABSTRACT

The effect of oral administration of a-difluoromethylornithine
(DFMO), an irreversible ornithine decarboxylase inhibitor, on V-but) I-
V-(4-h\ dm\> hm>Iliiilrosamiiir (Bl IB\ )-in<lm-rdrat urinary bladder car
cinogenesis was investigated. Four-wk-old male Fischer 344 rats, 30-38
per group, were divided into 3 groups; each group was divided into 3
subgroups. In Group A, 6-wk treatment with 0.05% BHBN in drinking
water was followed by either 0.5% (Al), 0.2% (A2), or 0% (A3) DFMO
in drinking water for 34 wk. In Group B, Â«Â»administrationin drinking
water of 0.01% BHBN and either 0.5% (Bl), 0.2% (B2), or 0% (B3)
DFMO was continued for 30 wk. Group C consisted of animals receiving
0.5%, 0.2%, or 0% DFMO in drinking water for 34 wk without prior or
cocarcinogen treatment. Bladder tumorigenesis was clearly inhibited by
DFMO; tumor incidence was 14 of 37 (38%) in Al, 16 of 38 (42%) in
A2, and 31 of 35 (89%) in A3, and 7 of 35 (20%) in Bl, 14 of 35 (40%)
in B2, and 28 of 35 (80%) in B3 i /' < 0.01, DFMO groups as compared

to the respective control A3 or B3). The average tumor volume was
strikingly reduced in Group A rats given DFMO (3.0 mm3 in Al, 5.0 in

A2, and 38.6 in A3). Significant suppression of tumor multiplicity (num
ber of tumors/tumor-bearing bladder) was observed in DFMO-treated
subgroups in Group B (1.1 in Bl, 1.3 in B2, and 1.8 in B3). In both
Groups A and B, however, DFMO failed to suppress hyperplastic
changes (simple hyperplasia) or preneoplastic lesions (nodulopapillary
hyperplasia). Systematic examination of all pertinent organs excluding
the brain showed no adverse effects attributable to DFMO treatment
except for decrease in body weight (<7%), which was consistently ob
served in the groups receiving 0.5% DFMO, and reduction in the com
bined weight of the prostate and seminal vesicles (<20%), which was
noted in Group B in which exposure to DFMO was started at a younger
age. These results indicate that oral administration of DFMO is quite
effective in suppressing (or retarding) BHBN-induced carcinogenesis with
minimal untoward effects and confirm the similar inhibitory effects
demonstrated earlier with the heterotopically transplanted rat urinary
bladder system.

INTRODUCTION
Intracellular ODC3 catalyzes the first step of polyamine

biosynthesis (1), and the content of polyamines is closely cor
related to cell proliferation, differentiation, and oncogenesis
(2). It has been proposed that induction of ODC activity and
subsequent increase in polyamine levels may be a necessary step
in tumor promotion since hyperplastic but nonpromoting
agents do not stimulate ODC activity (3), and mouse skin
tumors produced by multistep carcinogenesis protocol possess
constitutively high levels of ODC activities (3, 4).

DFMO is an enzyme-activated irreversible inhibitor of ODC
(5) and, therefore, suppresses polyamine biosynthesis in normal
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and neoplastic cells (2). DFMO inhibited tumor promoter-
induced polyamine accumulation and carcinogenesis in mouse
skin (6). Inhibition of tumor development was also demon
strated in the colon (7) and the mammary gland (8). This
occurred in association with suppression of ODC activity, poly
amine biosynthesis, and DNA synthesis (7) when DFMO was
administered simultaneously with carcinogen (7). Inhibition of
rat urinary bladder carcinogenesis was demonstrated in our
previous studies in which the HTB system, rather than natural
bladder, was used as the target organ so that a higher concen
tration of DFMO could be maintained at the target site with a
limited amount of DFMO available at that time. The results
demonstrated a remarkable inhibition of carcinogenesis asso
ciated with reduction of polyamine contents and labeling indices
in urothelial cells of HTBs (9, 10) and suggested that DFMO
may be similarly effective against natural bladder carcinogenesis
because orally administered DFMO is readily and largely ex
creted in urine without metabolic alteration (11). Since more
than half of human bladder carcinomas are low-grade, superfi
cial tumors and characteristically recur frequently following
surgical resection (12), DFMO, therefore, has the potential to
be an effective chemopreventive agent of bladder carcinomas.

In the present study, we evaluated the role of orally admin
istered DFMO on carcinogenesis in the natural urinary bladder
and for possible toxicity of DFMO after long-term administra
tion.

MATERIALS AND METHODS

Animals and Chemicals. Four-wk-old male Fischer 344 rats were
purchased from Nihon Charles River, Kanagawa, Japan. They were
housed in plastic boxes with wood chips, 4 per cage, in an air-condi
tioned room at 22Â°Cwith 50% humidity under a 12-h light/dark cycle.

They were given ad libitum a chow diet (CE 2; Nihon CLEA Co.,
Japan) and drinking water in black glass bottles. The body weights of
rats were determined once every 1-8 wk. The carcinogen, BHBN, was
purchased from Tokyo Kasei Organic Chemicals, Japan. DFMO was a
gift of the Merrell Dow Research Institute, Cincinnati, OH.

Preliminary Study. A short-term study was conducted to select the
concentrations of DFMO using the concanavalin A agglutination assay
(13). Six groups of 4 rats each were given 0.01% BHBN for 1 wk in
drinking water. Subsequently the animals were fed a diet containing
5% sodium saccharin (14), a bladder tumor promoter, and received
drinking water containing either 1, 0.5, 0.2, 0.1, 0.05, or 0% DFMO
for an additional 3 wk. Bladder epithelial cells were removed and
dissociated into single cells. They were assayed for agglutinability by
concanavalin A as described previously (15). In this system, increased
agglutinability should be observed in the rats treated with BHBN and
sodium saccharin (16). Therefore, our intent was to determine how
effectively DFMO may interfere with saccharin-promoted concanavalin
A agglutinability. Based on the results (Table 1), 2 DFMO concentra
tions (0.2% and 0.5%) were selected for the long-term study.

Long-Term Study. The experiment comprised 3 groups, each of which
was further divided into 3 subgroups (Fig. 1). In Group A, 110 rats
were initially treated with 0.05% BHBN in drinking water for 6 wk.
They were then arbitrarily divided into Groups A1, A2, and A3, which
received 0.5, 0.2, and 0% DFMO, respectively, in water for an addi
tional 34 wk. In Group B, DFMO and BHBN were co-administered;
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Fig. 1. Experimental design. Male F344 rats were freely given basal diet and
drinking water containing various concentrations of BHBN and/or DFMO.

Groups Bl, B2, and B3 (35 rats each) were given water containing
0.01% BHBN + 0.5% DFMO, 0.01% BHBN + 0.2% DFMO, and
0.01% BHBN + 0% DFMO, respectively, for 30 wk. In Group C,
Groups Cl, C2, and C3 (30 rats each) were treated the same as Groups
Al, A2, and A3, respectively, without prior BHBN treatment. The
drinking water prepared fresh each time was changed once every 2-3
days, and water consumption was recorded to estimate the consumption
of BHBN and DFMO. DFMO solution was adjusted to pH 7.0 by
NaOH. The approximate sodium concentrations in 0.5 and 0.2%
DFMO solutions were 21 meq/liter and 8.4 meg/liter, respectively.
NaCl at 8.4 meq/1 was added to drinking water without DFMO to
adjust sodium concentration. Stability of BHBN was not affected in
the presence of DFMO at room temperature up to 18 days as deter
mined by high performance liquid chromatography. DFMO in drinking
water remained stable at room temperature for 7 days, irrespective of
the presence of BHBN, as confirmed by an amino acid analyzer.

Analysis of Urine. At 30 wk after the beginning of the experiment,
24-h urine samples were collected in ice-chilled tubes from 15 rats of
Groups C1, C2, and C3 (5 rats each). The rats were housed in individual
metabolic cages with free access to diet and water. The samples stored
at -20Â°C were analyzed for the concentrations of sodium, chlorine,

potassium, calcium, magnesium, phosphorus, and DFMO. Urinary pH
was determined by pH test paper between 8:30 and 9:00 a.m.

Autopsy. Gross autopsy examination included all pertinent organs
except for brain. Liver, spleen, kidney, testes, and prostate with seminal
vesicles were resected and weighed. From 90 rats (10 from each group)
the following organs were submitted for microscopic examination:
submandibular gland, thyroid, parathyroid (when found), trachea, lung,
heart, liver, spleen, stomach, jejunum, ascending colon, kidney, pros
tate, seminal vesicles, testis, abdominal skin, rectus muscle, and bone
marrow of lumbar vertebrae. Urinary bladders were inflated with 10%
formalin instilled through the bladder neck. Following overnight fixa
tion, they were bisected, weighed, and inspected for gross mucosa!
alterations. Tumors were counted, and their volume was estimated by
assuming a tumor to be an elliptical mass. Finally, bladders were cut
longitudinally into 6-8 pieces and submitted in tato for microscopic
examination. Tissues embedded in paraffin were sectioned at 4 /<m in
thickness and stained with hematoxylin and eosin. Some sections of
spleen were stained with Prussian blue to demonstrate iron. Micro
scopic bladder lesions were classified as SH, NPH, and carcinoma
according the the criteria reported previously (17).

Statistical Analysis. The analyses were done using Student's t test
for comparison of mean values and \ - test for incidence. The analysis

of tumor volume was performed after cubic root transformation to
stabilize variance.

RESULTS

DFMO Dose Determination. Agglutination values of uro-
thelial cells by concanavalin A are tabulated in Table 1. In-

Table 1 DFMO suppression of agglutinability ofurothelial cells by
concanavalin A

Following 1-wk treatment with 0.01% BHBN in drinking water, animals
received 5% sodium saccharin in diet and DFMO at indicated concentrations in
drinking water for an additional 3 wk. Dissociated urothelial cells were tested for
agglutinability by concanavalin A.

Group1

2
3
4
5
6DFMO(%

inwater)1.0

0.50.2

0.1
0.05Body

weight308
Â±13**

330 Â±8'

330 Â±14
335 Â±10
328 Â±26
343 Â±5Agglutination

values"7.8

Â±2.3'*
8.1 Â±2.7'
6.9 Â±3.5'
9.6 Â±3.1'

13.0 Â±2.9'

20.1 Â±3.3
Â°Aggregates/200 single cells.
* Mean Â±SD (n = 4).
' P < 0.01 compared to Group 6.
' Mean Â±SD (n = 3).
' P < 0.05 compared to Group 6.

Table 2 Body weight in long-term study

Experimental period (wk)

GroupBl

B2
B3
Cl
C2
C3091

Â±3
91 Â±4
89 Â±3
90 Â±5
91 Â±3
91 Â±56233

Â±13"
237Â±15"

247Â±12
253Â±14
261Â±13
260Â±916315Â±

11Â°

318Â±23
325Â±12
315Â±18"

326Â±18
330Â±1230352

Â±13Â°

359Â±17
362Â±13
358Â±IS""4

373Â±20
376Â±1540372

Â±28Â°

388Â±24
400Â±17

" P < 0.01 compared to respective control group (B3, C3).
* P < 0.01 compared to C2.

mg/kg B.W./day

600

500

400

300

200

100

-Group A1
-Group B1

> 4 8 12 16 20 24 28 32 36 40
Weeks

Fig. 2. Time course of daily intake of DFMO. B.W., body weight.

creased agglutinability induced by BHBN and sodium saccharin
(Group 6) was suppressed in all groups treated with DFMO.
Final body weights of Groups 1 and 2 were significantly lower
than those of Group 6, and rats receiving 1.0% DFMO appeared
to be considerably less active. Therefore, 0.5% was considered
the maximum tolerable concentration in the chronic study.

Body Weight in the Long-Term Study. The body weight at
Wk 0, 6, 20, 30, and 40 are representatively shown in Table 2.
The body weights in Groups Al, A2, and A3 are almost
identical to those of respective control groups (Cl, C2, and C3)
(data not shown). In the groups of animals receiving the higher
dose of DFMO (Groups Al, Bl, and Cl), significant reduction
in body weight was noted from the sixth wk until the end of the
experiment. DFMO at the lower concentration (0.2%) did not
affect body weight except during the early weeks in Group B.

Intake of Chemicals. The time course of daily intake of
DFMO adjusted by body weight in Groups A and B is shown
in Fig. 2. The total consumption of DFMO and BHBN is
shown in Table 3. In Group A, the consumption of BHBN was
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Table 3 Consumption ofBHBN and DFMO

GroupAl

A2
A3
Bl
B2
B3
Cl
C2
C3Total

mg/
rat471

471
471
451
451
453

0
0
0BHBNmg/kg

B.W."/day57.9Â»

57.9Â»
57.9*

8.2"
7.9"
7.8"

0
0
0Total

g/rat25.0

10.5
0

22.6
9.0
0

23.4
10.2
0DFMOmg/kg

B.W.Vday326e

132e

0407*

159"

0
292'
128e

0
â€¢B.W., body weight.
* Consumption of BHBN was considered equal among the subgroups because

rats were initially treated as a group with BHBN for 6 wk and then arbitrarily
divided into 3 subgroups.

' Administered only during the last 34 wk.
' Administered throughout the experimental period (30 wk).

Table 4 Urinary osmoiality, pH, electrolytes, and DFMO in Group C

Volume(ml/day)Osmoiality
(mOsm/1)pHNa

(meq/liter)Cl
(meq/liter)K
(meq/liter)Ca
(meq/liter)Mg
(meq/liter)P
(mg/dl)DFMO
(%)Recovery

in urine (%)Cl

(0.5%)*7.7

Â±1.0*2148

Â±1106.5
Â±0.3121

Â±23167
Â±11311

Â±225.2
Â±0.934.6
Â±3.9189
Â±190.21

Â±0.0231.9
Â±2.0GroupC2

(0.2%)6.8

Â±0.92165
Â±1606.5
Â±0.3101

Â±39141
Â±26317
Â±335.1

Â±0.835.2
Â±10.0176

Â±260.14
+0.0349.0
Â±4.0C3

(0%)6.3

Â±1.32194
Â±1546.5
Â±0.2120
Â±16138
+24318
+434.8
+0.531.8

Â±7.0180
+26<0.001

* Concentrations of DFMO in drinking water.
Â»Mean Â±SD (n = 5).

considered equal among the subgroup, since the rats were
arbitrarily divided into 3 subgroups after 6-wk administration
ofBHBN. In Group B, BHBN consumption was slightly higher
in the DFMO groups.

Analysis of Urine. Osmoiality, pH, and concentrations of
electrolytes and DFMO are shown in Table 4. No significant
differences in these parameters were noted. Urinary excretion
of DFMO was more efficient in Group C2 than in Group Cl;
the relative concentration of DFMO in urine (67%; Groups C2
to Cl) was higher than that in the drinking water (40%; C2 to
Cl).

Urinary Bladder. The microscopic findings and weights of
urinary bladders in Groups A and B are demonstrated in Table
5. Bladders of Group C showed no histolÃ³gica! abnormalities
and averaged 0.11 Â±0.02 g in weight. In Group A, DFMO
treatment significantly reduced tumor incidence from 89% in
Group A3 (0% DFMO) to 38 and 42%, respectively, in Groups
Al (0.5% DFMO) and A2 (0.2% DFMO) (P < 0.01, for each

comparison), whereas the incidences of hyperplastic and pre-
neoplastic lesions were not affected by DFMO treatment. Tu
mor multiplicity did not differ significantly among groups.
Another significant observation was the marked reduction of
tumor volume in the 0.5% DFMO group. The difference in
tumor size was also reflected in differences in both absolute and
relative weights of bladder (relative weights are not shown). In
Group B, hyperplastic lesions were observed in nearly all rats.
The incidences of carcinoma and tumor multiplicity were de
creased by DFMO treatment in a dose-dependent fashion.
Reduction in tumor volume, although noted, was not as im
pressive as in Group A. Histologically, the majority of tumors
were preinvasive and were transitional cell carcinomas of
Grades 1 and 2 with occasional squamous metaplasia. Morpho
logical changes specific to DFMO treatment were not observed.

Other Organs. The weights of various organs were compared
between any 2 subgroups in each major group. When a differ
ence in absolute weight was noticed, the relative organ weight
to body weight was also compared. Weight suppression by
DFMO was considered to be real only when both absolute and
relative weights were significantly reduced. This was observed
only in the urinary bladder (Table 5) and prostate-seminal
vesicles; the prostate-seminal vesicle weights were 2.25 Â±0.31
g, 2.49 Â±0.30 g, and 2.73 Â±0.53 g in Bl, B2, and B3, and 2.23
Â±0.32 g, 2.54 Â±0.32 g, and 2.51 Â±0.23 g in Cl, C2, and C3,
respectively. The significant difference (P < 0.01) was noted
between 0.5% DFMO groups and their respective control
groups (Bl versus B3, Cl versus C3). Microscopically, signifi
cant changes attributable to DFMO treatment were demon
strated in none of the organs except the urinary bladder. Rapidly
proliferating organs such as jejunum, bone marrow, and testis
showed no significant changes. Changes which were interpreted
as incidental because of their even distribution among all groups
were focal chronic myocarditis (in 45% of all animals), chronic
tracheobronchitis (56%), myeloid hyperplasia (29%), and he-
mosiderin-laden macrophages in spleen (100%) (data not
shown). The cause of the splenic change which is indicative of
hemolysis could not be determined.

DISCUSSION

ODC induction, although not sufficient, is one of the essential
components of the mechanism of skin tumor promotion by
phorbol esters (3). Normal rat urine and a specific urinary
fraction have been shown to induce ODC activity in a bladder
carcinoma cell line (18, 19) and enhance tumorigenesis in the
HTB initiated by Â¿V-methyl-./V-nitrosourea(20). It was further
demonstrated that proliferation of bladder carcinoma cells stim
ulated by the ODC-inducing fraction was inhibited by DFMO
in vitro (21 ) and that urine-promoted bladder carcinogenesis in

Table 5 Microscopic findings of urinary bladders in Groups A and B

GroupAl

A2
A3
Bl
B2
B3%

BHBN
(wk)0.05

(6)
0.05 (6)
0.05 (6)
0.01 (30)
0.01 (30)
0.01 (30)%

DFMO
(wk)0.5

(34)
0.2(34)0.5

(30)
0.2 (30)Effective

no. of
rats37

38
35
35
35
35Number

of ratswithSH

(%)29
(78)Â°

21 (55)
17(49)
35(100)
35(100)
35(100)NPH

(%)23

(62)
20 (53)
18(51)
30 (86)
35(100)
35 (100)Tumor

Carcinomas (%)multiplicity14(38)*'

16(42)*

31 (89)
7 (20)M

14 (40)*

28 (80).3

Â±0.8
.4 Â±0.6
.5 Â±0.7
.1 Â±0.4*
.3 Â±0.5"

.8 Â±0.8Average

volume of
tumor
(mm3)3.0Â»'

5.0Â»

38.6
1.4
0.5*

5.8Bladder

weight
(g)0.11

Â±0.02*
0.11 Â±0.02*

0.25 Â±0.25
0.11 +0.02*-'

0.13 Â±0.03
0.14 Â±0.07

* P < 0.05 compared to respective control group (A3, B3).
*P < 0.01 compared to respective control group (A3, B3).
' Not significant compared to Group A2.
" P < 0.05 compared to Group B2.
' P < 0.01 compared to Group B2.
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the HTB was also inhibited by topical repeated application of
DFMO (9). In addition, these inhibitory effects were blocked
by addition of exogenous putrescine, the decarboxylated prod
uct of ornithine mediated by ODC (10, 21). These results
suggested that DFMO exerts its inhibitory effect by depleting
putrescine in urothelial cells.

The principle aim of the present investigation was to deter
mine whether orally administered DFMO likewise inhibits uri
nary bladder carcinogenesis since 82% of an oral dose is ex
creted unchanged in urine in 24 h (11). DFMO effects were
tested under 2 different carcinogen exposure schedules. Our
intention was to simulate human situations: in Group A, tumor
would develop after a single episode of exposure to a high dose
of carcinogen, whereas in Group B, tumor would develop under
continuous exposure to carcinogen. Thus in Group A, DFMO
treatment was not started until carcinogen exposure had com
pleted. In this setting, antipromotion effect of DFMO was
equally demonstrated in both dose groups (Table 5). In Group
B, carcinogen exposure at a low level was continued in the
presence of DFMO. It was again effective in reducing tumor
incidence, tumor volume, and also the number of tumors per
bladder. In neither series, however, was DFMO effective in
reducing the frequency of SH and NPH. The majority of tumors
were of a low-grade, superficial type and rarely invasive, prob
ably due to a relatively low level of carcinogen exposure (22).

These results raise 3 important questions: (a) How low a
concentration of DFMO in drinking water is effective in sup
pressing carcinogenesis? (b) Is the inhibitory action of DFMO
on bladder carcinogenesis due to suppression of cell prolifera
tion of BHBN-exposed urothelium or to blockage of a specific
phase of carcinogenesis, for example, the progression of NPH
to carcinoma? (c) Can DFMO modify the growth of more
malignant forms of urothelial carcinoma? Experiments to in
vestigate each of these questions should generate important
information about the nature of DFMO action in the chemo-
prevention of urinary bladder carcinogenesis.

The secondary aim of the present study was to examine toxic
effects of DFMO which may occur following its long-term use.
The results showed that side effects were absent with 2 excep
tions. One is a slight decrease in body weight up to 7%, which
was consistently noted in the groups treated with the higher
dose (0.5%) of DFMO. The second significant untoward effect
was a decrease in weight of the prostate-seminal vesicles, espe
cially in Group B. This effect may be explained by the facts that
the high basal level of rodent prostatic ODC activity is effec
tively inhibited by DFMO (23) and that rats in Group B were
6 wk younger at the time of initial exposure to DFMO. These
results suggested that DFMO has low toxicity to rats and that
water concentration below 0.2% should be safe in a prolonged
study.

In conclusion, the current study demonstrated that DFMO
in drinking water at 0.5 and 0.2% significantly suppresses rat
bladder carcinogenesis with minimal toxicity. Further studies
as indicated above are warranted in anticipation of chemopre-
ventive use of ODC inhibitors (24) in human bladder cancer
subjects.
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