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ABSTRACT

Chronic inflammation of the urinary tract is a significant risk factor for
the development of urinary bladder cancer in humans. We previously
demonstrated that weekly treatment with killed Escherichia coli enhanced
rat urinary bladder tumorigenesis initiated by the carcinogen JV-methyl-
\-nitrosourea. We conducted the present study to determine whether

lipopolysaccharide (LPS), a major cell wall component of E. coli, had a
tumor-enhancing effect. LPS was instilled twice a week at three doses (100,

1.0, and 0.01 /ig/ml) into heterotopically transplanted rat urinary bladders
which were treated with a single low dose (0.25 mg) of \-inclli\l-\-

nitrosourea or vehicle. Rats treated with 100 /ig/ml of LPS showed a
significant increase in the incidence and number of tumors in the bladders
pretreated with /V-methyl-iV-nitrosourea. Treatment with LPS alone did

not induce tumors. The enhancing effects were associated with a marked
increase in the numbers of polymorphonuclear leukocytes and an increase
in the I!:<>_â€¢concentration in the bladder lumen. Oxidative stress by
reactive oxygen intermediates and a proliferative response of the carcino
gen-exposed urothelium to the inflammatory stimulation appeared to play

a significant role in tumor enhancement by LPS.

INTRODUCTION

Chronic inflammation has been implicated in the pathogenesis of
several forms of cancer, including gastric carcinoma after atrophie
gastritis (1), colon carcinoma after ulcerative colitis (2), and squamous
carcinoma in a draining sinus of chronic osteomyelitis (3). Epidemio
lÃ³gica!studies (4, 5) have suggested that urinary tract infection is a
significant risk factor for the development of bladder cancer. Deeply
invasive squamous cell carcinomas in patients with spinal cord injury
(6) and in patients with urinary tract schistosomiasis (7) are examples
of bladder cancers related to chronic inflammation. Recent studies on
rats seem to support the causal relationship between bacterial infection
and development of neoplasia (8-10).

In a previous study, we used the HTB1 system which we developed

as an animal model to examine the role of urine components in
neoplasia. Administration of KEC to HTBs that had been pretreated
with a low dose of the carcinogen MNU caused a significant increase
in the incidence of tumors and a 6-40-fold increase in the number of

tumors/bladder (11). Because LPS is resistant to boiling, the action of
KEC may be due to LPS.

Our primary purpose in the present investigation was to determine
whether LPS, an endotoxin derived from the cell wall of Escherichia
coli, has a tumor enhancing effect. In a preliminary experiment, we
demonstrated that injection of LPS caused migration of PMNs into the
HTB lumen and that the number of inflammatory cells was roughly
proportional to the dose of LPS. In the present experiment, we ad-
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ministered LPS at three different doses to test the relationship between
the severity of the inflammatory response and the tumor-enhancing

effect. The results indicate that LPS plays a significant role in the
enhancement of tumorigenesis only in bladders which have been
pretreated with the carcinogen and that the incidence of tumor devel
opment is correlated with the severity of the inflammatory response in
the bladder.

MATERIALS AND METHODS

Animals. A total of 174 young male Fischer 344 rats weighing 160-190 g
(HarÃanSprague-Dawley Inc., Indianapolis, IN) with an HTB (see below) were
housed in plastic boxes, four or five/cage, in an air-conditioned room al 22Â°C

with 50% humidity under a 12-h light-dark cycle. They had free access to pellet

diet (Purina 5012; Ralston Purina Co., St. Louis, MO) and tap water.
HTB System. We used the HTB system which we developed in our labo

ratory for investigating the role of urine in bladder carcinogenesis. This system
consisted of a rat urinary bladder transplanted aseptically into the gluteal
muscle of a recipient rat (12). The system has advantages over others in which
the natural bladder is used in that it is free from bacterial contamination and
stone formation (8).

LPS. Butanol-extracted LPS was prepared in our laboratory from E. coli
strain 3921-1 (a gift from Dr. John R. Warren, Northwestern University Medi

cal School, obtained from a patient with urosepsis) by the method described by
Morrison and Leive (13). The LPS was dissolved in pyrogen-free PBS at
concentrations of 100, 1.0, and 0.01 ju.g/ml and stored at -20Â°C in portions

sufficient for single use. Once a sample was thawed, the remainder was
discarded.

Determination of II â€¢¿�(>â€¢Production in HTBs. We modified the colori
metrie method described by Pick and Keisari (14) to adapt it for measuring the
H2O2 production in HTBs. Seventy-two h after instillation of LPS or PBS, the

fluid in HTBs was aspirated completely for measurement of the volume. The
aspirate was mixed with one quarter volume of phenol red solution (700 ITIM
NaCl-50 mM potassium phosphate buffer. pH 7.4â€”27.5HIMdextrose-1.4 mM
phenol red-250 ng/ml of horseradish peroxidase) and the mixture was instilled

back into the HTB. The content of the HTB was aspirated 3 h later. The aspirate
was centrifuged for 10 min at 14,000 rpm at 4Â°Cand 1 ml of supernatant was

mixed with 100 Â¡uof l N NaOH. Its absorbance was read at 610 nm in a
spectrophotometer against a blank of 1 ml at one-fifth the concentration of the

phenol red solution to which 100 Â¿Â¿1of l NNaOH was added. A standard curve
was drawn based on 1-100 JAMH2O2.

Experimental Design. Five weeks after the establishment of the HTB
system (Fig. 1), rats were divided randomly into eight groups: rats of groups
1, 3, 5, and 7 each received a single dose of 0.25 mg of MNU freshly dissolved
in 0.5 ml of 0.9% NaCI; and rats of groups 2, 4, 6, and 8 received a single dose
of the vehicle. One week later, injection of LPS twice a week at 0.01 /ig/ml
(groups 5 and 6), 1.0 jig/ml (groups 3 and 4), or 100 jig/ml (groups 1 and 2)
in 0.5 ml of PBS was begun and continued until the end of the experiment. To
evaluate the initial effect of LPS on MNU-exposed urothelium, we killed seven

rats each of group 1 (LPS. 100 ng/ml) and group 7 (PBS) at 2 and 4 weeks after
the start of LPS treatment. The remaining rats were killed at 31 weeks. Every
2 weeks, bladder aspirates of three rats randomly selected from each group
were subjected to PMN counting with hemocytometer. In addition, at 10-15

weeks from the start of LPS treatment, PMNs in aspirates from all rats in
groups 1, 3, 5, and 7 were counted once a week for 3 weeks (weeks 12, 13, and
14 for group 1; weeks 10, 12, and 13 for group 3; weeks 12, 14, and 15 for
groups 5 and 7). We routinely cultured aspirates from all animals once every
6 weeks to ensure their sterility. Rats were killed 4 days after the last regularly
scheduled instillation of test samples except for four rats randomly selected
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Fig. 1. Experimental design. Five weeks after the transplantation of bladders (V), rats
received a single dose of 0.25 mg MNU (groups 1. 3, 5, and 7) or 0.9% NaCl (groups 2,
4, 6, and 8) into their HTBs (T). One week later, HTBs of each group began to receive
test materials twice a week for 30 weeks. At 10-15 weeks from the start of the experiment
(â€¢).PMNs in the aspirates of all rats in groups 1, 3. 5. and 7 were counted.

from each group. We used these rats to measure the level of H2O2 in the
aspirate (see above) immediately before the termination of the experiment.

At autopsy, HTBs were removed and opened by a longitudinal incision,
stretched over a piece of cardboard, and fixed in 10% neutral formalin over
night at room temperature. After fixation, the bladders were cut into multiple
strips in such a way that all gross lesions could be examined microscopically.
Urothelial lesions, grade and stage of tumors, and type of epithelial differen
tiation were classified according to criteria described previously (15).

Statistical Analysis. Within each level of LPS, tumor incidence was com
pared between MNU+ and MNU- groups with a two-tailed Fisher's exact test

(16) and the total number of tumors was compared with the \2 goodness of fit

test. Pairwise comparisons of tumor growth across the four MNU+ groups
were done as follows: tumor incidence was compared with the corrected x2 'est
of Fisher's exact test, the total number of tumors was compared with the x2

goodness of fit test, and the number of tumors/bladder was compared with the
unpaired i test with adjustment for unequal variance. Cochran's test for linear

trend (16) was used to analyze tumor incidence across LPS doses in the
MNU+ groups. Analysis of variance methods were used to analyze PMN and
H2O2 levels (17). Within each MNU+ group, PMN differences across weeks
in the 10-15-week period were found to be nonsignificant by two-way analysis
of variance. Log-transformed PMN levels were then compared across groups

by nested analysis of variance. H2O2 levels were compared across the four
MNU + LPS groups by one-way analysis of variance. PMN levels in group 3

(MNU + LPS, 1.0 /ug/ml) were compared between rats with and without tumors
using nested analysis of variance. For pairwise comparisons among the four
MNU + LPS groups, P < 0.0083 (0.05/6) was the criterion for statistical
significance. Otherwise, P < 0.05 indicated significance.

RESULTS

Short-Term Effects of LPS Treatment on MNU-treated Urothe-
liiini. Microscopic examination showed that 100 fig/ml of LPS in
duced focal and diffuse hyperplasia (4â€”7layers) in the MNU-treated

urothelium when examined at 2 and 4 weeks of the experiment.
Intraepithelial infiltration of PMNs was a common finding within
hyperplastic urothelium. Neither hyperplasia nor PMN infiltration was
observed in the urothelia of the control groups, which were not ex
posed to LPS.

Long-Term Effects of LPS treatment on MNU-treated Urothe

lium. There was no difference in body weight among groups. Thir
teen rats were removed from the study: two female rats delivered by
oversight and assigned to group 1; four rats with positive microbial
cultures of aspirates; and seven rats with the closure of the reservoir-

bladder communication. Thus, our analysis was based on 147 rats.
The incidence and number of tumors are shown in Table 1. Bladder

tumors were detected only in MNU-treated groups. LPS treatment

enhanced the incidence and the number of tumors. The effect was
dependent on the LPS dose in that total number of tumors was en
hanced at LPS concentrations of 100 and 1 jag/ml, respectively. As
compared to group 7 (MNU + PBS), both the tumor incidence and the
number of tumors per HTB were significantly higher in group 1 (P <
0.0001). In addition, a significant linear trend in tumor incidence was
noted in MNU-treated groups as the LPS dose increased [group 7

(6%), group 5 (9%), group 3 (20%), group 1 (81%); P < 0.001], All
tumors were noninvasive transitional cell carcinomas of grade 1 and
rarely of grade 2. They were characterized by intraepithelial cluster
ings of PMNs and by chronic inflammation and capillary proliferation
in the tumor stroma. The findings were similar to those of tumors
induced by KEC treatment (11).

PMN Numbers in Aspirates from HTBs. Exudation of PMNs
into the HTB lumen was a prominent feature. The initial high numbers
of PMNs, however, decreased gradually to 60-70% of the original

level at the late phase of the experiment in group 1 (MNU + LPS, 100
Hg/ml) and group 3 (MNU+LPS, 1.0 Â¿Â¿g/ml)(Fig. 2A). Fig. 2B shows
PMN numbers during weeks 10-15 of the experiment in the aspirates
of MNU-treated groups. There was a significant difference in numbers

of PMNs in the aspirates across the groups (P < 0.0001), and each
group was significantly different from each other group (P < 0.005).
However, there was no difference between the MNU-treated and
-untreated groups in the numbers of PMNs at each LPS dose level

(data not shown). Fig. 3 shows the numbers of PMNs of all 25 rats in
group 3 (MNU + LPS, 1.0 jag/ml) during weeks 10-13 of the experi

ment. The five rats which developed tumors showed significantly
higher numbers of PMNs than did the remaining 20 rats which did not
develop tumors [4.75 Â±0.91 (SEM) versus 1.55 Â±0.27 X 10"

cells/ml; P = 0.003].

H2O2 Concentration in the Aspirates. A significantly higher con
centration of H2O2 was detected in the aspirates in group 1 (63.1 Â±
4.4 JUM)than in all other MNU-treated groups (P < 0.001) (Fig. 4).

DISCUSSION

The present investigation demonstrates that LPS treatment en
hanced tumorigenesis, but the effect was limited to the bladders that
were pretreated with MNU. The enhancement of tumorigenesis by
LPS was reflected in an increase in the incidence of tumors, in total

Table 1 Incidence and number of tumors

Group12345h78No.
of

rats21(25rh15(15)25(25)14(15)22(25)14(15)17(20)''19

(20)TreatmentMNU

LPS(ng/ml)+

100too+

1.01.0+

0.010.01+

00Rats

with
tumors(%)17(81)c0

(0)5
(20)0
(0)2
(9)0
(0)1
(6)0

(0)Total

no. of
tumors/group94C0S"02(I10No.

of
tumors/bladder
(mean Â±SEM)4.48

Â±0.86'II0.32

Â±0.14II0.09

Â±0.06II0.06

Â±0.060

a No. of rats assigned to the group.
''The seven rats used for the short-term experiment are not included.
c P < (MM)01compared to group 2 or group 7.
d P = 0.03 compared to group 4.
eP< 0.0001 compared to group 3, 5, or 7.
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Fig. 2. Number of PMNs in exÃºdales into HTB lumen. A, time course of PMN
exudation in groups 1. 3, 5, and 7. Points, mean from six to ten counts based on three
randomly chosen rats. B, PMN exudation at 10-15 weeks of experiment. PMNs in
aspirates from all rats were counted once a week for 3 weeks. The results are expressed
as mean Â±SD (bars).

I

Fig. 3. Number of PMNs in exÃºdales in HTB lumen in rats in group 3. Points, mean
Â±SD from three counts at 10-13 weeks of the experiment. O. rats that did not develop
tumors; â€¢¿�,rats that developed tumors. The rat of circle a showed an extraordinarily large
SD.

number of tumors/group, and in the number of tumors/bladder. Instil
lation of LPS induced two morphological alterations in the bladder;
they were urothelial hyperplasia and migration of PMNs to the bladder
lumen. The intensity of PMN migration was proportional to the dose
of LPS (Fig. 2). The possibility that the enhancing effect of LPS is
mediated by PMN migration was suggested by the following obser
vations: (a) there was a marked increase in tumorigenesis in group 1
(MNU+LPS, 100 /j.g/ml); (b) five rats in group 3 (MNU+LPS, 1
/ig/ml) in which bladder tumors developed had significantly greater
numbers of PMNs in bladder aspirates than did the animals in which
tumors had not developed when aspirates were examined during the
middle portion of the experiment [at 10-13 weeks; P < 0.003

(Fig. 3)].

Il:():concentrationinaspirates

(|lM)Ã«

Ãªg2TTÃ±Group

i 3SLPS

concentration 100 1.00.01(
ug / ml )7

0

Fig. 4. 11â€¢¿�(i concentration in group 1 is significantly higher than that in all other
MNU-treated groups (P < 0.001). Bars, SD.

We suggest three mechanisms to account for the tumor-enhancing

effect of inflammation in the present experiment. First, repeated LPS
treatment may induce a prolonged oxidative stress which results in
DNA damage (18) and mutation (19). We demonstrated that LPS at
the highest dose (100 fig/ml, group 1) was associated with a signifi
cant increase in the concentration of H2O2, one form of active oxygen
species, in aspirates (Fig. 4). However, it is significant that tumors did
not develop in the groups treated with LPS alone. This suggests that
oxidative stress by itself is insufficient to induce tumors but may be
sufficient to augment neoplastic changes induced by MNU. A promo
tional effect of active oxygen is reported in an in vitro model con
sisting of irradiated (20) and carcinogen-treated (21) cells; however,

the molecular mechanism of the effect remains unclear.
Second, it is possible that nitrosamine(s) formed in the HTB may be

involved; it is well documented that the synthesis of nitric acid and
nitrosamine(s) can be stimulated greatly by the cytosol of macro
phages activated by LPS and y-interferon (22, 23).

Third, repeated LPS treatment accelerated urothelial proliferation.
This may have augmented the mutagenic effect of the carcinogen (24,
25). The mechanism whereby inflammation induced by LPS stimu
lates urothelial cell proliferation is not clear at present. It does not
appear to be a direct effect of LPS because LPS is cytotoxic to
cultured normal urothelial cells (26).4 It is possible that epithelial

proliferation is caused by cytokines. In psoriatic skin, which is char
acterized by accelerated proliferation of keratinocytes, several kinds
of cytokines, including IL-1, TNF, and IL-6, are suggested to be
involved in the pathogenesis (27, 28). IL-6 and IL-8 are known to

stimulate keratinocyte proliferation in culture (29, 30). We have dem
onstrated a significant increase in IL-1 and TNF concentration in
aspirates from KEC-treated HTBs.4 These observations suggest that

the cytokine network induced by LPS may play a significant role in
cell proliferation in inflammation-induced urothelial hyperplasia. Fur

thermore, there is a possibility that cytokines such as TNF (31) and
IL-8 (32), which have chemotactic and angiogenic activity, may be

involved in the development of the marked vascular proliferation in
the stroma and of PMN aggregation within the epithelium, which are
characteristic of the tumors observed in the present and previous
studies (11).
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