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The present study was designed to test the hypothesis that
endogenous prostaglandin E (PGE) promotes the develop-
ment, growth and metastasis of spontaneous mammary
tumors in C3H/HeJ female retired breeder mice. The effect of
chronic oral indomethacin (indo) therapy starting at 6 months
of age was tested on these parameters as well as on animal
survival, in comparison with control mice placed on 0.2%
ethanol in drinking water for up to 25 months of age. Indo
treatment delayed the initial (up to 27 weeks) development
of primary tumors by 11–12 weeks; however, the subsequent
rate of tumor appearance was unaffected (totaling 82% in
indo-treated vs. 90% in controls by 25 months of age).
Spontaneous regression of primary tumors (26% in controls)
increased 2-fold (53%) with indo therapy. While the apparent
reduction in the growth rate of primary tumors and the
overall prolongation of animal survival were not significant,
the lifespan of mice bearing multiple tumors was significantly
prolonged by therapy. There was also a 2-fold reduction in the
incidence of lung metastases in mice bearing detectable
primary tumors, and this was more pronounced during the
earlier phase of tumor development. Positive immunostain-
ing for cyclooxygenase-2 enzyme (indicative of the cellular
source of PGE) was exhibited by tumor cells, stromal cells
and macrophages within the primary tumors. Tumors in
indo-treated mice exhibited histological evidence of in-
creased differentiation (acinar architecture), significant tu-
mor cell death, mononuclear cell infiltration and reduction in
vascularity, indicating that the beneficial effects of indo were
due to multiple mechanisms, including improved immune
response and reduced angiogenesis. Int. J. Cancer 73:371–380,
1997.
r 1997 Wiley-Liss, Inc.

C3H/HeJ strain retired breeder female mice develop spontane-
ous mammary tumors in approximately 90% of the animals during
their life span (Santeret al.,1980), when left under normal housing
and dietary conditions. Although tumors vary in time of appearance
as well as site, they are confined to the mammary line and often
show the features of invasive adenocarcinomas with a pseudo-
glandular architecture. Integration of the proviral genome of the
mouse mammary tumor virus (MMTV) transmitted via the moth-
er’s milk into the developing mammary glandular tissue represents
the first genetic event in tumorigenesis in this model (reviewed by
Salmons and Gunzburg, 1987). The virus does not contain a
transforming oncogene, but acts as an insertional mutagen for
activation of a number of proviral insertion loci encoding for
growth factors or other functional proteins (Nusse and Varmus,
1982; Peterset al.,1983; Gallahanet al.,1987; Morriset al.,1991).
Interestingly, the human homologue of one of the loci (int-2) has
been shown to be amplified in about half of the breast cancer
specimens in Parsi women, who exhibit a high incidence of breast
cancer (Barnabas-Sohiet al., 1993). Furthermore, approximately
39% of unselected human breast cancers have been reported to
contain a 660 bp gene sequence of the MMTV envelope (ENV)
gene, not found in other tumors or in normal tissues, except for 2%
of normal breast specimens, leading to the hypothesis that an
MMTV-like agent may play a contributory role in the development
of a significant proportion of human breast cancers (Wanget al.,
1995). While this hypothesis remains to be validated, spontaneous
mammary carcinoma in C3H/HeJ mice appears to be the closest
available experimental model for human breast cancer.

Our earlier studies revealed that tumor or host-derived prostaglan-
din E2 (PGE2) plays an important role in promoting tumor

progression in numerous tumor models including mammary adeno-
carcinomas (reviewed by Lala and Saarloos, 1994) by at least 3
mechanisms: inactivation of host anti-tumor effector cells (Brunda
et al., 1980; Parhar and Lala, 1985, 1988), stimulation of the
migratory ability of metastatic cells (Younget al., 1987) and
promotion of angiogenesis (Form and Auerbach, 1983; Allison and
Kowalski, 1984). Chronic oral indomethacin (indo) therapy de-
signed to lower the level of PGE productionin vivo,when initiated
early, was found to halt the growth or cause a regression of s.c.
transplanted mammary adenocarcinomas, and to prevent their
spontaneous lung metastases in C3H/HeJ mice. Reactivation of
host NK cells was shown to be at least one mechanism responsible
for this beneficial effect of indo (Lalaet al., 1986). Chronic oral
indo therapy, when combined with intermittent interleukin-2 (IL-2)
therapy, was found to ameliorate or cure metastatic tumors by
activating anti-tumor effector cellsin situ in numerous murine
tumor models: melanomas (Parhar and Lala, 1987; Lala and Parhar,
1988), fibrosarcomas (Parharet al.,1988) and mammary adenocar-
cinomas (Lala and Parhar, 1993). This combination therapy was
also beneficial in murine ascites tumors (Lalaet al., 1990b) and
was effective in curing experimental metastases of human melano-
mas grown in nude mice (Lalaet al., 1990a). Subsequently, this
combination therapy was shown to be promising in a phase 2
human trial of advanced melanomas (Mertenset al., 1993a) and
renal cell carcinomas (Mertenset al., 1993b). Interestingly, some
melanoma patients exhibited objective (complete and partial)
responses to indo therapy alone (Mertenset al., 1992), indicating
that PGE production in the host promoted tumor progression.

Spontaneous as well as experimental carcinogenesis is typically
associated with a latency period inclusive of the pre-neoplastic
phase. During spontaneous mammary carcinogenesis in C3H/HeJ
mice, MMTV proviral insertion into the genome of mammary
epithelial cells demarcates the initial event, following which other
genetic or epigenetic events may contribute to tumor progression.
These events may result from the action of endogenous or
exogenous promoting factors, some of which may accelerate the
appearance and/or growth of the mammary tumors. We hypoth-
esized that endogenous PGE may represent one such promoting
factor, because of its multiple roles documented in facilitating
tumor progression, as summarized earlier. We have also shown that
host NK cells play a surveillance role against the expansion of
initiated intestinal crypt cells appearing shortly after treating mice
with dimethyl hydrazine (DMH), a strong intestinal carcinogen
(Altmann and Lala, 1990, 1994). Thus, it is possible that host NK
cells may also play a containing role against the expansion of
MMTV-initiated mammary epithelial cells and that this function
may be compromised by endogenous PGE. Once neoplastic foci
have appeared, PGE may also promote tumor-induced angiogen-
esis (Form and Auerbach, 1983; Allison and Kowalski, 1984)
required for further growth of such foci, as well as tumor cell
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migratory ability (Young et al., 1987), which is required for
invasion and metastases.

The present study was designed to test the hypothesis that
endogenous PGE promoted the development and progression of
spontaneous mammary tumors. We examined whether chronic oral
indo therapy starting at the age of 6 months in C3H/HeJ retired
breeder female mice had any beneficial effect against the develop-
ment, growth and metastasis of spontaneous mammary carcino-
mas.

MATERIAL AND METHODS

Mice

Six-month-old C3H/HeJ retired breeder female mice were
obtained from the Jackson Laboratories (Bar Harbor, ME). Within
the first week of arrival, 2 of 162 mice exhibited a small mammary
tumor. These animals were excluded from experiments. Animals
were acclimatized in their new environment for 2 weeks before
experimentation. They were fed with standard mouse chow,
provided with waterad libitumand kept on a 12 hr light/dark cycle
in the animal quarters. Animal care was in accord with guidelines
set out by the Canadian Council on Animal Care.

Indomethacin
Indomethacin (indo) was obtained from Sigma (St. Louis, MO).

Absolute ethanol was used to reconstitute indo and make a 40 mM
solution. This stock solution was added to the drinking water to
achieve a final concentration of 14 µg indo/ml. When administered
chronically, a dose of 10 µg indo/ml of water was shown to
decrease PGE2 production below 50% of control levels in tumor-
bearing mice (Khooet al.,1992), and a concentration of 14 µg/ml
indo was found to be safe in C3H/HeJ mice (Lala and Parhar,
1993).

Experimental protocols
Mice, free from visible or palpable tumors, were randomly

separated into 2 groups (n5 75/group). This randomization was

achieved by picking every alternate animal for a particular group
during the separation process. The control group drank 0.2%
ethanol (solvent for indo) in drinking water, and the experimental
group drank indo (14 µg/ml of 0.2% ethanol in drinking water).
Unexpectedly, after a period of 2 weeks, 3 mice in the latter group
died of gastric bleeding, evidently resulting from indo toxicity. For
this reason, the concentration of indo was decreased to 12 µg/ml,
and this dosage was maintained until the end of the experiment,
without any further evidence of toxicity. Three mice were ran-
domly removed from the control group to equalize the number of
animals in each group (n5 72).

Measurement of water intake in both groups was recorded and
found to be similar (approximately 3.5 ml/day on the average) in
both groups. The incidence of mammary carcinoma development
was recorded, and the growth of each tumor, once detected, was
measured. Animal survival was followed to the stage of terminal
illness, when they were euthanized. Metastases in all internal
organs were scored visually, and histological analysis of the
primary tumor and suspected metastatic foci was performed.

Effect of indomethacin therapy on the appearance and growth of
mammary tumors and their metastases

Mice in control and indo-treated groups were housed 5 animals a
cage and inspected daily for the appearance of visible tumors in the
mammary line. Every animal was tagged for identification to
follow the natural history of individual tumors. Once detected, the
size of the primary tumor was measured with calipers twice weekly
and recorded as the average of the maximum and minimum
diameters. In the case of appearance of a new tumor, the same
procedure was performed.

Isolated lungs, heart, spleen, liver and kidneys were fixed in
Bouin’s fixative, and the numbers of visible metastatic nodules
were scored using a dissecting microscope. Tissues were also
subjected to histological analysis to confirm the presence of tumor
cells as well as to record their histological organization.

FIGURE 1 – Effects of chronic oral indo therapy on the appearance of the first spontaneous mammary tumor.
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In a separate histological study, 5 representative tumors (12
weeks after detection) from each group (control and indo-treated)
were fixed in 10% buffered formalin, paraffin embedded and
stained with hematoxylin and eosin for histological analysis.
Sections were also subjected to immunohistochemical staining for
detection of PGH synthase or the cyclooxygenase enzyme Cox-2.

Immunostaining for Cox-2
Conventional histological sections of primary tumors were fixed

in 10% buffered formalin, paraffin embedded, and cut into 4 µm
sections. After deparaffinization and blocking of endogenous
peroxidase activity (3% H2O2 in absolute methanol), sections were
permeabilized with 0.25% Triton X-100 in PBS. Ten percent
normal goat serum was then added to the slides as blocking sera,
followed by rabbit polyclonal primary antibody against Cox-2
(Cayman, Ann Arbor, MI; 1:50 dilution), and slides were incubated
overnight. Specificity control was provided by replacing the
primary antibody with an identical concentration of normal rabbit

serum. Sections were then treated with biotinylated secondary
antibody, goat anti-rabbit Ig (Dimension Laboratories, Missis-
sauga, Canada; 1:200 dilution) for 30 min, followed by ABC
complex (1 hr) and DAB chromogen. Sections were counterstained
with hematoxylin, and Cox-2 expression was identified by positive
brown staining from DAB chromogen under a light microscope.

Statistical evaluation
Microstat Statistics Package (Ecosoft, Indianapolis, IN) was

used to perform at-test for data exhibiting normal distributions; the
Wilcoxon rank sum test was used for skewed distributions (Zar,
1974). Survival analysis statistics (Kaplan-Mayer estimates) were
performed on animal survival data as well as the data on the
incidence of primary or secondary tumors at various time points.
The Chi-square test was used for analysis of tumor-related death at
25 months of animal age;p , 0.05 was considered significant.

RESULTS

Effect of indomethacin treatment on the appearance of
mammary tumors

The first recognizable tumor appeared at 10 weeks following the
experimental set up in the control group. In the indo-treated group
this was at 18 weeks (i.e., the latency period was delayed by a
period of 8 weeks) (Fig. 1). During the initial period of tumor
development (i.e., up to 27 weeks following the experimental
set-up when tumors appeared at a relatively slow rate), there was a
relative lag of 11–12 weeks in the appearance of initial (first)
primary tumors in the indo-treated group in comparison with the
control group. Subsequently, the rate of appearance of the initial
tumor was nearly linear and identical in both groups until about 59
weeks after the experimental set-up (i.e.,about 84 weeks of animal
age) (Fig. 1).

Since a significant number of animals developed multiple tumors
(2, occasionally 3) in both groups, we explored whether the time
course of appearance of the second tumor was different in the 2

FIGURE 2 – Effects of chronic oral indo therapy on the appearance of the second spontaneous mammary tumor.

TABLE I – DETAILS OF PRIMARY SPONTANEOUS TUMORS AT ANIMAL
AGE 25 MONTHS1

Control Indo-treated

No. of mice with tumor 65/72 (90) 59/72 (82)
Tumor-bearing mice having multiple

tumors
29/65 (45) 28/59 (47)

Tumor number
First 65 59
Second or third 42 49
Total 107 108

Mean tumor number
Per tumor-bearing mouse 1.6 1.8
Per mouse 1.5 1.5

Complete regression of the first tumor 12/65 (18) 20/59 (34)
Complete regression of any tumor 17/65 (26) 31/59 (53)

1Data are number/total, with percent in parentheses.
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FIGURE 3 – Effects of chronic oral indo therapy on the growth rate of the initial (first) spontaneous mammary tumors.

FIGURE 4 – Effects of chronic oral indo therapy on the growth rate of the second (and occasional third) spontaneous mammary tumors.
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FIGURE 5 – Effects of chronic oral indo therapy on the survival of spontaneous mammary tumor-bearing mice as a function of tumor age.

FIGURE 6 – Effects of chronic oral indo therapy on the survival of mice irrespective of tumor bearing.
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groups (Fig. 2). The earliest second tumor was detected at 29 weeks
in the control group and at 35 weeks (i.e.,delayed by 6 weeks in the
indo-treated group) following the experimental set-up. A delay of
4–7 weeks persisted in the latter group during the first 50 weeks of
the experimental period. There was no significant difference,
however, in the rates of appearance of the second tumor between
the 2 groups.

At 25 months of animal age, 65/72 (90%) of control mice had
developed the first tumor. This was 59/72 (82%) in the indo-treated
group, which was not significantly different from the control group.
The total tumor numbers (inclusive of multiple tumors) were 107
vs. 108 (identical in both groups) (Table I). A nearly identical
proportion of tumor-bearing mice had developed multiple tumors
by this time. Similarly, the mean tumor number per animal was also
identical (Table I).

Effect of indomethacin therapy on tumor regression
Unexpectedly, a significant proportion of the primary tumors

regressed completely in control mice. This was 18% for the first
tumor and 26% for all tumors in the absence of any therapy. In the
indo-treated group this proportion was nearly 2-fold: 34% for the
first tumor and 53% for all tumors, indicating that there was a
significant (p , 0.05) enhancement of tumor regression with indo
therapy (Table I). In both control and indo-treated mice, tumors that
regressed completely seldom resulted in maximal tumor size of
more than 1 cm in diameter.

Effect of indomethacin therapy on tumor growth rate
Figure 3 shows the relationship of tumor size (mean tumor

diameter) to tumor age following detection of the first tumor.
Tumors were smaller in size at all tumor ages in the indo-treated
group. However, the differences were not significant at any tumor
age (p . 0.05). The data in Figure 3 are inclusive of progressive as
well as regressing tumors. A reduction in average tumor size after
9–10 weeks of growth in both groups is a net result of 2
phenomena: 1) death of animals bearing the largest tumors, leaving
the survivors with smaller tumors; and 2) regression of some
tumors in both groups, as outlined in Table I. The maximal survival
of tumor-bearing mice was 24 weeks of tumor age in the control
group and 26 weeks of tumor age in the indo-treated group. This
difference was, however, not significant.

Figure 4 shows the relationship of tumor size to tumor age in the
case of second (or occasionally third) tumors. There was no
significant difference in the tumor size between the control and the
indo-treated groups at any tumor age. However, there was a notable
difference in animal survival in the multiple tumor-bearing mice.
While all animals in the control group died by 11 weeks after the
appearance of multiple tumors, many animals in the indo-treated
group continued to live with large tumor loads, up to a maximum of
23 weeks. This improvement in survival was significant (p , 0.05)
for the multiple tumor-bearing mice.

Effect of indomethacin therapy on the survival
of tumor-bearing mice

Figure 5 shows the survival of animals in the 2 groups as a
function of tumor age following detection of the first tumor,
irrespective of the number of tumors borne by an individual animal.
Indo therapy prolonged median survival by 1.5 weeks (about 10
days); however, there was no significant difference in the overall
survival rate between the 2 groups..

Effect of indomethacin therapy on the survival of mice irrespective
of the presence of a visible primary tumor

Figure 6 shows the survival of animals as a function of duration
of the experimental set-up, irrespective of the presence of a primary
tumor. Indo treatment caused a minor prolongation of median
survival by 1.5 weeks; however, there was no significant difference
in overall survival between the 2 groups. Some animals that died in
the absence of a visible primary tumor revealed metastatic foci (in
particular lung metastases) in both groups, indicating that the
primary tumors were too small for detection in these cases. When
these animals were included to account for tumor-related death at
25 months of animal age, this was 60/72 (83.3%) mice in the
control group and 51/72 (70.8%) mice in the indo-treated group.
This difference, although more pronounced than the overall
difference in survival (Fig. 6), did not attain a level of significance
( p 5 0.07).

Effect of indomethacin therapy on the incidence of metastases
The first 59 mice in each group that reached a moribund stage,

irrespective of a detectable primary tumor, were euthanized and
necropsied to record metastatic foci in internal organs. The results
are presented in Table II. Most animals exhibited lung metastases,
but (surprisingly) also visible metastatic foci in the heart. They
were all confirmed histologically as metastatic adenocarcinomas.
The metastatic foci in the heart were located in the cardiac
musculature, often close to the pericardium (Fig. 7d). The propor-
tion of mice exhibiting lung or cardiac metastases was identical in
both groups. The total number of metastatic foci was always higher
in the control than in the indo-treated group. For example, the mean
and the median numbers of lung metastases in the control group
were 356 7.6 and 15, respectively; these values were 20.56 4.1
and 10, respectively, in the indo-treated group. Therapy-induced
reduction in the mean number of lung metastases was, however, not
significant (p 5 0.1, Wilcoxon rank sum test).

Figure 8 shows the size distribution of the mean numbers of
visible lung metastasis in the 2 groups of mice, when graded as
small (#1 mm), medium (.1 mm, #2 mm), large (.2 mm, #5
mm) or very large (.5 mm). The reduction in total metastasis in the
indo-treated group was accounted for by a reduction in both small
and medium-sized categories.

One spleen (1/59) in the control group exhibited 20 surface
nodules. On histological examination they were identified as
hemopoietic colonies with pronounced megakaryocytopoiesis (not
shown), rather than metastatic foci.

Of the 59 mice necropsied in each group, one or more visible or
palpable mammary tumors were detected in 46 mice in the control
group and 44 mice in the indo-treated group. Lung metastases
scored in these tumor-bearing mice are presented in Table III. Indo
treatment in these mice (showing detectable primary tumors)
caused a nearly 2-fold reduction in lung metastases, which reached
a level of borderline significance (p 5 0.059, Wilcoxon rank sum
test). This difference was highly significant (p 5 0.03) in the
cohort of tumor-bearing mice that developed tumors between 7 and
8 weeks after the experimental set-up (Table IV).

Effect of indomethacin therapy on the histological architecture of
primary tumors

As shown in Figure 7a, most primary tumors in control animals
presented the typical features of adenocarcinomas with pseudo-

TABLE II – INCIDENCE OF VISIBLE METASTASES IN AUTOPSIED MICE
(IRRESPECTIVE OF THE PRESENCE OF PRIMARY TUMOR)

Control Indo-treated

No. autopsied 59 59
Lung metastases 52/59 54/59

Total no. .2,063 1,207
Mean 356 7.6 20.56 4.1
Median 15 10

Liver metastases 1/59 1/59
Total no. Confluent 1

Kidney metastases 7/59 3/59
Total no. 17 9

Heart metastases 55/59 55/59
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glandular arrangement of tumor cells, often having many centrally
located blood vessels surrounded by the pseudo-glandular clusters.
Occasionally, tumors were anaplastic, composed of undifferenti-

ated tumor cells in tightly packed groups without a pseudo-acinar
arrangement. In other cases, a mixture of both patterns could be
seen within the same tumor. There were variable amounts of

FIGURE 7 – Tumor histology. Areas of primary tumors from a control(a) and an indo-treated (b andc) mouse, showing high incidence of blood
vessels (dark arrowheads) in the control(a) and a paucity of vessels in the indo-treated(b) animal. Another area of the same tumor in the latter
animal(c) shows extensive tumor cell death (asterisk), surrounded by mononuclear cell infiltration. Note the acinar architecture (dark arrow in the
viable tumor tissue inc; also seen inb) of tumor cells, as well as an abundance of stroma (surrounding viable tumor tissue inc). (d) Metastatic
tumor cell islands within the myocardial musculature in a control mouse.(e)Part of a resected regressing primary tumor in an indo-treated mouse
showing duct-like structures (white arrow) and dense mononuclear cell infiltration (white arrowheads) surrounding necrotic as well as viable
tumor cell clusters.
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connective tissue (stroma), which was scanty in poorly differenti-
ated tumors. The extent of mononuclear cell (lymphocytes, macro-
phages) infiltration was small and primarily located within the
stromal tissue (not shown in this Fig. 7). Primary tumors in
indo-treated mice always presented some features of differentiation
such as abundant acinar or pseudo-acinar arrangement of cells (Fig.
7b), an abundance of stroma and areas of extensive tumor cell
death, often surrounded by mononuclear cell infiltrates and a
reduced number of blood vessels (Fig. 7c).

Biopsies of regressing tumors (of indo-treated mice) showed
only occasional islands of necrotic or apparently viable tumor cells
surrounded by extensive mononuclear cell infiltration, differenti-
ated duct-like structures and a paucity of blood vessels (Fig. 7e).
Spontaneously regressing primary tumors in control mice were not
subjected to histological analysis.

Expression of cyclooxygenases by cells in the spontaneous
mammary tumors

Preliminary experiments utilizing a rabbit polyclonal antibody
against Cox-1 revealed variable staining of tumor cells as well as

stromal cells within the primary tumors. Further experiments were
not pursued with this antibody, since this antibody recognized both
Cox-1 and Cox-2.

Immunostaining of the 5 primary spontaneous tumors (harvested
at 12 weeks of tumor age) in control mice for Cox-2 revealed
specific staining of tumor cells, stromal cells and certain macro-
phages (not shown) within the tumor stroma in all of the primary
tumor samples. The staining pattern was similar in the tumors
harvested from the indo-treated mice (not shown).

DISCUSSION

Our study tested the hypothesis that endogenous production of
prostaglandins promotes the development, growth, progression and
metastasis of spontaneous mammary tumors in C3H/HeJ retired
breeder female mice. These parameters were quantified in animals
subjected to chronic oral indo therapy (to block or reduce PGE
synthesisin vivo) starting at 6 months of age. At this age, it is
highly likely that many animals were harboring cryptic tumors not
recognized visually. Thus, it remains unknown whether the therapy
had any effect on the pre-neoplastic phase of mammary tumor
development. Nevertheless, our results revealed that indo therapy
starting at the age of approximately 6 months had a beneficial effect
in prolonging the latency period for visible or palpable appearance
of mammary tumors, but had no significant benefit in reducing the
cumulative tumor incidence during the animal’s life time. Although
the apparent beneficial effects of into therapy in reducing tumor
growth rate or tumor-related morbidity were not significant, this
therapy significantly improved the spontaneous regression of
primary tumors and survival time of animals bearing multiple
tumors. Although indo therapy did not improve the number of
metastases-free animals, there was a minor (2-fold,p 5 0.059)
reduction in the overall burden of lung metastasis in tumor-bearing
mice. This reduction was significant in the earlier cohort of
tumor-bearing mice.

Our results, combined with the histological findings in the
primary tumors of treated mice such as: 1) a higher degree of
differentiation; 2) a higher degree of tumor cell death and
mononuclear cell infiltration; and 3) a reduction in vascularity),
suggest that the benefits derived from indo therapy were multiple.
The suggested mechanisms are: 1) improved cellular immunity; 2)
reduced tumor angiogenesis; and 3) induction of tumor differentia-
tion. There is good documented evidence for the former 2
mechanisms, while the third remains a speculation. We had earlier
shown that there is a PGE2-mediated inactivation of anti-tumor
effector cells in tumor-bearing mice (Parhar and Lala, 1985, 1988),
which can be abrogated with chronic indo therapy (Lalaet al.,
1986). Most likely, C3H/HeJ retired breeder females harboring the
latent mammary tumor foci also suffer from a PGE-mediated
immunosuppression that reduces the latency period for the appear-
ance of macroscopic tumors. Indeed, we found that NK activity is
suppressed in C3H/HeJ retired breeder females (Lalaet al.,1985)
and that this suppression can be significantly abrogated by chronic
indo therapy. (data not shown).

An improvement in the spontaneous regression rate of primary
tumors in indo-treated mice and the findings of strong mononuclear
cell infiltration of regressing tumors provide strong circumstantial
evidence for a PGE2-mediated immune suppression in mice
bearing spontaneous tumors and its partial abrogation with indo
therapy. The same explanation can be offered as the reason for the
observed reduction in the number of pulmonary metastasis in
indo-treated mice.

Indomethacin, like aspirin and ibuprofen, is an inhibitor of
Cox-1 and Cox-2. While Cox-1 is known to be constitutively
expressed by most tissues, our preliminary data, presented here,
show that tumor cells, tumor stromal cells and tumor infiltrating
macrophages within the spontaneous mammary tumors express
Cox-2. Thus, both tumor and host cells were the likely sources of

FIGURE 8 – Size distribution of lung metastases in control and
indo-treated mice. S, small (#1 mm); M, medium (.1 mm,#2 mm);
L, large (.2 mm,#5 mm); VL, very large (.5 mm).

TABLE III – LUNG METASTASES IN MICE BEARING DETECTABLE
PRIMARY TUMORS

Control Indo-treated

No. of mice 46 44
Lung metastases

Total no. 1,948 1,042
Mean 42.46 9.5 23.76 5.31

Median 23 15

1p 5 0.059, Wilcoxon rank sum test.

TABLE IV – LUNG METASTASES IN THE COHORT OF TUMOR-BEARING MICE
DEVELOPING TUMORS AT 7–8 WEEKS AFTER EXPERIMENTAL SET-UP

Control Indo-treated

No. of mice 10 9
Lung metastases

Total no. 510 92
Range/mouse 0–270 0–41
Mean 26.76 4.1 10.26 2.01

1p 5 0.03, Wilcoxon rank sum test.
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PGE production in tumor-bearing mice. Tissues recovered from
human breast cancer specimens have been reported to produce
more prostaglandins than benign breast tumor or normal breast
tissue specimens (Bennetet al.,1977). Furthermore, elevated PGE2
production by circulating monocytes was shown to account for the
suppression of NK and LAK cell activity (Baxevaniset al.,1993)
as well as reduced macrophage tumoricidal activity (Cameron and
O’Brien, 1982) in human patients with breast cancer.In vitro
studies have shown that indo treatment can block linoleic acid-
induced stimulation of type IV collagenase expression (Liu and
Rose, 1994) and invasive ability (Connolly and Rose, 1993) of
human breast cancer cell lines. Thus, it is conceivable that human
breast cancer patients may also benefit from indomethacin therapy,
possibly as part of a combination therapy protocol, because of
improved anti-tumor activity of host cells and reduced invasive
ability of the tumor.

It remains unknown whether an integration of the MMTV
provirus in the genome of mammary epithelial cells induces Cox-2
expression in these cells prior to their acquisition of tumorigenic
phenotype, so that these cells serve as a source of PGE production.
If so, it is possible that indo treatment initiated at an earlier age in
C3H/HeJ females may be effective in reducing the life time
incidence of mammary tumors in these tumor-prone mice. This
hypothesis is currently under investigation.

Non-steroidal anti-inflammatory agents, which are particular
inhibitors of cyclooxygenases, have been shown to have a benefi-
cial effect in reducing the risk of carcinogen-induced as well as
spontaneous carcinomas in a number of organs. For example, indo
therapy has been shown to reduce the incidence of DMBA-induced
mammary carcinoma in rats (Mizukamiet al.,1992). Epidemiologi-
cal studies in humans (Schreinemachers and Everson, 1994) have
revealed that use of aspirin is associated with a reduction in the risk
of lung cancer (mean incidence ratio of 0.69; 95% confidence
limits 0.49–0.94), breast cancer in women (0.70; 0.50–0.96) and
colorectal cancer in younger men (0.35; 0.17–0.73). Similar to the
present tumor model, Cox-2 expression was noted in colon cancer
tissues, but not in the normal colon (Kargmanet al., 1995). It is
possible that newer agents with selectivity for Cox-2 (Battisimiet
al., 1994; Masferreret al.,1994; Kurumbailet al.,1996) may prove
safer and more effective than non-selective inhibitors such as
indomethacin in such tumor models.

ACKNOWLEDGEMENTS

This work was supported by a grant from the National Cancer
Institute of Canada. AO is a fellow of the Medical Research
Council of Canada.

REFERENCES

ALLISON, A.C. and KOWALSKI, W.J., Prostaglandins as transducers of
proliferation signals in microvascular endothelial cells and the pharmaco-
logical control of angiogenesis.In: J.D. Catravas, C.N. Gillis and U.S. Ryan
(eds.),Vascular endothelium: receptors and transduction mechanisms,pp.
99–110, Plenum, New York (1984).

ALTMANN , G.G., and LALA , P.K., Hyperplasia of mouse duodenal crypts and
its control by NK cells during the initial phase of DMH carcinogenesis.Int.
J. Cancer,46,695–702 (1990).

ALTMANN , G.G. and LALA , P.K., Initiated stem cells in murine intestinal
carcinogenesis: prolonged survival, control by NK cells and progression.
Int. J. Cancer,59,569–579 (1994).

BARNABAS-SOHI, N., SIMHA , M.R., PARIKH, V.A., FEUILHADE, F., KURKURE,
A., KOUYOUMDJIAN, J.C., JUSSAWALLA, D.J., DOCTOR, V.M. and THERWATH,
A., Breast carcinoma in a high-risk population: structural alterations inneu,
int-2 andp53genes.Breast Dis.,6, 13–26 (1993).

BATTISIMI , B., BOTTING, R. and BAKHIE, Y.S., Cox-1 and Cox-2: towards the
development of more selective NSAIDS.Drug News Perspect.,7, 501–512
(1994).

BAXEVANIS, C.N., RECLOS, G.J., GRITZAPIS, A.D., DEDOUSIS, G.V., MIS-
SITZIS, I. and PAPAMICHAIL , M., Elevated prostaglandin E2 production by
monocytes is responsible for the depressed levels of natural killer and
lymphokine-activated killer cell function in patients with breast cancer.
Cancer,72,491–501 (1993).

BENNET, A., CHARLIER, E.M., MCDONALD, A.M., SIMPSON, J.S., STAMFORD,
I.F. and ZEBRO, T., Prostaglandins and breast cancer.Lancet, 2(8039),
624–626 (1977).

BRUNDA, M.J., HERBERMAN, R.B. and HOLDEN, H.T., Inhibition of murine
natural killer cell activity by prostaglandins.J. Immunol.,124,2682–2687
(1980).

CAMERON, D.J. and O’BRIEN, P., Relationship of the suppression of
macrophage mediated tumor cytotoxicity in conjunction with secretion of
prostaglandin from the macrophages of breast cancer patients.Int. J.
Immunopharmacol.,4, 445–450 (1982).

CONNOLLY, J.M. and ROSE, D.P., Effects of fatty acids on invasion through
reconstituted basement (Matrigel) by a human breast cancer cell line.
Cancer Lett.,75,137–142 (1993).

FORM, D.M. and AUERBACH, R., PGE2 and angiogenesis.Proc. Soc. exp.
Biol. Med.,172,214–218 (1983).

GALLAHAN , D., KOZAK, C. and CALLAHAN , R., A new common integration
region (int-3) for mouse mammary tumor virus on mouse chromosome 17.
J. Virol., 61,218–220 (1987).

KARGMAN, S.L., O’NEILL, G.P., VICKERS, P.J., EVANS, J.F., MANCINI, J.A.
and JOTHY, S., Expression of prostaglandin G/H synthase 1 and 2 protein in
human colonic cancer.Cancer Res.,55,2556–2559 (1995).

KHOO, N.K.S., CHAN, F.P.H., SAARLOOS, M.N. and LALA , P.K., Immuno-

therapy of mammary adenocarcinoma metastases in C3H/HeN mice with
chronic administration of cyclo-oxygenase inhibitors alone or in combina-
tion with IL-2. Clin. exp. Metastasis,10,239–252 (1992).
KURUMBAIL , R.G., STEVENS, A.M., GIERSE, J.K., MCDONALD, J.J., STEGE-
MAN, R.A., PAK, J.Y., GILDHAUS, D., MIYASHIRO, J.M., PENNING, T.D.,
SEIBERT, K., ISAKSON, P.C. and STALLING , W.C., Structural basis for
selective inhibition of cyclooxygenase-2 by antiinflammatory agents.
Nature (Lond.),384,644–648 (1996).

LALA , P.K., ELKASHAB, M., KERBEL, R.S. and PARHAR, R.S., Cure of human
melanoma lung metastasis in nude mice with chronic indomethacin therapy
combined with multiple rounds of IL-2: characteristics of killer cells
generatedin situ. Int. Immunol.,2, 1149–1158 (1990a).

LALA , P.K. and PARHAR, R.S., Cure of B16F10 melanoma lung metastasis in
mice by chronic indomethacin therapy combined with repeated rounds of
interleukin-2: characteristics of killer cells generatedin situ. Cancer Res.,
48,1072–1079 (1988).

LALA , P.K. and PARHAR, R.S., Eradication of spontaneous and experimental
adenocarcinoma metastases with chronic indomethacin and intermittent
IL-2 therapy.Int. J. Cancer,54,677–684 (1993).

LALA , P.K., PARHAR, R.S. and SINGH, P., Indomethacin abrogates the
prostaglandin-mediated suppression of natural killer activity in tumor-
bearing mice and prevents tumor metastasis.Cell. Immunol.,99, 108–118
(1986).

LALA , P., PARHAR, R.S., SINGH, P. and LALA , P.K., Cure of murine Ehrlich
ascites tumors with chronic oral indomethacin therapy combined with
intraperitoneal administration of LAK cells and IL-2.Cancer Lett.,51,
27–35 (1990b).

LALA , P.K. and SAARLOOS, M.N., Prostaglandins and the host immune
system: application of prostaglandin inhibitors for cancer immunotherapy.
In: J.E. Harris, D.P. Braun and K.M. Anderson (eds.),Prostaglandin
inhibitors in tumor immunology and immunotherapy,pp. 187–227. CRC
Press, Boca Raton (1994).

LALA , P.K., SANTER, V., LIBENSON, H. and PARHAR, R.S., Changes in the host
natural killer cell population in mice during tumor development. 1. Kinetics
andin vivosignificance.Cell. Immunol.,93,250–264 (1985).

LIU, X.H. and ROSE, D.P., Stimulation of type IV collagenase expression by
linoleic acid in a metastatic human breast cancer cell line.Cancer Lett.,76,
71–77 (1994).

MASFERRER, J.L., ZWEIFEL, B.S., MANNING, P.T., HAUSER, S.D., LEAHY,
K.M., SMITH, W.G., ISAKSON, P.C. and SEIBERT, K., Selective inhibition of
inducible cyclooxygenase-2in vivo is antiinflammatory and nonulcero-
genic.Proc. nat. Acad. Sci. (Wash.),91,3228–3232 (1994).

MERTENS, W.C., BRAMWELL, V.H.C., BANERJEE, D., GWADRY-SRIDHAR, F.
and LALA , P.K., Chronic oral indomethacin and ranitidine with intermittent
continuous infusion IL-2 in advanced malignant melanoma: a phase 2
study.Clin. Oncol.,5, 97–113 (1993a).

379INDOMETHACIN AND MAMMARY TUMOR DEVELOPMENT



MERTENS, W.C., BRAMWELL, V.H.C., BANERJEE, D., GWADRY-SRIDHAR, F.,
AL-MUTTER, N., PARHAR, R.S. and LALA , P.K., Chronic oral indomethacin
and ranitidine with intermittent continuous infusion IL-2 in advanced renal
cell carcinoma.Cancer Biother.,8, 229–233 (1993b).
MERTENS, W.C., BRAMWELL, V.H.C., GWADRY-SRIDHAR, F., ROMANO, W.,
BANERJEE, D. and LALA , P.K., Combination of indomethacin and ranitidine
in advanced melanoma patients on high dose interleukin-2.Lancet,340,
397–398 (1992).
MIZUKAMI , Y., NONOMURA, A., NOGUCHI, M., TANIYA , T., THOMAS, M.,
NAKAMURA , S. and MIYAZAKI , I., Effects of high and low dietary fat and
indomethacin on tumour growth, hormone receptor status and growth factor
expression in DMBA-induced rat breast cancer.Int. J. Tissue React.,14,
269–276 (1992).
MORRIS, V.L., RAO, T.R., KOZAK, C.A., GRAY, D.A., LEE CHAN, E.C.M.,
CORNELL, T.J., TAYLOR, C.B., JONES, R.F. and MCGRATH, C.M., Character-
ization of Int-5, a locus associated with early events in mammary
carcinogenesis.Oncogene Res.,6, 53–63 (1991).
NUSSE, R. and VARMUS, H.E., Many tumors induced by the mouse
mammary tumor virus contain a provirus integrated in the same region of
the host genome.Cell, 31,99–109 (1982).
PARHAR, R.S., CHAMBERS, A. and LALA , P.K., A comparison of the efficacy
of indomethacin, IL-2, IFN-g or their various combinations in the treatment
of experimental murine lung metastasis. Proc. 19th Int. Leukocyte Culture
Conference, 80 (Abstract) (1988).
PARHAR, R.S. and LALA , P.K., Changes in the host natural killer cell
population during tumor development. 2. The mechanism of suppression of
NK activity. Cell. Immunol.,93,265–279 (1985).
PARHAR, R.S. and LALA , P.K., Amelioration of B16F10 melanoma lung

metastasis in mice by a combination therapy with indomethacin and
interleukin-2.J. exp. Med.,165,14–28 (1987).

PARHAR, R.S. and LALA , P.K., Prostaglandin E2-mediated inactivation of
various killer lineage cells by tumor-bearing host macrophages.J. Leuko-
cyte Biol.,44,474–484 (1988).

PETERS, G., BROOKES, S., SMITH, R. and DICKSON, C., Tumorigenesis by
mouse mammary tumor virus: evidence for a common region for provirus
integration in mammary tumors.Cell, 33,369–377 (1983).

SALMONS, B. and GUNZBURG, W.H., Current perspectives in the biology of
the mouse mammary tumor virus.Virus Res.,8, 81–102 (1987).

SANTER, V., MASTROMARINO, J.H. and LALA , P.K., Characterization of
lymphocyte subsets in spontaneous mouse mammary tumors and host
lymphoid organs.Int. J. Cancer,25,159–168 (1980).

SCHREINEMACHERS, D.M. and EVERSON, R.B., Aspirin use and lung, colon
and breast cancer incidence in a prospective study.Epidemiology,5,
138–146 (1994).

WANG, Y., HOLLAND, J.F., BLEIWEISS, I.J., MELANA, S., LIU, X., PELISSON, I.,
CANTARELLA , A., STELLRECT, K., MANI, S. and POGO, B.G.-T., Detection of
mammary tumor virusENV gene-like sequences in human breast cancer.
Cancer Res.,55,5173–5179 (1995).

YOUNG, M.R., YOUNG, M.E. and WEPSIC, H.T., Effect of prostaglandin
E2-producing nonmetastatic Lewis lung carcinoma cells on the migration of
prostaglandin E2-responsive metastatic Lewis lung carcinoma cells.Cancer
Res.,47,3679–3683 (1987).

ZAR, J.H., Biostatistical analysis.Prentice Hall, Englewood Cliffs, NJ
(1974).

380 LALA ET AL.


