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ABSTRACT

Several lines of evidence strongly link prostaglandins (PGs) and leu
kotrienes (LTs) to cancer of the intestine. Several studies have reported a
40â€”50%reduction in mortality from colorectal cancer in individuals who
routinely consume nonsteroidal anti-inflammatory drugs, possibly by in
hlbiting cyclooxygenase activity. However, the role of eicosanoids in this
process is still unclear. The heterozygote Min/+ mouse model, like pa
tients with familial adenomatous polyposis, carries a nonsense mutation in
the adenomatous polyposis coil (APC) gene that results in the spontaneous
development of intestinal adenomas (100% incidence). This study inves
ligated the association between elcosanoid biosynthesis, intestinal tumor
load, and the chemotherapeutic effect of the nonsteroidal anti-inflamma
tory drug sulindac during early and preexisting phases of tumor growth

and development as well as residual effects after drug withdrawaL Ad
ministration of sulindac (320 ppm) to Min/+ mice reduced the tumor
number by 95% but did not alter the levels ofPGE2 and LTB4 in intestinal
tissues. Increasing PGE2 and LTB4 levels by 44% with dietary arachi
donic acid supplementation had no effect on tumor number or size. When
sulindac was added to the arachidonic acid-supplemented diet, tumor
number was reduced by 82%, whereas eicosanoid levels remained ele
vated In Min/+ mice with established tumors, treatment with sullndac for
4daysreducedtumornumberby75%,andcontinualadministrationof
sulindac was necessary to maintain a reduced tumor load. In summary,
alterations in eicosanoid formation were not correlated with tumor num
ber or size in the Min/+ mouse model; thus, the antitumor effect of
sulindac seems to be PG independent.

INTRODUCTION

Heterozygous C57BL/6J-Min (Minf+) mice are highly susceptible
to spontaneous development of intestinal adenomas due to a germ-line
mutation in one allele of the murine APC3 gene, with tumor initiation
following loss of heterozygosity (1â€”3).The importance of this tumor
suppressor gene to the phenotype has recently been confirmed by
targeted mutagenesis (4, 5). The Min/Â± mouse is a model for human
intestinal tumorigenesis with similarities to an inherited form of
human intestinal cancer, FAP. Individuals with FAP carry a mutation
in one allele of the APC gene, resulting in multiple intestinal adeno
mas after somatic mutation or loss of the second allele (2).

Several lines of evidence demonstrate an inverse relationship be
tween the use of NSAIDs, such as aspirin and sulindac, and intestinal
cancer. NSAIDs have been shown to reduce the relative risk of
intestinal cancer in humans by 40â€”50%(6â€”14).Sulindac, in partic
ular, decreases intestinal tumor load in Min/+ mice and FAP patients
(12, 13) and inhibits chemically induced colonic tumors in mice (15).
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Sulindac is a pro-drug and lacks anti-inflammatory activity until it is
modified in the liver and by colonic bacteria to its metabolically active
sulfide derivative (16). Because one of the major pharmacological
effects of NSAIDs is to inhibit COX activity, decreased PG biosyn
thesis is reasonably assumed to be an important mechanism of action
for these drugs. Boolbol et a!. (17) have reported that the small
intestine of MinJ+ mice has elevated expression of COX-2 and
increased production of PGE2 compared to that of age-matched Wi'
controls. When treated with sulindac, they found that a reduction in
tumor load was associated with a reduction in POE2 formation and
COX-2 expression compared to untreated Min/+ mice. However, it
has yet to be clearly established that the antitumor effect of sulindac
is mediated via a reduction in PG biosynthesis. A number of studies
suggest a PG-independent mechanism (18â€”21). For example, both
sulindac metabolites (sulfide and sulfone derivatives) have similar
antineoplastic effects; however, only the sulfide derivative inhibits
COX (19).

Sulindac use is associated with regression of preexisting adenomas
in FAP patients, and its use is required for maintenance of a reduced
tumor load in these individuals (22). Sulindac treatment in weanling
Min/+ mice results in dramatic reductions in tumor frequency. It
seems that intestinal tumors in Min/+ mice are initiated early in life
and that sulindac may be causing tumor regression in this model,
perhaps by increasing apoptosis (17, 19, 23, 24). However, studies to
date have yet to establish that sulindac can cause regression of
preexisting tumors in Min/+ mice. In a chemically induced colonic
tumor model, sulindac has a protective effect when provided concur
rently with the carcinogen 1,2-dimethylhydrazine but does not cause
tumor regression (25). In the present study, we present data that show
that: (a) the antitumor effect of sulindac rapidly eliminates (within 4
days of treatment) macroscopic evidence of established tumors in
Min/+ mice; (b) this effect may be independent of PG modulation;
and (c) withdrawal of the drug is associated with reappearance of
tumors.

MATERIALSAND METHODS

Animals

WI (+1+) and Min/+ (Apc/+) male C57BLJ6J mice (Jackson Laborato
ties, Bar Harbor, ME), 35â€”40days of age, were randomly divided into
treatment groups (four to eight animals/group). They were housed in sus
pended stainless steel cages in a temperature-controlled room (23 Â±2Â°C)with
a 12-h light/dark cycle and given free access to food and water. The health of
the animals was checked daily. Before sacrifice, all animals were fasted
overnight. All animal procedures were approved by the University of Tennes
see Animal Care and Use Committee and were in accord with the NIH Guide
for the Care and Use of Laboratory Animals (National Research Council,
1985).

Diets

The control (drug-free) diets were composed of purified AIN-93G powder
diet (Dyets, Inc., Bethlehem, PA). Sulindac (Sigma Chemical Co., St. Louis,
MO) was added to the diets by thoroughly mixing 320 ppm of sulindac with
control diet. For those experiments using diets with modified fatty acid
compositions, diets were supplemented with 1.5% (wlw) of the following fatty
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acid ethyl esters, OA or AA (Nu Chek Prep, Elysian, MN). All diets were
prepared weekly and stored at â€”20Â°C.All animals were provided fresh food
daily to prevent oxidation. Food consumption was monitored daily, and animal

weights were recorded weekly. The actual drug doses were calculated accord

ing to food intakes.

Experimental Design

Experiment 1. Sixteen WT male mice and sixteen male Min/+ mice were
each divided into four groups of four animals on arrival (approximately 35
days of age). One group each of WT and Min/+ mice was sacrificed at 77, 101,

and 115days of age. The fourth group ofWT and Min/+ mice was treated with
sulindac (supplemented in the diet) at 320 ppm from the time of arrival through
115days of age, at which time they were also sacrificed. Body weight and food
consumption for all animals were monitored. At the time of sacrifice, the tumor
number, size, and location were determined. Portions of normal-appearing
intestine and several of the largest tumors were harvested for histological
examination. The production of PGE2, 6-keto-PGF1a, and LTB4 from samples

of normal-appearing small intestine (midjejunum) was determined for each
animal. Small intestinal tumors were also harvested from untreated 101- and

I 15-day-old animals for PGE2, 6-keto-PGF1a,and LTB4 analysis.
Experiment 2. Twenty-six male Min/+ mice (35â€”40 days of age) were

randomly divided into four groups on arrival with (+5) or without (â€”5)
sulindac supplementation. All animals were initially provided a sulindac-free
diet until approximately 77 days of age (an average of 37 days). The animals
in groups +52 (n = 7) and +S4 (n â€”8) were then provided sulindac (320

ppm) in the diet for 2 or 4 days before sacrifice, respectively. The animals in
the +S20 group (n = 5) were sacrificed after 20 days of sulindac supplemen
tation. The tumor number, size, and location were determined, and samples

were harvested for histological examination. A control group of Min/+ mice
not treated with sulindac was sacrificed at approximately 80 days of age (â€”5;
n = 6).

Experiment 3. Twelve male Min/+ mice approximately 40 days of age
were randomly divided into two groups on arrival. One group (n = 6) was
provided a diet containing sulindac (320 ppm) from the time of arrival until 80
days of age, at which time they were switched to a sulindac-free diet for 40

days. At I 20 days of age, the animals were sacrificed, and the tumor number,
size, and location were determined. The second group of MinI+ mice (n = 6)
was also provided a diet containing sulindac from the time of their arrival
(approximately 40 days of age) until 80 days of age and sacrificed at day 80
to provide tumor load data after 40 days of sulindac treatment.

Experiment 4. Twenty male Minl+ mice approximately 35â€”40days of
age were randomly divided into four groups (five animals/group) whose diets
were supplemented (I .5% w/w) with the ethyl ester of OA (18:ln-9) or AA
(20:4n-6), with or without sulindac (320 ppm). All mice were provided diet ad

libitum until 60 days of age, at which time they were sacrificed and the tumor

number, size, and location, tissue fatty acid composition, and eicosanoid
production were determined.

Gross and Histological Examination

At the scheduled age, the entire intestinal tract from each animal was
removed and flushed with cold (4Â°C)PBS. Each intestinal tract was opened
longitudinally and spread out, mucosal surface up, so that the location (large or
small intestine), size, and number of tumors could be determined using a

dissecting microscope (X 18). Tissue samples were fixed in 10% neutral

buffered fonnalin. Five-@.tmparaffin-embedded sections were stained with
H&E for histological evaluation.

Eicosanoids Measurement

After sacrifice, normal-appearing intestinal sections (midjejunum) and
pooled samples of individually excised small intestinal tumors were homoge
nized using a Polytron homogenizer in 0.1 M cold Tris-HCI buffer (pH 7.4). Lx
vivo production of eicosanoids was determined by incubating the homogenate

for 15 mm. The reaction was terminated by methanolic acidification after the
addition of 8.8% of cold formic acid in methanol (final pH 3.5). Eicosanoids
were isolated by solid-phase extraction using an octadecyl C15 cartridge
(Burdick & Jackson, Muskegon, MI) and eluted with 100% methanol. The
recovery of eicosanoids was determined by adding 10 nCi of [3HIPOD2to the

sample as an internal standard before processing. Recoveries averaged 80%
and were not statistically different among groups. The methanol was evapo
rated under an atmosphere of nitrogen, and the extracts were resuspended in
PBS (pH 7.4) containing 0.1% gelatin. POE2, 6-keto-PGF1a,and LTB4 were
measured by RIA as described previously (26) using antiserum obtained from
PerSeptive Diagnostics, Inc. (Cambridge, MA). All standards were purchased
from Cayman Chemical (Ann Arbor, MI), and [3H1PGE@,[3H]PGD2,[3H]6-
kCto-PGF1a, and [3H1-LTB4 were obtained from New England Nuclear (Bos
ton, MA). An aliquot of the homogenate from each sample was used to
determine protein concentration (27).

Fatty Acid Analysis

The fatty acid methyl esters of the tissue phospholipids were prepared and
analyzed as described previously (26). Briefly, tissues were homogenized in
cold saline, and lipids were extracted with chloroform/methanol (1:2 v/v),
followed by extraction (X2) with chloroform. The pooled chloroform extracts
were evaporated and resuspended in a small volume of chloroform, and the
phospholipids were separated by TLC on silica gel 60 HP-TLC plates (Merck,
Darmatadt, Germany) with chloroform/methanol (8:1 v/v) as the solvent sys
tem. Bands corresponding to the phospholipids were scraped, dissolved in
toluene, and saponified with 0.5 mMKOH in methanol for 8 mm at 86Â°C.After
acidification with 0.7 nmi HC1 in methanol, the fatty acids were extracted with

hexane (X2), evaporated, and methylated with ethereal diazomethane. The
fatty acid methyl esters were resuspended in hexane and analyzed using a
Hewlett-Packard model 5890 series II gas chromatograph equipped with flame
ionization detector and a DB23 fused silica capillary column (0.25 mm inside

diameter X 30 m X 0.25 pm film; J&W Scientific, Folsom, CA). Separation
was achieved by temperature programming from 160Â°Cto 250Â°Cat 3.5Â°C/mm
with hydrogen as the carrier gas. The internal standard, pentadecanoic acid
(15:0) methyl ester (100 p@g)was added to each sample before the saponifi
cation process. The fatty acid methyl esters were identified by comparison of

retention times with those of known standards.

Statistical Analysis

The Statistical Analysis System (SAS Institute, Inc., Cary, NC) was used to
analyze the data. Data were expressed as means Â±SE. Differences in body
weight, food consumption, tumor number, and biochemical parameters be
tween the groups were analyzed statistically by Student's t test or ANOVA.
Fisher's least significant difference multiple comparison method was used to

determine differences among groups. Data were considered significant at
P 0.05.

RESULTS

Food Intake and Body Weights. The general condition and health
ofMin/+ mice were not affected by sulindac treatment or dietary fatty
acid manipulation. The Min/+ mice were approximately 10% smaller
(by weight) than age-matched controls on arrival (data not shown).
Body weights of the WT mice, Wi' plus sulindac (WT + S) and
Min/+ plus sulindac (Mm + S) mice increased at similar rates
throughout the study, but the rate of body weight gain in untreated
Min/+ mice (Mm) plateaued at approximately 77 days of age. The
Wi' mice consumed significantly more food than the Min/+ mice
independent of sulindac treatment (3.2 Â±0.1 versus 2.8 Â±0.1 g/day).
Although both Min/+ groups (Mm and Mm + S) consumed similar
amounts of food, the rate of body weight gain by the sulindac-treated
group paralleled that of the WT mice, whereas the untreated animals
failed to gain weight after 77 days of age. We attribute this lack of
weight gain in the untreated group to a greater tumor load in these
animals as discussed below.

Food intake and body weight gain were not different between the
OA- and AA-supplemented groups (data not shown).

Effect of Age and Sulindac Treatment on Tumor Frequency,
Size, and Morphology. No tumors were found in the WT mice. At 77
days of age, Min/+ mice maintained on the control diet had approx
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Table 1 Effect ofage and sulindac on twnor size and number in the colon and small
intestine ofMin/+miceAge

of Min/+ mice(@ys)Â°77

101 115 115+sulindac(n
= 4) (n 4) (n 4) (n4)Total

tumorno/groupColon<1mm2b

@ â€”@â€”1â€”1.5mm2

6 112â€”2.5mmâ€”
1 â€”â€”3â€”3.5mmâ€”

2 1â€”4â€”4.5mmâ€”

â€” 1â€”<5-5.5mm-

2 --Small

intestine<1mm61
9 481â€”1.5mm74

86 8232â€”2.5mm14
65 63â€”3-3.5mm5

6 9â€”4â€”4.5mmâ€”
â€” 3â€”Totalnoigroup

Average tumor no/mouse'@
Average tumor sizes158

181 164 12
39.5 Â±4.6e 45.3 Â±6.Oe 41.0 Â±4.6e 3.0 Â±l.F'@
1.20 Â±0.01â€•1.71 Â±0.03e 1.82 Â±o.02@ 0.83 Â±o.Ã¸l

Treatmentgroupâ€•â€”S

(n6)+S2

+S4
(n7) (n8)

Total tumor noigroup+S2O

(n5)b

4
3IC

4 1
3 2â€” 2

SULINDACCAUSES TUMOR REGRESSIONINDEPENDENTOF PGs

days. When sulindac was administered for 2 days, the number of
tumors identifiable under a dissecting microscope was 19% lower
than that in the age-matched Min/+ control group that received no
sulindac (29 Â±3 versus 36 Â±7 tumors; Table 2). Within 4 days of
sulindac treatment, the tumor number (9 Â±1) was 75% lower than
that of the untreated group, with only a slight further reduction (7 Â±2
tumors) after 20 days of sulindac treatment.

Under the dissecting microscope, small intestinal tumors from
animals treated for 2 and 4 days were generally flatter than those in
untreated animals, and some had a slightly translucent, granular
appearance. There were also scattered approximately 1â€”2-mmdiam
eter crateriform lesions (an average of 10 per mouse) in the small
intestine. These depressions in the mucosal surface were lined by villi
that were shrunken or absent centrally and had a white-frosted ap
pearance around the perimeter of the lesion. Colonic tumors were not
significantly different from those in untreated mice. After 20 days of
sulindac treatment, tumors identified under the dissecting microscope
were not significantly different from those of untreated mice.

Histologically, the tumors from animals treated for 2 days were
flatter with a slight increase in villus architectural distinction, a
reduction in the density of tubular-glandular structures, a relative
increase in the amount of loose connective tissue between the glands,
and a more vertical orientation of the remaining glands. There was no
evidence of significant increases in apoptosis or decreases in mitosis
in H&E-stained sections, but there were occasional cystic glands filled
with necrotic cellular debris. The crateriform lesions had no evidence
of residual tumor cells and consisted of centrally shrunken, misshapen
villi or ulceration surrounded by villi lined by epithelial cells with
variably abundant cytoplasmic lipid droplets. Some of the tumors
from animals treated for 4 days had changes similar to those seen after
2 days of treatment with even more restoration of villus and crypt
architecture. These lesions also contained intraepithelial granulated
cells in some cases, similar to the untreated tumors. Other tumors in

a Min/+ mice were fed the AIN-93G powder diet from arrival and sacrificed at 77,
101, and I 15 days of age. One group was given 320 ppm ofsulindac from arrival through
115 days of age. Tumor number and size were examined from the entire intestinal tract
using a dissecting microscope (X 18).

b Number of tumors.

C None observed.

M@Â±SE(n 4animals/group).
e Values in each row with different superscript letters are significantly different by

ANOVA (P < 0.05).
1Significantly different from age-matched (115-day-old) non-sulindac-treated Min/+

mice by Student's t test (P < 0.0001).
g Average size was calculated as a weighted average for each size classification and

expressed as mean Â±SE.
h Values in each row with different superscript letters are significantly different by

ANOVA (P < 0.05).

imately 40 Â±5 tumors/animal, with a mean tumor size of 1.2 mm
(Table 1). The total tumor number remained relatively constant be
tween 77 and 115 days of age. Compared to the 77-day-old mice, the
average tumor size increased 43 and 52% at ages 101 and 115 days,
respectively. Overall, more than 95% of the tumors were located in
the small intestines. There was no significant histological distinction
between the largest tumors harvested from 77-, 101-, or 115-day-old
Min/+ mice. In addition to features described previously (28), tumors
frequently contained intraepithelial granulated leukocytes and scat
tered apoptotic bodies. Granulated cells had large brightly eosino
philic cytoplasmic granules and a round to indented hyperchromatic
nucleus. These cells were not found in the normal intestinal mucosa
outside of the tumors. There was frequently loss of at least a portion
of the surface epithelium in larger tumors, with exposure of the
supporting stroma/lamina propria to the intestinal lumen. This tumor
ulceration was far less common in the smaller lesions. Melena, frank
intestinal hemorrhage, and splenomegaly with marked erythropoiesis
were most prominent in older animals carrying the heaviest tumor
loads. This intestinal hemorrhage clearly results in a significant com
pensatory demand on body resources, as evidenced by the marked
splenic erythropoiesis, and likely accounts in large part for the failure
to gain weight, as noted previously. When sulindac supplemented the
diet for 80 days, tumor number and size were 93 and 55% lower,
respectively, when compared to the unsupplemented 115-day-old
Min/Â± mice (Table 1), and there was little to no evidence of melena
or erythropoietic splenomegaly. Tumors from untreated and treated
animals were histologically indistinguishable.

Temporal Effects of Sulindac on Established Tumors. To de
termine whether sulindac would cause regression of preexisting tu
mom, and if so, how soon the effect of sulindac would be observed,
animals were provided a sulindac-free diet for an average of 37 days
after arrival and then supplemented with sulindac for either 2, 4, or 20

Table 2 Temporal effects of sulindac on established tumors in the colon and small
intestine of Min/+ mice

Colon
<I mm
1-1.5mm
2â€”2.5mm
3-3.5 mm
4â€”4.5mm
5â€”5.5mm

Small intestine
<1mm 58 74 34 15
1â€”1.5mm 132 119 35 17
2â€”2.5mm 20 4 â€” â€”
3â€”3.5mm 1 â€” â€” â€”
4â€”4.5mm â€” â€” â€” â€”

Total noigroup 218 206 73 34
Average tumor/mouseâ€• 36.3 Â±73e 29.4 Â±2.7e 9.1 Â±0.8@ 6.8 Â±1ff
Average tumor sizes 1.14 Â±0.0l@ 0.99 Â±0.0l@ 0.92 Â±0.03@ 0.89 Â±0.02@

a Min/+ mice were provided a sulindac-free diet for an average of 37 days following
arrival. Groups of +52, +54, and +520 were then provided with 320 ppm sulindac in the
diet for 2, 4, or 20 days before sacrifice, respectively. Tumor number and size were
examined from the entire intestinal tract using a dissecting microscope (X 18).

b None observed.
CNumberoftumors.
dMean Â±SE.
e Values in each row with different superscript letters are significantly different by

ANOVA (P < 0.05).
1Values in each row with different superscript letters are significantly different by

ANOVA (P < 0.05).
g Average size was calculated as a weighted average for each size classification and

expressed as mean Â±SE.
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Table 3 Residual effect of sulindac treatment on tumor size and number in the colon
and small intestine of Min/+miceTreatment

groupâ€•+S

+5:â€”S(40)

(n6) (n6)Total

tumornoigroupb4'

â€”

SULINDACCAUSES TUMOR REGRESSIONINDEPENDENTOF PGs

incidentally in samples of small intestine from 2- and 4-day-treated
animals, resembling those occasionally seen in untreated Min/+ mice.
Colonic tumors of treated animals were not significantly different
from those of untreated animals.

Residual Effect of Sulindac Treatment on Tumor Number and
Size. To determine whether continued use of sulindac was required
for maintenance of a reduced tumor load, animals were treated with
sulindac for 40 days and then placed on a sulindac-free diet for an
additional 40 days. After 40 days of sulindac supplementation (40â€”80
days of age), tumor number and size averaged 2.0 Â±0.8 tumorsl
mouse and 0.92 Â±0.08 mm in diameter, respectively (Table 3). After
an additional 40 days on the sulindac-free diet (80â€”120days of age),
the number of tumors increased to 28.8 Â±6.0 tumors/mouse, with an
average diameter of 1.14 Â±0.03 mm.

PG and LT Productionby Normal-appearingSmall Intestine
and Tumors. The production of PGE2, 6-keto-P0F15, and LTB4 was
not different in normal-appearing intestines of WT animals and the
Min/+ mice at 77, 101, or 115 days of age and was not reduced after
sulindac treatment (Figs. 1-3). The small intestinal tumors of the
Min/+ mice produced significantly higher levels of PGE2 and LTB4
in the 101- and 115-day-old mice compared to normal-appearing
small intestinal tissues (Figs. 1 and 2). 6@KCtO@PGFiaproduction was
not significantly different between the tumors and normal-appearing
intestines at 101 days of age but was significantly lower at 115 days
of age (Fig. 3).

Effect of Dietary AA on Intestinal Fatty Acid Composition,
Eicosanoid Production, and Tumor Frequency and Size. AA was
provided in the diet to enrich tissue phospholipids with AA and
augment eicosanoid biosynthesis and to evaluate what impact these
changes would have on tumor frequency and/or size.

Intestinal Fatty Acid Composition. Tissue AA levels in the AA
supplemented groups were 60% higher compared to those of the

Colon
<1 mm
1-1.5 mm
2-2.5 mm
3-3.5 mm
4â€”4.5mm
5-5.5 mm

Small intestine
<1mm 5 31
1â€”1.5mm 3 117
2â€”2.5mm â€” 20
3â€”3.5mm â€” I
4â€”4.5mm â€” â€”

Total noigroup 12 173
Average tumor/mouse'@ 2.0 Â±0.8e 28.8 Â±6.0'@
Average tumor sizes 0.92 Â±0.08' I.14 Â±0.Oi

a Min/+ mice were treated with 320 ppm of sulindac in the diet for 40 days; one group

(+5) was sacrificed to provide tumor load data after 40 days of sulindac treatment. The
other group 1+5: â€”5(40)]was then placed on a sulindac-free diet for an additional 40
days. Tumor number and size were examined from the entire intestinal tract using a
dissecting microscope (X 18).

b None observed.
C Number of tumors.

M@Â±SE(n 6animals/group).
CValuesin eachrowwithdifferentsuperscriptlettersaresignificantlydifferentby

Student's I test (P < 0.05).
1Values in each row with different superscript letters are significantly different by

Student's I test (P < 0.05).
S Average size was calculated as a weighted average for each size classification and

expressed as mean Â±SE.

this 4-day treatment group showed less evidence of architectural
normality or reduced tubular-glandular structures. Small cystic struc
tures (single crypts) lined by proliferating epithelial cells were found

Mice at 7ldays of age Miceat 101daysof age
7

6C

0
0.

@ 2.5@

E
@,

C

Miceat7ldays of age
150 -

C

2 100

E@
g@

0â€¢

C
C
0

.@â€¢4

23

E2@.@.

C1@

0

Miceat 115 days of age
6-

C5-

24

I@i.iii@I
WT WT +S Mm Mm +S Mire-Tumor

Groups

Fig. I. POE2 production was not different in normal-appearing intestinal sections from WT, Min/+ (Mm), WI' plus sulindac (WT + S), and Min/+ plus sulindac (Mm + 5) mice
fed the AIN-93G powder diet and sacrificed at 77, 101, and I 15 days of age. However, small intestinal tumors from Min/+ (Mm-Tumor) mice produced elevated amounts of PGE@.
Columns, the means of four experimental values; bars, SE. a, significantly different from all other groups, P < 0.05.

Miceat 115 days of age

200@ -
C@

@ a
@ 2150@

0.

. 0100 - ,

_ __@ @:LIiii@
WT WT +S Mm Mm +s Mm-Tumor

Groups

Miceat 101 days of age
18o@ @-----@--@---

160

.@ 140@

2i2oâ€¢
0. i

@1oo@
2 80

@60@___ ___
@ 40â€¢

20@
0@ @---

WT Mm

Groups
Groups

Fig. 2. LTB4 production was not different in normal-appearing intestinal sections from WT, Min/+ (Miii), WT plus sulindac (WT + 5), and Minf+ plus sulindac (Mitt + S) mice
fed the AIN-93G powder diet and sacrificed at 77. 101. and I 15 days of age. However, small intestinal tumors from Min/+ (Mm-Tumor) mice produced elevated amounts of LTB4.
Columns, the means of four experimental values; bars, SE. *, significantly different from all other groups, P < 0.05.
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Mice at 77 days of age
6@-- @---@ -

C

a
@4

Miceat 101daysof age
5

4.5

@ 3.5.
0.3.

@ 2.5@

; 2
C

0.50@
Fig. 3. 6-keto-PGF1,,production was not different in normal-appearing intestinal sections from WT, Min/+ (Mm), WT plus sulindac (WT + S), and Min/+ plus sulindac (Mm + 5)

mice fed the AIN-93G powderdiet and sacrificed at 77, 101, and 115 days ofage. Small intestinal tumors from Min/+ (Mm-Tumor) mice did not produce significantly different amounts
of 6-keto-PGF1,, at 101 days of age, but the amount was significantly lower at 115 days of age compared to normal-appearing intestines. Columns, the means of four experimental values;
bars, SE. *, significantly different from other groups, P < 0.05.

OA-supplemented groups, independent of sulindac treatment (Table
4). The increase in AA levels occurred with a concomitant decrease in
linoleic acid levels, an effect typically observed with AA feeding (26).

PG and LT Production.Humanandanimalstudieshaveclearly
demonstrated that supplementing diets with AA augments eicosanoid
biosynthesis systemically and, as such, provides an effective nonin
vasive technique to elevate PGs and LTs in vivo (26, 29â€”31).The
feeding of AA resulted in a significant increase (approximately 42%
overall) in the production of PGE2, 6-keto-PGF1a, and LTB4. Treat
ment with sulindac had no effect on reducing eicosanoid production,
in particular,the PGs PGE2and 6-keto-PGF1a(Fig. 4).

Tumor Frequencyand Size. AA supplementationhadno effect
on tumor number compared to OA, but the average size of the tumors
was 15% smaller (Table 5). Sulindac treatment reduced the number of

Table 4 Small intestine phospholipidfatty acid composition of Min/+ mice whose diets
were supplemented with dietary AA or OA and with or without sulindac

Treatment groupâ€•

Selected fatty OA + S AA + S
acids@' OA (n = 5) (n = 5) AA (n = 5) (n = 5)

18:2 (nâ€”6) 23.11 Â±l.09c 20.73 Â±Ã˜93C 15.21 Â±0.79â€• 16.03 Â±049d
20:4 (nâ€”6) 15.71 Â±0.29â€• 15.73 Â±0.32â€• 24.62 Â±0.78' 25.66 Â±0.36'

a Min/+ 35â€”40-day-oldmice were fed the AIN-93G powder diet supplemented with
1.5% (wlw) ethyl esters of OA or AA with 320 ppm of sulindac (OA + 5; AA + 5) or
without sulindac (OA; AA) until 60 days of age. Phospholipids were separated by TLC
and methylated using ethereal diazomethane, and the fatty acid methyl esters were then
analyzed via gas chromatography.

b Data are mol% and summarized as mean Â± SE (n = 5 animals/group).

C Values in each row with different superscript letters are significantly different by

ANOVA (P < 0.05).
d Values in each row with different superscript letters are significantly different by

ANOVA (P < 0.05).

tumors by 96 and 83% in the OA and AA groups, respectively. The
average size of the tumors in the sulindac-treated animals was not
different among the AA and OA-supplemented groups.

DISCUSSION

The objectives of this study were to: (a) evaluate the progression of
the Min/+ phenotype over time; (b) evaluate the temporal effect of the
NSAID sulindac as a chemopreventive or therapeutic agent for intes
tinal tumors; and (c) determine whether alterations of eicosanoid
biosynthesis are related to the effect of sulindac.

Min/+ mice averaged 42 intestinal tumors/mouse over the course
of the study (Table 1), which is consistent with other laboratories
where genetically similar Min/+ mice (i.e., on a C57BU6J back
ground) develop an average of 30â€”60macroscopically visible tumors
by the age of 90 days (32â€”34).Our results suggest that under normal
conditions, intestinal tumor initiation has occurred by 60 days of age,
based on two features: (a) the average number of tumors/mouse did
not increase between 60 and 115 days of age (see Tables 1 and 5); and
(b) the relative number of tumors less than 1 mm in size was reduced

as the animals aged, with an equivalent increase in those greater than
1 mm in diameter. This shift in tumor size is consistent with growth
of preexisting tumors and minimal induction of new tumors as the
animal ages. Tumor initiation before 60 days of age is in agreement

with data generated by Shoemaker et a!. (33).
Consistent with the results of other studies (17, 34), treatment of

Min/+ mice with sulindac shortly after genetic screening resulted in
stark reductions in tumor frequency. With withdrawal of sulindac
treatment, tumor frequency increased, indicating an obligate require
ment of sulindac treatment for this antitumor effect. We also demon

5.
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Fig. 4. Eicosanoid production of normal-appearing intestinal section from Min/+ mice supplemented with 1.5% (w/w) ethyl esters of OA or AA with sulindac (OA + 5; AA + S)
or without sulindac (OA; AA). Supplementation of AA resulted in significantly higher amounts of PGE@(A), LTB4 (B), and 6-keto-PGF,@ (C) compared to the respective OA controls.
Sulindac treatment failed to reduce eicosanoid formation. Columns, the means of five experimental values; bars, SE. *, significantly different from respective control group, P < 0.05
(AA versus OA; AA + S versus OA + 5).

4271

Miceat115daysofage
6

C5â€¢

a

I@IIIIi
WT WT +S Mmn Mm +s Mm-Tumor

Groups

.E
CV.
0.@
â€¢@3.â€”

@ . â€”

o2
E
.@1 â€¢

0@@

OA AA OA+S AA+S
Treatment Groups

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/19/4267/2862580/cr0570194267.pdf by guest on 19 M

ay 2023



Table 5 Tumor size and number in the colon and small intestine of Min/+micesupplemented
with AA or OA and with or without sulindactreatmentTreatment

groupâ€•OA

OA+S AAAA+S(n5)
(n5) (n5)(n@5)Total

tumornoigroupColon<1mm

b â€”â€”1â€”1.5mm
8' 4 132-2.5mm

- - --3â€”3.5mm
1 â€” â€”â€”4â€”4.5mm

â€” â€” â€”â€”5-5.5mm
- - --Small

intestine<1mm
84 4 102181â€”1.5

103 1 6682â€”2.5
5 â€” 2â€”3â€”3.5

â€” â€” â€”â€”4â€”4.5
â€” â€” â€”â€”Total

no/group 20 I 9 17 1 29
Average tumor/mouse'1 40.2 Â±3. Ic 1.8 Â±Off 34.2 Â±6.4' 5.8 Â±
Average tumor size'@ 0.97 Â±DOle 0.9 Â±0.l@ 0.82 Â±o.oV 0.79 Â±0.05@

SULINDAC CAUSES TUMOR REGRESSION INDEPENDENT OF POs

and neoplastic colonic tumors in humans (37, 38). Increasing eicosanoid
biosynthesis as a result of dietary manipulation with AA had no effect on
tumor frequency and did not result in larger tumors. However, it is
possible that basal eicosanoid production exceeds the minimum threshold
for effecting tumor initiation/prumotion and that any effects on tumor
load are observed only after inhibiting eicosanoid biosynthesis. In addi
Lion, our eicosanoid data does not fully address the involvement of
COX-2. Tumors overexpress COX-2 in humans and Min/+ mice com
pared to adjacent normal-appearing tissue, and this may account in part
for the increased production of PGE@(35, 39, 40). Histological exami
nation demonstrated that tumors were infiltrated by intraepitheial gran
ulated leukocytes that may be a source of the elevated levels of PGE@and
LTB4 observed in this study. Although it has been reported that normal
appearing intestinal tissue from Min/+ mice produces significantly
higher levels of PGE2 and overexpresses COX-2 compared to WT
littermates (17), others have more recently reported that COX-2 is not
expressed in normal-appearing intestine in both the Min/+ and the

APC-716 mouse model (a transgenic strain of Mm mice; Refs. 35 and
36). These recent data are more consistent with our results, and as such,
eicosanoid levels in normal small intestines of Min/+ and Wi' mice
cannot be used to distinguish the Min/+ phenotype.

In addition to the sulfide metabolite of sulindac that has anti-COX
activity, the drug is also oxidized in vivo to its sulfone derivative (41).
Sulindac sulfone has been shown to be a relatively ineffective inhib
itor of either COX-l or COX-2 (16) but has antiproliferative effects
and induces apoptosis in various tumor cell lines (19, 21). Recently,
the sulfone derivative was also shown to be effective in inhibiting
chemically induced colonic and mammary carcinogenesis (20, 28) and
colonic preneoplastic lesions (42) without inhibiting PG biosynthesis,
raising the question of whether sulindac is acting via inhibition of
PGs. It is currently unclear whether sulindac sulfone is contributing to
the antitumor effect of sulindac in Min/+ mice.

In summary, sulindac acts very quickly (within 4 days) to cause
regression of small intestinal tumors in Min/+ mice, whereas long
term effectiveness requires constant use of the drug. Although the
mechanism by which sulindac decreases tumor load is unclear, its
ability to inhibit COX-2 activity and/or decrease COX-2 expression is
believed to be related to the induction of apoptosis that likely has a
role in the regression process. Our data suggest that tumor load is not
correlated with eicosanoid production and that the ability of sulindac
to reduce tumor load in the Min/+ mouse model does not seem to be
dependent on the inhibition of PGs, in particular, PGE2.
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