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Abstract

CS7BLI6J-MinI+ mice, which are heterozygous for a non-sense muta

tion in the Apc gene, provide a model for both familial adenomatous
polyposisand sporadic colon cancers.In our study, gut tumors and small
Intestine lymphoid nodules were counted in Mm mice fed fiber-enriched
diets for 6 weeks.Neither starch-free wheat bran nor resistant starch
modified the number of tumors. However,short-chain fructo-ollgosaccha
ridesdramaticallyreducedthe incidenceof colontumorsand concomi
tantly developed gut-associated lymphoid tissue. Our experiment shows

that short-chain fructo-oligosaccharldes counteract advanced stages of
colon carcinogenesis, possibly via stimulation ofantitunsoral immunity by
modulationof the colonicecosystem.

Introduction

The incidence of colon cancer varies between different populations.
Although genetic factors play a role in its pathogenesis, it is widely
recognized that environmental and dietary factors are of high impor
tance in 85â€”90%of all cases. The observations of Burkitt in Africa,
where the incidence of cancer is low, framed the hypothesis that
high-fiber diets are protective against colon cancer (1). However,
animal studies of dietary fiber in chemically induced colon carcino
genesis have yielded conflicting results, showing a protective role in
some experiments but not in others (2â€”7).This could reflect the
variety of experimental designs relative to differences in carcinogens,
amount and type of dietary fiber, stage of carcinogenesis, and mucosal
status when the diet was administered. Furthermore, colon cancers in
these models differ in some respects from those observed in humans.
They arise from flat foci of dysplasia rather than adenomatous polyps
and are not relevant to the genetic alterations generally depicted in
early stages of human colon carcinogenesis (8). One particular type of
genetic change that is thought to predispose to colon cancer is germ
line mutation in the APC gene on chromosome 5q, which is respon
sible for FAP@ (9). A high frequency of APC mutations in sporadic
adenomas and adenocarcinomas of the colon has also been reported
(10). It is likely that APC mutations play a role in the early stages of
colorectal tumorigenesis. Recently, a mouse model (Mm mice) has
been developed in which the animals are heterozygous for a non-sense
mutation of the Apc gene, the murine homologue of APC (1 1). These
mice have numerous adenomas throughout the small intestine and
colon, which develop into adenocarcinomas. This model has recently
been used for testing chemopreventive agents targeted against pre
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cancerous lesions (12, 13), taking advantage of the fact that adenomas
grow rapidly to detectable size.

We used Mm mice to investigate the effect of fiber-enriched diets
on the development of gut tumors. Fibers are defined here as the
carbohydrate fraction of food escaping enzymatic digestion in the
small intestine and thus delivered to the colon. The CD was a
low-fiber diet containing only 2% cellulose to maintain normal transit.
WB was tested, because it is a poorly fermentable fiber believed to
protect against colon cancer mainly through absorption of carcino
gens/promoters in the gastrointestinal tract. To avoid an uncontrolled
RS effect, WB was treated to remove entrapped type I RS. We also
tested two fibers that are highly fermented in the large bowel, thereby
providing a continuous supply of short-chain fatty acids that are
thought to interfere with the tumorigenesis process (14). The two
fibers chosen were type III RS, from retrograded high-amylose corn
starch, and sc-FOSs, which in addition promote the growth of Bi
fidobacteria in rodents (15) as well as in humans (16), and which may
protect against colon cancer by antitumor properties via stimulation of
the immune system ( 17, 18).

The present study showed that sc-FOSs induced a decrease or even
a suppression of colon tumor in Mm mice. This effect may have been
related to stimulation of GALT, owing to the development of Peyer's
patches with this diet. The results are discussed in the light of current
hypotheses concerning the mechanisms of the effects of fiber in
preventingcolon cancer.

Materials and Methods

Animals. CS7BL/6J-Min/+ mice (Mi,, mice) age 5 or 6 weeks were
purchased from The Jackson Laboratory (Bar Harbor, ME). Males and females
were studied to determine whether the diet effect was sex related. The animals
(n 40) were divided randomly into eight groups and housed one group per

cage: four groups of eight females age 5 or 6 weeks (F5 and F6); and four
groups of two males age 5 or 6 weeks (MS and M6).

Diets. Mice were fed controlled, energy-balanced, powdered experimental
diets (Table 1). The CD was a low-fiber diet containing 2% cellulose Arbocel
type BOO(Durieux, Marne-la-VallÃ©e,France). The three high-fiber diets were
formulated to provide 5.8% total dietary fiber from retrograded corn starch,
starch-free WB, or short chain fructo-oligosaccharides. RS was a retrograded
high-amylose corn starch (Cerestar, Vilvoorde, Belgium). WB (Sofalia, En
nezat, France) was treated with amyloglucosidase and then washed abundantly
with water on a 620 @msieve to remove entrapped starch. sc-FOSs (GFn,
n@ 4) were produced from sucrose using a fungal fructosyltransferase (Ac
tilight P, BÃ©ghinMeiji Industries, Neuilly sur Seine, France).

Protocol. Mice were age 6 or 7 weeks at the beginning of the nutritional
intervention. Each group was fed ad libidum either the control low-fiber diet

[n = (4 F5 + 4 F6) + (1 MS + 1 M6)J or one of the three high-fiber diets
En (3 F5 + 5 F6) + (1 MS + 1 M6)]). Diet was distributed ad libidum in
protected feeders and renewed daily. Because the life span of these mice is
short (119 Â±31 days), feeding was conducted for 42 daySto minimize the risk
of death before the end of the nutritional intervention. Animals were weighed
globally per cage every week throughout the experiment.
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Table 1 Composition of the four energy-balanced powdered experimentaldietsComponentsComposition

(g/lOO g drymauer)CD

RS WBFOSRetrograded

high-amylose corn starch'0 18.82 00Starch-free
@0 0 7.140se-Fosâ€•0

0 05.83Pregelatinized
starch64.27 47.47 59.3359.43Casein20.00

18.87 18.7719.45D,L-methionine0.40
0.38 0.380.39Cellulose2.00
1.89 1.881.94Comoil2.00
1.89 1.881.94Lard6.33
5.97 5.946.15Mineralsb4.50
4.25 4.224.38Vitamins@'0.50
0.47 0.470.49Total100.00

100.00 100.00 100.00

sc-FOSs REDUCE COLON TUMORS IN Mm MICE

TissueSamplingand ScoringofTumors and Lymphold Nodules. At the
end of the nutritional intervention, mice were sacrificed by cervical disloca
tion.Colonandsmallintestinewereremovedquickly,openedlongitudinally
and washed with ice-cold PBS. Both intestinal and colon tumors were classi
fled as small (diameter, l mm) or large (diameter, >1 mm). Mucus and villi
in the small intestine were removed with a wet paintbrush. Macroscopic
examination of the small intestine allowed tumors and lymphoid nodules to be
counted without resorting to tissue fixation. For colon, the tissue was fixed in
10% buffered formalin, washed in deionized water, and finally stained for 10

mm in a 0.1% methylene blue solution (13). Counts for colon tumors and
aberrant crypt foci were performed under light microscopy. All large colon
tumors were excised and embedded in paraffin. Sections were stained with

hemalun-eosin-safran and examined under light microscopy for structural
analysis.

Statistical Analyses. All data were studiedby ANOVA. As the F test
allowed rejection of the null hypothesis, comparisons between each fiber

enriched diet (enriched with RS, WB, or sc-FOS) and the low-fiber diet (CD)
were performed with Bonferroni's test. To satisfy the conditions required for
ANOVA, transformedvalues were used for colon tumorcounts (rareevents,
with the count being sometimes 0), as follows: V@+ v'@fl, where y is the
tumor count (19), and ranked data for the lymphoid nodule count (unequal
variances; Ref. 20). Lymphoid nodule counts were analyzed with two-way
ANOVA, using a mixed model in which diet was the fixed factor and mouse
age the random factor, to account for a possibly different state of immunolog
ical anergy when the diets were begun. Results were considered statistically
significant when P < 0.05. The Systat (version 5.2.1) package (Evanston, IL)

was used for all statistical analyses.

Results and Discussion

Animal growth was unaffected by differences in diet content (Fig.
1), and no age- or sex-related effects on gut tumors were noted.
Regardless of diet, tumors occurred mainly in the small intestine, and
aberrant crypt foci were extremely rare in the colon. These results are
in agreement with those of Jacoby et a!. (13). However, a significant
reduction (P < 0.01) in colon tumors, which were largely associated
with the distal colon, was observed in mice receiving the diet supple
mented with sc-FOSs (Table 2; Fig. 2A). Furthermore, four animals in
this group were totally free of colon tumors, a condition not found
with any of the other diets. Interestingly, the sc-FOSs effect was
limited to the colon; there were no significant differences between
diets in the number of tumors found in the small intestine. The fact

that dietary interventions may differently affect the upper and lower
gastrointestinal tract should be borne in mind, because adenomas and
adenocarcinomas in the upper gastrointestinal tracts, in addition to
colonic polyps, are also observed frequently in FAP patients (21). The
number of small but not large tumors was significantly lower
(P = 0.01) in the colon (Table 2). Previous studies (22, 23) have
shown that Mm mice are susceptible to initiation early in their lives,
well before day 50. In our study, diets were administered either at day
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Fig. 1. Growth of female Mm mice during the nutritional intervention. Because mice

were weighed globally per cage, individual mouse weight was estimated as the weight of
all mice receiving a given diet divided by the number of mice in the group (n = 8). Growth
is not indicated for male mice, becauseestimationsbasedon the weight of cages
containing only two animals would not have been representative.

42 or 49 when tumors may already have arisen. Among these tumors,
the largest would have escaped the sc-FOS diet effect and continued
to grow in the same way as with the other diets. However, histopatho
logical examination of the large tumors within the four groups sug
gested a delay in the transition from adenomas to carcinomas associ
ated to the sc-FOS diet, because adenomas were as numerous as
adenocarcinomas in this group, whereas adenocarcinomas predomi
nated in the other three groups.

The fact that a protective effect was obtained with sc-FOSs in the
colon but not the small intestine suggests strongly that events specific
to the colon were involved. sc-FOSs and RS are fermentable fibers
that provide protection against earlier stages of colon carcinogenesis:
they both reduce the number of azoxymethane-induced aberrant crypt
foci in rats, in conjunction with high butyrate production.4 The inef
ficiency of RS in the present experiment suggests that fermentation
either is not involved in the protective effect or is not sufficient by
itself. In vivo and in vitro studies indicate that fructo-oligosaccharides
can be used successfully as prebiotics to enhance the population of
BifidobaCterium in the large intestine (15, 16). Direct evidence that
Bifidobacterium stimulate murine antitumor immunity and modify
cytokine expression has also been reported (17). It is well documented
that these bacteria as well as Lactobacillus and other lactic acid
producing bacteria affect local and systemic immune response (18). A
bifidogenic effect probably occurred in our experiment, because
Howard et a!. have shown that dietary supplementation with these
same sc-FOSs enhanced the population of BifidobaCterium in mouse
colon as soon as 14 days (15). To obtain an insight into the GALT
response to changes in the colonic ecosystem, we looked at the
lymphoid tissue of the small intestine. Examination of the colon for
that purpose was omitted, because treatment of this tissue, to study
colon tumors, made it impossible to accurately evaluate colon lymph
oid follicles. Studies have shown that intestinal microflora are impor
taut in stimulating the postnatal development of Peyer's patches,
because there is an obvious reduction in the overall size of lymphoid
follicles in germ-free animals (24). Furthermore, it is well established
that upon antigenic stimulation, the immune cells, the differentiation
and maturation of which are initiated in the GALT, migrate through
lymphatic vessels to the draining mesenteric lymph nodes, the tho

4 P. Penin, F. Pierre, M. Champ, G. Pradal, F. Bomet, K. Meflab, and J. Menanteau,

Fructo-oligosaccharides and resistant starch, but not starch-free wheat bran, are protective
against colon cancer in rats, submitted for publication.

a Providing 5.8% total dietary fiber (type Ill RS from retrograded corn starch).

b@ formula No. 102.
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Table 2 Effect of the different diets on the occurrence of small (diameter, I mm.)and large (diameter > I mm) tumors in the small mlestine and colonand on thedevelopmentof
GALTSmall

intestineLarge intestineGALTTotal

SmallLargeTotalSmallLargeNo.
oftumor tumortumorNo. oftumortumortumorIntestinalmicecount

countcountmicecountcountcountlymphoidwithMean
MeanMeanwithMean MeanMeannodulecountDiettumors(SD)â€•
(SD)a(SD)â€•tumors(SD)â€• (SD)b(SD)bmedian(rangefCD10

of 1050.3 (19.6) 28.1 (10.1)22.2 (12.1)10 of 102.1 (1.2) 1.4 (1.2)0.7 (0.9)27(13â€”35)RS10
of 1049.7 (32.0) 27.2 (16.5)22.5 (20.6)10 of 103.0 (1.8) 1.4 (1.3)1.6 (1.1)29(22â€”45)Wa10
of 1047.2 (16.2) 24.6(1 1.7)22.6 (12.2)10 of 101.5 (0.7) 0.6 (0.5)0.9(0.6)26(15â€”30)FOS10
of 1046.7 (23.5) 21.0 (14.5)25.7 (1 1.8)6 of 100.7 (0.7) 0.2 (0.4)0.5 (0.5)32 (20â€”43)

sc-FOSs REDUCE COLON TUMORS IN Mm MICE

a Comparisons between fiber-enriched diets and the CD were all nonsignificant.

b Lower number of total tumors (P < 0.01) and small tumors (P = 0.01) with sc-FOSs than CD (transformed data, see â€œMaterialsand Methodsâ€•).
C Higher number of lymphoid nodules (P < 0.05) with sc-FOSs than CD (ranked data).

racic duct, and the systemic circulation (25). They subsequently
re-enter gut mucosa and are retained in the lamina propna of the gut,
where they proliferate and complete their differentiation. Conse
quently, stimulatory signals from the colonic luminal ecosystem are
reflected on the lymphoid tissue all along the gut.

A significantly higher number (P < 0.05) of macroscopically
detectable lymphoid nodules were noted in the small intestine with the
sc-FOS diet (Table 2). This suggests that the immune system may play
a role in inhibiting tumor formation by eliminating cells that express
tumor antigens if they are immunogenic enough to allow the expan
sion of immune cells specific for these antigens. Indeed, even if a

precancerous lesion succeeds in generating a T-cell response, the
presence of immunosuppressive or regulatory mechanisms may not
allow the antitumor effector T cells to expand to the critical number
required to eliminate abnormal cells. Changes induced in the pattern
of biological response modifiers in situ may contribute to potentiating
immunosurveillance. This has been demonstrated for interleukin 2,
which can reverse the tumor-induced anergy of the immune response.
There is no doubt that a qualitative study is needed to examine the
patterns and the activation status of immunocompetent cells, which
would permit a deeper interpretation of our data. Furthermore, the role
of GALT in colon cancer has not yet been elucidated. Although
lymphoid aggregates are rich in specific and nonspecific cytotoxic
cells, they are also rich in immunosuppressive cells in relation to
toleranceto luminalantigens.Moreover,colon cancercells arepoorly
immunogenic, which is presumably why they do not respond to
immunotherapy. Interestingly, we succeeded previously in reversing a
later stage of carcinogenesis (established i.p. carcinomatosis) in a rat
colon cancer model by using a combination of butyrate and interleu
kin 2, when neither of these substances alone proved effective. Bu
tyrate can enhance the immunogenicity of colon cancer cells, and this
mechanism is synergized with the stimulation of immune cells by
interleukin 2 (26). In the case of Mm mice, in which the nutritional
intervention was made on advanced carcinogenesis, it is likely that a
similar synergistic boost of the immune system to counterbalance

immunocompetent cell anergy is required in addition to the mecha
nisms classically involved in the protective effects induced by fer
mentable fiber. Although WB was ineffective in our experiment, it
has been shown to provide protection in animal models and to
reduce the recurrence of rectal polyps in patients with FAP (27).
Some hypotheses may account for this discrepancy: (a) WB ap
pears to exhibit its effects at early stages of carcinogenesis and not
at later stages, at least in some animal models (7); (b) our exper
imental diet was not balanced to produce the high amounts of
secondary bile acids, the adsorption of which constitute the main
protective mechanism of this fiber; and (c) as the length of the
nutritional intervention is dependent on the short life span of Mm
mice, possible long-term effects of WB are excluded.

To our knowledge, the present study provides evidence, for the first
time, that preneoplasic colon lesions may be highly sensitive to
dietary intervention. This observation is important if dietary interven
tion is to be used in adult individuals who may have preneoplasic
lesions in their colons. It appears that the use of synergistic properties
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Fig. 2. Effect of dietary fibers on the number of colon tumors in Mm mice. A, effect
on the number of total colon tumors. B, effect on the number of small colon tumors.
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may be a promising strategy in dietary modulation of colon carcino
genesis, the multiple effects originating either from a unique product
as in our study, or from a combination of agents as proposed by
Alabaster et a!. (7).
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