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diameter in the Apc™™* mouse model of intestinal cancer

N. Mandir and R. A. Goodlad

Histopathology Unit, Cancer Research UK, London Research Institute, London, UK

Received 10 August 2007; revision accepted 25 September 2007

Abstract. Objective: Dietary conjugated linoleic acids (CLA) have had many health
benefits claimed for them, including antineoplastic actions. Materials and methods: The
effects of the predominant forms of CLA, namely the c9tl11 and t10c12 isomers, or a
mixture of these on polyp development, were investigated in the ApcM™* mouse.
CLAs have also been linked to altered rates of cell renewal and cell proliferation so
this was also studied, as was a further means of increasing tissue mass, namely crypt
fission. Results: The stomach and small intestine were significantly heavier in the
t10c12, and in the mixture-treated groups (P < 0.001). Crypt fission was increased in
the middle small intestine by the t10c12 diet while colonic weight was reduced by
c9t11 provision and crypts were 20% shorter. The t10c12 and the mixture significantly
reduced polyp number in the proximal small intestine but they increased polyp
diameter in the middle and distal small intestine, to an extent that the polyp burden
was significantly increased at these sites. All CLAs significantly reduced polyp number
in the colon, but the mixture significantly increased polyp diameter in the colon.
Conclusion: Increased polyp diameter associated with t10c12 diet and especially with
the mixture is a cause of concern, as this is the commercially available form. The
naturally occurring isomer, ¢9t11 decreased colonic polyp number and did not increase
diameter, suggesting that this natural isomer is the most likely to be protective.

INTRODUCTION

Conjugated linoleic acids (CLAs) are chemical isomers of the 18-carbon fatty acid, linoleic acid,
in which the two double bonds are conjugated, or contiguous, unlike double bonds in linoleic
acid, which are separated by methylene group (Tricon et al. 2005). The most abundant forms are
the cis-9, trans-11 (c9t11) and trans-10, cis-12 (t10c12) isomers.

The main natural source of CLAs is microbial biohydrogenation of linoleic acid in the
forestomach of ruminant animals, thus almost all the CLAs in the human diet come from
ruminant products such as milk, cheese, yoghurt and meat. Ruminants have a highly specialized
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foregut fermentation system where the microbes in the rumen convert structural plant carbo-
hydrates (such as cellulose), that are indigestible to mammals, into absorbable energy including
the c9t11 CLA isomer, also called rumenic acid (Wahle ef al. 2004).

Conjugated linoleic acids have many actions and animal studies have generated considerable
interest concerning their role in the control of metabolic rate, body fat and muscle mass. CLAs
are now widely available as ‘health supplements’, which are predominantly mixtures of the
c9tl1 and t10c12 isomers. CLAs have anti-inflammatory action and may alleviate colitis by
activating the peroxisome proliferator-activated receptor y (PPARY) (Bassaganya-Riera et al.
2004; Sanchez-Hidalgo et al. 2005; Bassaganya-Riera & Hontecillas 2006). They are preferentially
incorporated into the phospholipids of cell membranes (Bassaganya-Riera & Hontecillas 2006)
and have many actions on fat metabolism and storage, and may increase energy expenditure,
thus causing body weight loss (Blankson ef al. 2000; DeLany & West 2000). In addition, they
may be anti-atherogenic, alter insulin resistance, have a role in diabetes control (Navarro et al.
2003), and have isomer specific actions on blood lipids in man (Tricon ez al. 2005).

Reports of CLA-induced weight loss have led to their widespread promotion and sale as
dietary supplements to improve health and body weight; recent studies have, however, shown
that effects on body weight in humans are less pronounced than those seen in rodents (Tricon
et al. 2005). While some of the discrepancies in the literature can be attributed to species
differences, others may be the result of the use of different forms of CLA; earlier studies used
a mixture of isomers while later studies have used purified c9t11 and t10c12 isomers. Most early
studies implied a beneficial action but some recent research has been ambivalent and a few have
indicated that the CLAs, especially the t10c12 isomer, can be deleterious and may be associated
with liver hypertrophy and insulin resistance (via redistribution of fat deposition resembling
lipodystrophy) (Larsen et al. 2003; Wahle ef al. 2004). There are many reports that CLAs can
have an anticancer effect, they were originally discovered in fried ground beef, where contrary
to expectation, they were found (by the Ames Salmonella test) to be anticarcinogenic (Ha et al.
1987).

Conjugated linoleic acids have been implicated in the prevention of breast cancer (Kimoto
et al. 2001; Hubbard ef al. 2003) and colon cancer (Park ef al. 2001; Kim & Park 2003; Kohno
et al. 2004), perhaps by decreasing cell proliferation and inducing apoptosis (Cho et al. 2003;
Park et al. 2004). These antiproliferative and preventative effects may be due to down-regulation
of some target genes of the Apc/B-catenin/TCF-4 and PPARS, and PPARY signalling pathway
(Lampen et al. 2005; Bassaganya-Riera & Hontecillas 2006). Not all reports on cancer progression
have been positive, as some have found that CLAs, particularly t10c12, have pro-carcinogenic
effects in animal models of colon (Rajakangas et al. 2003) and prostate cancer (Cohen et al.
2003; Goodlad 2007).

Therefore, we decided to investigate effects of the two main isomers of CLA, and a mixture
of these, on polyp formation in the multiple intestinal neoplasia, Apc™™* mouse, which is
heterozygous at the Apc (adenomatous polyposis coli) locus. Loss of the remaining wild-type
allele leads to B-catenin accumulation and its relocation to the nucleus, where it forms a complex
with TCF-4 leading to transcription of tumour promoting genes. The ApcMi* mouse is generally
considered to be a relevant model of gut cancer (Boivin ef al. 2003; Corpet & Pierre 2003), and
although more polyps are seen in the small intestine than in the colon here, this is a common
feature of mouse models and polyps seen are similar to those found in humans with the same
mutation (familiar adenomatous polyposis; Goodlad 2007).

Altered cell proliferation has been associated with CLAs in the diet (Belury 2002), and we
have quantified this effect throughout the gut using the well-established crypt microdissection
method (Alferez & Goodlad 2007). This method is up to six times faster than scoring histological
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sections and avoids several problems associated with quantifying cell labelling in histological
sections (Goodlad & Alferez 2005). As the results of these measures were inconclusive, we also
measured metaphase and bromodeoxyuridine (BrdUrd) labelling and distribution within the
colonic crypts (Alferez & Goodlad 2007). Crypt fission was also measured as this is an alternate
and independent means (Berlanga-Acosta ef al. 2001) of increasing intestinal tissue mass
by creating new crypts, which could be a main mechanism for the spread of mutant cells in the
gut (Preston et al. 2003; Brittan & Wright 2004).

MATERIALS AND METHODS

ApcMi* mice

ApcMi* heterozygote mice were originally obtained as a gift from Amy R. Moser (McArdle
Laboratory for Cancer Research, University of Wisconsin, Madison, WI, USA) (Moser ef al.
1993). Male mice were back-crossed to female C57BL/6Js and the resultant embryos were
transferred by aseptic hysterectomy to foster mothers in specific pathogen-free isolators. All
breeding was subsequently by brother (C57BL/6 J-ApcMi™*) sister (C57BL/6 J) mating.
Genotyping was carried out by a polymerase chain reaction-based method, using three primers
including an internal control for normal mouse DNA. All procedures were approved by the
Cancer Research UK Animal Ethics Committees and were covered by the appropriate licences
under the Home Office Animal Procedures Act 1986.

Study design

Four groups of 6-week-old Apc mice were put on the following diets based on a powered
version of a standard mouse maintenance diet, RM1 (Special Diets Services no. 1, Stepfield,
Witham, Essex, UK; CM8 3AB). There were 20 mice per group.

Min/+

Group 1 Control diet

Group 2 diet + 1% c9/t11

Group 3 diet + 1% t10/c12

Group 4 diet + mixture of 0.5% of c9/t11 and 0.5% of t10/c12

Conjugated linoleic acids were purchased from Natural ASA, Kjorbokollen 30, N-1337,
Sandvika, Norway, and had the following analysis:
* C18;2,¢9/t11 90.1% plus 4.7% oleic acid, 2.3% t10/c12 and 2.5% other isomers of C18; 2
* C18;2,t10/c12 92.3% plus 0.8% oleic acid, 4.3% c9/t11 and 2.4% other isomers of C18; 2
* C18; 2, mixture 44.3% c9/t11, 43.5% t10/c12 plus 5.0% oleic acid and 5.1% other isomers
of C18; 2

Autopsy

After 8 weeks, mice were injected with 1 mg/kg vincristine (to arrest cells as they enter
metaphase) 2 h before and 50 mg/kg BrdUrd 1 h before being killed (Alferez & Goodlad 2007).
Small intestines and colons were isolated, rinsed and weighed. The small bowel (SB) was
divided into three equal sections (proximal — SB1, middle — SB2 and distal — SB3), dissected
longitudinally using a recently described gut cutting device (Rudling et al. 2006) and spread on
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to filter paper. The entire colon was also dissected and spread on to filter paper. These gut preparations
were then fixed in Carnoy’s fixative (3 h) and transferred to 70% ethanol. Tissues were assessed
later under a stereomicroscope (X20 magnification) for polyp number and diameter, which was
measured using digital callipers. Polyp volume was derived from polyp diameter, assuming a
hemispherical shape in the small bowel, and a spherical shape in the colon. Tumour burden was
calculated as the product of polyp number and polyp volume (Bashir ez al. 2004).

Assessment of cell proliferation and crypt fission throughout the gut was performed using
the ‘crypt microdissection’ method (Alferez & Goodlad 2007). Representative samples of tissue
from the proximal, middle and distal small intestine and colon (taken from positions 10%, 50%
and 90% of the total length of the small bowel or colon) were hydrated, hydrolysed and stained
with the Feulgen reaction. Mucosal crypts were gently teased apart under a dissection microscope
and the numbers of mitoses per crypt (mean of 20 crypts) and crypt fission events per 200 crypts
were then determined (Alferez & Goodlad 2007). All samples were counted in a blind.

Distribution and number of BrdUrd-labelled cells was determined in 4 um wax-embedded
histological sections. Thirty well-orientated crypts per mouse from the middle colon were
scored. Immunohistochemistry was performed by the streptavidin biotin conjugate method using
a mouse monoclonal antibody to BrdUrd; the second antibody was rabbit antimouse-conjugated
biotin, and the third layer was streptavidin—peroxidase complex, which was developed in
3,3’-diaminobenzidine tetrahydrochloride (DAB) plus hydrogen peroxide, and counterstained
with haematoxylin. Distribution of label and metaphases was recorded for each cell position
starting from the base of the crypt. Labelling distribution was used to determine the maximum
plus the half maximum labelling positions, which were then used to determine the growth
fraction (Mandir & Goodlad 1999).

B-Catenin was detected in histological sections using sequential incubation with mouse
anti-B-catenin monoclonal primary antibody (1 : 100; DakoCytomation Ltd., Ely, UK), a
biotin-conjugated rabbit antimouse polyclonal secondary antibody (1 : 300; DakoCytomation
Ltd.), and a streptavidin—peroxidase reagent that was developed in DAB. After counterstaining
with haematoxylin, slides were assessed in semiquantitative manner. Ten high-power fields (x40)
per slide were assigned a score of 0-3 for the proportion and intensity of staining in both the
cytoplasm and nuclei.

Statistics

Results are presented as the mean standard error of the mean. Data were tested by analysis of
variance using Minitab Statistical Software (release 10.5 Xtra Minitab, Coventry, UK). If an
effect of treatment was seen, Dunnet’s post hoc analysis was performed using the unsupple-
mented group as reference comparison.

RESULTS

No differences in body weight gain were seen between the different groups (Fig. 1). Spleens,
which are a useful surrogate marker of tumour load (Orner ef al. 2002), were somewhat heavier
in the t10c12 and mixture-treated groups but this was not statistically significant.

Stomachs were significantly heavier in the t10c12 and mixture-treated groups, with small
intestines being heavier in all treated groups. They were also significantly longer in the t10c12
and mixture-treated groups. Colons were significantly lighter in the c9t11 group. These weight
changes must reflect a general change in the mass of normal cells as the sum of all the small
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Figure 1. Effects of the various treatments on tissue wet weight and weight change. Tissue weights were normalized
by expressing them as a percentage of the body weight at autopsy. Asterisks indicate post hoc comparison against the
control groups using Dunnet’s test after one-way ANOVA where *P < 0.05, **P < 0.01 and ***P < 0.001.

bowel polyps (see Fig. 2) would only add an extra 0.065 g to the weight of this tissue, whereas
average weight increase in the mixture-treated group was 0.27 g.

The t10c12 and the mixture significantly reduced polyp number in the proximal small intestine
(by 37% and 42%, respectively, P <0.001, see Fig.2); however, t10c12 and the mixture
increased polyp diameter in the middle small intestine (by 29% and 34%) and distal small intestine
by 20% and 27%. Polyp burden (product of number and volume) was thus also more than doubled
by these CLA diets in the middle and distal sites.

In the colon, all CLA classes significantly reduced polyp number (from 9.1 £ 1.6 to
44+0.7,3.6 0.8 and 3.0 £ 0.6, P <0.001). Isomers had no effect on polyp diameter, but the
mixture significantly increased polyp diameter in the colon. When burden was calculated for the
colon, no significant difference between groups was seen although pure isomers seemed to
produce less tumour burden. Very little staining for B-catenin was seen in nuclei of normal
tissue, while nuclei from tumours were highly stained; however, no significant differences
between groups were noted (Fig. 3).

Metaphase arrest in the small intestine showed an indication of increase in proliferation
but this was not statistically significant (Fig. 4) and there was no indication of any change in
the metaphase counts of the colon. Quantification of histological sections from the colon
did not show any differences in number of metaphases nor labelled cells (Fig. 5), nor in
metaphase (not shown) nor labelling indices. Number of cells per crypt was significantly
lower in the group fed c9t11 and this was reflected in significant reduction in the position of
half maximum labelling. There was no change in the proportion of the crypt involved in cell
division — the growth fraction, as changes in half maximum labelling and crypt length were
concurrent.
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Figure 2. Polyp number, polyp diameter and tumour burden in the three segments of the small intestines
(SB1 = the proximal third, SB2 = the middle third and SB3 = the distal third) and the colon. Asterisks indicate post
hoc comparison against the control groups using Dunnet’s test after one-way ANOvVA where *P < 0.05, **P < (.01 and
***P <0.001.

The c9t11 and the mixture had no significant effect on crypt fission in the colon, but t10/
c12 significantly increased crypt fission in the middle small bowel and appeared to increase
fission in the distal colon (Fig. 6).

DISCUSSION

The present study has demonstrated that while the pure isomers and the mixed preparation of
CLAs could reduce polyp number in the proximal small intestine and especially in the colon,
the t10c12 isomer and the mixture increased polyp diameter and tumour burden in the sites with
most polyps, namely the middle and distal small bowel. The mixture also was significantly asso-
ciated with increased polyp diameter in the colon.

Normal cytoplasm Normal nuclei
2 3.0
T
T |
) T 20
S o
K= A=
> 1 > 15
[} [}
C c
Q Q
£ £ 10
0.5
0 0.0 =
Tumour cytopasm Tumour nucei
31— == 3 ==
T
g 2 g 2
o s
2 2
2 2
B B
5 g
€ 1 € 1
0 - 0 .
Control c9t11 t10c12 Mix Control c9t11 t10c12 Mix

Figure 3. Quantification of B-catenin immunohistochemical detection in the cytoplasm and nuclei of normal
tissue and tumours.
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Figure 4. Cell proliferation, assessed by the 2-h accumulation of vincristine-arrested metaphases in the proximal,
middle and distal small intestines and the colon.

No significant effect on polyp burden was observed in the colon, but the burden is a com-
posite measure and as such does not provide as much precision as the other data. Resolution of
colonic events in the ApcM™* mouse is often rather limited, as there are usually very few polyps
in the colon; however, the yield of polyps in our mice was higher, which may explain why we
have found, for the first time, a significant reduction in colon polyp number, in contrast to the
results of other workers (Rajakangas et al. 2003; Rajakangas et al. 2003). These groups also
found that while CLAs did not alter polyp number in the small intestine polyps were larger (as
in the present study), especially following administration of t10c12.

Contrary to expectation, we found little effect on cell proliferation using the well-established
metaphase arrest method (Alferez & Goodlad 2007). The more labourious scoring of histological
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Figure 5. Mitoses and BrdUrd-labelling scores per crypt and distribution of BrdUrd labelling in the middle
colon. Labelled cells per crypt were plotted and the position of half maximum labelling and crypt length (in cells) was
used to determine proportion of crypts involved in proliferation (growth fraction). Asterisks indicate post hoc comparison
against the control groups using Dunnet’s test after one-way ANOvA where *P < 0.05.

sections showed that while the crypts were 20% shorter in the c9t11 group, few other differences
were detectable. The results also showed that despite these crypts being shorter, they were still
in proportion, as the proliferative proportion of the crypt (growth fraction) was not different.

Some increases in crypt fission were observed in the small intestine (and there was a hint of
this in the distal colon) of the t10c12 fed group. Crypt fission is an alternative means of increasing
tissue mass, and is implicated in clonal expansion of mutated crypts (Wasan ef al. 1998; Preston
et al. 2003; Brittan & Wright 2004). The time course of these events is still unknown; thus,
changes in small bowel and colon weight could reflect subtle alterations in proliferation and
fission that had occurred at an earlier time.

Tissue weight of the stomach and small intestine and length of the small intestine were all
increased with the t10c12 and the mixture provision, suggesting that these had a general trophic
action on the small bowel. The c9t11 isomer had less effect on the weight of the small bowel
and decreased colon weight, which was substantiated by the observed reduction in colonic
crypt size.

The naturally occurring isomer (c9t11) did not significantly increase polyp diameter in the
small bowel or in the colon and it has been suggested that this is the form of CLA most likely
to have antimalignancy properties. Several reports of adverse effects with use of the t10c12
isomer have been reported, such as increased LDL:HDL cholesterol ratio and total HDL
cholesterol in man, whereas c9tl1 CLA decreased these (Tricon et al. 2004). The t10c12 has
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Figure 6. Crypt fission in the proximal, middle and distal small intestines and colon. Asterisks indicate post hoc
comparison against control groups using Dunnet’s test after one-way ANOvA where **P < 0.01.

been shown to increase levels of C-reactive protein, which is a marker of inflammation (Riserus
et al. 2002) and inflammation can enhance tumourigenesis (Rhodes & Campbell 2002).
Fermentation of resistant carbohydrates in ruminants produces the c9tl1 isomer (Wahle
et al. 2004), but the content of this is considerably less in modern intensive production systems
than in traditional husbandry (where animals mainly consume grass rather than concentrates)
(Wijesundera et al. 2003). CLA content can also be increased by feeding ruminants supplemental
feed oils, particularly fish oil (Wahle ef al. 2004) and the European Union is funding a large
agro-food project for alteration of the metabolism of dairy cows to reduce levels of saturates in
milk fat and increase CLA levels by changing the bioflora of cows (LipGene 2004). If this
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isomer of CLA is indeed protective, it would cast some doubt on the tentative link between red
meat consumption of and cancer (Willett 2001). Epidemiological studies on the effects of
‘dietary fibre’ have been hampered by the use of such a broad term to define a wide range of
substances (Goodlad & Englyst 2001) and in a similar vein it may no longer be enough to talk
of ‘red meat’, rather one may need to determine what sort of meat and animal husbandry was
involved in the dietary investigations. These changes in animal feeding are relatively recent and
may help to account for differences in the literature concerning risks associated with eating red
meat (Truswell 2002). Most studies showing harmful effects have come from the USA (Norat
et al. 2002; Fung et al. 2003) while studies showing no ill effects are mainly non-American
(Mathew ef al. 2004; Tiemersma et al. 2004; Sato et al. 2006).

Conjugated linoleic acids are involved in the cyclooxygenase and prostaglandin inflammatory
pathways, and can inhibit the eicosanoid pathways (Kim & Park 2003). Considerable interest has
been generated by the finding that they can ameliorate chemically and genetically induced
colitis, perhaps through nuclear pathways involving PPARY activation (Bassaganya-Riera et al.
2004; Greicius et al. 2004). Little PPARYy is expressed in the small bowel while it is heavily
expressed in the caecum and colon, which could perhaps explain different actions seen in the
small intestine and colon (Saez et al. 1998).

The present study has confirmed that the two main isomers used and their mixture of CLAs
can have different actions on tumour formation in the gastrointestinal tract, with the t10c12
isomer increasing polyp size in some sites and the mixture causing a more general increase on
tumour size. These actions appeared to be associated with a general trophic effect on the small
bowel, which may be attributable to increased crypt fission. The c9tl1 isomer did not alter
tumour diameter, but still markedly decreased polyp number in the colon. In addition, c9t11 fed
mice had reduced colon weights, which seemed to be the result of a modest antiproliferative
effect. These results suggest that naturally occurring c9t11 isomer is the form most likely to be
beneficial in the diet. The ‘worst’ effects in our study were seen with the mixture of t10c12 and
c9tl1 isomers, which is a cause for concern as the mixture is the version commercially available
in dietary supplements.
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