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Abstract

Foods naturally high in dietary fiber are generally considered to protect against develop-
ment of colorectal cancer (CRC). However, the intrinsic effect of dietary fiber on intestinal
carcinogenesis is unclear. We used azoxymethane (AOM) treated A/J Min/+ mice, which
developed a significantly higher tumor load in the colon than in the small intestine, to com-
pare the effects of dietary inulin (IN), cellulose (CE) or brewers spent grain (BSG) on intesti-
nal tumorigenesis and cecal microbiota. Each fiber was tested at two dose levels, 5% and
15% (w/w) content of the AIN-93M diet. The microbiota was investigated by next-generation
sequencing of the 16S rRNA gene (V4). We found that mice fed IN had approximately 50%
lower colonic tumor load than mice fed CE or BSG (p<0.001). Surprisingly, all three types of
fiber caused a dose dependent increase of colonic tumor load (p<0.001). The small intesti-
nal tumor load was not affected by the dietary fiber interventions. Mice fed IN had a lower
bacterial diversity than mice fed CE or BSG. The Bacteroidetes/Firmicutes ratio was signifi-
cantly (p = 0.003) different between the three fiber diets with a higher mean value in IN fed
mice compared with BSG and CE. We also found a relation between microbiota and the
colonic tumor load, where many of the operational taxonomic units (OTUs) related to low
tumor load were significantly enriched in mice fed IN. Among the OTUs related to low tumor
load were bacteria affiliated with the Bacteroides genus. These results suggest that type of
dietary fiber may play a role in the development of CRC, and that the suppressive effect of
IN on colonic tumorigenesis is associated with profound changes in the cecal microbiota
profile.
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Introduction

Colorectal cancer (CRC) is the third most common cause of cancer mortality in the world [1,
2]. By far the majority of cases occur in developed countries (http://globocan.iarc.fr/Pages/
fact_sheets_cancer.aspx), connecting CRC development to western diet (and lifestyle) [2]. Typ-
ical for the “Western Diet” is low consumption of foods naturally rich in dietary fiber as fruit
and vegetables. Epidemiological studies have found a negative association between intake of
foods naturally rich in dietary fiber and CRC development [3-6]. Furthermore, the World
Cancer Research Fund and American Institute for Cancer Research judge data for foods con-
taining dietary fiber to be convincing to reduce CRC risk [7]. However, it is unclear whether
fiber as an isolated component protects against intestinal tumorigenesis since studies have
shown both protective as well as aggregative effects on CRC development [8].

Dietary fiber was traditionally defined as the portions of plant foods resistant to digestion
by human digestive enzymes; including polysaccharides and related substances such as lignin
and phenolics [9]. This definition has been expanded to also include resistant starches and oli-
gosaccharides, such as fructo- and galacto oligosaccharides (FOS, GOS), the first being a struc-
tural element of inulin [10, 11]. Hence a range of carbohydrates with different physicochemical
properties (i.e. solubility and viscosity) is encompassed by the fiber definition. Fibers can be
classified as soluble, as inulin or beta-glucan, or insoluble as the traditional cell wall materials
e.g. cellulose. If fibers protect against CRC, the mechanisms for soluble and insoluble fibers are
anticipated to be different. Insoluble fibers are only partly fermented [12] and bulks luminal
contents and speed colonic transit and may thereby minimize the exposure time of the colonic
epithelium to ingested carcinogens. Soluble fibers are generally readily fermented by bacteria in
the lumen of the colon into short chain fatty acids (SCFAs), such as acetate, propionate and
butyrate, and other metabolites with potentially beneficial properties [13]. Compared with
other complex polysaccharide based fiber from fruits/vegetables and cereals, it is reasonable to
suggest that inulin have a minimal influence on the physicochemical environment of the small
intestine, but rather induce indirect effects through stimulation of certain bacteria in the colon
[14-16].

Recent advancements in our knowledge of the human microbiota have shown that it exerts
an important influence on human health. The greatest exposure to microorganisms occurs in
the gut, particularly the colon, and accumulating data suggest that the microbiota has a role
in the aetiology of several types of cancer by influencing inflammation, DNA damage and
apoptosis [17, 18]. It has become increasingly clear that the activities of the gut microbiota, par-
ticularly their metabolites, strongly influence protection against, and predisposition to, the
development of CRC [19, 20]. A recent study in gnotobiotic mice strongly support the hypoth-
esis that fiber protects against CRC in a butyrate-dependent manner by influencing the micro-
biota [21].

The multiple intestinal neoplasia (Min/+) mouse is one of the most widely used murine
models for human familial adenomatous polyposis (FAP). The Min/+ mouse is heterozygous
for a mutation in the tumor suppressor gene Apc, analogous to the mutation seen in the
human APC gene. This germline mutation leads to the development of numerous neoplastic
intestinal polyps [22, 23]. Complete somatic inactivation of Apc in discrete crypts of the intesti-
nal epithelium seems to be the initial event of the tumorigenesis in Min/+ mice, human FAP
and in 80% of sporadic CRC in humans [24]. Contradictory to the human pathology, conven-
tional C57 BL/6] Min/+ mice develop tumors predominantly in the small intestine [25-28].
This is a considerable drawback when colon specific factors, such as luminal microbiota, are
studied. The novel Min/+ mouse on the A/J genetic background provides a better model for
colon cancer as these mice spontaneously develop a considerable number of colonic adenomas

PLOS ONE | DOI:10.1371/journal.pone.0155402 May 19,2016 2/20


http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx

@’PLOS ‘ ONE

Effect of Fiber on Cecal Microbiota and Intestinal Tumorigenesis in AOM Treated A/J Min/+ Mice

that eventually progress to carcinomas in old individuals [29]. A/] Min/+ mice are also more
susceptible to AOM-induced colon carcinogenesis than C57 BL/6] Min/+ mice [30]. Impor-
tantly, somatic inactivation of Apc seems to be the main mechanism also for the AOM-induced
colonic tumorigenesis in Min/+ mice [31], as in untreated Min/+ mice thus modelling human
carcinogenesis. The differential strain-dependent susceptibility to AOM between A/J and BL/
6] was originally described in wild type mice [32], and thereafter three loci regulating differen-
tial response to AOM-induced colon carcinogenesis in these strains, were identified [33, 34].

In the present study we used AOM-treated A/] Min/+ mice, where the majority of tumors
develops in the colon, to compare the effects of dietary inulin (IN), cellulose (CE) or brewers
spent grain (BSG) on intestinal tumorigenesis and cecal microbiota. Cecal contents were cho-
sen in this study as fermentation of indigestible food in mice, is compartmentalized in the
cecum. Although the microbiota may vary between the cecum and the colon (and feces) studies
have shown that the bacterial communities in the large intestinal and fecal samples cluster
together and share a common “core” microbiota [35]. A recent study has also shown that the
colonic-cecal contents and feces in the mouse have very similar metabolite profiles [36]. To
profile the microbiota, next generation 16S rRNA gene sequencing (Illumina) of cecum content
was performed.

The aim of this work was to i) investigate whether dietary intervention with IN, CE or BSG
could influence intestinal tumorigenesis; ii) characterize the cecal microbiota in mice fed IN,
CE or BSG; iii) explore potential association between microbiota and intestinal tumorigenesis.

Material and Methods
Mouse housing

All mice were bred at the animal facility of the National Institute of Public health (NIPH)
(originally purchased from the Jackson Laboratory, Bar Harbour ME). A/] Min/+ mice were
obtained by transferring the Apc Min/+ trait from C57Bl/6] Min mice to A/] mice, and back-
crossing for more than 12 generations at the institute. A/J] Min/+ males were mated with A/J
wt females. Ear cartilage was used to extract DNA and the genotype was determined by use of
allele-specific polymerase chain reaction (PCR) as described previously [37]. After weaning
(at 3 weeks of age), siblings of the same sex were housed in the same individual ventilated
cage, in a room with a 12 hours light/dark cycle and set temperature (19-23°C) and humidity
(35-75%). Water and feed were given ad libitum. Harlan Teklad Extruded 2018 (Harlan Tek-
lad, UK) was used as breeding diet during gestation and until weaning. Experimental diets
were maintenance diets (see below/treatment). Sentinel animals were positioned in the rack.
This study was approved by the Norwegian Animal Research Authority (NARA) (permit id
2379).

Tumor induction

Azoxymethane (AOM) (Sigma-Aldrich, Oslo, Norway) was diluted in 0.9% NaCl. All pups
were subcutaneously (s.c) injected with 8 mg/AOM/ kg body weight first at age 7 +1 days and
secondly at 14 £1 days, always keeping seven days between the two injections. All injections
were made in the morning (between 8 and 11 a.m) to avoid possible differences in AOM
metabolism.

Dietary treatment

Diets containing one of three different fibers; CE, IN or BSG in either a lower (5%) or higher
concentration (15%) were prepared based on the AIN-93M diet by Special Diets Services
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Fig 1. Experimental setup. (A) Timeline. A/J Min/+ mice were injected with azoxymethane (AOM) first one week after birth and secondly one week
thereafter. Experimental diets were introduced at three weeks of age, and the mice were fed these diets until they were sacrificed at the age of
eleven weeks. The intestines were prepared to score tumors and cecal contents collected for microbial analyzes. (B) Intestines from an AOM
treated A/J Min/+ mouse stained in 0.2% methylene blue. Tumors were predominantly formed in the colon (i). Example of the tumor morphology of
the small (ii) and large intestinal tumors (iii).

doi:10.1371/journal.pone.0155402.g001

(SDS) (SDS, England, delivered by Scanbur, Oslo, Norway). The cellulose fiber was commer-
cially available insoluble cellulose powder milled to a particle size < 100 um. BSG is a non
standardized dried high fiber water insoluble waste product from the brewing industry milled
to a particle size < Imm. BSG contains insoluble fibers but also proteins and other minerals
that might contribute to the energy and nutrient content of the diet [38]. A water soluble
commercial long chain (chain length > 23) inulin preparation was used (Orafti HPX, Beneo).
The average caloric value of the fiber preparations were 20, 15 and 16 M]/kg for BSG, CE and
IN, respectively, based on standard calorimetric measurements for feed (Parr 1281 Bomb
Calorimeter, Parr Instrument Company, Moline, IL). The pups were introduced to experi-
mental diets at weaning (21 days +2 days) and fed fiber modulated diets for a period of 8
weeks until sacrification (77+3 days) (Fig 1). Dietary treatment was assigned randomly, but
litters from the same breeding designated different treatments. Breeding was continued until
minimum eight mice were included in each group (see Table 1 for number of mice in the
treatment groups). Cages from all treatment groups were represented at different localiza-
tions in the rack to avoid factors related to localization (e.g. lightning conditions) to affect the
experiment.

Table 1. Number of mice fed the different experimental diets (CE, BSG or IN) at a dose level of 5% or 15%.

Fiber type CE BSG IN
Fiber % 5 15 5 15 5 15
Gender Female Male Female Male Female Male Female Male Female Male Female Male
Mice 12 9 11 8 15 10 12 13 17 8 12 9

doi:10.1371/journal.pone.0155402.1001
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Dietary consumption and measures of body weight

The weight of the animals was measured at 1,2,3,6 and 11 weeks. Dietary consumption was
measured weekly for each cage for the entire experimental period for a selection of litters, while
for a limited period for others (data not shown).

Sample collection

The animals were sacrificed at the age of 11 weeks +3 days by cervical dislocation. The intes-
tines were removed and prepared as earlier described [39, 40], including fixation for at least 48
hours in 4% paraformaldehyde prior to a ten second stain in 0.2% methylene blue (George T.
Gurr LTd., London, UK). Contents of the cecum were collected, snap frozen in liquid nitrogen
and stored at -80°C.

The intestines were examined, and quantification of tumors was performed by use of an
inverted light microscope as previously reported [39, 40]. Tumors were scored by number and
size (mm?), and tumor load (number of tumors X area of tumors = total area of tumors) was
used as a measure of tumorigenesis.

DNA extraction

DNA was extracted from cecal contents (17-150 mg fresh weight) of 68 male mice by mechanical
lysis (FastPrep 24; Matrix E (Medinor)) and QiaAmp DNA Stool kit using a modified protocol.
Briefly, the cecal content was added to the lysis tube together with 500 ul buffer ASL. The samples
were lysed in a FastPrep instrument for 40 seconds at 6 m/s, then centrifuged for five minutes at
14000 xg and the supernatants were transferred to new tubes containing 900 pl buffer ASL. The
manufacture’s protocol was followed from this point. The DNA concentration was measured
using the Quant-iT Picogreen ds DNA with picogreen (Invitrogen, Life Technologies).

Analysis of microbiota

PCR was performed in triplicates and paired end sequencing (2x150bp) was performed using
the protocol presented in ref 41 [41]. Briefly, the V4 region of the 16S rRNA gene was amplified
with region-specific primers that included the Illumina flowcell adapter sequences. The reverse
amplification primer also contained a twelve base barcode sequence that supports pooling of
different samples. Samples were purified with Ampure (Agencourt Bioscience Corporation)
and quantified using the Quant-iT Picogreen ds DNA with picogreen before pooling. The sam-
ple pool was purified and quantified as described above, diluted to 4nM, and sequenced on a
MiSeq (Illumina) following the protocol provided by Illumina. In addition to the experimental
samples, the MiSeq run also contained a control library made from phiX Control v3 which, in
this run, accounted for 10% of reads. The library quantification and sequencing were per-
formed at Nofima. The MiSeq Control Software (MCS) version used was RTA 1.17.28.

The total number of reads was 17,450,387. The forward and reverse reads were joined in
QIIME version 1.7.0, resulting in 12,882,489 reads. Next, the barcodes corresponding to the
reads that failed to assemble were removed. The sequences were then demultiplexed in QIIME
allowing zero barcode errors and a quality score of 30 (Q30) using the QIIME toolkit [42]. The
total number of sequences written was 6,828,382 with a median sequence length of 253 bp. The
median number of sequences per sample was 99,321 sequences (max 137,781; min 61,964).
Reads were assigned to their respective bacterial taxonomy using two-step open-reference
operational taxonomic unit (OTU) picking workflow [43]. Briefly, after sequences were demul-
tiplexed and quality filtered, reads were first clustered with a reference database (the Green-
genes database (gg_13_5)) pre-clustered at 97% identity. Second, reads that did not group with
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any sequences in the reference collection were clustered de novo. Clustering at 97% identity
was carried out using the UCLUST algorithm [44]. Reads that did not match a reference
sequence were discarded. Chimeric sequences were removed in QIIME using ChimeraSlayer.
Singeltons were removed, resulting in 17916 OTUs. Of these, 89% were ‘novel’ (i.e. not found
in the Greengenes database (gg_13_5). Prior to the statistical analysis only those that satisfied
at least one of two criteria were kept: 1) more than 0.005% in 75% or more of the individuals in
at least one intervention group, or 2) more than 0.005% in 50% or more of all individuals. In
total 507 OTUs passed this filter, each of these represents a phylotype and may be a representa-
tive of a bacterial species.

Statistical analyses

Alpha- and beta diversity analysis on the microbiota were done in QIIME. To obtain an equal
number of sequences across samples, the amplicon OTU table was resampled to an even depth
of 50,000 sequences per sample. Beta diversity analysis showed that the dietary groups were
best separated by unweighted unifrac (data not shown). The further multivariate analysis was
therefore done on scaled data (mean zero and standard deviation equal to one), in order to give
equal weight to all OTUs regardless of abundance.

Two-way ANOVA was used to analyze the experimental effects on single responses such as
body weight, tumor load and the Bacteroides/Firmicutes ratio. The experimental effects on total
microbiota were analyzed by 50-50 MANOVA [45], which is based on Principal Component
Analysis (PCA) [46] and handles multiple collinear responses. The method calculates overall
sums-of-squares and p-values for each experimental factor. Rotation testing was used to com-
pute adjusted single response p-values according to false discovery rates. The relationship
between total microbiota and tumor load was analyzed by Partial Least Squares Regression
(PLSR) [46], and validated by full cross-validation. Variable significances were calculated by
the sMC method [47].

The statistical analyses were performed using Minitab (v17, Minitab, Inc.) and MATLAB
(R2014b, The MathWorks Inc.) with the 50-50 MANOVA toolbox (http://www.langsrud.
com/stat/program.htm).

Results

Overview of the key responses caused by dietary fiber intervention and
gender

In AOM treated A/] Min/+ mice we tested the influence of dietary fiber type (IN, CE or BSG)
at two dose levels (5% or 15%) and gender on intestinal tumorigenesis, cecal microbiota of the
male mice, relative cecum weight and body weight. The experimental factors (fiber type, fiber
dose, gender, and their interactions) affected the biological parameters in varying degree, as
expressed by explained variance (Table 2). Significant effects of fiber type, fiber dose and gen-
der was seen on tumor load in the colon, but not in the small intestine. The effects of fiber type
on colonic tumor load were independent of fiber dose and gender (shown by the non-signifi-
cant interactions). Body weight was mainly influenced by gender, and relative cecum weight by
fiber type. The microbiota, only investigated in male mice, was mainly affected by fiber type
but also to some degree by fiber dose. The significant interaction between fiber type and fiber
dose means that the effect of fiber dose was not the same for each fiber type. For all the biologi-
cal parameters the residuals account for a large proportion of the variation, meaning that sig-
nificant amounts of variation are explained by other factors than diet and gender.
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Table 2. Overview of the responses caused by the different experimental factors (ANOVA tables for all biological parameters). The responses are
shown as explained variance (%).

Experimental Body weight Relative cecum Tumor load (small Tumor load (colon) Microbiota
factors weight intestine)
Explained variance Explained variance Explained variance (%) Explained variance Explained variance

(%) (%) (%) (%)
Fiber type (A) 2.4%* 45.2%** 0.6 (ns) 14.2%** 28.8***
Fiber dose (B) 0.0 (ns) 14.5%** 0.9 (ns) 12.7%** 4 x**
Gender (C) 35.1%*% 0.0 (ns) 0.7 (ns) 10.7%%* n/a
AxB 0.3 (ns) 19.8*** 0.7 (ns) 1.5 (ns) 6.1***
AxC 0.4 (ns) 0.0 (ns) 0.2 (ns) 1.5 (ns) n/a
BxC 0.0 (ns) 0.0 (ns) 0.2 (ns) 0.5 (ns) n/a
Residuals 61.7 20.4 96.7 58.8 61.0
* p<0.05;
*¥* p<0.01;
*** p<0.001;

ns = not significant at 5% level. The p-values were calculated by Two-way ANOVA for single responses, and by 50-50 MANOVA for the microbiota. The
microbiota was only analyzed in male mice; thereby the effect of gender on microbiota could not be evaluated (n/a).

doi:10.1371/journal.pone.0155402.t002

Effects of dietary fiber intervention on intestinal tumorigenesis, body
weight and relative cecum weight

The tumor load was significantly higher in the colon than in the small intestine for all treat-
ments (p<0.001) in the A/J Min/+ mice following AOM treatment (Table 2 and Fig 2). Small
intestinal tumorigenesis was not found to be affected by diet or gender; effects were only
observed on colonic tumorigenesis. Mice fed IN had significantly lower colonic tumor load
than mice fed CE or BSG (p<0.001). This effect of IN on colonic tumor load, which was found
for both fiber doses, was a result of both decreased tumor formation (number of tumors,
p<0.001) and decreased tumor growth (size of tumors, p<0.001) (S1 Table). The distribution
of tumors along the colonic anterior-posterior axis followed the same pattern for all groups
(S1 Fig).

Interestingly all fibers demonstrated a dose-dependent stimulatory effect; in general the
colonic tumor load increased 1.7 fold when the fiber concentration was elevated from 5% to
15% (p<0.001). Gender affected tumorigenesis as males had 1.7 times higher colonic tumor
load than females (p<0.001). The relative cecum weight was significantly larger in mice fed IN
than in mice fed CE or BSG (p<0.001); largest increase (2.4 fold) was seen with 15% fiber con-
centration. Enhanced relative cecum weight was seen with increased fiber concentration for IN
(p<0.001) and CE (p<0.05). Males had larger body weight than females (p<0.001), and mice
fed BSG had larger body weight than mice fed CE (p<0.1).

Effects of dietary fiber intervention on cecal microbiota, and relationship
between cecal microbiota and colonic tumor load

The cecal microbiota diversity was reduced in mice fed IN compared with mice fed CE
or BSG. To investigate if the dietary intervention affected the bacterial diversity, we per-
formed alpha diversity analysis (Fig 3). The number of observed species was significantly dif-
ferent between the three fiber groups (p<0.001), where IN fed mice had lowest number of
observed species. The alpha diversity analysis also showed that IN had lower species richness
(Chaol) and that the phylogenetic distance (PD_whole_tree) was lower for IN than BSG
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Fig 2. Boxplot showing differences between intervention groups. (A) Tumorigenesis in colon. (B) Tumorigenesis in small intestine. (C) Body weight.
(D) Relative cecum weight. The fibers were tested at two concentrations (5% and 15%) in female and male A/J Min/+ mice treated with AOM. The *
represents outliers (more/less than 3/2 times of the upper/lower quatrtile).

doi:10.1371/journal.pone.0155402.g002

and CE (data not shown). At fiber dose of 15% the number of observed species was signifi-
cantly different between the three fibers, with highest number of observed species in mice fed
BSG>CE>IN.

The cecal microbiota composition was affected by the dietary intervention. The Bacter-
oidetes/Firmicutes ratios were significantly (p<0.005) different in mice fed the different fibers,
with a higher mean value in IN (mean 1.0535) samples compared with CE (mean 0.7147) and
BSG (mean 0.6455) (data not shown). Fig 4 illustrates the differences between the dominating
phylum/families for the different fibers and doses.

IN enriched bacteria within the Bacteroidaceae, S24-7, Erysipelotrichaceae and Alcaligen-
aceae families. CE and BSG enriched bacteria within the Rikenellaceae, Deferribacteriaceae and
Desulfovibrionaceae families.
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Fig 3. Effect of fiber type and fiber dose on the alpha diversity. Box plot of alpha diversity (observed species after 50,000
rarefactions). Grouping is according to the Turkey method (a single-step multiple comparison procedure and statistical test used
to find means that are significantly different from each other). The different letters A, B and C are used to illustrate whether the
mean difference between any pair of groups is statistically significant. Groups that do not share a letter are significantly different.
The * represent outliers (less than 3/2 times of the lower quartile).

doi:10.1371/journal.pone.0155402.9003

The microbiota was further evaluated in two ways: 1) with regard to the dietary treatments
(50-50 MANOVA), and 2) with regard to the relation with colonic tumor load (PLS regres-
sion). The overall structure of these analyses is illustrated in Fig 5 (see also “Statistical analyses”
under “Materials and Methods”).

To illustrate the differences in cecal microbiota further, we performed PCA. Scores (the pro-
jection of samples on PCs) and loading (projection of OTUs on PCs) plots for the first four
PCs are shown in Fig 6. A complete list of significant OTUs from 50-50 MANOV A and PLS
regression are found in supplementary material (52 Table).

The 50-50 MANOVA analysis showed that fiber type had a significant effect on 424 OTUs,
and explained 28.8% of the overall OTU variation. The effects of fiber type on the microbiota is
seen in Fig 6, where a clear separation of IN was seen along PC1, and a separation between CE
and BSG along PC2. Since PC1 explains 27.6% and PC2 10.8% of the variance, this means that
the difference between IN and CE/BSG was much larger than the difference between CE and
BSG. The effect of dose only explained 4.1% (affected 94 OTUs) (Fig 5). However, the dose
effect explained 14.1% of the variation in tumor load, which indicates that the differences in
microbiota might be relevant, although small. A dose-proportional effect can be seen in the
PCA plot for IN and BSG (Fig 6), with the low dose closer to the center of the plot. Note also
that the variation within the BSG group is much larger than for IN and CE. PC3 and PC4 also
shows some systematic differences, with a common dose-effect along PC3 (explaining 5.4%)
and a tendency to fiber-dependent groupings within each dose level along PC4 (explaining
4.3%). The interaction between fiber and dose was also small, with a significant effect on 92
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Fig 4. The different fibers’ effect on the composition of the cecal microbiota. The relative abundances of the cecal microbiota from mice
in the different fiber groups were averaged. All families with average above 1% in at least one fiber group are represented. The remaining
taxonomy is represented by “Other Taxonomy”. Phylum = p and family = f. The Bacteroidetes are represented by the red/orange colors while
the Firmicutes are represented by the blue/turquoise colors.

doi:10.1371/journal.pone.0155402.9004

OTUs and explaining 6.1% of the variation. The interaction effect was non-significant for
tumor load, indicating that the fiber-dependent dose effect found in the microbiota was not
related to tumor load.

The relationship between microbiota and colonic tumor load in male mice was analyzed
with PLS regression without taking the intervention design into account. A model with 2 PLS-
components explained 43% (cross-validated) of the variation in tumor load, and identified 144
OTUs with a significant relation to colonic tumor load (Fig 5). The majority of these OTUs
correlated with the OTUs affected by the dietary fibers, and the overlap between OTUs identi-
tied by 50-50 MANOVA and PLS regression is shown in Fig 7 (Venn diagram). An overview
of the dominating families within the negatively and positively correlated OTUs is given in
Fig 8.

The 39 OTUs that were negatively related to tumor load were dominated by Bacteroides
(within the Bacteroidaceae family) (see S1 Table for details). One of the dominating OTU
(OTU 181719; Bacteroides) was also significantly enriched in mice fed IN (Fig 7 and S1 Table).
Bacteroides was not represented among the OTUs positively related to tumor load (S1 Table),
which were OTUs affiliated within the Porphyromonadaceae (genus Parabacteroides), Prevotel-
laceae (genus Prevotella), Rikenellaceae, S24-7, Clostridiaceae, Dehalobacteriaceae (genus
Dehalobacterium), Lachnospiraceae (incl. genus Dorea), Ruminococcaceae (incl. genus Oscillos-
pira), Coriobacteriaceae (genus Adlercreutzia) and Desulfovibrionaceae (incl. genus Desulfovi-
brio). The OTUs affiliated with S24-7 and positively related to tumor load was not the same as
the S24-7 OTUs that were abundant in mice fed IN. Many OTUs affiliated to the Lachnospira-
ceae family were either positive or negative correlated to tumor load, demonstrating the com-
plexity of this family.
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Fig 5. The joint analysis of microbiota and colon tumor load on male min mice, with overall results from Two-way ANOVA, 50-50 MANOVA
and PLS regression. Note that the numbers for tumor load are different from Table 1, since this joint analysis was performed on male mice only. The
numbers are % of explained variance and number of significant OTUs for each experimental factor and analysis method.

doi:10.1371/journal.pone.0155402.9g005

PLS regression analysis of the residuals from the 50-50-MANOVA analysis revealed that
individual differences between mice, independent of diet, were not related to tumor load (Fig
5) suggesting that the natural variation in microbiota did not cause any differences in the for-
mation and growth of tumors. The analysis did, however, identify 26 OTUs that were signifi-
cantly correlated to tumor load but not to our intervention (i.e. fiber, dose or interaction) (Fig
7). Among these 26 OTUs were representatives of Lactobacillaceae and a closer look on this
group revealed that the correlation was caused by high abundance in a few individuals with

low tumor load.

Discussion

Our main findings were that the three different fibers affected the colonic tumor load differ-
ently. IN caused a tumor suppressive effect compared with the other fibers in AOM treated A/J
Min/+ mice. Surprisingly, all three fibers induced a dose-dependent increase in colonic tumor
load. Small intestinal tumor load was not affected by the dietary fiber interventions. We also
identified a distinct cecal microbiota profile in the IN fed mice compared with CE and BSG fed
mice. This profile was associated with low colonic tumor load. Analyzes also showed that the
natural variation in microbiota was not related to differences in the colonic tumor load.
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Fig 6. Scatter plots of scores and loadings from PCA on total microbiota. (A) Scores from PC1 and PC2. (B) Loadings from PC1 and PC2. (C)
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magnitude of the correlation with tumor load. The largest bubble (blue) represent OTU 181719 (Bacteroides).

doi:10.1371/journal.pone.0155402.g006

The influence of inulin in colonic carcinogenesis is equivocal, as previous studies have
reported both procarcinogenic and anticarcinogenic effects. This lack of conformity may be
explained by large variability in the experimental setups. Tumor formation and growth may be
influenced by a number of factors in the experimental setup, e.g. type of rodent (mice or rat),
strain (known to affect both frequency and location in mice), use of genetically modified (e.g.
Min/+ mice) or wild type mice and the use of carcinogens. Moreover, variations are also found
for fiber concentration, control diets, time for intervention and treatment duration. The inulin
chain length may also be determinant, but are not always given. In addition, variability of
microbiota composition between these models could be expected. Thereby most studies cannot
directly be compared, and we refer to the reviews of Pool-Zobel et al. [48] and Roberfroid et al.
[49] for a more in depth discussion of inulin and intestinal carcinogenesis. Briefly, in models
applying AOM, the AOM precursor dimethyl hydrazine (DMH) or AOM/dextran sodium sul-
fate (DSS) to induce carcinogenesis, anti-tumorigenic effects of inulin have been found in mice
[21, 50] and rats when administered prior and subsequent to the carcinogen [51-55]. In con-
ventional C57BL/6] Min/+ mice, inulin has been reported to increase the genetically driven
small intestinal tumor burden [56-58] except for one study reporting short chain FOS (which
can be produced by degradation of inulin) to attenuate tumorigenesis [59]. These data may
suggest a different role of fructose based fiber (inulin and FOS) in the genetically driven small
intestinal tumorigenesis in C57BL/6] Min mice compared with carcinogen induced colon
tumorigenesis. We did not find significant differences in the small intestinal tumor load
between fiber types or dose in the AOM treated A/] Min/+ mice, but a significant reduced
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Fig 7. Venn diagram showing the overlap between OTUs identified by 50-50 MANOVA and PLS
regression. The different statistical analysis was performed on 507 OTUs that passed the initial filtration. The
50-50 MANOVA identified 434 OTUs of which 118 OTUs overlapped with the 144 OTUs identified by the
PLS regression. Twenty six OTUs of the OTUs identified from the PLS regression were not significant
according to the dietary intervention.

doi:10.1371/journal.pone.0155402.g007

colonic tumor load in the IN fed mice. These data support the assumption of inulin primarily
interfering with intestinal colonic carcinogenesis, possibly through gut microbiota fiber fer-
mentation, and that inulin has minimal influence in the small intestine.

The higher tumor load at 15% fiber than 5% across all fiber types in our study is highly
interesting as it may suggest that fiber stimulates carcinogenesis at a certain dose level. Previous
studies with lower fiber levels showed increasing tumor attenuating effects of inulin at doses
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doi:10.1371/journal.pone.0155402.g008
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from 2.5 to 10% in AOM treated rats [53] and a tumor reductive effect of 6% inulin, but not
2%, was found in AOM/DSS treated BALB/c mice [21]. Although differences in the experimen-
tal setups, these data suggest that increasing the fiber level have beneficial effects on colonic
cancer up to a certain level before it at higher fiber levels culminates.

As mentioned, it is reasonable to suggest that inulin has a minimal influence on the physico-
chemical environment of the small intestine like viscosity and water binding. It rather induces
indirect effects in the gut by stimulation of certain bacteria and is extensively fermented [13]
resulting in SCFA production, including butyrate [55, 60-62], associated with anti-tumorigenic
effects in vivo. Our present work and studies performed by others have identified increased
cecal weight following inulin treatment [48, 54, 63], probably as a result of increased microbial
fermentation.

Accumulating data suggest that the microbiota has a role in the aetiology of several types of
cancer by influencing inflammation, DNA damage and apoptosis [17, 18] and that the micro-
biota may drive tumorigenesis [20]. Our data showed a significant differentiation of the cecal
microbiota between mice fed the different fibers, and that mice fed IN had lower species rich-
ness and a significantly higher Bacteroidetes/Firmicutes ratio compared with the other groups.
High microbial diversity has been thought to be associated with a healthy gut, and low micro-
bial diversity with disease [64]. However, the opposite was suggested in a metagenome-wide
association study on stools from advanced adenoma and carcinoma patients and from healthy
subjects [65]. They proposed that greater richness in genes or genera were not a sign of a
healthy gut microbiota, but likely indicated overgrowth of a variety of harmful bacteria or
archaea in patients with advanced colorectal adenoma or carcinoma. The lower species rich-
ness may also be correlated to the higher bioavailability of readily fermentable carbohydrates
in IN compared with the other fibers, which is thought to favor only a few species with fast
growth rate [66]. High nutrient availability has also been shown to reduce the diversity of the
equine cecal microbiota [67]. Whether a microbiota with lower diversity is less resilient to envi-
ronmental challenges and is less “healthier” for the host is not yet known [68]. In contrast, BSG
contains a more complex fiber matrix, where it is likely that a large variety of bacteria needs
to cooperate in order to digest this complex fiber. Cellulose on the other hand is an insoluble
fiber known to undergo limited fermentation in the colon, but despite that, cellulose has been
shown to substantially modulate the microbiota composition [69, 70]. Furthermore, cellulose
supplementation ameliorates DSS induced colitis in mice [70].

Many of the OTUs that were enriched in mice fed IN were also associated with low tumor
load. Among these were OTUs affiliated with the Bacteroides genus. A member of this genus,
Bacteroides uniformis, has been identified as one of the main user of '*C-labeled inulin in rats
[71]. Bacteroides have previously been both positively and negatively linked to CRC. Zhu et al.
[72] observed that the phylum Bacteroidetes was less abundant in the lumen of CRC rats. A sig-
nificant reduction of Bacteroidetes has also been reported in inflammatory bowel diseases such
as Crohn’s disease and ulcerative colitis, which are known risk factors for CRC [73, 74]. On
the other hand Feng et al. [65] reported that Bacteroides were overrepresented in carcinoma
patients. Whether an observed dysbiosis represents a response to tumorigenesis or whether it
precede tumor formation has been unclear. The genetic mutation of the A/] Min/+ mice may
have a potential role on the microbiota and must be taken into account when interpreting the
changes in the microbiota. A recent study has revealed that the mutation of the Apc gene alters
the microbial interactions with the host intestinal mucosa prior to the development of polypo-
sis [75]. They found that 6 week old C57Bl/6 Apc Min/+ mice with no detectable intestinal
neoplasia exhibited an increased relative abundance of Bacteroidetes spp in the colon. They
also found that the predominant family within the Bacteroidetes phylum was $24-7, whose rela-
tive abundance was also increased in the C57Bl/6 Apc Min/+ mice. In our study we found that
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IN increased members within the Bacteroidetes phylum, including $24-7. However, our results
showed that there were many OTUs representing S24-7, and that the OTUs that correlated
with increased tumor load were not the same OTUs that were increased in the mice fed IN.
This illustrates the complexity of this family and that one must be careful to draw conclusions
at this taxonomic level. Previous studies have also suggested that different Bacteroides strains
may influence the health of the host through their colitogenic or probiotic potential [72]. Since
we observed an increased abundance of Bacteroides in mice fed IN compared to CE or BSG, we
argue that this increase is related to the fermentation of IN in the cecum and not to their Apc
germline mutation. The association between IN induced microbiota and low tumor load
should also be further investigated as it is possible that IN acts on both tumorigenesis and
microbiota independently. To elucidate the potential tumorigenesis protective role of IN
induced microbiota, e.g. Bacteroides, further studies are needed such as IN cecal or fecal micro-
biota transplant to germ-free or antibiotic treated A/] Min/+ mice.

Among the OTUs related to high tumor load were OTUs affiliated with the Oscillospira gen-
era in Ruminococcaceae and the Desulfovibrio genera in Desulfovibrionaceae (Fig 8). Oscillos-
pira has previously been related diet and found in higher prevalence in the stool of Native
Africans than in African Americans [76], possibly related to the higher need of degradation of
starch, hemicellulose and xylan in the Native African diet [76]. Specialist sulphate-reducing
bacteria related to Desulfovibrio spp. are detectable in low numbers in most individuals [77].
Sulphide is toxic to colonocytes and inhibits butyrate oxidation, which may results in the
breakdown of the colonocyte barrier [78]. Higher stool sulphide levels have been detected in
patients with CRC compared with healthy controls, but so far an increase in Desulfovibrio spp.
has not been found in fecal samples from patients with CRC in the few conducted studies [79].

In summary, our study in AOM treated A/] Min/+ mice indicates that fiber may play a piv-
otal role in the development of CRC. By comparing the effects of dietary interventions with IN,
CE and BSG it was evident that IN suppressed colonic tumorigenesis. The IN fed mice dis-
played a distinct cecal microbiota profile that was associated with low colonic tumor load. Fur-
ther studies are needed to clarify potential causal relationships between cecal microbiota and
CRC.

Supporting Information

S1 Fig. Distribution of tumors along the colonic posterior-anterior axis. The distribution of
colonic tumorload (mm?) along the posterior-anterior axis (cm from anus). (A) 15% fiber. (B)
5% fiber. The distribution of colonic tumorload (total area of tumors) along the posterior-ante-
rior axis followed the same pattern for all fiber types in AOM treated A/J mice.

(TIF)

S1 Table. Effects of dietary fiber intervention on colon tumorigenesis, body weight and rel-
ative cecum weight. The table contains information about mouse no (column A), gender (col-
umn B), treatment (column C), animal weight (column D), cecum weight (column E), number
of tumors (column F), size of tumors (column G), tumor load (column H) and colon length
(column I).

(XLSX)

S2 Table. OTU table with results from statistical analyses. The table contains a list of all
OTUs with OTU number and taxonomy (columns A-B). Results from the MANOV A model
are p-values for the factors “Fiber type”, Fiber dose” and interaction “Fiber type x Fiber dose”
(columns C-E), and average value for each fiber and dose combination (columns F-K). Column
L contains sMC values from the PLS regression model, where OTUs with a sMC value above
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the critical value (cell Q2) are considered to have a significant correlation to the tumor load.
The actual correlation between each OTU and tumor load is given in column M. In columns
L-M the OTUs with a significant positive or negative correlation are colored red and blue
respectively.

(XLSX)

Acknowledgments

We thank Merete Rusés Jensen, Tone Rasmussen, Hege Hjertholm and Hildegunn Dahl for
excellent technical assistance. We thank Camilla Svendsen for technical assistance and excellent
advices for performance of the animal study. This work was supported by the Norwegian
Research Council Grant, INFIGUT NFR 185125 and the Research Levy on Agricultural Products.

Author Contributions

Conceived and designed the experiments: KH SHK RBH JEP. Performed the experiments: BM
KH SHK IR RBH JEP. Analyzed the data: BM KH IM SHK IR RBH JEP. Contributed reagents/
materials/analysis tools: BM KH IM SHK IR RBH JEP. Wrote the paper: BM KH IM SHK IR
RBH JEP.

References

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA Cancer J Clin.
2011;61(2):69-90. doi: 10.3322/caac.20107 PMID: 21296855.

2. Ferlay J, Soerjomataram |, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer incidence and mortal-
ity worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer. 2015; 136(5):
E359-E86. WOS:000346350500015. doi: 10.1002/ijc.29210 PMID: 25220842

3. Bingham SA, Day NE, Luben R, Ferrari P, Slimani N, Norat T, et al. Dietary fibre in food and protection
against colorectal cancer in the European Prospective Investigation into Cancer and Nutrition (EPIC):
an observational study. Lancet. 2003; 361(9368):1496-501. WOS:000182658900007. PMID:
12737858

4. Murphy N, Norat T, Ferrari P, Jenab M, Bueno-de-Mesquita B, Skeie G, et al. Dietary fibre intake and
risks of cancers of the colon and rectum in the European prospective investigation into cancer and nutri-
tion (EPIC). PLoS One. 2012; 7(6):€39361. doi: 10.1371/journal.pone.0039361 PMID: 22761771,
PubMed Central PMCID: PMCPMC3382210.

5. Peters U, Sinha R, Chatterjee N, Subar AF, Ziegler RG, Kulldorff M, et al. Dietary fibre and colorectal
adenoma in a colorectal cancer early detection programme. Lancet. 2003; 361(9368):1491-5. doi: 10.
1016/S0140-6736(03)13173-X PMID: 12737857.

6. Johnson IT, Lund EK. Review article: nutrition, obesity and colorectal cancer. Aliment Pharmacol Ther.
2007; 26(2):161-81. doi: 10.1111/j.1365-2036.2007.03371.x PMID: 17593063.

7. Food, Nutrition, Physical Activity, and the Prevention of Colorectal Cancer. 2011.

Pericleous M, Mandair D, Caplin ME. Diet and supplements and their impact on colorectal cancer. J
Gastrointest Oncol. 2013; 4(4):409-23. doi: 10.3978/j.issn.2078-6891.2013.003 PMID: 24294513;
PubMed Central PMCID: PMC3819783.

9. Trowell H. Dietary fibre and coronary heart disease. Rev Eur Etud Clin Biol. 1972; 17(4):345-9. PMID:
4562450.

10. Jones JR, Lineback DM, Levine MJ. Dietary reference intakes: Implications for fiber labeling and con-
sumption: A summary of the International Life Sciences Institute North America Fiber Workshop, June
1-2, 2004, Washington, DC. Nutr Rev. 2006; 64(1):31-8. WOS:000235127800003. PMID: 16491667

11.  Cummings JH, Stephen AM. Carbohydrate terminology and classification. Eur J Clin Nutr. 2007; 61:
S5-S18. WOS:000250894800002. PMID: 17992187

12. Blaut M. Relationship of prebiotics and food to intestinal microflora. Eur J Nutr. 2002; 41 Suppl 1:111-6.
doi: 10.1007/s00394-002-1102-7 PMID: 12420111.

13. Cummings JH, Macfarlane GT, Englyst HN. Prebiotic digestion and fermentation. Am J Clin Nutr. 2001;
73(2):415s—20s. WOS:000166608200010. PMID: 11157351

PLOS ONE | DOI:10.1371/journal.pone.0155402 May 19,2016 16/20


http://dx.doi.org/10.3322/caac.20107
http://www.ncbi.nlm.nih.gov/pubmed/21296855
http://dx.doi.org/10.1002/ijc.29210
http://www.ncbi.nlm.nih.gov/pubmed/25220842
http://www.ncbi.nlm.nih.gov/pubmed/12737858
http://dx.doi.org/10.1371/journal.pone.0039361
http://www.ncbi.nlm.nih.gov/pubmed/22761771
http://dx.doi.org/10.1016/S0140-6736(03)13173-X
http://dx.doi.org/10.1016/S0140-6736(03)13173-X
http://www.ncbi.nlm.nih.gov/pubmed/12737857
http://dx.doi.org/10.1111/j.1365-2036.2007.03371.x
http://www.ncbi.nlm.nih.gov/pubmed/17593063
http://dx.doi.org/10.3978/j.issn.2078-6891.2013.003
http://www.ncbi.nlm.nih.gov/pubmed/24294513
http://www.ncbi.nlm.nih.gov/pubmed/4562450
http://www.ncbi.nlm.nih.gov/pubmed/16491667
http://www.ncbi.nlm.nih.gov/pubmed/17992187
http://dx.doi.org/10.1007/s00394-002-1102-7
http://www.ncbi.nlm.nih.gov/pubmed/12420111
http://www.ncbi.nlm.nih.gov/pubmed/11157351

@’PLOS ‘ ONE

Effect of Fiber on Cecal Microbiota and Intestinal Tumorigenesis in AOM Treated A/J Min/+ Mice

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Zeng H, Lazarova DL, Bordonaro M. Mechanisms linking dietary fiber, gut microbiota and colon cancer
prevention. World J Gastrointest Oncol. 2014; 6(2):41-51. doi: 10.4251/wjgo.v6.i2.41 PMID:
24567795; PubMed Central PMCID: PMCPMC3926973.

Fotiadis Cl, Stoidis CN, Spyropoulos BG, Zografos ED. Role of probiotics, prebiotics and synbiotics in
chemoprevention for colorectal cancer. World J Gastroenterol. 2008; 14(42):6453—7. PMID: 19030195;
PubMed Central PMCID: PMCPMC2773329.

Saulnier DM, Spinler JK, Gibson GR, Versalovic J. Mechanisms of probiosis and prebiosis: consider-
ations for enhanced functional foods. Curr Opin Biotechnol. 2009; 20(2):135—41. doi: 10.1016/j.copbio.
2009.01.002 PMID: 19243931; PubMed Central PMCID: PMCPMC2713183.

Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and colorectal cancer. Nature
Reviews Microbiology. 2014; 12(10):661-72. WOS:000342267900008. doi: 10.1038/nrmicro3344
PMID: 25198138

Macfarlane GT, Steed H, Macfarlane S. Bacterial metabolism and health-related effects of galacto-oli-
gosaccharides and other prebiotics. Journal of Applied Microbiology. 2008; 104(2):305—44.
WOS:000252496100001. doi: 10.1111/].1365-2672.2007.03520.x PMID: 18215222

Schwabe RF, Jobin C. The microbiome and cancer. Nat Rev Cancer. 2013; 13(11):800-12.
WO0S:000326275700010. doi: 10.1038/nrc3610 PMID: 24132111

Zackular JP, Baxter NT, Chen GY, Schloss PD. Manipulation of the Gut Microbiota Reveals Role in
Colon Tumorigenesis. mSphere. 2016; 1(1). doi: 10.1128/mSphere.00001-15

Donohoe DR, Holley D, Collins LB, Montgomery SA, Whitmore AC, Hillhouse A, et al. A Gnotobiotic
Mouse Model Demonstrates That Dietary Fiber Protects against Colorectal Tumorigenesis in a Micro-
biota- and Butyrate-Dependent Manner. Cancer Discov. 2014; 4(12):1387-97.
WOS:000346501900023. doi: 10.1158/2159-8290.CD-14-0501 PMID: 25266735

Fodde R. The APC gene in colorectal cancer. Eur J Cancer. 2002; 38(7):867-71.
WOS:000175977900003. PMID: 11978510

Half E, Bercovich D, Rozen P. Familial adenomatous polyposis. Orphanet J Rare Dis. 2009; 4.
WOS:000272055900001.

Fearnhead NS, Britton MP, Bodmer WF. The ABC of APC. Hum Mol Genet. 2001; 10(7):721-33.
WOS:000168224100011. PMID: 11257105

Paulsen JE. Modulation by dietary factors in murine FAP models. Toxicology Letters. 2000; 112:403-9.
WOS:000086260200055. PMID: 10720759

van Es JH, Giles RH, Clevers HC. The many faces of the tumor suppressor gene APC. Exp Cell Res.
2001; 264(1):126-34. WOS:000167623600012. PMID: 11237529

Su LK, Kinzler KW, Vogelstein B, Preisinger AC, Moser AR, Luongo C, et al. Multiple Intestinal Neopla-
sia Caused by a Mutation in the Murine Homolog of the Apc Gene. Science. 1992; 256(5057):668—70.
WOS:A1992HR18500033. PMID: 1350108

Fodde R, Smits R. Disease model: familial adenomatous polyposis. Trends Mol Med. 2001; 7(8):369—
73. WOS:000170534000007. PMID: 11516998

Sodring M, Gunnes G, Paulsen JE. Spontaneous initiation, promotion, and progression of colorectal
cancer in the novel A/J Min/+ mouse. Int J Cancer. 2015. doi: 10.1002/ijc.29928 PMID: 26566853.

Jistern HBA. The effect of acrylamide and glycidamide on intestinal carcinogenesis in mice. PhD dis-
sertation University of Oslo: Faculty of Mathematics and Natural Sciences. 2009.

Mollersen L, Paulsen JE, Alexander J. Loss of heterozygosity and nonsense mutation in Apc in azoxy-
methane-induced colonic tumours in min mice. Anticancer Res. 2004; 24(5A):2595-9. PMID:
15517863.

Rosenberg DW, Giardina C, Tanaka T. Mouse models for the study of colon carcinogenesis. Carcino-
genesis. 2009; 30(2):183-96. doi: 10.1093/carcin/bgn267 PMID: 19037092; PubMed Central PMCID:
PMCPMC2639048.

Meunier C, Kwan T, Turbide C, Beauchemin N, Gros P. Genetic control of susceptibility to carcinogen-
induced colorectal cancer in mice: the Ccs3 and Ccs5 loci regulate different aspects of tumorigenesis.
Cell Cycle. 2011; 10(11):1739-49. PMID: 21543896.

Meunier C, Van Der Kraak L, Turbide C, Groulx N, Labouba I, Cingolani P, et al. Positional mapping
and candidate gene analysis of the mouse Ccs3 locus that regulates differential susceptibility to carcin-
ogen-induced colorectal cancer. PLoS One. 2013; 8(3):€58733. doi: 10.1371/journal.pone.0058733
PMID: 23516545; PubMed Central PMCID: PMCPMC3597735.

Gu S, Chen D, Zhang JN, Lv X, Wang K, Duan LP, et al. Bacterial community mapping of the mouse
gastrointestinal tract. PLoS One. 2013; 8(10):€74957. doi: 10.1371/journal.pone.0074957 PMID:
24116019; PubMed Central PMCID: PMCPMC3792069.

PLOS ONE | DOI:10.1371/journal.pone.0155402 May 19, 2016 17/20


http://dx.doi.org/10.4251/wjgo.v6.i2.41
http://www.ncbi.nlm.nih.gov/pubmed/24567795
http://www.ncbi.nlm.nih.gov/pubmed/19030195
http://dx.doi.org/10.1016/j.copbio.2009.01.002
http://dx.doi.org/10.1016/j.copbio.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19243931
http://dx.doi.org/10.1038/nrmicro3344
http://www.ncbi.nlm.nih.gov/pubmed/25198138
http://dx.doi.org/10.1111/j.1365-2672.2007.03520.x
http://www.ncbi.nlm.nih.gov/pubmed/18215222
http://dx.doi.org/10.1038/nrc3610
http://www.ncbi.nlm.nih.gov/pubmed/24132111
http://dx.doi.org/10.1128/mSphere.00001-15
http://dx.doi.org/10.1158/2159-8290.CD-14-0501
http://www.ncbi.nlm.nih.gov/pubmed/25266735
http://www.ncbi.nlm.nih.gov/pubmed/11978510
http://www.ncbi.nlm.nih.gov/pubmed/11257105
http://www.ncbi.nlm.nih.gov/pubmed/10720759
http://www.ncbi.nlm.nih.gov/pubmed/11237529
http://www.ncbi.nlm.nih.gov/pubmed/1350108
http://www.ncbi.nlm.nih.gov/pubmed/11516998
http://dx.doi.org/10.1002/ijc.29928
http://www.ncbi.nlm.nih.gov/pubmed/26566853
http://www.ncbi.nlm.nih.gov/pubmed/15517863
http://dx.doi.org/10.1093/carcin/bgn267
http://www.ncbi.nlm.nih.gov/pubmed/19037092
http://www.ncbi.nlm.nih.gov/pubmed/21543896
http://dx.doi.org/10.1371/journal.pone.0058733
http://www.ncbi.nlm.nih.gov/pubmed/23516545
http://dx.doi.org/10.1371/journal.pone.0074957
http://www.ncbi.nlm.nih.gov/pubmed/24116019

@’PLOS ‘ ONE

Effect of Fiber on Cecal Microbiota and Intestinal Tumorigenesis in AOM Treated A/J Min/+ Mice

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

Zeng H, Grapov D, Jackson MI, Fahrmann J, Fiehn O, Combs GF. Integrating Multiple Analytical Data-
sets to Compare Metabolite Profiles of Mouse Colonic-Cecal Contents and Feces. Metabolites. 2015; 5
(3):489-501. doi: 10.3390/metabo5030489 PMID: 26378591; PubMed Central PMCID:
PMCPMC4588808.

Svendsen C, Alexander J, Paulsen JE, Knutsen HK, Hjertholm H, Brantsaeter AL, et al. The impact of
commercial rodent diets on the induction of tumours and flat aberrant crypt foci in the intestine of multi-
ple intestinal neoplasia mice. Lab Anim. 2012; 46(3):207—14. doi: 10.1258/1a.2012.011055 PMID:
225224186.

Denstadli V, Ballance S, Knutsen SH, Westereng B, Svihus B. Influence of graded levels of brewers
dried grains on pellet quality and performance in broiler chickens. Poultry Science. 2010; 89(12):2640—
5. WOS:000284149800012. doi: 10.3382/ps.2010-00724 PMID: 21076102

Svendsen C, Husoy T, Glatt H, Paulsen JE, Alexander J. 5-Hydroxymethylfurfural and 5-sulfooxy-
methylfurfural increase adenoma and flat ACF number in the intestine of Min/+ mice. Anticancer Res.
2009; 29(6):1921-6. PMID: 19528448.

Paulsen JE, Steffensen IL, Olstorn HB, Alexander J. Prevalent location of flat dysplastic aberrant crypt
foci near lymphoid follicles in the colon of azoxymethane-treated rats. Anticancer Res. 2006; 26
(3A):1803-7. PMID: 16827110.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, et al. Ultra-high-throughput
microbial community analysis on the lllumina HiSeq and MiSeq platforms. Isme J. 2012; 6(8):1621—4.
doi: 10.1038/Ismej.2012.8 1S1:000306495800018. PMID: 22402401

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7(5):335-6. doi: 10.1038/
Nmeth.F.303 1SI:000277175100003. PMID: 20383131

Rideout JR, He Y, Navas-Molina JA, Walters WA, Ursell LK, Gibbons SM, et al. Subsampled open-ref-
erence clustering creates consistent, comprehensive OTU definitions and scales to billions of
sequences. Peerj. 2014; 2. ARTN e545. doi: 10.7717/peerj.545 1S1:000347618000003.

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 2010; 26
(19):2460—-1. WOS:000282170000016. doi: 10.1093/bioinformatics/btq461 PMID: 20709691

Langsrud &. 50-50 multivariate analysis of variance for collinear responses. J Roy Stat Soc D-Sta.
2002; 51:305-17. 1S1:000177528200001.

Martens H, Nees T. Multivariate calibration. Chichester: Wiley; 1989. XVII, 419 s. p.

Tran TN, Afanador NL, Buydens LMC, Blanchet L. Interpretation of variable importance in Partial Least
Squares with Significance Multivariate Correlation (sMC). Chemometrics and Intelligent Laboratory
Systems. 2014; 138:153-60. WOS:000343961200017.

Pool-Zobel BL. Inulin-type fructans and reduction in colon cancer risk: review of experimental and
human data. Br J Nutr. 2005; 93 Suppl 1:5S73-90. PMID: 15877900.

Roberfroid M, Gibson GR, Hoyles L, McCartney AL, Rastall R, Rowland |, et al. Prebiotic effects: meta-
bolic and health benefits. Br J Nutr. 2010; 104 Suppl 2:51-63. doi: 10.1017/S0007114510003363
PMID: 20920376.

Mauro MO, Monreal MT, Silva MT, Pesarini JR, Mantovani MS, Ribeiro LR, et al. Evaluation of the anti-
mutagenic and anticarcinogenic effects of inulin in vivo. Genet Mol Res. 2013; 12(3):2281-983. doi: 10.
4238/2013.July.8.9 PMID: 23884771.

Reddy BS, Hamid R, Rao CV. Effect of dietary oligofructose and inulin on colonic preneoplastic aber-
rant crypt foci inhibition. Carcinogenesis. 1997; 18(7):1371-4. WOS:A1997XJ97200014. PMID:
9230282

Rowland IR, Rumney CJ, Coutts JT, Lievense LC. Effect of Bifidobacterium longum and inulin on gut
bacterial metabolism and carcinogen-induced aberrant crypt foci in rats. Carcinogenesis. 1998; 19
(2):281-5. WOS:000072109000007. PMID: 9498277

Verghese M, Rao DR, Chawan CB, Shackelford L. Dietary inulin suppresses azoxymethane-induced
preneoplastic aberrant crypt foci in mature Fisher 344 rats. J Nutr. 2002; 132(9):2804—8. PMID:
12221249.

Verghese M, Rao DR, Chawan CB, Williams LL, Shackelford L. Dietary inulin suppresses azoxy-
methane-induced aberrant crypt foci and colon tumors at the promotion stage in young Fisher 344 rats.
J Nutr. 2002; 132(9):2809—-13. PMID: 12221250.

Femia AP, Luceri C, Dolara P, Giannini A, Biggeri A, Salvadori M, et al. Antitumorigenic activity of the
prebiotic inulin enriched with oligofructose in combination with the probiotics Lactobacillus rhamnosus
and Bifidobacterium lactis on azoxymethane-induced colon carcinogenesis in rats. Carcinogenesis.
2002; 23(11):1953-60. PMID: 12419846.

PLOS ONE | DOI:10.1371/journal.pone.0155402 May 19,2016 18/20


http://dx.doi.org/10.3390/metabo5030489
http://www.ncbi.nlm.nih.gov/pubmed/26378591
http://dx.doi.org/10.1258/la.2012.011055
http://www.ncbi.nlm.nih.gov/pubmed/22522416
http://dx.doi.org/10.3382/ps.2010-00724
http://www.ncbi.nlm.nih.gov/pubmed/21076102
http://www.ncbi.nlm.nih.gov/pubmed/19528448
http://www.ncbi.nlm.nih.gov/pubmed/16827110
http://dx.doi.org/10.1038/Ismej.2012.8
http://www.ncbi.nlm.nih.gov/pubmed/22402401
http://dx.doi.org/10.1038/Nmeth.F.303
http://dx.doi.org/10.1038/Nmeth.F.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://dx.doi.org/10.7717/peerj.545
http://dx.doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
http://www.ncbi.nlm.nih.gov/pubmed/15877900
http://dx.doi.org/10.1017/S0007114510003363
http://www.ncbi.nlm.nih.gov/pubmed/20920376
http://dx.doi.org/10.4238/2013.July.8.9
http://dx.doi.org/10.4238/2013.July.8.9
http://www.ncbi.nlm.nih.gov/pubmed/23884771
http://www.ncbi.nlm.nih.gov/pubmed/9230282
http://www.ncbi.nlm.nih.gov/pubmed/9498277
http://www.ncbi.nlm.nih.gov/pubmed/12221249
http://www.ncbi.nlm.nih.gov/pubmed/12221250
http://www.ncbi.nlm.nih.gov/pubmed/12419846

@’PLOS ‘ ONE

Effect of Fiber on Cecal Microbiota and Intestinal Tumorigenesis in AOM Treated A/J Min/+ Mice

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Mutanen M, Pajari AM, Oikarinen SI. Beef induces and rye bran prevents the formation of intestinal pol-
yps in Apc(Min) mice: relation to beta-catenin and PKC isozymes. Carcinogenesis. 2000; 21(6):1167—
73. WOS:000087819100014. PMID: 10837006

Pajari AM, Rajakangas J, Paivarinta E, Kosma VM, Rafter J, Mutanen M. Promotion of intestinal tumor
formation by inulin is associated with an accumulation of cytosolic beta-catenin in Min mice. Int J Can-
cer. 2003; 106(5):653—-60. WOS:000184792300003. PMID: 12866023

Misikangas M, Tanayama H, Rajakangas J, Linden J, Pajari AM, Mutanen M. Inulin results in increased
levels of beta-catenin and cyclin D1 as the adenomas increase in size from small to large in the Min/+
mouse. Brit J Nutr. 2008; 99(5):963-70. WOS:000255413600005. PMID: 17977470

Pierre F, Perrin P, Champ M, Bornet F, Meflah K, Menanteau J. Short-chain fructo-oligosaccharides
reduce the occurrence of colon tumors and develop gut-associated lymphoid tissue in Min mice. Can-
cer Res. 1997; 57(2):225-8. WOS:A1997WC72100009. PMID: 9000559

Gibson GR, Probert HM, Van Loo J, Rastall RA, Roberfroid MB. Dietary modulation of the human
colonic microbiota: updating the concept of prebiotics. Nutr Res Rev. 2004; 17(2):259-75. doi: 10.
1079/nrr200479 WOS:000225865600010. PMID: 19079930

Gibson GR, Roberfroid MB. Dietary modulation of the human colonic microbiota: introducing the con-
cept of prebiotics. J Nutr. 1995; 125(6):1401-12. PMID: 7782892.

Campbell JM, Fahey GC Jr, Wolf BW. Selected indigestible oligosaccharides affect large bowel mass,
cecal and fecal short-chain fatty acids, pH and microflora in rats. J Nutr. 1997; 127(1):130-6. PMID:
9040556.

Chassaing B, Miles-Brown J, Pellizzon M, Ulman E, Ricci M, Zhang L, et al. Lack of soluble fiber drives
diet-induced adiposity in mice. Am J Physiol Gastrointest Liver Physiol. 2015; 309(7):G528—-41. doi: 10.
1152/ajpgi.00172.2015 PMID: 26185332; PubMed Central PMCID: PMCPMC4593822.

Scott KP, Antoine JM, Midtvedt T, van Hemert S. Manipulating the gut microbiota to maintain health
and treat disease. Microb Ecol Health Dis. 2015; 26:25877. doi: 10.3402/mehd.v26.25877 PMID:
25651995; PubMed Central PMCID: PMC4315778.

Feng Q, Liang SS, Jia HJ, Stadimayr A, Tang LQ, Lan Z, et al. Gut microbiome development along the
colorectal adenoma-carcinoma sequence. Nat Commun. 2015; 6. WOS:000352720000018.

Freilich S, Kreimer A, Borenstein E, Yosef N, Sharan R, Gophna U, et al. Metabolic-network-driven
analysis of bacterial ecological strategies. Genome Biology. 2009; 10(6). Artn R61. doi: 10.1186/Gb-
2009-10-6-R61 1S1:000267604300011.

Hansen NC, Avershina E, Mydland LT, Naesset JA, Austbo D, Moen B, et al. High nutrient availability
reduces the diversity and stability of the equine caecal microbiota. Microb Ecol Health Dis. 2015;
26:27216. doi: 10.3402/mehd.v26.27216 PMID: 26246408.

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diversity, stability and resilience of the
human gut microbiota. Nature. 2012; 489(7415):220-30. doi: 10.1038/nature11550 PMID: 22972295;
PubMed Central PMCID: PMCPMC3577372.

Wolin MJ. Fermentation in the rumen and human large intestine. Science. 1981; 213(4515):1463-8.
PMID: 7280665.

Nagy-Szakal D, Hollister EB, Luna RA, Szigeti R, Tatevian N, Smith CW, et al. Cellulose supplementa-
tion early in life ameliorates colitis in adult mice. PLoS One. 2013; 8(2):e56685. doi: 10.1371/journal.
pone.0056685 PMID: 23437211; PubMed Central PMCID: PMCPMC3577696.

Tannock GW, Lawley B, Munro K, Sims IM, Lee J, Butts CA, et al. RNA-Stable-Isotope Probing Shows
Utilization of Carbon from Inulin by Specific Bacterial Populations in the Rat Large Bowel. Appl Environ
Microb. 2014; 80(7):2240-7. WOS:000332840700022.

Zhu QC, Jin ZM, Wu W, Gao RY, Guo BM, Gao ZG, et al. Analysis of the Intestinal Lumen Microbiota in
an Animal Model of Colorectal Cancer. Plos One. 2014; 9(3). WOS:000332483600096.

Ott SJ, Musfeldt M, Wenderoth DF, Hampe J, Brant O, Folsch UR, et al. Reduction in diversity of the
colonic mucosa associated bacterial microflora in patients with active inflammatory bowel disease. Gut.
2004; 53(5):685—93. WOS:000220814100015. PMID: 15082587

Frank DN, Amand ALS, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular-phylogenetic char-
acterization of microbial community imbalances in human inflammatory bowel diseases. Proceedings
of the National Academy of Sciences of the United States of America. 2007; 104(34):13780-5.
WOS:000249064700047. PMID: 17699621

Son JS, Khair S, Pettet DW, Ouyang NT, Tian XY, Zhang YH, et al. Altered Interactions between the
Gut Microbiome and Colonic Mucosa Precede Polyposis in APC(Min/+) Mice. Plos One. 2015; 10(6).
WOS:000358150400009.

PLOS ONE | DOI:10.1371/journal.pone.0155402 May 19,2016 19/20


http://www.ncbi.nlm.nih.gov/pubmed/10837006
http://www.ncbi.nlm.nih.gov/pubmed/12866023
http://www.ncbi.nlm.nih.gov/pubmed/17977470
http://www.ncbi.nlm.nih.gov/pubmed/9000559
http://dx.doi.org/10.1079/nrr200479
http://dx.doi.org/10.1079/nrr200479
http://www.ncbi.nlm.nih.gov/pubmed/19079930
http://www.ncbi.nlm.nih.gov/pubmed/7782892
http://www.ncbi.nlm.nih.gov/pubmed/9040556
http://dx.doi.org/10.1152/ajpgi.00172.2015
http://dx.doi.org/10.1152/ajpgi.00172.2015
http://www.ncbi.nlm.nih.gov/pubmed/26185332
http://dx.doi.org/10.3402/mehd.v26.25877
http://www.ncbi.nlm.nih.gov/pubmed/25651995
http://dx.doi.org/10.1186/Gb-2009-10-6-R61
http://dx.doi.org/10.1186/Gb-2009-10-6-R61
http://dx.doi.org/10.3402/mehd.v26.27216
http://www.ncbi.nlm.nih.gov/pubmed/26246403
http://dx.doi.org/10.1038/nature11550
http://www.ncbi.nlm.nih.gov/pubmed/22972295
http://www.ncbi.nlm.nih.gov/pubmed/7280665
http://dx.doi.org/10.1371/journal.pone.0056685
http://dx.doi.org/10.1371/journal.pone.0056685
http://www.ncbi.nlm.nih.gov/pubmed/23437211
http://www.ncbi.nlm.nih.gov/pubmed/15082587
http://www.ncbi.nlm.nih.gov/pubmed/17699621

el e
@ : PLOS ‘ ONE Effect of Fiber on Cecal Microbiota and Intestinal Tumorigenesis in AOM Treated A/J Min/+ Mice

76. OuJH, Carbonero F, Zoetendal EG, DeLany JP, Wang M, Newton K, et al. Diet, microbiota, and micro-
bial metabolites in colon cancer risk in rural Africans and African Americans. Am J Clin Nutr. 2013; 98
(1):111-20. WOS:000320909200015. doi: 10.3945/ajcn.112.056689 PMID: 23719549

77. Marquet P, Duncan SH, Chassard C, Bernalier-Donadille A, Flint HJ. Lactate has the potential to pro-
mote hydrogen sulphide formation in the human colon. Fems Microbiology Letters. 2009; 299(2):128—
34. WOS:000269866500002. doi: 10.1111/j.1574-6968.2009.01750.x PMID: 19732152

78. Roediger WEW, Moore J, Babidge W. Colonic sulfide in pathogenesis and treatment of ulcerative coli-
tis. Digest Dis Sci. 1997; 42(8):1571-9. WOS:A1997XT75500001. PMID: 9286219

79. Carbonero F, Benefiel AC, Gaskins HR. Contributions of the microbial hydrogen economy to colonic
homeostasis. Nat Rev Gastro Hepat. 2012; 9(9):504—18. WOS:000308503900005.

PLOS ONE | DOI:10.1371/journal.pone.0155402 May 19,2016 20/20


http://dx.doi.org/10.3945/ajcn.112.056689
http://www.ncbi.nlm.nih.gov/pubmed/23719549
http://dx.doi.org/10.1111/j.1574-6968.2009.01750.x
http://www.ncbi.nlm.nih.gov/pubmed/19732152
http://www.ncbi.nlm.nih.gov/pubmed/9286219

