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Abstract

Population studies show that greater red and processed meat consumption increases colorectal cancer risk, whereas dietary fibre is

protective. In rats, resistant starches (a dietary fibre component) oppose colonocyte DNA strand breaks induced by high red meat

diets, consistent with epidemiological data. Protection appears to be through SCFA, particularly butyrate, produced by large bowel carbo-

hydrate fermentation. Arabinoxylans are important wheat fibre components and stimulate large bowel carbohydrate SCFA production. The

present study aimed to determine whether an arabinoxylan-rich fraction (AXRF) from wheat protected colonocytes from DNA damage and

changed colonic microbial composition in pigs fed with a diet high (30 %) in cooked red meat for 4 weeks. AXRF was primarily fermented

in the caecum, as indicated by higher tissue and digesta weights and higher caecal (but not colonic) acetate, propionate and total SCFA

concentrations. Protein fermentation product concentrations (caecal p-cresol and mid- and distal colonic phenol) were lower in pigs

fed with AXRF. Colonocyte DNA damage was lower in pigs fed with AXRF. The microbial profiles of mid-colonic mucosa and adjacent

digesta showed that bacteria affiliating with Prevotella spp. and Clostridial cluster IV were more abundant in both the mucosa and digesta

fractions of pigs fed with AXRF. These data suggest that, although AXRF was primarily fermented in the caecum, DNA damage was reduced

in the large bowel, occurring in conjunction with lower phenol concentrations and altered microbial populations. Further studies to deter-

mine the relationships between these changes and the lowering of colonocyte DNA damage are warranted.
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Morbidity and mortality due to non-infectious large bowel dis-

eases including colorectal cancer (CRC) are major problems

for people living in developed economies(1). These diseases

are also emerging as serious issues in developing countries

in which traditional diets are changing as a result of greater

affluence(2). Diet and lifestyle are important risk factors for

these conditions, and prevention is the preferred strategy.

Large prospective cohort studies have identified a number of

modifiable risk factors for CRC, and the consumption of red

and processed meats has been shown to increase the risk(3).

Other prospective studies have shown that greater whole

grain food consumption lowers the risk of a number of diet-

related conditions relative to refined diets(4–6). These findings

are consistent with early observational studies that identified

whole grain consumption as a contributor to the low inci-

dence of constipation, diverticular disease, CRC and other

non-infectious illnesses in indigenous populations consuming

traditional diets(7). The high intake of plant foods by groups

such as native (black) Africans relative to Europeans who

ate refined foods led to the identification of dietary fibre as

a key protective factor.

The resistance of NSP to human and animal small intestinal

enzyme digestion helps to explain the beneficial effects of

insoluble fibre on laxation through greater faecal bulking(8).

However, the relationship between dietary fibre consumption

and CRC is less clear. Some population studies(9) have shown

a strong protective effect, but others(10) have not. Some of the

uncertainty may reside in the lack of appreciation of the
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importance of other indigestible polysaccharides in the

original observational studies that led to the development

of the ‘fibre hypothesis’. For example, it has transpired that

the staple maize porridge of the black African population

is comparatively low in dietary fibre(11), but contains a

relatively high level of resistant starch(12). Resistant starch

contributes to total fibre intake and appears to promote

large bowel health through SCFA generated by colonic

bacterial fermentation(13).

Experimental studies have shown that one acid in particular,

butyrate, is effective in promoting colonic function and main-

taining a normal colonocyte phenotype(14). Although a direct

role of butyrate in preventing CRC is yet to be determined,

the circumstantial evidence is strong. Butyrate promotes

apoptosis in CRC cell lines in vitro. Elevation of large bowel

total SCFA(14), including butyrate, opposes the formation of

tumours in rodents treated with azoxymethane(15). In addition,

feeding of resistant starch opposes colonic DNA damage

induced by dietary protein (including red meat) in rats(16,17),

consistent with the population data that links meat and dietary

protein intakes(3,6,18,19) to CRC risk.

Although an extensive body of data describes the effects

of major fibre components on colonic health in humans

and animal models(20), arabinoxylans have received relatively

little attention. These pentosans are especially high in wheat,

and there are data supporting their important contribution to

the laxative action of wheat fibre(8). There is also evidence

that these NSP can promote SCFA production in rats(21), but

reports of their effects on other bowel health indices are

scarce. There are also relatively few data on the relationship

between arabinoxylans and the large bowel microbiota,

especially in pigs. This species is considered to be a good

model for human nutritional studies, especially those examin-

ing diet and large bowel function(13). The aim of the present

pilot study was to examine the effects of an arabinoxylan-

rich fraction (AXRF) from wheat on large intestinal fermenta-

tion characteristics and colonocyte DNA damage in pigs fed

with a diet high in cooked red meat.

Materials and methods

Animals and housing

A total of ten 9-week-old male pigs of a commercial

Large White strain were obtained from the University of

Queensland piggery. The pigs had an average starting

weight of 27 kg and were housed in individual pens in

a temperature-controlled room (22 ^ 28C) at the Centre

for Advanced Animal Science (University of Queensland,

Gatton, QLD, Australia). The pigs had a 14 d adaption

period, wherein they were gradually introduced to their

experimental diet. Before the commencement of the exper-

imental period, the pigs were matched by weight and

randomly allocated to one of the two experimental diets.

Experimental procedures involving pigs were approved by

the Animal Ethics Committees of the University of Queensland

and CSIRO Food and Nutritional Sciences.

Arabinoxylan-rich fraction

The AXRF was obtained as a liquid from a flour-milling com-

pany (Penfords, Tamworth, NSW, Australia) and after drying

(Nutradry, Brisbane, QLD, Australia), it comprised approxi-

mately 226 g/kg arabinoxylan, 550 g/kg starch and 324 g/kg

other components, mainly lignocellulosic material, protein

and minerals.

Diets and feeding procedures

Pigs were fed with a high-protein diet comprising of commer-

cially available human food ingredients, which met their

macronutrient requirements at a daily intake of 70 g/kg0·75

body weight. The composition of the two diets is shown in

Table 1. The diet allocation was increased weekly, in keeping

with body weight gain. The pigs received two meals per d

(morning and afternoon) and had free access to water. Follow-

ing adaptation, the animals were fed with the experimental

diets for 4 weeks.

The experimental diets included the two dietary treatments

(with and without added AXRF) and contained 300 g/kg red

meat (round rump boneless beef steak, trimmed of fat) that

had been cooked on a hotplate until lightly browned. The

meat contained 330 g/kg protein, 96 g/kg fat and 570 g/kg

moisture, was minced and then frozen at 220oC in vacuum-

sealed plastic bags. The AXRF supplemented diet contained

370 g/kg AXRF, providing 129 g of arabinoxylan per kg diet

and this was balanced by the addition of extra starch to the

control diet. Wheat bran was added to both diets (40 g/kg)

to maintain laxation. Vitamins and minerals were provided

by the addition of a Premax Pig Premixe (CCD Animal

Health and Nutrition, Toowoomba, QLD, Australia; Table 1).

Sampling protocol

After maintaining for 4 weeks on diet, pigs were anaesthetised

using isoflourane (Delvet, Seven Hills, NSW, Australia) and

the large intestine was tied off into sections before being

removed from the animal, which was then euthanised before

Table 1. Composition of experimental diets*

Control diet AXRF diet

Cooked red meat† 300 300
AXRF‡ 0 370
Wheat bran 40 40
Starch 535 165
Sucrose 70 70
Sunflower oil 50 50
NaCl 3 3
Vitamin and mineral mix§ 2 2

AXRF, arabinoxylan-rich fraction.
* Given as dry weight in g/kg.
† Red meat quantity is reported as amount added as dry equivalents. Actual

composition (wet weight): 33 % protein, 9·6 % fat, 43 % DM and 57 % moisture.
‡ AXRF composition: 22·6 % arabinoxylan, 55 % starch and 32·4 % other

components. AXRF did not contain any resistant starch.
§ Vitamin and mineral mix provided 2·8 mg vitamin A, 0·0675 mg vitamin D, 26·7 g

vitamin E, 4 g riboflavin B2, 1·3 g pyridoxine B6, 13·3 mg cyanocobalamin B12,
1·3 g menadione K, 10·7 g calcium pantothenate, 133 g Zn, 26·7 g Cu, 107 g Fe,
53 g Mn, 0·3 g Co, 1 g iodine, 0·13 g Se per kg of diet.
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it regained consciousness. After removal from the body, the

caecum and the remainder of the large intestine were sub-

divided into approximately equal parts: the proximal, middle

and distal sections. The digesta was collected from all four

sections and stored frozen (2208C).

A 6 cm2 segment of colon tissue was removed from the

proximal, mid- and distal colon immediately following

autopsy. Each segment was placed in Hank’s buffered saline

solution and colonocytes were isolated following a method

previously described(22) with modifications. In brief, the

tissue was incubated with 6 mg/ml dithiothreitol in a 50 ml

tube at 378C for 10 min with shaking. The tissue was then

washed with Hank’s buffered saline solution and then

digested with 1·2 mg/ml proteinase K at 378C for 20 min with

continuous shaking. The digestion solution was collected,

combined with Dulbecco’s modified Eagle’s medium used to

wash the colon tissue, and centrifuged at 1500 g for 8 min.

The cell pellet was then resuspended in fresh Dulbecco’s

modified Eagle’s medium for use in the Comet assay.

Analyses

SCFA, phenol, cresol, ammonia, DM. Caecal and colonic

digesta contents were thawed and then distilled and hom-

ogenised with 20ml of 1·68 mM of internal standard (heptanoic

acid). The contents were analysed for all major and minor

SCFA, in duplicate, using an Agilent Technologies 6890N

Network Gas Chromatograph System fitted with a Zebron

ZB-FFAP column (0·53 mm, 30 m; Phenomenex, Torrance,

CA, USA), as described previously(23). SCFA are expressed as

concentration (mmol/g). Caecal SCFA were also expressed as

pools to represent the total amount of SCFA available. The

following formula was used: SCFA concentration (mM/g)

£ total caecum digesta weight (g).

Phenols and cresols were determined by adding three times

the sample weight of internal standard solution (100 mg/ml of

2-methylphenol) to the sample and mixing thoroughly on a

vortex mixer. The mixtures were centrifuged (2000g, 15 min

at 48C) and the supernatants were distilled as described

elsewhere(24). The distillates were analysed on a Shimadzu

HPLC system comprising an LC10-AT pump, Sil-10A injector

and a RF-10AXL fluorescence detector (ex 284nm, em 310nm;

Shimadzu, Kyoto, Japan). Samples (30 ml) were separated on

Varian Microsorb 5 mm C18 column (250 mm £ 4·6 mm;

Varian, Lake Forest, CA, USA), which was eluted at 1 ml/min

with 70:30 water–acetonitrile mixture adjusted to pH 3·2

with acetic acid.

Ammonia was analysed using a method modified from

Baethgen & Alley(25). In brief, ammonium nitrogen was

determined colorimetrically, using the chemical reaction of

ammonium ions (NH4
þ) with sodium salicylate and nitroprus-

side in a weakly alkaline buffer, at a wavelength of

650 nm using a UV/visible spectrophotometer (Automated

Discrete Analyzer Model AQ2þ ; SEAL Analytical Limited,

Fareham, UK).

Comet assay. The single-cell gel electrophoresis (Comet)

assay was used to measure DNA single-strand breaks in colo-

nocytes isolated from the proximal, mid- and distal colon of

each pig, as described previously(26,27). Fluorescent images

were obtained by propidium iodide staining and image

capture using an Olympus microscope (BX41; Olympus,

Tokyo, Japan) and digital Spot camera (RT Color; Diagnostic

Instruments, Sterling Heights, MI, USA). Image analysis was

conducted using Scion Image Beta 4.02 (Scion Corporation,

Frederick, MD, USA) and a public domain macro(28). The

Comet tail moment was calculated for each cell by multiplying

the tail length by the fraction of DNA in the tail. This was

calculated for fifty cells per slide in triplicate for each

colonic segment.

Bacterial profile of mucosa and digesta from mid-colon. A

custom phylogenetic microarray developed and validated for

gut bacteria was used to analyse the microbiota(29). A 6 cm2

section of mid-colon tissue was rinsed thoroughly in PBS to

remove digesta material, the mucosa was scraped using a

microscope slide and placed in RNAlater buffer solution

(Qiagen Inc., Valencia, CA, USA). Digesta adjacent to the

colon tissue was collected and stored in RNAlater buffer.

The samples were stored in liquid N2 until DNA extraction

was conducted. All DNA were extracted by repeated bead

beating and a column cleanup method(30). Prokaryote 16S

rRNA genes were amplified using the primer sets 27F (50-AGA-

GTTTGATCMTGGCTCAG-30) and T7/1492R (50-TCTAATACG-

ACTCACTATAGGGGGYTACCTTGTTACGACTT-30; the itali-

cised region is modified to include a T7 promoter

sequence)(31). The PCR amplicons were purified with the

MinElute PCR purification kit (Qiagen Inc.) and then added

as a template for in vitro transcription-based synthesis of

single-stranded RNA (complementary RNA, cRNA) using the

MEGAScript T7 In vitro transcription kit (Ambion, Austin,

TX, USA). After purification with a MEGAclear Kit (Ambion),

1mg of the sample cRNA and 140 ng of standard cRNA were

labelled at the same time using Label IT MicroArray Cy5

reagent (Mirus, Madison, WI, USA) for 1 h at 378C while

being protected from light, and then 0·1 volumes of the

10 £ stop reagent were added (Mirus) to terminate the label-

ling reaction. The labelled cRNA (25ml) was fragmented using

5 £ fragmentation buffer (Mirus) at 948C for 15 min so that the

effects of fragmentation on signal intensity could be evaluated

on the microarray. Without further purification steps that com-

promised signal intensity, 6ml (approximately 120 ng) of the

labelled cRNA samples in 24ml hybridisation solution were

hybridised with the microarray (CombiMatrix, Mukilteo, WA,

USA) at 428C overnight, as described by Kang et al.(29).

Colonic mucus layer thickness. A 4 cm2 segment of colon

was removed from the proximal, mid- and distal colon of each

pig and the mucosal surface was washed gently with 0·15 M-

NaCl solution to remove the digesta. The thickness of mucus

lining the colon was determined by further cutting the tissue

into 1·6-mm length pieces and then placed into a clear plastic

viewing chamber. To view and capture images of the mucus

thickness, the viewing chamber was placed on to a dissecting

microscope (Nikon C-LEDS; Nikon, Shanghai, China), the

tissue being illuminated from above and below, and images

of the mucus layer were captured using a digital camera

(Moticam 2000; Motic China Group, Xiamen, China). The

mucus thickness was measured using image analysis software

D. P. Belobrajdic et al.1276
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(Motic Images Plus 2.0; Motic China Group). For each animal,

ten measurements were taken at different points along four

tissue segments to give forty thickness measurements in total.

Statistical analyses

Data for cresol, phenol and cell characteristics are presented

as the mean values and standard errors of the mean for each

treatment group. Repeated-measures ANOVA was used to

identify whether diet treatment affected the digesta compo-

sition or DNA damage measures in the different sites of

the colon. A two-tailed Student’s t test was used to identify

whether AXRF had any effects at individual sites of the

colon. Statistical analysis was performed using SPSS for

Windows 17.0 software (SPSS Inc., Chicago, IL, USA), with

statistical significance set at a level of P,0·05.

Results

Feed consumption and body weight gain

The mean live weight at the start of the experiment was 27·3

(SE 0·6) kg (n 10; both groups combined). All feed was

consumed promptly on presentation. There was no effect of

diet on live weight gain, and the mean body weight at the

end of the experiment was 52·1 (SE 1·2) kg (n 10; both

groups combined). There was no significant difference in

liver weights due to diet (data not shown).

Large intestine measures

Tissue weight and length. The caecum tissue (AXRF 221

(SE 29) and control 112 (SE 27) g, P,0·001) and content

weights (AXRF 195 (SE 27) and control 80 (SE 24) g, P,0·05)

were higher for pigs fed with the AXRF diet. The AXRF diet

had no effect on the length of the small intestine (AXRF diet

12·9 (SE 0·7) and control diet 12·1 (SE 0·7) m) or large intestine

(AXRF diet 2·9 (SE 0·02) and control diet 2·4 (SE 0·02) m), com-

pared with the control diet. For all sections of the large intes-

tine, the amount of DM was significantly higher for pigs fed

with the AXRF diet (Table 2).

Digesta SCFA. The AXRF-fed animals had increased acet-

ate (P,0·01), propionate (P,0·01) and total SCFA (P,0·05)

concentrations in the caecal digesta (Table 2). The AXRF-fed

animals had increased acetate (control 6·2 (SE 2·8) and AXRF

21·7 (SE 3·1) mM, P,0·01), propionate (control 2·6 (SE 1·6)

and AXRF 12·4 (SE 1·8) mM, P,0·01) and total SCFA (control

10·1 (SE 5·0) and AXRF 37·5 (SE 5·5) mM, P,0·01) pools in

the caecal digesta.

Concentrations of total SCFA and of acetate and propionate

were significantly higher in caecal digesta of pigs fed with

AXRF, but not at any colonic sampling site (Table 2). The

AXRF-fed animals had increased acetate (control 6·2 (SE 2·8)

and AXRF 21·7 (SE 3·1) mM, P,0·01), propionate (control 2·6

(SE 1·6) and AXRF 12·4 (SE 1·8) mM, P,0·01) and total SCFA

(control 10·1 (SE 5·0) and AXRF 37·5 (SE 5·5) mM, P,0·01)

pools in the caecal digesta. Butyrate concentrations in the

digesta from all sites of the large intestine were unaffected

by AXRF (Table 2), whereas caecal digesta butyrate pools T
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were unaffected by diet (control 0·9 (SE 0·5) and AXRF 2·6

(SE 0·6) mM, P¼0·075).

pH. The pH of the digesta in the control group was similar

between the sites of the large bowel (Table 2). In comparison

to the control diet, the AXRF diet lowered the pH of the caecal

digesta (P,0·01) and raised the pH of the digesta in the mid-

and distal colon (P,0·01; Table 2). In the caecum, the pH of

the digesta inversely correlated with acetate (r 20·783,

P,0·01), propionate (r 20·908, P,0·0001) and total SCFA

(r 20·853, P,0·01) concentrations.

DNA damage. The AXRF diet lowered colonocyte DNA

damage (P,0·05; Fig. 1) overall, when assessed for all three

colon sites. There was a trend to a reduction in tail moment

primarily in the distal colon (control diet 36 (SE 9) and AXRF

diet 21 (SE 4), P¼0·15; Fig. 1).

Protein fermentation. In comparison to the control diet,

caecal digesta p-cresol concentrations were significantly

lower in pigs fed with AXRF (Table 3). For both diets,

phenol concentration was highest in the digesta from the

caecum in comparison to that from the three colon sites

(Table 3). The AXRF group had lower phenol concentrations

in the mid- and distal colon in comparison to the control

group (Table 3). There was no effect of AXRF diet on ammo-

nia concentrations for the caecum or any colonic sampling site

(Table 3).

Mid-colon microbial profile. Microbial diversity and

relative abundance were observed by hybridisation to a 16S

rRNA gene-based custom microarray comprised of 2240

probes representing about 700 bacterial species(29). The

hybridisation intensity of forty-five probes differed signifi-

cantly (P,0·05) between treatments. Overall, there was

a significant difference (P,0·05) in the faecal microflora

populations of the treatment groups, as measured by a princi-

pal component analysis of the microarray data (latter data not

shown). Each individual sample based on diet, regardless of

sample fractions (digesta and mucosa), exhibited distinct

microbial profiles (Fig. 2). Evaluation of differences in bac-

terial populations based on comparative analysis of control

and AXRF diet showed a significantly higher abundance of

some species from the Prevotella cluster (Prevotella interme-

dia, P. disiens and P. ruminicola) from Bacteroidetes

phylum and from Clostridial clusters IV (Faecalibacterium

prausnitzii) and XIVa (Ruminococcus obeum and Blautia

producta) in AXRF diet for both mucosa and digesta fractions,

whereas some species of the Proteobacteria phylum

(Escherichia coli and Desulfovibrio sp.), Fusobacteria,

Clostridial clusters I, II and XI (C. perfringens, C. limosum

and C. difficile, respectively), Bacteroides fragilis subgroup

and B. distasonis were relatively higher in control pigs (Fig. 2).

Mucus thickness. The mucus thickness in the proximal,

mid- and distal colon for the control diet group was 311 (SE

34), 344 (SE 52) and 349 (SE 49)mm, and for the AXRF diet

group, it was 333 (SE 41), 299 (SE 36) and 423 (SE 41)mm,

respectively. There was no significant difference between diet-

ary treatments at any of the colonic sites.

Discussion

We believe that the present study is the first to examine the

effects of AXRF on large bowel SCFA and diet-induced genetic

damage of colonocyte in pigs. The data are consistent with

earlier reports(16,17,22) in rodents showing that the feeding

of fermentable fibre carbohydrates opposes the induction of

DNA strand breaks due to higher dietary protein. On the

basis of the previous studies, it might be expected that this

would be related to higher large bowel SCFA concentrations

and pools. Data from human surgical patients show that

large bowel SCFA are highest in the proximal large bowel

and are lower in the distal colon(32). This is thought to reflect

uptake on passage of the digesta coupled with the depletion

of fermentative substrates. A similar distributional profile is

seen in pigs and the present study confirms earlier data

from rats(21) in showing that an AXRF (similar to the one

used in the present study) raised large bowel total and individ-

ual SCFA. Although in the present experiment, the concen-

trations of total SCFA, acetate and propionate were

significantly higher, this was only in the caecum of pigs fed

with AXRF. Concentrations of butyrate were unchanged in

the viscus and there were no differences between any of the

three major SCFA in colonic contents at any other sampling

site. However, the increased caecal digesta mass in pigs fed

with AXRF translated to larger pools of total and individual

SCFA in that region of the large bowel. Again, these data are

similar to those of Lu et al.(21), who reported that, in rats an

AXRF increased large bowel digesta and faecal mass relative

to a fibre-free diet and that the increases in SCFA were as

pool sizes and not concentrations. Thus, it remains possible

that, if the mass of digesta was greater along the colon then

the pools of SCFA (including butyrate) would also have

been larger. This suggestion is supported further by the
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well-documented effects of wheat arabinoxylans in augment-

ing the faecal bulking effects of wheat bran(8). The present

results align with some previous animal studies that showed

that fermentation of soluble NSP, including b-glucans as well

as arabinoxylans, favoured propionate and acetate production

over that of butyrate(21,33,34). However, in vitro fermentation

of arabinoxylans by human faecal inocula gave a SCFA profile

in which butyrate was a more significant product than propio-

nate(35). There are data suggesting that not all arabinoxylans

are equal in this regard, as the feeding of rye raises hepatic

portal venous butyrate relative to wheat in pigs(36). Some of

this may reflect differences in the higher content of arabinox-

ylan in the former, but it may also reflect variations in the

effects of the NSP content on the digestibility of starch. The

inhibition of starch digestion by arabinoxylans in production

animals such as chickens is well established(37), and there

are data to suggest that there may be similar effects in

rats(38). AXRF contains a proportion of starch and it might

have been expected that some of this would have reached

the large bowel and promoted butyrate production. Clearly,

further studies are needed to determine the intrinsic effects

of AXRF on large bowel fermentation and on the digestibility

of other nutrients.

There are several other potential mechanisms for opposing

the induction of DNA strand breaks other than through SCFA.

Lowering of pH through direct acidification by SCFA and other

acidic fermentation products is one. This is believed to inhibit

the absorption of tumour promoters such as NH3, which are

absorbed in the unprotonated form, i.e. at pH .7(39). Previous

studies in pigs have shown that the large bowel pH profile fol-

lows that of SCFA, i.e. lowest in the caecum and proximal

colon and rises on passage of the digesta stream to the

distal large bowel(40). As anticipated from these data, digesta

pH was lowest in the caecum and was significantly lower in

animals fed with AXRF. Surprisingly, digesta pH was signifi-

cantly higher in pigs fed with AXRF at all the three colonic

sampling sites. The reason for this remains to be determined,

but the results suggest that lowered pH was not involved

directly in the reduction of DNA strand breaks. Potentially

toxic protein degradation products such as phenols and cre-

sols have also been implicated in increasing CRC(41) and we

have shown that their levels are increased in rats fed with a

high red meat diet(16,17). In the present study, colonic

phenol concentrations were significantly lower in the mid-

and distal colon digesta of pigs fed with AXRF, providing a

possible mechanism for the lower genomic damage. A

recent study in human volunteers showed that consumption

of fried red meat led to greater rectal epithelial DNA damage

and this was opposed by plant foods and yoghurt but, appar-

ently, not through SCFA(42).

It is well established that diet has a strong influence on the

large bowel microbial population, and in the present study

C. difficile, C. perfringens and the B. fragilis subgroup were

significantly lower in the AXRF group compared with controls.

These organisms can produce phenol and p-cresol from diet-

ary proteins(43–45), providing an explanation for the lower

concentrations of these protein fermentation products in

pigs fed with the supplemented diet (Table 3). ClostridialT
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clusters IV and XIVa bacteria (F. prausnitzii and B. producta,

respectively) that produce butyrate as a result of carbohydrate

fermentation(46) were also higher in response to feeding AXRF.

The higher relative abundance of these butyrogenic microbial

species in the AXRF diet could be of benefit in CRC or irritable

bowel disease, as these bacteria are potentially protective

at the gut mucosal surface(47). Cytophaga–Flavobacterium–

Bacteroides phylum is a nutritionally versatile genus, and

members of this genus use a diverse range of NSP as fermen-

table carbon source through the elaboration of a variety of

hydrolytic enzymes(48). One of the cluster, Prevotella (P. inter-

media, P. disiens and P. ruminicola) showed high abundance

in the AXRF group. These species may have a role as particu-

larly active organisms in arabinoxylan breakdown(48). A recent

dietary study in rats showed that an arabinoxylan preparation

opposed the lowering of some bacterial species (including

Bacteroides/Prevotella) induced by a high-fat diet(49). These

observations are consistent with the data obtained in the pre-

sent study.

Studies in rodents have shown greater large bowel tissue

mass with the feeding of fermentable fibre polysaccharides(50).

In pigs, colonic length correlates positively with the dietary

content of resistant starch(51). In the present study, the

weight of caecal tissue was significantly greater in pigs fed

with AXRF, whereas the colon was longer (but not signifi-

cantly) in this group. It has been suggested that this could

lead to colonocyte hyperproliferation and greater risk of onco-

genesis(52). Previous findings in rats(16,17,22,53) as well as the

present data show lower genetic damage with the feeding of

polysaccharides that raise large bowel SCFA and suggest that
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Prevotella ruminicola
Weissella kandleri
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Fig. 2. Microarray heatmap analysis of microbiota in mid-colon digesta (D) and mucosa (M) from control and arabinoxylan-rich fraction (AXRF)-fed pigs. Red colour

indicates high probe intensity, corresponding to an over-representation of species in the digesta sample. Conversely, green colour indicates under-representation.
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this is not the case. However, there is one major difference

between the present study and the study carried out in

rodents. In the latter, high-protein diets led to a thinning of

the large bowel mucus layer, and increasing the supply of

SCFA prevented this. This may be a species difference or

may also reflect the fact that the diet contained insoluble

NSP (as wheat bran), and particulate matter has been shown

to increase small intestinal mucus secretion in rats(54).

The present data extend knowledge of the nutritional

effects of AXRF and, taken with previous findings in rats,

suggest that AXRF has beneficial effects on large intestine

and factors associated with oncogenesis. Further studies to

understand the mechanism of action of this fraction of

wheat seem highly desirable.
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