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Abstract
Recently, the intestinal microbiota has been emphasised as an important contributor to the

development of metabolic syndrome. Dietary fibre may exert beneficial effects through modu-

lation of the intestinal microbiota and metabolic end products. We investigated the effects of a

diet enriched with two different dietary fibres, arabinoxylan and resistant starch type 2, on the

gut microbiome and faecal short-chain fatty acids. Nineteen adults with metabolic syndrome

completed this randomised crossover study with two 4-week interventions of a diet enriched

with arabinoxylan and resistant starch and a low-fibreWestern-style diet. Faecal samples

were collected before and at the end of the interventions for fermentative end-product analysis

and 16S ribosomal RNA bacterial gene amplification for identification of bacterial taxa. Faecal

carbohydrate residues were used to verify compliance. The diet enriched with arabinoxylan

and resistant starch resulted in significant reductions in the total species diversity of the faecal-

associated intestinal microbiota but also increased the heterogeneity of bacterial communities

both between and within subjects. The proportion ofBifidobacteriumwas increased by arabi-

noxylan and resistant starch consumption (P<0.001), whereas the proportions of certain bac-

terial genera associated with dysbiotic intestinal communities were reduced. Furthermore, the

total short-chain fatty acids (P<0.01), acetate (P<0.01) and butyrate concentrations (P<0.01)
were higher by the end of the diet enriched with arabinoxylan and resistant starch compared

with those resulting from theWestern-style diet. The concentrations of isobutyrate (P = 0.05)

and isovalerate (P = 0.03) decreased in response to the arabinoxylan and resistant starch

enriched diet, indicating reduced protein fermentation. In conclusion, arabinoxylan and resis-

tant starch intake changes themicrobiome and short-chain fatty acid compositions, with poten-

tial beneficial effects on colonic health and metabolic syndrome.
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Introduction
Increased consumption of dietary fibre (DF) has been shown to improve components of meta-
bolic syndrome (MetS), including dyslipidaemia, insulin sensitivity and abdominal obesity,[1–
3] which are well-known risk factors for cardiovascular disease and type 2 diabetes. These ben-
eficial effects are most likely modulated through the actions of DF on certain bacteria in the
colon[4] and the capabilities of these bacteria to produce an array of small organic molecules,
including short-chain fatty acids (SCFAs).[5] Increased production of SCFAs in general and of
butyrate in particular may protect against diet-induced obesity and improve insulin sensitivity.
[6–8] SCFA production depends on the type of ingested DF, the microbiota, the colonic transit
time and the colonic pH.[9]

Resistant starch (RS) is a homo-polysaccharide of glucose[10] resistant to digestion in the
upper gastro-intestinal tract[11] because of physical indigestibility (type 1), granularity (type
2), retrogradation during heating (type 3), or chemical modification (type 4).[10] RS type 2 is a
readily available pure form of RS that can be obtained in sufficient quantities for human stud-
ies. Previously, RS type 2 has been shown to augment butyrate production[12, 13] and to mod-
ify the composition of the intestinal microbiota[5, 14–16] typically by increasing the
proportions of Bifidobacterium species, Ruminococcus bromii[14, 17] and Eubacterium rectale.
[14] Studies on RS type 3 have also been conducted and shown enhancement of Ruminococcus
bromii and Eubacterium rectale,[18, 19] whereas RS type 4 apparently demonstrate different
functional effects on the microbiota by augmentation of Bifidobacterium adolescentis and Para-
bacteroides distasonis.[14]

Arabinoxylan (AX) is a hetero-polysaccharide consisting of a linear xylose backbone with
variable arabinose substitution and cross-linking with ferulic acid, depending on the grain spe-
cies and fractions.[20] It is the main DF component in wheat and rye[20] and has also been
shown to enhance SCFA and butyrate production.[3, 21] The proportions of Bacteroides, Pre-
votella, Roseburia and Bifidobacterium species have been shown to be increased after an AX-
enriched high-fat diet in mice,[22] whereas AX provided in a whole-grain rye diet in a human
intervention study failed to show changes in the microbiota.[23] Both RS and AX have been
found to improve metabolic parameters in humans,[24–26] but there is little knowledge of
how these fibres in combination influence the microbiome and SCFA production in predia-
betic subjects, i.e. those with MetS.

The objectives of the current crossover study of subjects with MetS were to determine how
an AX- and RS-enriched diet, hereafter referred to as a healthy-carbohydrate diet (HCD), alters
the microbiome and SCFA concentrations in faeces compared with a low-fibre Western-style
diet (WSD). We hypothesised that AX and RS would beneficially change the intestinal micro-
biota and enhance colonic SCFA production in general and butyrate in particular compared
with the WSD.

Materials and Methods

Study design and subjects
The dietary intervention study was conducted according to the guidelines in the Declaration of
Helsinki, and all procedures involving human subjects were approved by the Central Denmark

Arabinoxylan, Resistant Starch and SCFA

PLOSONE | DOI:10.1371/journal.pone.0159223 July 19, 2016 2 / 18

Competing Interests: The authors have declared
that no competing interests exist.

Abbreviations: AX, arabinoxylan; BCFAs, branched-
chain fatty acids; DF, dietary fibre; DM, dry matter;
HCD, healthy-carbohydrate diet; MetS, metabolic
syndrome; NSPs, non-starch polysaccharides; RS,
resistant starch; RSDMSO, resistant starch estimated
with a method using dimethyl sulphoxide; RSenz,
resistant starch estimated with an enzyme-containing
kit; SCFAs, short-chain fatty acids; WSD, Western-
style diet.

https://clinicaltrials.gov/ct2/show/NCT01618526?term=NCT01618526&rank=1


Region Committees on Biomedical Research Ethics (journal no. 1-10-72-122-12) March 29
2012 (S1 Information). Written informed consent was obtained from all subjects prior to
screening. The study was registered at ClinicalTrials.gov ID: NCT01618526 (May 30 2012) and
NCT01584427 (April 20 2012). The delay between approval and registration was due to mater-
nity leave for one of the study coordinators. We confirm that all ongoing and related trials for
this intervention are registered.

The study was performed as a randomised crossover, open-label study with two 4-week
intervention periods and an intermediate washout period of a minimum of four weeks.
Recruitment took place via advertisements in local newspapers fromMay 9 2012 to November
30 2012. The study was carried out at Aarhus University Hospital, Aarhus, Denmark between
June 2 2012 and April 11 2013. Twenty-two subjects between 39 and 75 years of age with MetS
[27] were included in the study. Two more subjects were included than original described in
the trial protocol. We excluded subjects if they had a history of diabetes or gastrointestinal dis-
ease or hepatic, renal, cardiovascular or uncontrolled metabolic disease. Alcohol abuse, the
daily use of non-steroidal anti-inflammatory drugs, pregnancy and lactation were additional
exclusion criteria.

Intervention diets
The HCD was formulated with a high concentration of DF based on AX- and RS-enriched
cereal foods, whereas the WSD was based on refined grains and a minimal concentration of
DF. AX was obtained from whole-grain rye and enzyme-treated wheat bran, and RS was pro-
vided as RS type 2[28] from raw potato starch and high-amylose maize starch. The
diet allocation sequence was determined by the study coordinators using a simple randomisa-
tion method.[29]

The cereal key foods were incorporated into the subjects’ habitual diets (see dietary counsel-
ling) and constituted approximately 50% of their total daily energy needs. The diets were isoca-
loric, as estimated by nutrition labelling. The HCD included experimentally prepared bread
rolls (combo rolls) and pancakes (combo pancakes) (Lantmännen R&D, Stockholm, Sweden)
that contained RS (7.0 g per roll and 8.4 g per pancake) in the form of high-amylose maize
starch (HI-MAIZE2601) (Ingredion Incorporated Inc., Bridgewater, NJ, USA) and AX (6.0 g
per roll and 8.4 g per pancake) in form of enzyme-treated wheat bran[30] (DuPont Nutrition
and Biosciences ApS, Brabrand, Denmark). RS in the form of raw potato starch (24 g per day)
was provided by KMC (Brande, Denmark). Raw potato starch was consumed unheated and
dissolved in a smoothie or water. Rye flakes (Lantmännen Cerealia A/S, Vejle, Denmark), rye
bread (Lantmännen Schulstad A/S, Hvidovre, Denmark), rye pasta (Il Fornaio, Corte Madera,
California, USA) and smoothies (Rynkeby, Ringe, Denmark) were commercially available
products.

For the WSD, the subjects received corn flakes and wheat bread (Coop Denmark A/S,
Albertslund, Denmark), spelt bread rolls (Lantmännen Unibake, Horsens, Denmark), wheat
pasta and pancakes (Lantmännen Cerealia A/S, Vejle, Denmark), and smoothies (Rynkeby,
Ringe, Denmark). The key foods were provided at two-week intervals. Due to the different
appearances of low and high-fibre key foods, single-blinding of the participants, as described in
the original trial protocol, was not feasible. The nutritional compositions of the key foods are
shown in Table 1.

Dietary counselling, energy intake and compliance
A clinical dietician instructed each subject at the beginning of both interventions. Based on
individual energy need, a dietary plan was developed to maintain stable body weight and to
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limit DF except for that obtained from the key foods. The subjects were requested to maintain
their regular lifestyles, including physical activity, smoking habits, alcohol intake and medica-
tion, throughout the study. The subjects were provided with electronic kitchen scales and
checklists of the key food items to ensure dietary adherence. Before and during the diets, the
subjects completed food records on three consecutive days, one of which was a weekend day.
The macronutrient compositions of the habitual diets were calculated by Master Dietist System
version 1.235 (2007) based on the Danish National Food Administration Database. The macro-
nutrient compositions of the intervention diets were calculated as the sum of the compositions
of the key foods and what the subjects ingested in addition to the key foods according to the
food records. We assumed that the subjects consumed all of the key foods delivered. However,
data were missing from seven food records (3 pre-diets, 2 HCD and 2WSD) due to insufficient
registration.

Recording of gastrointestinal symptoms and stool parameters
An internally validated questionnaire based on verified scoring systems and rating scales[31–
34] was used to assess general wellbeing and gastrointestinal symptoms. Five gastrointestinal
symptoms (abdominal pain, bloating, rumbling, flatulence and nausea) and their severities as
well as general wellbeing and health concerns were scored on visual analogue scales. We also
assessed stool parameters, such as bowel movements, consistency, urge and occurrence of
mucus. The subjects were instructed to fill in the questionnaires before and after each dietary
intervention. In addition, they registered the number and consistency of stools on the same
three days as they completed the food records.

Table 1. Daily intake of nutritional constituents of the key foods in the Western-style diet (WSD) and
the healthy-carbohydrate diet (HCD).

WSD HCD

Energy (KJ)a 5280 4722

Protein (g) (E%) 40.4 (13) 31.7 (11)

Fat (g) (E%) 17.3 (12) 17.3 (14)

Digestible carbohydrates (g) (E%) 225.6 (73) 180.8 (65)

Sugars (glucose, fructose, sucrose) (g) 27.0 25.9

Lactose (g) 2.7 2.4

Digestible starch (g) 195.9 152.5

Non-digestible carbohydrates (g) 14.2 59.0

Resistant starch (g) 2.8 20.7

Non-starch polysaccharides (g) 8.5 32.3

Cellulose (g) 1.2 4.2

Arabinoxylan (g) 3.6 16.0

LMW non-digestible carbohydrates (g) 2.9 6.0

Fructan (g) 2.1 5.3

Arabinoxylan oligosaccharides (g) 0.8 0.7

Lignin (g) 3.4 5.0

Dietary fibre (g)b(E%) 17.6 (3) 64.0 (11)

E%, energy percentage; LMW, low molecular weight.
aCalculated as the sum of: 17 kJ per g digestible carbohydrate 8 kJ per g dietary fibre, 17 kJ per g protein and

37 kJ per g fat.
bCalculated as the sum of non-digestible carbohydrates and lignin.

doi:10.1371/journal.pone.0159223.t001
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Faecal sampling and handling
Faecal samples were collected using EasySampler1 Stool Sample Collection (Alpha Laborato-
ries Ltd, Hampshire, UK) before and at the end of each dietary intervention. The samples were
immediately stored at -20°C, and within 24 hours, they were moved to storage at -80°C without
being thawed.

Body weight and fat percentage
Measurements of waist circumference, body weight (TANITAWB-100A CLASS 111), and
body fat percentage (Body Fat Monitor F306, OMRON, Hoofddorp, The Netherlands) were
assessed before and at the end of each intervention when the subjects were fasting, wearing one
layer of light clothes and had just emptied their bladder.

Chemical analyses
The total RS levels in foods were determined by the AOACmethod (AOAC Official Method
2002.02), as described by McCleary & Monaghan[35] and non-starch polysaccharides (NSPs)
in foods and faeces, as described by Bach Knudsen[36] except that acid hydrolysis was per-
formed in 2 M H2SO4 for one hour instead of in 1 M H2SO4 for two hours. When analysing the
two RS sources, raw potato starch and HI-MAIZE2601, with the NSP procedure, we discov-
ered that a fraction of starch in HI-MAIZE2601 withstood gelatinization and hydrolysis and
was analysed as part of the NSP fraction. To avoid this interference, dimethyl sulphoxide
(DMSO) was used to disperse the RS[37] in the NSP procedure. The RS levels estimated with
the two methods were designated as RSENZ and RSDMSO, respectively. The other analytical
methods used to characterise the chemical compositions of the food items have been previously
described by Nielsen et al.[15]

The concentrations of faecal SCFAs and other acids including lactic acid were determined
by gas-liquid chromatography (HP-6890 Series Hewlett Packard Palo Alto, CA) according to
Jensen et al.[38] The total SCFA concentration was calculated as the sum of the formic acid,
acetate, propionate, isobutyrate, butyrate, isovaleric and valeric acid concentrations, and the
branched-chain fatty acid (BCFA) concentration was calculated as the sum of the isobutyrate
and isovaleric acid concentrations.

Bacterial genomic DNA extraction and 16S rRNA gene sequencing
Genomic DNA was extracted in duplicate from four faecal samples per subject (before and
after WSD and HCD consumption) using a QIAamp Fast DNA Stool Mini Kit (Qiagen, Hil-
den, Germany). Approximately 200 mg was chipped from each sample without thawing and
placed directly into sterile 2 ml tubes containing 16 ml QIAamp InhibitEx buffer and 300 mg
of 0.1 mm diameter zirconia/silica beads (Biospec Products, Bartlesville, Oklahoma, USA). The
samples were shaken twice for 1 min each time at 6.5 m/s in a MP FastPrep-24 tissue and cell
homogeniser (MP Bio, Santa Ana, California, USA) prior to completing the DNA extractions
and purifications, according to the manufacturer’s instructions for pathogen detection. DNA
concentration was measured using a NanoDrop spectrophotometer (Thermo Scientific, Wil-
mington, Delaware, USA) and diluted to 20 ng/μL. Equal volumes of duplicate DNA extrac-
tions from each faecal sample were combined prior to PCR amplification.

The 16S rRNA V4 region was amplified by PCR using the barcoded F515 forward primer
and R806.[39, 40] Amplification was performed using Ex Taq DNA Polymerase (TaKaRa,
Otsu, Japan) for 30 cycles of 94°C for 45 seconds, 54°C for 60 seconds, and 72°C for 30 seconds.
PCR products were purified using a Wizard1 SV Gel and PCR Clean-Up System (Promega,

Arabinoxylan, Resistant Starch and SCFA

PLOSONE | DOI:10.1371/journal.pone.0159223 July 19, 2016 5 / 18



Madison, Wisconsin, USA), and the pooled amplicons were sequenced with an Illumina MiSeq
at the Genome Center DNA Technologies Core, University of California, Davis, California,
USA.

Raw Illumina FASTQ sequences were analysed using Quantitative Insights Into Microbial
Ecology (QIIME) software package version 1.8.0.[41] Demultiplexing and quality filtering were
performed with the default settings, except that a minimum average quality score of 30 was
used for quality filtering instead of the default score of 25, and the reverse primer sequences
were removed. The open-reference OTU picking strategy in QIIME was used to select opera-
tional taxonomic units (OTUs) with 97% sequence identity to sequences in Greengenes (release
13_8) database[42] and to each other, according to the UCLUST algorithm.[43] OTUs similar
to chloroplasts or those found in very low abundance (< 0.005%)[44] were removed from the
OTU table prior to further analysis. The Chao1 diversity index, Phylogenetic Diversity Whole
Tree,[45] and observed species were determined for increasing numbers of randomly sampled
sequences per sample to generate alpha diversity rarefaction curves. The curves became asymp-
totic at 12,000 sequences per sample and therefore, this number of randomly sampled DNA
sequences was used for calculation of the weighted UniFrac metric[46] in QIIME.

Statistical methods
Prior to conducting the study, a sample size was calculated based on an expected increase in
the faecal butyrate concentration after HCD consumption compared with that after WSD
consumption.

Based on a Danish study population treated with approximately 18 g of dietary fibre (Plan-
tago ovata seeds) for 4 weeks,[47] we anticipated that the standard deviation of the mean dif-
ference in butyrate concentrations between the diets would be 7.5 mmol/l and that the minimal
relevant difference between means would be 7.5 mmol/l–thus we used a standardized minimal
relevant difference of 1 in a crossover design. The power calculation was done using software
developed by Schoenfeld[48] and by formulas given by Julious et al.[49] The total number of
subjects needed to obtain a statistical power of 90% for a type I error of 5% in a crossover trial
was calculated to be 13. The anticipated dropout rate was set to 33%.

Descriptive statistics are given as the median with the interquartile range (IQ). Analysis of
variance for repeated measurements was performed to examine faecal SCFA and carbohydrate
residue responses using subject, diet, period, and baseline values as covariates. These data were
log-transformed to obtain a Gaussian distribution. Model validation was performed by inspec-
tion of Bland-Altman plots to check if the mean and standard deviation of the differences were
constant throughout the range[50] and by probability plots of the residuals. Additional statisti-
cal analyses of the total SCFA, acetate, propionate and butyrate concentrations were carried
out, excluding the two participants receiving the anthelmintic treatment, which had no effect
on the results.

The dietary data, body measurements, data from the questionnaires and differences from
the baselines to the end of the diets were compared with the two-tailed paired t-test. Model val-
idation was performed by Bland-Altman plots and probability plots of the differences. Wil-
coxon signed-rank tests were performed for comparison of the DF intakes, protein intakes,
faecal characteristics and gastrointestinal symptoms, because the assumptions for the two-
tailed t-test were not feasible. These statistical analyses were conducted using STATA/IC 12.1
(StataCorp, College Station, Texas, USA), and Graph Pad Prism 6 (Graph Pad Software, Inc.,
La Jolla, California, USA) was used to generate graphical elements.

Differences in UniFrac distances between samples from different experimental groups were
tested by the Wilcoxon signed rank test followed by Bonferroni correction of the resulting p-
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values. Bacterial taxa that were present at greater than 0.1% abundance in at least 20% of the
samples from 18 subjects who collected faecal samples throughout the entire study period were
evaluated using R[51] with the paired Wilcoxon signed-rank test followed by Benjamini and
Hochberg false discovery rate adjustment of the p-values. Alpha diversity measurements were
compared in the same manner as the bacterial taxa comparisons. Differences were regarded as
significant at a P< 0.05.

Results

Study population
A total of 67 adults were screened and 22 met the inclusion criteria and were randomized
between June 2012 and January 2013 (Fig 1) (S2 Information). Nineteen subjects completed
the study. Two subjects withdrew for reasons unrelated to the study, and one left the study dur-
ing the first week of the HCD because of abdominal discomfort. Seven subjects were treated
with antihypertensive drugs, and seven were treated with cholesterol-lowering medication at
consistent doses throughout the study. Two subjects received treatment with mebendazole for
4 weeks (HCD) due to pinworm infection. The baseline characteristics and habitual macronu-
trient intakes of the subjects are shown in Table 2.

Diets, energy intake and anthropometric data
There were no significant differences in the energy intake (P = 0.75) of the subjects or their
consumption of protein (P = 0.91), fat (P = 0.82), carbohydrates (P = 0.36) or DF (P = 0.12)

Fig 1. Subject flow.

doi:10.1371/journal.pone.0159223.g001
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during the two run-in periods. The baseline characteristics and habitual macronutrient intake
from first run-in period is shown in Table 2. The DF concentration in the key foods was 64 g/
day for the HCD and 18 g/day for the WSD (Table 1). Thus, the subjects increased their total
DF intake from a median of 18 g/day (IQ 14–25 g/day) at baseline (Table 2) to a median of 68
g/day (IQ 66–75 g/day) during the HCD (P< 0.001) (Table 3), whereas it remained stable,
with a median of 21 (IQ 18–22) g/day during the WSD (P = 0.38) (Table 3). The key foods pro-
vided a 7-fold difference in the RS concentration between the WSD (2.8 g/day) and HCD (20.7
g/day) and an almost 4.5-fold difference in the AX concentration between the WSD (3.6 g/day)
and HCD (16.0 g/day) (Table 3).

The energy content was 12% higher in the WSD key foods than in the HCD key foods
(Table 1) because of the unexpectedly high protein content of the WSD bread and pasta com-
pared with the HCD equivalents (S1 Table). The differences in the energy and nutritional con-
stituents of the key foods were diminished when the total dietary intake was taken into account
(Table 3). The median energy need of the subjects was determined to be 10,605 kJ (total range
7,992–13,402 kJ) per day, and the energy from the key foods in the HCD andWSD provided
the subjects with 44% and 50% of their calculated median energy needs, respectively. The sub-
jects’ body weights, waist circumferences and body fat percentages remained unchanged
throughout the study (S2 Table).

Faecal characteristics and gastrointestinal symptoms
Bowel movements over the three-day registration period rose from a median of 4 (total range
1–8) during the WSD to 5 (total range 2–13) (P< 0.01) during the HCD. The faecal consis-
tency differed significantly (P = 0.02) between the two interventions. Six subjects reported con-
stipation during the WSD compared with one subject during the HCD. Constipation
difficulties were addressed by guidance on increased water intake and exercise, and no laxatives
were necessary.

Flatulence (P< 0.001) and stomach rumbling (P = 0.05) were increased during the HCD,
but no other abdominal symptoms or adverse effects were reported. The diets were well toler-
ated and did not influence the subjects’ health concerns or abdominal symptom severity. Self-
reported wellbeing was rated as moderately higher during the HCD compared with the WSD
(P = 0.05).

Table 2. Baseline characteristics and habitual macronutrient intakes.

Median Interquartile range Total range

Age (years) 60 48–67 39–75

BMI (kg/m2) 30.6 29.3–35.2 25.9–41.0

Waist (cm) 106 103–116 89–130

Body fat (%) 33 30–39 25–49

Energy intake (KJ/day)a 7812 6920–8845 4600–13991

Protein (g)a 79 69–91 53–140

Fat (g)a 70 56–94 32–160

Total carbohydrates (g)a 214 172–234 130–370

Digestible carbohydrates (g)a 197 154–210 117–335

Dietary fibre (g)a 18 14–25 8–35

aBased on dietary records from first run-in (n = 19).

doi:10.1371/journal.pone.0159223.t002
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Faecal carbohydrate residues
There were no differences in the faecal concentrations of carbohydrate residues (dry matter
basis (DM)) during the pre-WSD and pre-HCD periods (Table 4). Consumption of the WSD
was followed by a decline in total faecal DF from 17.2% DM to 12.3% DM (P = 0.01), whereas
the opposite was the case for the HCD, which resulted in an increase from 18.4 to 24.2% DM
(P = 0.002) (Table 4). Thus, faecal DF was 2 fold (95% CI 2-3-fold) (P< 0.0001) higher after
HCD consumption compared with WSD consumption. In addition, the HCD increased RS res-
idues from 2.3% DM to 3.0% DM compared with 0.8% DM after the WSD (P = 0.003), while
AX residues were increased to 8.0% DM following the HCD compared with 3.3% DM after the
WSD (P< 0.0001).

Table 3. Composition of total dietary intake during theWestern-style diet (WSD) and the healthy-carbohydrate diet (HCD).

WSD (n = 17)a HCD (n = 17)a WSD vs. HCDb

Median IQ range Total range Median IQ range Total range P-value

Energy (KJ) 9217 8450–10611 6855–14516 8412 7899–11228 6566–16799 0.97

Total CHOs (g) 300 271–346 260–479 325 292–375 269–603 0.17

Digestible CHOs (g) c 281 253–322 242–434 244 224–334 204–487 0.07

Dietary fibre (g) 21 18–22 17–45 68 66–75 65–116 0.0007

Protein (g) 96 85–111 53–153 83 74–105 65–222 0.21

Fat (g) 62 54–82 36–105 63 42–76 37–148 0.50

IQ, interquartile; CHOs, carbohydrates.
aCalculated as the sum of macronutrition according to food records and the daily ration of key foods, as determined by chemical analysis.
bDifferences between the interventions compared by paired t-test, except for dietary fibre and protein, which were compared by Wilcoxon signed-rank test.
cCalculated as: (total carbohydrates–dietary fibre according to food records) + (digestible carbohydrates determined by chemical analysis).

doi:10.1371/journal.pone.0159223.t003

Table 4. Faecal carbohydrate residues (% of dry matter) during the pre-periods and after consumption of the healthy-carbohydrate diet (HCD)
compared with theWestern-style diet (WSD).

Pre-WSD (n = 19) WSD (n = 19) Pre-HCD (n = 19) HCD (n = 19) HCD vs. WSD

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI SEM P-value

RSDMSO
a 2.1 1.2–2.9 0.8 0.3–1.2 2.3 0.7–3.8 3.0 1.4–4.7 - 0.003

NSPs 15.1 11.6 16.1 21.2 1.29 < 0.0001

Cellulose 4.2 3.2 4.1 4.7 0.37 0.002

Arabinoxylan 4.6 3.3 4.7 8.0 0.55 0.0001

Arabinose 2.1 1.5 2.2 3.8 0.26 < 0.0001

Xylose 2.5 1.8 2.5 4.1 0.30 < 0.0001

A:X ratio 0.84 0.86 0.88 0.93 0.04 0.29

Rhamnosea 0.5 0.5–0.6 0.6 0.5–0.7 0.5 0.5–0.6 0.6 0.5–0.7 - 0.07

Fucosea 0.2 0.2–0.2 0.2 0.2–0.3 0.2 0.2–0.2 0.2 0.2–0.2 - 0.25

Mannose 0.6 0.6 0.6 0.5 0.05 0.32

Galactose 1.3 1.3 1.3 1.8 0.08 < 0.0001

Glucosea 3.1 2.2–3.9 1.9 1.4–2.3 3.9 2.0–5.8 4.5 3.1–5.8 - 0.0001

Uronic acid 0.8 0.7 0.8 1.0 0.07 0.002

Dietary fibrea 17.2 14.5–19.8 12.3 10.2–14.5 18.4 14.3–22.6 24.2 20.6–27.9 - < 0.0001

A:X ratio, arabinose to xylose ratio; CI, confidence intervals; NSPs, non-starch polysaccharides; RSDMSO, resistant starch; SEM, standard error of the mean

(ANOVA for repeated measurements using subject, diet, period and baseline values as covariates).
aData were logarithmically transformed before data analysis and therefore, 95% CI are given.

doi:10.1371/journal.pone.0159223.t004
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Faecal microbial composition
16S rRNA gene amplicon sequencing was performed to identify the microbial compositions in
faecal samples collected at baseline and at the end of the interventions. An average of 59,113
sequencing reads was obtained for each sample after quality filtering, including an average of
863 OTUs per sample. The number of observed species (alpha-diversity) was significantly
lower in the stools collected after the HCD (an average of 615 species) compared with those
collected after the WSD (675 species) (P< 0.0001). This difference in species richness was in
agreement with the Chao1 (P< 0.05) and phylogenetic diversity (P< 0.005) alpha-diversity
metrics.

The HCD also resulted in a significant change in the beta-diversity of the faecal microbiota,
as shown by principal coordinates analysis of the weighted UniFrac distance metric (Fig 2A).
The effects of the HCD were observed both within and between subjects (Fig 2B). Specifically,
the microbiota were more heterogeneous, as indicated by the larger weighted UniFrac distances
after HCD consumption compared with the baseline values for individual subjects (Fig 2B,
“Within Subjects”), as well as for all subjects combined (Fig 2B, “Between Subjects”).

The proportion of Bifidobacterium in the faecal microbiota was significantly increased after
HCD consumption compared with that detected after WSD consumption (Fig 3). Non-signifi-
cant increases were also observed in Lactobacillus, Clostridium, and Akkermansia. Conversely,
the HCD resulted in reductions in the proportions of the Bacteroidetes genera Bacteroides,
Parabacteroides, Butyricimonas, Odoribacter, and Paraprevotella (Fig 3). The proportions of
five genera in the Firmicutes phylum were also lower following consumption of the HCD,
including certain Ruminococcus species (Fig 3). These Ruminococcus species are members of
the Lachnospiraceae family and are not related to Ruminococcus bromii, another bacterial spe-
cies associated with consumption of DF.[14, 17–19] The proportions of certain members of
Proteobacteria were also decreased following the HCD compared with the WSD, including Sut-
terella and members of the Desulfovibrionaceae family.

Fig 2. A Principal coordinate analysis of weighted UniFrac values between faecal microbial communities. The green and red arrows represent
bacterial communities before and at the end of healthy-carbohydrate diet (HCD) andWestern-style diet (WSD) consumption, respectively. The dotted lines
connect the microbiota present during consumption of the two baseline diets for each individual.B Box plot of the weighted UniFrac distances. Intra-
individual microbiota distances are shown on the left, and inter-individual distances are shown on the right. * P< 0.05, **** P< 0.0001 (Wilcoxon signed-rank
test).

doi:10.1371/journal.pone.0159223.g002
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Faecal SCFAs and lactic acid
The SCFA concentrations during the two run-in periods were similar. The diets caused signifi-
cant differences in SCFA concentrations, as illustrated in Fig 4A. During the WSD (from weeks
0 to 4) both acetate and butyrate declined 19% (95% CI 5–30%) (P = 0.01) and 37% (95% CI
22–50%) (P< 0.001), respectively. Conversely, acetate (P = 0.12) and butyrate (P = 0.68)
remained unchanged during the HCD. A large range was observed in the pre-HCD concentra-
tions, from 1.3 to 27.6 mmol/kg. The butyrate concentration increased in response to the HCD
in half of the subjects, mainly those with the lowest pre-HCD levels, whereas the subjects with
high pre-HCD concentrations experienced a decline in the concentration after HCD consump-
tion (Fig 4B). The concentration of lactic acid was not affected by the diet (P = 0.18).

The total concentration of branched-chain fatty acids declined 30% (95% CI 3–50%)
(P = 0.03), that of isobutyrate decreased 28% (95% CI 1–48%) (P = 0.05) and that of isovalerate
decreased 21% (95% CI 6–52%) (P = 0.03) after the HCD compared with the WSD (Fig 4C).
The caproic acid concentration rose slightly (from a median of 0.5 to 1.1 mmol/kg (P = 0.001))
during the HCD. The concentrations of formic acid, valeric acid, heptanoic acid and succinic
acid concentrations remained unchanged, and those of sorbic acid, benzoic acid and hippuric
acid were all below the detection levels.

Fig 3. Box plot of the log2-transformed fold-changes in the relative abundances of taxa in the faeces collected at the end
of consumption of the healthy-carbohydrate diet (HCD) compared with that of theWestern-style diet (WSD).Only taxa
that were significantly affected by diet (P < 0.05) are shown. Family, order, and genus distinctions are represented by (f), (o), and
(g), respectively. The boxes and text are coloured according to the phyla as follows: Actinobacteria (blue), Bacteroidetes (green),
Firmicutes (purple), and Proteobacteria (red). * P < 0.05, ** P < 0.01, *** P < 0.001 (Wilcoxon signed-rank test).

doi:10.1371/journal.pone.0159223.g003
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Discussion
In this 4-week, randomised, crossover, dietary intervention study of individuals with MetS, we
found that a diet rich in RS and AX modified the gut microbiome and increased the concentra-
tion of faecal SCFAs in general and those of butyrate and acetate in particular compared with a
low-fibre diet.

The HCD conferred a significant decrease in bacterial species richness in all individuals.
This finding corroborates that of a previous study reporting that a diet high in RS is associated
with decreased bacterial diversity relative to other diets.[52] However, we also found that HCD
consumption increased the inter- and intra-individual variation of the intestinal microbiota.
This finding indicates that the enrichment of specific populations of bacteria in the intestine by
DF is both diet- and subject-dependent.[18, 19] This effect of DF was significant because unlike
other human dietary intervention studies,[52, 53] the intra-individual differences in the intesti-
nal microbiota were typically as large as those found between subjects. This outcome is proba-
bly due to the strong selection of certain bacteria by DF of the taxa that were already present in
the intestines of each individual prior to the HCD intervention.[19] In addition to dietary fac-
tors, the intestinal microbiota is influenced by e.g. decreased diversity in elderly subjects,
immunological factors, antibiotic treatment, genetic heritage and microbial exposition at birth.
[9] The range from 39 to 75 years of age in the subjects may contribute to the between- subject
differences.

The predominant change in the faecal microbiota with the introduction of the HCD was the
enrichment of members of Bifidobacterium, a genus regarded to be beneficial to human health.
[54] The capacity of DF to promote Bifidobacterium has been found in many studies.[14, 15,
55] Bifidobacterium is a saccharolytic bacterium that produces acetate and lactic acid as a result
of fermentative growth.[56, 57] Hence, the increased faecal acetate concentration observed
with HCD consumption may have been the result of stimulation of Bifidobacterium growth
and metabolism by DF in the gut. Acetate production by Bifidobacterium confers protection
against gastrointestinal pathogens[58, 59] and it may be consumed by butyrate-producing bac-
teria in the gut.[60, 61] An in vitro study has also found that up to 90% of produced butyrate is
derived from acetate.[62] The explanation why we did not find a diet effect on lactic acid may

Fig 4. Faecal short-chain fatty acid (SCFA) and branched-chain fatty acid (BCFA) concentrations. A, C Differences betweenWestern-style diet
(WSD) and healthy-carbohydrate diet (HCD) concentrations are indicated by NS; non significant, *P < 0.05 and **P< 0.01 (ANOVA for repeated
measurements using subject, diet, period and baseline values as covariates). The values are the medians with interquartile ranges (n = 19) as the data
were log-transformed. B Individual faecal butyrate concentration before (Pre-HCD) and after HCD. The solid line represents the median pre-HCD
concentration and the dashed lines indicate the interquartile range of the pre-HCD concentrations.

doi:10.1371/journal.pone.0159223.g004
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be that it is readily fermented whereby it also acts as a precursor for butyrate synthesis.[63]
Therefore, the increased faecal butyrate concentration is most likely the result of increased ace-
tate and lactic acid produced by Bifidobacterium rather than stimulation of butyrate-producing
microorganisms.

Conversely, Firmicutes, Bacteroidetes and Proteobacteria were significantly reduced by the
HCD compared with the WSD. WSD consumption, on the other hand, enhanced the propor-
tions of Bacteroides, Sutterella and Ruminococcus. The specific Ruminococcus species enriched
by the WSD are members of the Lachnospiraceae family, which includes species previously
associated with inflammatory bowel disease.[64]

In the present study, we were unable to differentiate between the contribution of AX and
that of RS to the enhanced SCFA production. AX derived from whole-grain rye has been dem-
onstrated to cause a significant increase in the butyrate concentration in humans,[3] and AX
derived from whole-grain rye and enzyme-treated wheat bran has been found to be superior to
RS type 2 with regard to butyrate and acetate production in pigs.[15, 30] However, a concen-
trate of AX from wheat has been demonstrated not to affect the colonic butyrate concentration
or the caecal digesta butyrate pool in pigs.[65] The reasons for these differences in butyrate
response among these studies cannot be determined with certainty but may potentially be
related to the manner by which AX was provided, for example, as a concentrate from wheat
[66] or as part of a whole-grain matrix.[3, 16] Fermentation of an AX concentrate can be
expected to be rapid and accompanied by a pH drop, mainly in the caecum,[66] whereas the
fermentation of AX from a whole-grain matrix will be slower, with pH drops not only in the
caecum but also in the proximal and mid colon.[20] In the present study, this situation was
even more complex because the RS provided from raw potato starch was degraded more rap-
idly than that from high-amylose corn starch, which was degraded at a slower rate at more dis-
tal locations.[20] Based on the results of Nielsen et al.[15], we speculate that the RS from high-
amylose corn starch was responsible for the higher RS levels found in the faeces after HCD
consumption.

Surprisingly, the diet-induced differences in the SCFA concentrations observed in this study
were mainly due to declining SCFA concentrations during the WSD, despite the significantly
increased consumption of total DF in the HCD compared with that in the WSD and at base-
line. Furthermore, the faecal DF, RS and AX residues increased during the HCD and declined
during the WSD, indicating good dietary adherence during the study. One possible explanation
for the changes in the SCFA concentrations observed during the interventions might be that
the subjects had a higher habitual intake of DF than that registered in the food records because
rye bread in particular is a normal part of the Danish diet. In addition, food data obtained from
food records may be underreported.[66] Still, Jonsdottir et al.[67] found a mean DF intake of
22 g/d in a Nordic population with MetS, which is similar to the reported baseline intake
among the subjects reported here. A second explanation may be that the subjects were
instructed to limit their intake of fibre-rich fruits, nuts and vegetables during the interventions,
and it is likely that such limited intake contributed to their changes in intestinal microbial envi-
ronment and SCFA production. A third explanation may be that we underestimated the effect
of the HCD on total colonic SCFA production because we did not consider potentially
increased faecal output from DF. Recently, it has been shown that diets rich in RS or in AX
increase both the production and faecal output of total SCFAs, particularly acetate and buty-
rate, in pigs.[15] We did find a significant increase in bowel movements during the HCD,
pointing to increased faecal output.

A noteworthy finding was the decreased concentration of BCFAs in the faeces during the
HCD. This finding indicates reduced protein fermentation, which counteracts the accumula-
tion of potentially harmful metabolites.[68] Bacteroides, an abundant human gut resident[69]
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capable of proteolytic fermentation[56] and BCFA production,[70] was down-regulated by the
HCD, which corroborates these results. Cummings et al.[71] have also reported decreased
BCFAs after RS-enriched diet consumption. Consumption of a diet rich in AX has also been
shown to lower caecal digesta p-cresol, indicating reduced protein fermentation.[65]

A limitation of the present study is that the dietary compositions were based on nutrition
labelling, but chemical food analyses performed post hoc disclosed that the key foods had a
higher protein content in the WSD than in the HCD, which could have resulted in differences
in the BCFAs. Nevertheless, these differences were evened out when total dietary intake was
taken into account, causing the difference in total protein intake between the groups to lose sig-
nificance, and only DF intake was significantly different in favour of the HCD.

In conclusion, the results of our study support the hypothesis that high intake of both RS
and AX is capable of changing the intestinal microbiota and SCFA production in subjects with
MetS in contrast with a low-fibre WSD. Most distinctly, Bifidobacterium was clearly enriched
by the HCD, which was in strong agreement with the increased faecal acetate concentration.
Also, dysbiotic changes observed during the WSD emphasise the need for balanced diets,
including DF from various sources. However, long-term randomised controlled intervention
studies are needed to investigate the effects of DF on the microbiota and SCFA production in a
more continuous setting. In addition, further attempts to compare the impacts of different DFs
on metabolic risk factors and intestinal mucosal function are needed.
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