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Background: Diets rich in whole grains are associated with health benefits. Yet,
it remains unclear whether the benefits are mediated by changes in gut function
and fermentation.

Objective: We explored the effects of whole-grain vs. refined-grain diets on
markers of colonic fermentation and bowel function, as well as their associations
with the gut microbiome.

Methods: Fifty overweight individuals with increased metabolic risk and a high
habitual intake of whole grains (~69g/day) completed a randomised cross-over
trial with two 8-week dietary intervention periods comprising a whole-grain diet
(>75g/day) and a refined-grain diet (<10g/day), separated by a washout period of
>6 weeks. A range of markers of colonic fermentation and bowel function were
assessed before and after each intervention.

Results: The whole-grain diet increased the levels of faecal butyrate (p =0.015)
and caproate (p =0.013) compared to the refined-grain diet. No changes in other
faecal SCFA, BCFA or urinary levels of microbial-derived proteolytic markers
between the two interventions were observed. Similarly, faecal pH remained
unchanged. Faecal pH did however increase (p =0.030) after the refined-grain diet
compared to the baseline. Stool frequency was lower at the end of the refined-
grain period compared to the end of the whole-grain diet (p=0.001). No difference
in faecal water content was observed between the intervention periods, however,
faecal water content increased following the whole-grain period compared to
the baseline (p=0.007). Dry stool energy density was unaffected by the dietary
interventions. Nevertheless, it explained 4.7% of the gut microbiome variation at
the end of the refined-grain diet, while faecal pH and colonic transit time explained
4.3 and 5%, respectively. Several butyrate-producers (e.g., Faecalibacterium,
Roseburia, Butyriciococcus) were inversely associated with colonic transit time
and/or faecal pH, while the mucin-degraders Akkermansia and Ruminococcaceae
showed the opposite association.
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Conclusion: Compared with the refined-grain diet, the whole-grain diet
increased faecal butyrate and caproate concentrations as well as stool frequency,
emphasising that differences between whole and refined grains affect both
colonic fermentation and bowel habits.

energy harvest, dietary fibres, whole-grain diet, refined-grain diet, gut microbiota,

colonic transit time

1. Introduction

Diet is one of the key factors influencing gut microbiota
composition and metabolism (1, 2). In particular, dietary fibres
and whole grains, that are rich in fibres, are poorly digested by the
host, serving as a major substrate for colonic fermentation by the
residential microbes (3). In return, the gut microbiota produces
short-chain fatty acids (SCFA), which are known to exert
beneficial effects on the host (4). Moreover, dietary fibre is an
important regulator of bowel function including stool output,
water content, and intestinal transit time, some of which are
attributed to its water-binding properties (5). We previously
reported that a whole grain diet decreased body weight and serum
inflammatory markers as compared to a refined-grain diet,
emphasising its health benefits (6). Suggested mechanisms behind
the inverse relationship between dietary fibres and body weight
include greater stool outputs and higher total energy excretion in
the stools (7, 8). Intake of dietary fibres appears to decrease the
digestibility and absorption of fats and proteins, thereby reducing
the energy available to the host (8, 9). In vivo studies suggest that
some of these effects are mediated by the gut microbiota since the
microbial community influences the amount of energy extracted
from the diet (10-12). Further supporting this hypothesis, a
recent human study found that decreased caloric intake is
associated with widespread changes to the microbiome
composition and limited microbiome nutrient harvesting capacity,
resulting in increased stool energy excretion (13). Stool energy
density has additionally been reported to be associated with
intestinal transit time and microbiome community structures
(14). A higher intake of whole grains might increase the microbial
production of SCFA (15, 16) which among many other functions
act as signalling molecules contributing to whole-body energy
homeostasis (17) and exert anti-inflammatory effects (18).
Furthermore, diets rich in fibres have been associated with lower
levels of metabolites resulting from microbial proteolysis, some of
which are implicated in disease (19, 20). On the contrary, refined
grains are produced from whole grains by processing (e.g., milling
or heating), which ultimately leads to the deprivation of their
nutritional value and fibre content (21). Some scientific evidence
suggests an increased risk of metabolic syndrome or higher blood
lipids associated with consumption of refined grains but with
inconsistent results (22, 23) and the effects of refined grains on
the colonic environment is limited. Here, we explored the effects
of whole-grain (WG) vs. refined-grain (RG) diets on markers of
colonic fermentation and bowel function, as well as their
associations with the gut microbiome.
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2. Materials and methods

2.1. Study design

As described in Roager et al., 50 subjects (18 men and 32
women) exhibiting an increased metabolic risk completed a
randomised, controlled cross-over study with two 8-week dietary
intervention periods comprising a whole-grain diet and a refined
grain diet in random order, separated by a wash-out period of at
least 6 weeks (6). The whole-grain consumption was >75 g/day
and < 10 g/day during the whole-grain period and the refined-grain
period, respectively. Participants were advised to replace all cereal
products from their diet with the provided study products,
corresponding to the intervention. A total of four examination days,
before and after each intervention, were conducted. At visits 1, 2,
and 4, a 4-day pre-coded dietary registration developed by the
National Food Institute at the Technical University of Denmark was
assessed to determine the total dietary intake of whole grains, total
energy and macronutrient intake (n=150) (24). Diet adherence was
assessed by reviewing a study diary, which was maintained by the
participants, as well as by measuring fasting plasma alkylresorcinols,
which are biomarkers of whole grain intake (25). On each
examination visit, participants arrived in the morning after having
fasted for >10h (h) and abstained from strenuous physical activity
for >10h and alcohol consumption for >24h. Stool samples were
collected in the morning of each examination day and were stored
at 5°C for maximally 24h (n=200). The stool samples were
homogenized in sterile water 1:1 on a weight based volume and
stored at —80°C. A total of 195 faecal samples were retrieved from
the freezer for this study (visit 1, n=49; visit 2, n=49; visit 3, n=48;
visit 4, n=49). Before examination days at visits 1, 2, and 4,
participants ingested non-absorbable radio-opaque transit markers
for six consecutive days, which allowed the estimation of colonic
transit time (CTT, n=150) as previously described (6, 26). In
addition, participants recorded the number of defecations per day
in a defecation diary during these six consecutive days. Based on
these records, the stool frequency (average bowel movements per
day) was calculated for each participant at the first baseline (visit 1)
and after each intervention (visits 2 and 4), respectively. The study
was conducted at the Department of Nutrition, Exercise and Sports
at the University of Copenhagen (Denmark) between July 2012 and
November 2013. The study received approval from the Municipal
Ethical Committee of the Capital Region of Denmark in accordance
with the Helsinki declaration (H-2-2012-065) and the Data
Protection Agency (2007-54-0269) and was registered at www.
clinicaltrials.gov (NCT01731366).
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2.2. Gut microbiota characterization

Microbial DNA was extracted from faecal samples according to
the ‘MetaHIT” method, as described previously (27, 28).
Characterization of the gut microbiota was performed by 16S rRNA
gene sequencing as previously reported (6, 26).

2.3. Faecal pH, water, and energy density

The homogenized faecal samples, which were stored at —80°C,
were thawed overnight. The wet aliquots were weighed and thoroughly
mixed by a vortex. Faecal pH was measured with a pH meter (PH-208)
and the pH meter was cleaned with distilled water between every pH
measurement. Next, the lids of the cryotubes, containing 1 mL of
homogenized material, were removed and the material was dried at
50°C in an oven for 72h. After drying, the total dry weight was
measured. The dry sample weight ranged from 0.02-0.1 g, depending
on the total wet weight. All weighing measurements were done using
AG204 Delta Range scale with an accuracy of 0.1 mg. The percentage
of faecal water content was then calculated. The stool energy density
(J/g) of the dried faeces was obtained by heat combustion with the use
of a bomb calorimeter (IKA C6000). A benzoic acid tablet (C723 IKA)
was used for calibration and was added to each measurement to
ensure ignition.

2.4. Urine metabolomics and faecal
short-chain fatty acids

The urine metabolomes were obtained as previously published (6).
In brief, the urine samples were profiled by liquid chromatography-
mass spectrometry (LC-MS) and metabolites of microbial proteolysis
(p-cresol sulfate, p-cresol glucuronide, indoxyl sulfate and
phenylacetylglutamine) were identified. SCFA were quantified in
faecal samples by targeted UPLC-QTOF-MS (Waters) in negative
ionization mode as previously published (29). In brief, homogenized
faecal samples were derivatized using 3-nitrophenylhydrazine
(3NPH). Derivatized "*C,-SCFA-analogues (acetic acid, propionic
acid, butyric acid, isobutyric acid, 2-methylbutyric acid, isovaleric
acid, valeric acid, caproic acid, 3-methylvaleric acid and isocaproic
acid, respectively) were produced and used as isotope-labelled internal
standards. The raw LC-MS data were analysed using QuanLynx
(Waters Corporation). The calibration curves were established by
plotting the peak area ratios between the individual SCFA analytes and
labelled internal SCFA standards against the concentrations of the
calibration standards. The calibration curves were fitted to linear
regression. The average R* of all external standard calibration curves
was 0.98.

2.5. Statistical analysis

Dry stool energy density and faecal water content data were
checked for outliers after inspection of the corresponding QQ plots.
In total, nine measurements of the dry stool energy density were
excluded from the subsequent analyses due to failed measurements or
technical outliers (n =186). Moreover, four outliers of the faecal water
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content, with values ranging from 7-30%, were also excluded
(n=191). Descriptive and univariate statistical analyses were
performed in GraphPad Prism (version 9.4.1). Model assumptions on
normality were assessed by visual inspection of residual plots and by
D’Agostino & Pearson test (p>0.05). Values were reported as means
+SD unless otherwise noted. The log2 fold changes from the baseline
in whole-grain and refined-grain intervention groups were calculated
by dividing the intervention endpoint values by the baseline values
and subsequent log2 transformation. For the pairwise comparisons
between the baselines and the intervention endpoints, and the
comparisons between the fold changes, a paired ¢-test or a Wilcoxon
paired test was used depending on the distribution of the data. p-value
below 0.05 was considered statistically significant. Exploratory
association analyses were conducted by Spearman’s correlation test at
the intervention endpoints and the p-values were adjusted for multiple
testing by the Benjamini-Hochberg procedure (g-value) (30). A
g-value below 0.05 was considered statistically significant.

Distance-based redundancy analysis (db-RDA) was performed to
find variables significantly contributing to the inter-individual
variation in gut microbiota composition. The analysis was performed
at the genus level with Bray—Curtis dissimilarity using the capscale
function as implemented in the vegan package (version 2.6) in R
(version 4.2). The multivariate model selection was performed using
the ordiR2step function with forward selection. The statistical
significance was determined by permutation test and a value of
P <0.05 was considered significant. Species associated with the effector
variables were determined by extracting the RDA scores
(Supplementary Table S1).

3. Results

A total of 50 subjects, aged 48.6 years +11.1, completed the two
dietary intervention periods with whole-grain consumption of
69+46g/day (mean+ SD) at baseline; 179 + 50 g/day after the whole-
grain diet; and 12+ 10g/day after the refined grain diet as previously
reported (6). The intake of dietary fibre was following: 23 +9 g/day at
baseline, 33 + 10 g/day after the whole grain diet; and 21 +7 g/day after
the refined-grain diet. Compliance was confirmed by both food
diaries and plasma alkylresorcinols levels. The intake of nutrients and
food groups did not differ between the two diets, except for the intake
of dietary fibre and whole grains, as previously reported (6).

3.1. Effects of intervention diets on markers
of colonic fermentation and bowel
function

To investigate the effects of the whole-grain diet and the refined
diet on colonic fermentation, we assessed changes in faecal SCFA,
faecal BCFA, faecal pH, urinary markers of microbial proteolysis, dry
stool energy density, faecal water content, and stool consistency and
frequency before and after each intervention.

Higher faecal levels of butyrate were observed at the end of the
whole-grain diet in comparison to the refined diet (pmol/g wet faeces
mean +SD, WG: 2.27+1.78 RG: 1.58 +1.43; Wilcoxon paired test,
p =0.015). The same was observed for caproate (WG: 1.28+1.74 RG:
0.94+1.32; Wilcoxon paired test, p =0.013) whereas no changes in
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Effects of the intervention diets on markers of colonic fermentation. (A) Faecal short-chain fatty acids concentrations, (B) faecal branched-chain fatty
acids concentrations, (C) faecal pH, and (D) dry stool energy density before and after the whole-grain diet and refined diet, respectively. Each data
point represents an individual, column bars indicate group means and error bars the standard deviation. Empty circles represent baseline samples while
the filled circles represent samples after the interventions, green — whole-grain intervention, orange — refined-grain intervention. Asterisks represent
significant differences between two-time points (*p<0.05, Wilcoxon paired test). WG, wholegrain; RG, refined grain.

other faecal SCFA nor BCFA were observed between the two
interventions (Figures 1 A,B; Supplementary Figure S1A). We did find
that the percentage of faecal butyrate was significantly higher at the
end of the whole-grain diet in comparison to the refined diet (WG:
10.33+6.78 RG: 6.87+5.83; Wilcoxon paired test, p =0.0002;
Supplementary Figure S1B) and similarly, the fold change was
significantly higher in the whole-grain group in comparison to the
refined group (WG: 0.12+ 1.05 RG: —0.50 + 1.43; Wilcoxon paired test,
p =0.0049; Supplementary Figure S2A). Moreover, faecal pH was
unchanged between the two intervention groups. However, faecal pH
significantly increased following the refined-grain diet as compared to
the baseline (pH baseline: 6.62+0.38 RG: 6.73 + 0.46; Wilcoxon paired
test, p =0.013; Figure 1C), suggesting a decline in the saccharolytic
fermentation as reflected by the lower faecal levels of butyrate in the
refined-grain group. In addition, the intervention study did not result
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in any differential changes in dry stool energy density (J/g dry faeces
WG: 21240+2024 RG: 21114+ 1760, Figure 1D).

No differences in urinary markers of microbial proteolysis
including  p-cresol
phenylacetylglutamine

sulfate,  p-cresol and

glucuronide,
observed between the dietary
interventions (Figure 2). However, indoxyl sulfate tended (p=0.069) to
decrease at the end of the whole-grain intervention compared to the
baseline (log relative abundance baseline: 5.64+0.21 WG: 5.57+0.23)
and a negative correlation between indoxyl sulfate and dietary fibres
(rho=-0.17, p=0.05, Supplementary Figure S3A) was found. Notably,
no correlations between intake of dietary fibre and the other proteolytic
metabolites were observed (Supplementary Figure S3A).

We previously reported (6) that neither stool consistency assessed
by the Bristol stool score (BSS, Figure 3A) nor CTT were significantly
altered by the two interventions. Nonetheless, here we found that the

were
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Effects of the intervention diets on urinary markers of microbial proteolysis. Each data point represents an individual, column bars indicate group
means and error bars the standard deviation. Empty circles represent baseline samples while the filled circles represent samples after the interventions,
green — whole-grain intervention, orange — refined-grain intervention. WG, wholegrain; RG, refined grain.
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Effects of the intervention diets on markers of bowel function. (A) stool consistency assessed by the Bristol stool score (higher score indicates looser
stools), (B) faecal water, and (C) stool frequency (average bowel movements per day), before and after the whole-grain diet and refined diet,
respectively. Stool frequency was only assessed at visits 1, 2, and 4, which is why the same baseline appears twice in the graph. Each data point
represents an individual (in case of stool frequency the individuals substantially overlap), column bars indicate group means and error bars the standard
deviation. Empty circles represent baseline samples while the filled circles represent samples after the interventions, green — whole-grain intervention,
orange - refined-grain intervention. Asterisks represent significant differences between two-time points (**p<0.01, Wilcoxon paired test or paired t-

faecal water content, a more objective measure of stool consistency,
increased after the whole-grain intervention compared to baseline (%
baseline: 73.4+6.0 WG: 75.9 +5.4; Wilcoxon paired test, p=0.007;
Figure 3B) but not between the two intervention periods. A tendency
for a positive correlation between the faecal water content and intake
of dietary fibre was observed at the end of the whole-grain intervention
(rho=0.26, p=0.08) but not at the end of the refined-grain diet
(Supplementary Figure S3B). Furthermore, stool frequency was also
significantly higher at the end of the whole-grain intervention
compared to the end of the refined-grain intervention (bowel
movements/day median (25th, 75th percentile) WG: 2 (1,2) RG: 1 (1,
2); Wilcoxon paired test, p=0.001) and tended to be increased
compared to the baseline (baseline: 1 (1, 2); Wilcoxon paired test,
p=0.08; Figure 3C). Altogether, these results indicate the reduction in
intake of whole grains during the refined-grain intervention decreased
the saccharolytic fermentation in the colon, whereas the increase of
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whole grains during the whole-grain intervention mainly changed the
bowel habits.

3.2. Associations between markers of
colonic fermentation and bowel function

We next explored associations between the markers of colonic
fermentation and bowel function including CTT at the end of the two
intervention periods. In line with previously reported human studies
(31), faecal pH was strongly inversely associated with faecal butyrate
at both end points and with faecal acetate at the end of the whole-
grain diet (Figure 4). Longer CTT was consistently associated with
higher faecal pH and similarly, we found an inverse correlation
between CTT and faecal butyrate at the end of both interventions.
Interestingly, longer CT'T, lower faecal water content, and greater dry
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stool energy density were associated with higher levels of faecal BCFA
(isobutyrate, 2-methylbutyrate, and isovalerate) at the end of the
whole-grain intervention with the same trend observed at the end of
the refined diet. BCFA are produced by the gut microbiota from
branched-chain amino acids thus reflecting microbial proteolysis and
have been previously associated with longer CTT in healthy adults
(32). In agreement, proteolytic markers measured in urine including
p-cresol sulfate, p-cresol glucuronide, indoxyl sulfate, and
phenylacetylglutamine were positively associated with CTT and faecal
pH at both time points emphasising that these markers are strongly
linked to transit time and colonic fermentation.

3.3. Links between markers of colonic
fermentation and the gut microbiome
composition

Assuming that the changes in colonic fermentation following the
refined diet would be reflected in the gut microbiome structure,
we investigated how the markers of colonic fermentation and transit
time related to the gut microbiome composition using the distance-
based redundancy analysis (db-RDA).
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The analysis showed that CT'T, dry stool energy density, and faecal
pH were significantly associated with the gut microbiome composition
and explained individually 5, 4.7, and 4.3% of the microbiome
variation, respectively (p=0.012, p=0.020, and p=0.035, respectively).
To determine which set of variables resulted in the most statistically
significant model, we used an automatic model selection and found
that CTT and dry stool energy density (p=0.02, p=0.01, respectively)
but not pH contributed to the inter-individual variation in the gut
microbiome at genus level and cumulatively explained 9% of the
variation. Since CTT and faecal pH were highly correlated at the end
of the refined-grain diet (rho=0.51, p<0.001, Figure 4), they likely
explain similar trends in gut microbiome variation. When examining
associations between bacterial taxa and these markers (Figure 5 and
Supplementary Table S1), we noticed that several bacterial genera of
the Rumminococaceae family were positively associated with dry stool
energy density as previously reported (14). On the contrary, the
abundant Bacteroides genus was negatively associated with dry stool
energy density, in agreement with our recent findings, where the
Bacteroides enterotype was linked to lower dry stool energy density
and higher BMI (14). Rumminococaceae and Akkermansia were both
positively associated with faecal pH and CTT, whereas several rather

abundant fibre-degrading bacterial taxa including Blautia,
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FIGURE 5
Links between markers of colonic fermentation and gut microbiota composition. Distance-based redundancy analysis (db-RDA) of the gut microbiota
composition at genus level with Bray—Curtis dissimilarity at the end of the refined-grain intervention (n=45) constrained by CTT, dry stool energy
density, and faecal pH. The blue dots represent the study participants while the orange triangles show bacterial genera associated with the constrained
variables. The axes CAP1 and CAP2 are analogous to principal components 1 and 2 and the brackets show explained variance, respectively. CTT,
colonic transit time; CAP, constrained analysis of principal coordinates.

Faecalibacterium, Aanaerostipes, and Roseburia, were negatively
associated with CT'T, and others such as Butyriciococcus and Prevotella
also showed negative associations to faecal pH. It thus appears that
with increasing CTT and faecal pH, the relative abundance of fibre-
degrading bacterial taxa decreases and the abundance of mucin-
degraders such as Akkermancia (33) and Rumminococaceae (34)
increases.

4. Discussion

Whole-grain-rich diets are associated with health benefits
including improved blood lipids, reduced inflammatory markers, and
weight loss as compared to diets high in refined grains (6, 35, 36).
Some of these benefits might be mediated by changes in gut function
and fermentation by the gut microbiota. Here, we investigated the
effects of whole-grain and refined-grain diets on markers of colonic
fermentation and bowel function in a randomised controlled cross-
over trial.

We found moderate effects of the whole-grain diet on colonic
fermentation reflected by higher faecal concentrations of butyrate and
caproate in the whole-grain group compared to the refined-grain
group. This may suggest higher SCFA production after the increased
intake of whole grains as higher plasma concentrations of butyrate
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after the whole-grain intervention compared to the refined-grain
intervention were reported in our previous study based on this
RCT (6).

Despite the increase in faecal butyrate and caproate and increased
consumption of dietary fibres on the whole-grain diet, no differences
were observed in the faecal pH or other SCFA between the two
interventions. It has previously been reported that a combination of
resistant starch and wheat bran significantly reduced faecal pH while
wheat bran alone did not (37). Similarly, another RCT showed that
whole-grain barley did significantly reduce faecal pH and increase
butyrate and total SCFA when compared to refined cereal foods
whereas no such changes were observed for whole-grain wheat (38).
Since dietary fibres vary in their fermentability by the gut microbiota
(e.g., inulin is highly fermentable and psyllium is poorly fermentable),
the lack of reduction of faecal pH on the whole-grain diet in our study
might result from insufficient amounts of fermentable fibres and/or
by low intake of slowly fermententable fibres that can reach the distal
colon. On the other hand, faecal pH was increased at the end of the
refined-grain diet when compared to the baseline. Since faecal pH is
largely driven by the presence of SCFA and other organic acids derived
from colonic metabolism of the microbiota, the reduction in the
fermentable substrate on the refined diet may explain the increase in
faecal pH. Nonetheless, a few studies showed that whole grain
consumption increases plasma and faecal levels of ferulic acid and
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other phenolics, which could potentially influence colonic pH (39,
40), however, none of the studies assessed faecal pH. Furthermore,
since our study included Danish individuals with a rather high
habitual intake of whole grains, the change to the refined-grain diet
represented a more substantial dietary change compared to the change
to the whole-grain diet.

We observed a tendency for a decrease in urinary levels of indoxyl
sulfate, a uremic toxin resulting from the microbial conversion of
tryptophan into indole (41), at the end of the whole-grain diet as
compared to the baseline, which was correlated to dietary fibre intake.
Dietary fibre has previously been associated with decreased circulating
serum levels of indoxyl sulfate in patients with chronic kidney disease
(19). However, we did not observe any changes in other proteolytic
metabolites including faecal BCFA and urinary p-cresol sulfate,
p-cresol glucuronide, or phenylacetylglutamine, suggesting that the
10g increase in dietary fibres during the whole-grain period did not
influence the microbial protein catabolism. An RCT with
haemodialysis patients showed a significant reduction in serum
indoxyl sulfate but not in p-cresol sulfate following a 6-week diet
supplemented with resistant starch (16g/day) (20). Furthermore,
another trial with haemodialysis patients showed that supplementation
with oligofructose-enriched inulin (10-20g) for 4 weeks resulted in
reduced levels of serum p-cresol sulfate, but not indoxyl sulfate (42),
together suggesting that mixtures of specific fibre types might
be necessary for decreasing several markers of microbial
proteolysis simultaneously.

We did not observe any changes in dry stool energy density with
either of the interventions compared to baseline, similar to a previous
parallel-arm controlled-feeding trial with whole grains (43),
suggesting that the dry stool energy density is rather person-specific
and to some extent independent of diet. Consistent with previous
studies (44-46), the whole-grain group had increased stool frequency
compared to the refined-grain diet. Dietary fibre increases faecal water
content through water-holding capacities and faecal bulking, which
can lead to more frequent bowel movements (44, 47, 48). Therefore,
the increase in stool frequency during the whole-grain intervention
was likely mediated by the increased dietary fibre intake during that
period. In support, the whole-grain diet increased faecal water content
compared to baseline and there was a tendency for a positive
correlation between the faecal water content and dietary fibre at the
end of the whole-grain intervention. Despite the lack of total faecal
excretion measurement in the present study, the fact that the whole-
grain diet increased faecal water content suggests an increased bulking
effect and a possible increase in total faecal output volume.

As previously reported (49), longer CTT was associated with
higher faecal pH, and lower faecal butyrate during both interventions
indicating that transit time and colonic fermentation are interrelated
independently of the diet. Moreover, longer CTT, lower faecal water
content, and higher dry stool energy density were associated with
higher BCFA levels in faeces in accordance with a study in healthy
participants (32). Unlike SCFA, BCFA originates from microbial
proteolysis, suggesting that longer passage throughout the colon might
change substrate availability and/or the microbiome structure and its
activity (50). Similarly, the protein-derived metabolites p-cresol
sulfate, p-cresol glucuronide, indoxyl sulfate, and
phenylacetylglutamine in urine were positively associated with CT'T,
faecal pH, and negatively associated with faecal water content as
previously reported (26). Counterintuitively, we observed an inverse

Frontiers in Nutrition

10.3389/fnut.2023.1187165

relationship between dry stool energy density and faecal water content
at the end of the whole-grain intervention. As lower faecal water
content reflects longer CTT, this observation might be attributed to
the fact that individuals with longer CTT harbour a gut microbiome
that is linked to higher dry stool energy density, suggesting a less
efficient microbiome-dependent energy extraction consistent with our
recent findings (14). Our results thus indicate that not only diet but
also bowel function influence colonic fermentation.

BSS has been previously found to explain 4% of inter-individual
variation in the gut microbiome (51), here we found that CTT, dry
stool energy density, and faecal pH, significantly contributed to the
inter-individual variation in the gut microbiome structure explaining
5, 4.7, and 4.3%, respectively. While several genera from the
Rumminococaceae family were associated with greater dry stool
energy density, the opposite was true for Bacteroides. Indeed, the
Bacteroides enterotype has been recently linked to lower dry stool
energy density and higher BMI, whereas the Rumminococaceae
enterotype showed an inverse relationship (14), supporting the
hypothesis that the colonic energy harvest is dependent on gut
microbiota composition. As enterotypes have been associated with
long-term dietary habits (1) and were reported to be stable during a
6-months dietary intervention (52), the 8-week dietary intervention
applied here might not be sufficiently long to modulate colonic
energy harvest.

Butyrate-producing species consistently show an inverse
relationship with long transit time and/or chronic constipation (50,
53, 54). In agreement herewith, we found a negative association
between the relative abundance of Faecalibacterium, Roseburia,
Butyriciococcus, and CTT. Walker et al. found that high colonic pH,
here associated with longer CTT, lowers butyrate production and
decreases the abundance of butyrate-producing bacteria (55).
However, the colonic pH is largely affected by the presence of SCFA
and other organic acids, therefore, whether the decrease in butyrate
producers observed with high faecal pH is a consequence or a cause
needs further investigation.

Strengths of this study include its cross-over design, allowing us
to investigate the effects of whole-grain and refined-grain diets on
markers of colonic fermentation and bowel function with minimum
confounders. Moreover, the measurement of plasma alkylresorcinols,
established biomarkers of wholegrain consumption, allowed for
monitoring of adherence to the intervention diets (6). The study
population included overweight individuals with an increased
metabolic risk profile and with a high habitual intake of whole grains,
thus findings of this study cannot necessarily be extrapolated to
other populations.

In conclusion, we found larger effects of the refined-grain diet on
the colonic fermentation compared with the whole-grain diet
including an increase in faecal pH. The increase in faecal pH was
negatively associated with many butyrate-producing bacteria,
emphasising the importance of whole grains as substrates for
saccharolytic fermentation. On the contrary, the whole-grain diet
moderately affected bowel function including increased faecal water
content, which was negatively associated with several metabolites
originating from microbial proteolysis. Thus, increasing colonic water
content and/or decreasing transit time via intake of dietary fibres and
whole grains might be beneficial in attenuating microbial proteolysis
implicated in disease. Finally, although there were no differences in
dry stool energy density between the whole-grain and refined-grain
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diets, dry stool energy density was associated with gut microbiota
composition, indicative of an interplay between energy harvest and
microbiome community composition. Further studies are warranted
to disentangle the interactions between specific fibres, gut microbiota,
and energy extraction from the diet.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Ethics statement

The studies involving human participants were reviewed and
approved by the Municipal Ethical Committee of the Capital Region
of Denmark (H-2-2012-065). The patients/participants provided their
written informed consent to participate in this study.

Author contributions

MB, MK, and HR conceived the study. NP and NV performed the
data analyses. NV measured faecal pH, faecal water content, and stool
energy density. NP, MH, and CL performed the quantification of
SCFA in faeces under supervision of LD and HR. LL and TL designed
and initiated the human study. NP, NV, and HR wrote the manuscript.
All authors contributed to the article and approved the
submitted version.

Funding

This study was supported by the Novo Nordisk Foundation
(NNF190C0056246; PRIMA—toward Personalized dietary

References

1. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, et al. Linking
long-term dietary patterns with gut microbial enterotypes. Science. (2011) 334:105-8.
doi: 10.1126/science.1208344

2. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al.
Diet rapidly alters the human gut microbiota. Nature. (2014) 505:559-63. doi: 10.1038/
naturel2820

3. Maier TV, Lucio M, Lee LH, Verberkmoes NC, Brislawn CJ, Bernhardt J, et al.
Impact of dietary resistant starch on the human gut microbiome, metaproteome, and
metabolome. MBio. (2017) 8:e01343-17. doi: 10.1128/mBi0.01343-17

4. van der Hee B, Wells JM. Microbial regulation of host physiology by short-chain
fatty acids. Trends Microbiol. (2021) 29:700-12. doi: 10.1016/j.tim.2021.02.001

5. Gill SK, Rossi M, Bajka B, Whelan K. Dietary fibre in gastrointestinal health and
disease. Nat Rev Gastroenterol Hepatol. (2021) 18:101-16. doi: 10.1038/
541575-020-00375-4

6. Munch Roager H, Vogt JK, Kristensen M, Hansen LBS, Ibriigger S, Maerkedahl RB,
et al. Whole grain-rich diet reduces body weight and systemic low-grade inflammation
without inducing major changes of the gut microbiome: a randomised cross-over trial.
Gut. (2019) 68:83-93. doi: 10.1136/gutjnl-2017-314786

7. Beyer PL, Flynn MA. Effects of high-and low-fiber diets on human feces. ] Am Diet
Assoc. (1978) 72:271-7. doi: 10.1016/S0002-8223(21)05975-7

8. Wisker E, Feldheim W. Metabolizable energy of diets low or high in dietary fiber
from fruits and vegetables when consumed by humans. J Nutr. (1990) 120:1331-7. doi:
10.1093/jn/120.11.1331

Frontiers in Nutrition

10.3389/fnut.2023.1187165

Recommendations based on the Interaction between diet, Microbiome
and Abiotic conditions in the gut).

Acknowledgments

The authors would like to thank Jos Boekhorst for his inputs and
suggestions during the revision of the manuscript, the volunteers for
their participation in the study, Sarah Fleischer Ben Soltane
(Department of Nutrition, Exercise and Sports, University of
Copenhagen) for assistance with the SCFA analysis, and Bodil Madsen
(National Food Institute, Technical University of Denmark) for
assistance with the bomb calorimetry experiments, and the whole
3G consortium.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1187165/
full#supplementary-material

9. Baer DJ, Rumpler WV, Miles CW, Fahey GC. Dietary fiber decreases the
metabolizable energy content and nutrient digestibility of mixed diets fed to humans. J
Nutr. (1997) 127:579-86. doi: 10.1093/jn/127.4.579

10. Bickhed E, Ding H, Wang T, Hooper LV, Gou YK, Nagy A, et al. The gut microbiota
as an environmental factor that regulates fat storage. Proc Natl Acad Sci. (2004)
101:15718-23. doi: 10.1073/pnas.0407076101

11. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An
obesity-associated gut microbiome with increased capacity for energy harvest. Nature.
(2006) 444:1027-31. doi: 10.1038/nature05414

12. Zhang L, Bahl MI, Roager HM, Fonvig CE, Hellgren LI, Frandsen HL, et al.
Environmental spread of microbes impacts the development of metabolic phenotypes
in mice transplanted with microbial communities from humans. ISME J. (2017)
11:676-90. doi: 10.1038/ismej.2016.151

13. Basolo A, Hohenadel M, Yan Ang Q, Piaggi P, Heinitz S, Walter M, et al. Effects of
underfeeding and oral vancomycin on gut microbiome and nutrient absorption in
humans. Nat Med. (2020) 26:589-98. doi: 10.1038/s41591-020-0801-z

14. Boekhorst J, Venlet N, Prochdzkovéa N, Hansen ML, Lieberoth CB, Bahl MI, et al.
Stool energy density is positively correlated to intestinal transit time and related to
microbial enterotypes. Microbiome. (2022) 10:223-10. doi: 10.1186/s40168-022-01418-5

15. De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, Massart S, et al.
Impact of diet in shaping gut microbiota revealed by a comparative study in children
from Europe and rural Africa. Proc Natl Acad Sci U S A. (2010) 107:14691-6. doi:
10.1073/pnas.1005963107

frontiersin.org


https://doi.org/10.3389/fnut.2023.1187165
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2023.1187165/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2023.1187165/full#supplementary-material
https://doi.org/10.1126/science.1208344
https://doi.org/10.1038/nature12820
https://doi.org/10.1038/nature12820
https://doi.org/10.1128/mBio.01343-17
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.1038/s41575-020-00375-4
https://doi.org/10.1038/s41575-020-00375-4
https://doi.org/10.1136/gutjnl-2017-314786
https://doi.org/10.1016/S0002-8223(21)05975-7
https://doi.org/10.1093/jn/120.11.1331
https://doi.org/10.1093/jn/127.4.579
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/ismej.2016.151
https://doi.org/10.1038/s41591-020-0801-z
https://doi.org/10.1186/s40168-022-01418-5
https://doi.org/10.1073/pnas.1005963107

Prochazkova et al.

16. Cuervo A, Salazar N, Ruas-Madiedo P, Gueimonde M, Gonzilez S. Fiber from a
regular diet is directly associated with fecal short-chain fatty acid concentrations in the
elderly. Nutr Res. (2013) 33:811-6. doi: 10.1016/j.nutres.2013.05.016

17. Cani PD, Van Hul M, Lefort C, Depommier C, Rastelli M, Everard A. Microbial
regulation of organismal energy homeostasis. Nat Metab. (2019) 1:34-46. doi: 10.1038/
542255-018-0017-4

18. Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Di Y, et al. Regulation of
inflammatory responses by gut microbiota and chemoattractant receptor GPR43.
Nature. (2009) 461:1282-6. doi: 10.1038/nature08530

19.El Amouri A, Snauwaert E, Foulon A, Vande Moortel C, Van Dyck M, Van
Hoeck K, et al. Dietary fibre intake is associated with serum levels of Uraemic toxins
in children with chronic kidney disease. Toxins (Basel). (2021) 13:1-10. doi:
10.3390/toxins13030225

20.Sirich TL, Plummer NS, Gardner CD, Hostetter TH, Meyer TW. Effect of
increasing dietary fiber on plasma levels of colon-derived solutes in hemodialysis
patients. Clin ] Am Soc Nephrol. (2014) 9:1603-10. doi: 10.2215/CJN.00490114

21.Seal CJ, Courtin CM, Venema K, de Vries J. Health benefits of whole grain:
effects on dietary carbohydrate quality, the gut microbiome, and consequences of
processing. Compr Rev Food Sci Food Saf. (2021) 20:2742-68. doi: 10.1111/1541-
4337.12728

22. Meng H, Matthan NR, Fried SK, Berciano S, Walker ME, Galluccio JM, et al. Effect
of dietary carbohydrate type on serum cardiometabolic risk indicators and adipose
tissue inflammatory markers. J Clin Endocrinol Metab. (2018) 103:3430-8. doi: 10.1210/
jc.2018-00667

23. Harris Jackson K, West SG, Vanden Heuvel JP, Jonnalagadda SS, Ross AB, Hill
AM, et al. Effects of whole and refined grains in a weight-loss diet on markers of
metabolic syndrome in individuals with increased waist circumference: a randomized
controlled-feeding trial. Am J Clin Nutr. (2014) 100:577-86. doi: 10.3945/ajcn.113.
078048

24. Biltoft-Jensen A, Matthiessen J, Rasmussen LB, Fagt S, Groth MV, Hels O.
Validation of the Danish 7-day pre-coded food diary among adults: energy intake v.
energy expenditure and recording length. Br ] Nutr. (2009) 102:1838-46. doi: 10.1017/
S0007114509991292

25.Ross AB. Present status and perspectives on the use of Alkylresorcinols as
biomarkers of wholegrain wheat and Rye intake. ] Nutr Metab. (2012) 2012:1-12. doi:
10.1155/2012/462967

26. Roager HM, Hansen LBS, Bahl MI, Frandsen HL, Carvalho V, Gebel R], et al.
Colonic transit time is related to bacterial metabolism and mucosal turnover in the gut.
Nat Microbiol. (2016) 1:1-9. doi: 10.1038/nmicrobiol.2016.93

27.Godon JJ, Zumstein E, Dabert P, Habouzit F, Moletta R. Molecular microbial
diversity of an anaerobic digestor as determined by small-subunit rDNA sequence
analysis. Appl  Environ — Microbiol. ~ (1997)  63:2802-13. doi: 10.1128/
aem.63.7.2802-2813.1997

28. Wesolowska-Andersen A, Bahl MI, Carvalho V, Kristiansen K, Sicheritz-Pontén
T, Gupta R, et al. Choice of bacterial DNA extraction method from fecal material
influences community structure as evaluated by metagenomic analysis. Microbiome.
(2014) 2:1-11. doi: 10.1186/2049-2618-2-19

29. Meslier V, Laiola M, Roager HM, De Filippis F, Roume H, Quinquis B, et al.
Mediterranean diet intervention in overweight and obese subjects lowers plasma
cholesterol and causes changes in the gut microbiome and metabolome independently
of energy intake. Gut. (2020) 69:1258-68. doi: 10.1136/gutjnl-2019-320438

30. Thissen D, Steinberg L, Kuang D. Quick and easy implementation of the
Benjamini-Hochberg procedure for controlling the false positive rate in multiple
comparisons. ] Educ Behav Stat. (2002) 27:77-83. doi: 10.3102/10769986027001077

31. LaBouyer M, Holtrop G, Horgan G, Gratz SW, Belenguer A, Smith N, et al. Higher
total faecal short-chain fatty acid concentrations correlate with increasing proportions
of butyrate and decreasing proportions of branched-chain fatty acids across multiple
human studies. Gut Microbiome. (2022) 3:1-14. doi: 10.1017/gmb.2022.1

32. Nestel N, Hvass JD, Bahl MI, Hansen LH, Krych L, Nielsen DS, et al. The gut
microbiome and abiotic factors as potential determinants of postprandial glucose
responses: a single-arm meal study. Front Nutr. (2021) 7:1-9. doi: 10.3389/
fnut.2020.594850

33. Derrien M, Vaughan EE, Plugge CM, De Vos WM. Akkermansia municiphila gen.
Nov., sp. nov., a human intestinal mucin-degrading bacterium. Int ] Syst Evol Microbiol.
(2004) 54:1469-76. doi: 10.1099/ijs.0.02873-0

34. Tailford LE, Owen CD, Walshaw J, Crost EH, Hardy-Goddard J, Le Gall G, et al.
Discovery of intramolecular trans-sialidases in human gut microbiota suggests novel
mechanisms of mucosal adaptation. Nat Commun. (2015) 6:7624. doi: 10.1038/
ncomms8624

35. Hartvigsen ML, Leaerke HN, Overgaard A, Holst JJ, Bach Knudsen KE, Hermansen
K. Postprandial effects of test meals including concentrated arabinoxylan and whole

Frontiers in Nutrition

10

10.3389/fnut.2023.1187165

grain rye in subjects with the metabolic syndrome: a randomised study. Eur J Clin Nutr.
(2014) 68:567-74. doi: 10.1038/ejcn.2014.25

36. Magnusdottir OK, Landberg R, Gunnarsdottir I, Cloetens L, Akesson B, Rosqvist
E et al. Whole grain rye intake, reflected by a biomarker, is associated with favorable
blood lipid outcomes in subjects with the metabolic syndrome--a randomized study.
PLoS One. (2014) 9:e110827. doi: 10.1371/journal.pone.0110827

37. Muir JG, Yeow EGW, Keogh J, Pizzey C, Bird AR, Sharpe K, et al. Combining
wheat bran with resistant starch has more beneficial effects on fecal indexes than does
wheat bran alone. Am J Clin Nutr. (2004) 79:1020-8. doi: 10.1093/ajcn/79.6.1020

38. Bird AR, Vuaran MS, King RA, Noakes M, Keogh J, Morell MK, et al. Wholegrain
foods made from a novel high-amylose barley variety (Himalaya 292) improve indices
of bowel health in human subjects. Br J Nutr. (2008) 99:1032-40. doi: 10.1017/
S000711450783902X

39. Vitaglione P, Mennella I, Ferracane R, Rivellese AA, Giacco R, Ercolini D, et al.
Whole-grain wheat consumption reduces inflammation in a randomized controlled trial
on overweight and obese subjects with unhealthy dietary and lifestyle behaviors: role of
polyphenols bound to cereal dietary fiber. Am J Clin Nutr. (2015) 101:251-61. doi:
10.3945/ajcn.114.088120

40. Costabile A, Klinder A, Fava E, Napolitano A, Fogliano V, Leonard C, et al. Whole-
grain wheat breakfast cereal has a prebiotic effect on the human gut microbiota: a
double-blind, placebo-controlled, crossover study. Br J Nutr. (2008) 99:110-20. doi:
10.1017/50007114507793923

41. Niwa T. Indoxyl sulfate is a nephro-vascular toxin. ] Ren Nutr. (2010) 20:S2-6. doi:
10.1053/j.jrn.2010.05.002

42. Meijers BKI, De Preter V, Verbeke K, Vanrenterghem Y, Evenepoel P. P-Cresyl
sulfate serum concentrations in haemodialysis patients are reduced by the prebiotic
oligofructose-enriched inulin. Nephrol Dial Transplant. (2010) 25:219-24. doi: 10.1093/
ndt/gfp414

43. Karl JP, Meydani M, Barnett JB, Vanegas SM, Goldin B, Kane A, et al. Substituting
whole grains for refined grains in a 6-wk randomized trial favorably affects energy-
balance metrics in healthy men and postmenopausal women. Am J Clin Nutr. (2017)
105:589-99. doi: 10.3945/ajcn.116.139683

44. Van Dokkum W, Pikaar NA, Thissen JTNM. Physiological effects of fibre-rich
types of bread 2. Dietary fibre from bread: digestibility by the intestinal microflora and
water-holding capacity in the colon of human subjects. Br ] Nutr. (1983) 50:61-74.

45. Jung SJ, Oh MR, Park SH, Chae SW. Effects of rice-based and wheat-based diets
on bowel movements in young Korean women with functional constipation. Eur J Clin
Nutr. (2020) 74:1565-75. doi: 10.1038/s41430-020-0636-1

46. Vanegas SM, Meydani M, Barnett JB, Goldin B, Kane A, Rasmussen H, et al.
Substituting whole grains for refined grains in a 6-wk randomized trial has a modest
effect on gut microbiota and immune and inflammatory markers of healthy adults. Am
J Clin Nutr. (2017) 105:635-50. doi: 10.3945/ajcn.116.146928

47.De Vries ], Miller PE, Verbeke K. Effects of cereal fiber on bowel function: a
systematic review of intervention trials. World ] Gastroenterol. (2015) 21:8952-63. doi:
10.3748/wjg.v21.i29.8952

48.So D, Gibson PR, Muir JG, Yao CK. Dietary fibres and IBS: translating functional
characteristics to clinical value in the era of personalised medicine. Gut. (2021)
70:2383-94. doi: 1041136/gutj1’11720217324891

49. Lewis SJ, Heaton KW. Increasing butyrate concentration in the distal colon by
accelerating intestinal transit. Gut. (1997) 41:245-51. doi: 10.1136/gut.41.2.245

50. Prochazkova N, Falony G, Dragsted LO, Licht TR, Raes ], Roager HM. Advancing
human gut microbiota research by considering gut transit time. Gut. (2022) 72:180-91.
doi: 10.1136/gutjnl-2022-328166

51. Falony G, Joossens M, Vieira-Silva S, ‘Wang J, Darzi Y, Faust K, et al. Population—
level analysis of gut microbiome variation. Science. (2016) 352:560—4. doi: 10.1126/
science.aad3503

52. Roager HM, Licht TR, Poulsen SK, Larsen TM, Bahl MI. Microbial enterotypes,
inferred by the prevotella-to-bacteroides ratio, remained stable during a 6-month
randomized controlled diet intervention with the new nordic diet. Appl Environ
Microbiol. (2014) 80:1142-9. doi: 10.1128/AEM.03549-13

53. Parthasarathy G, Chen J, Chen X, Chia N, O’Connor HM, Wolf PG, et al.
Relationship between microbiota of the colonic mucosa vs feces and symptoms, colonic
transit, and methane production in female patients with chronic constipation.
Gastroenterology. (2016) 150:367-379.e1. doi: 10.1053/j.gastro.2015.10.005

54. Tian H, Chen Q, Yang B, Qin H, Li N. Analysis of gut microbiome and metabolite
characteristics in patients with slow transit constipation. Dig Dis Sci. (2020) 66:3026-35.
doi: 10.1007/s10620-020-06500-2

55. Walker AW, Duncan SH, Carol McWilliam Leitch E, Child MW, Flint HJ. pH and
peptide supply can radically alter bacterial populations and short-chain fatty acid ratios
within microbial communities from the human colon. Appl Environ Microbiol. (2005)
71:3692-700. doi: 10.1128/AEM.71.7.3692-3700.2005

frontiersin.org


https://doi.org/10.3389/fnut.2023.1187165
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.nutres.2013.05.016
https://doi.org/10.1038/s42255-018-0017-4
https://doi.org/10.1038/s42255-018-0017-4
https://doi.org/10.1038/nature08530
https://doi.org/10.3390/toxins13030225
https://doi.org/10.2215/CJN.00490114
https://doi.org/10.1111/1541-4337.12728
https://doi.org/10.1111/1541-4337.12728
https://doi.org/10.1210/jc.2018-00667
https://doi.org/10.1210/jc.2018-00667
https://doi.org/10.3945/ajcn.113.078048
https://doi.org/10.3945/ajcn.113.078048
https://doi.org/10.1017/S0007114509991292
https://doi.org/10.1017/S0007114509991292
https://doi.org/10.1155/2012/462967
https://doi.org/10.1038/nmicrobiol.2016.93
https://doi.org/10.1128/aem.63.7.2802-2813.1997
https://doi.org/10.1128/aem.63.7.2802-2813.1997
https://doi.org/10.1186/2049-2618-2-19
https://doi.org/10.1136/gutjnl-2019-320438
https://doi.org/10.3102/10769986027001077
https://doi.org/10.1017/gmb.2022.1
https://doi.org/10.3389/fnut.2020.594850
https://doi.org/10.3389/fnut.2020.594850
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.1038/ncomms8624
https://doi.org/10.1038/ncomms8624
https://doi.org/10.1038/ejcn.2014.25
https://doi.org/10.1371/journal.pone.0110827
https://doi.org/10.1093/ajcn/79.6.1020
https://doi.org/10.1017/S000711450783902X
https://doi.org/10.1017/S000711450783902X
https://doi.org/10.3945/ajcn.114.088120
https://doi.org/10.1017/S0007114507793923
https://doi.org/10.1053/j.jrn.2010.05.002
https://doi.org/10.1093/ndt/gfp414
https://doi.org/10.1093/ndt/gfp414
https://doi.org/10.3945/ajcn.116.139683
https://doi.org/10.1038/s41430-020-0636-1
https://doi.org/10.3945/ajcn.116.146928
https://doi.org/10.3748/wjg.v21.i29.8952
https://doi.org/10.1136/gutjnl-2021-324891
https://doi.org/10.1136/gut.41.2.245
https://doi.org/10.1136/gutjnl-2022-328166
https://doi.org/10.1126/science.aad3503
https://doi.org/10.1126/science.aad3503
https://doi.org/10.1128/AEM.03549-13
https://doi.org/10.1053/j.gastro.2015.10.005
https://doi.org/10.1007/s10620-020-06500-2
https://doi.org/10.1128/AEM.71.7.3692-3700.2005

	Effects of a wholegrain-rich diet on markers of colonic fermentation and bowel function and their associations with the gut microbiome: a randomised controlled cross-over trial
	1. Introduction
	2. Materials and methods
	2.1. Study design
	2.2. Gut microbiota characterization
	2.3. Faecal pH, water, and energy density
	2.4. Urine metabolomics and faecal short-chain fatty acids
	2.5. Statistical analysis

	3. Results
	3.1. Effects of intervention diets on markers of colonic fermentation and bowel function
	3.2. Associations between markers of colonic fermentation and bowel function
	3.3. Links between markers of colonic fermentation and the gut microbiome composition

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

