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Abstract Understanding the interaction between the gut
microbial activity and the host is essential, and in vitro
models are being used to test and develop hypotheses
regarding the impact of food components/drugs on the
human gut ecosystem. However, while in vitro models
provide excellent possibilities for dynamic investigations,
studies have commonly been restricted to analyses of few,
targeted metabolites. In the present study, we employed
NMR-based metabolomics combined with multilevel data
analysis as a tool to characterize the impact of polydextrose
(PDX) fiber on the in vitro derived fecal metabolome. This
approach enabled us to identify and quantify the fiber-in-
duced response on several fecal metabolites; we observed
higher levels of butyrate, acetate, propionate, succinate, N-
acetyl compound and a lower level of amino acids (leucine,
valine, isoleucine, phenylalanine, and lysine), valerate,
formate, isovalerate and trimethylamine among the PDX-
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treated sample compared to the control samples. In addi-
tion, by the application of multilevel data analysis we were
able to examine the specific inter-individual variations, and
caprylic acid was identified to be the main marker of dis-
tinct microbial compositions among the subjects. Our work
is expected to provide a useful approach to understand the
metabolic impact of potential prebiotic compounds and get
deeper insight into the molecular regulation of gut-microbe
activities in the complex gut system.

Keywords Nuclear magnetic resonances - Dietary fiber -
Metabolomics - Gut

1 Introduction

Dietary fiber contributes to a balanced environment of the
gastrointestinal tract. Intriguingly, polydextrose (PDX), a
highly branched and complex polymer of glucose is clas-
sified as soluble dietary fiber by the U.S. Food and Drug
Administration (FDA). In structure, PDX possesses all
different combinations of 1-2, 1-3 , 1-4, and 1-6, both a-
and B-glyosidic linkages, thus being resistant to hydrolysis
by human digestive enzymes, passaging intact into the
colon, where it is partially fermented (Lahtinen et al.
2010). In fact, fermentation of dietary fiber produces
mediators such as short chain fatty acid (SCFA), organic
acids, and amino acids, which might alter the microbial
activities/composition in the gut and play a vital role on
human health and disease (Nicholson et al. 2012; Rober-
froid et al. 2010). To date, the impact of PDX intake has
been investigated to some extent in human, animal models,
and in in vitro colon simulator models (Achour et al. 1994,
Costabile et al. 2012; Deng et al. 2014; Figdor and
Rennhard 1981; Hernot et al. 2009; Hull et al. 2012;
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Table 1 'H NMR chemical

shifts and signal assignments of No. Compound Proton chemical shift in ppm and multiplicity
metabolites from the in vitro 1 n-Butyrate 0.91 (1), 1.56(t), 2.16 ()
derived fecal material .
2 Leucine 0.96 (d), 0.97(d), 1.7 (m)
3 Isoleucine 0.94 (t), 1.02 (d), 1.27 (m)
4 Valine 0.99 (d), 1.05(d), 2.3 (m)
5 Propionate 1.06 (t), 2.19 (m)
6 Ethanol 1.18 (t), 3.6 (q)
7 Caprylate 0.85 (t), 1.27(m), 1.53 (m), 2.16(t)
8 Valerate 0.88 (t), 1.31(m), 1.54 (m), 2.18 (m)
9 Alanine 1.48 (d)
10 2-Hydroxybutyrate® 1.64 (m),1.72 (m)
11 Unknown 1.81 (s)
12 Acetate 1.92 (s)
13 n-Acetyl compound 2.02 (s)
14 Isovalerate 2.06 (d), 1.98 (m)
15 5 Aminopentonate® 3.02 (t), 2.21 (t), 1.69 (m)
16 Iso Butyrate 2.40 (m), 1.11 (t)
17 Succinate 2.41 (s)
18 Trimethylamine 2.87 (s)
19 Lysine 1.40 (m), 1.70 (m), 3.03 (1), 3.72 (t)
20 Methanol 3.36 (s)
21 Acetoacetate 3.41 (s) 2.32 (s)
22 p-Cresol 2.25 (s), 6.87 (m), 7.18(d),
23 Tyrosine 6.91 (d), 7.20 (d)
24 Tryptophan 7.19 (d), 7.31 (m), 7.76 (d)
25 Phenylacetate 6.93 (m), 7.21 (m)
26 Phenylalanine 3.54 (s), 7.31 (m), 7.37 (m)
27 Formate 8.46 (s)
28 Histamine 7.9 (s), 7.1 (s)
29 Threonine 1.33 (d), 3.57 (d), 4.24 (m)
30 Methylamine 2.59 (s)
31 3-Phenylpropionate® 7.31 (m), 7.40 (m), 2.9 (t)

% Assigned based on the best matched signals

Mikivuokko et al. 2007). As a result, PDX has been
demonstrated to benefit the digestive health in terms of
improved bowel functions and an increased production of
SCFAs through colonic microbial fermentation (Costabile
et al. 2012; Mikivuokko et al. 2007). In addition, an
improved digestive health is also obtained due to selective
growth of beneficial bacteria (Hernot et al. 2009). How-
ever, further substantiation on the effects of PDX is
required, in particular; linking gut microbial activity to the
gut health is essential (Romick-Rosendale et al. 2014; Ryan
et al. 2014).

In vitro models have been developed and used to test
and exploit hypotheses regarding the impact of food
components/drugs on the human gut system (Mills et al.
2015; Mikivuokko et al. 2007; Pereira-Caro et al. 2015).
Despite the absence of the physiological environment of
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the host system, the main advantages of in vitro models
involve the dynamic sampling possibility and less exten-
sive use of animals or humans for research purposes.
Importantly, in vitro models barely present ethical issues,
and in the past, in vitro models have been extensively
applied to study the microbial composition and activity
(Hernot et al. 2009; Mikivuokko et al. 2007; Pereira-Caro
et al. 2015). Based on their results the in vitro model has
been shown representative of in vivo situation in terms of
microbial composition and activity. However, untargeted
metabolic profiling to examine the effects of dietary fiber in
in vitro models has been rarely reported. This is despite the
fact that such an approach potentially could increase the
understanding of the complete set of metabolites produced
by the gut microbiota. Furthermore, it may contribute to the
identification of novel biomarkers or metabolic profiles
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Fig' 1 The Enteromix model and the data set structure. a The (6individual/simulaﬁon X 4vessels (V1-v4) X 4time points (T1 = 12, T2 = 24, T3 =

vessels in one unit (V1-V4) simulate the different compartments of
the human colon from proximal to the distal part, each having a
different pH and flow rate. b The structure of dataset. In total 192

related to dietary interactive modulations of the complex
gut-microbe system.

Eminently, during the last decade metabolomics has
emerged in the nutrition field with studies demonstrating
the usefulness of untargeted metabolic profiling to improve
the understanding of the complex relationships between
diet and health (Deng et al. 2014; Garcia-Aloy et al. 2015;
Pellis et al. 2012; Rezzi et al. 2007; Yde et al. 2014).
Depending on different factors such as diet, environmental
stress, and diseased condition, the metabolome of an
individual may vary (Bundy et al. 2009; Emwas et al. 2013;
Menni et al. 2013). These metabolic variations can be
captured by an untargeted metabolic profiling approach
which provides a mirror of the activity of the whole sys-
tem. In this study we employed NMR-based metabolomics
as a tool to characterize the impact of dietary fiber (i.e.
PDX) on the in vitro derived fecal metabolome. Our aim
was to examine the detailed dynamic metabolic changes

36,and T4 = 48 h) X 2 ithwithout treatment) S@Mples were collected from
the in vitro colon simulator. The dataset in this study has a paired
structure (i.e. each PDX-treated sample has its own control)

occurring in different compartments of the colon simulator
with and without PDX treatment.

2 Materials and methods
2.1 In vitro colon simulator

The Enteromix model of the human large intestine
(Fig. 1a) has been described in details previously (Maki-
vuokko et al. 2005). Briefly, this simulator consists of eight
separate units, each containing four semi-continuously
connected glass vessels. The vessels in one unit (V1-V4)
model the different compartments of the human colon from
the proximal to the distal part, each having a different pH
and flow rate. In the initial phase of the simulation, each
unit is inoculated with pre-incubated fecal microbes from a
fresh faecal sample, which form the microbiota of the
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colonic model. In the present study, the fecal samples for
inoculum were provided voluntarily by six healthy Finnish
volunteers (mean age 38.0 + 8.3 years). Consequently,
according to the Finnish law, no ethical approval is needed
for this kind of study, since there has not been any inter-
ference with a person’s physical or mental integrity. Within
one simulation the fecal inoculum from one volunteer was
used, and the system was fed in defined 3 h intervals
synthetic ileal medium with/without 2 % PDX (Litesse
Ultra; Danisco UK, Redhill, U.K.), i.e. all treated samples
had their own control. This simulation was performed at
Dupont Nutrition and Health, Kantvik, Finland. To
understand the biochemical changes over time the micro-
bial slurry was collected from all vessels (V1-V4) after 12,
24, 36, and 48 h with/without PDX treatment. In total 192
(6subjects X 4vesse]s (V1-v4) X 4time points (12, 24, 36, and 48 h) X
2 with/without treatment) Samples were collected from the
in vitro colon simulator and stored at —80 °C prior to NMR

2.2 Preparation of simulated fecal water samples

Simulated fecal water was extracted with weight-to-buffer
volume ratio of 1:1 in phosphate buffered saline (PBS, pH
7.4). The samples were homogenized by vortex mixing for
1 min, and then aliquots were centrifuged at 10,000x g for
10 min at 4 °C (Eppendorf 5471, USA). The supernatants
were carefully removed and stored in Eppendorf tubes at
—80 °C until analysis.

2.3 '"H NMR spectroscopic analyses

Simulated fecal water samples extracted in PBS were
thawed and centrifuged at 10,000xg for 10 min at 4 °C
(Eppendorf 5471, USA). A volume of 500 pL of super-
natant was transferred to a 5 mm NMR tube, and 100 pL of
deuterium oxide (D,O) containing 0.025 mg/mL of
3-trimethylsilyl propionic acid-d4 sodium salt (TSP) was

analysis; the structure of dataset is depicted in Fig. 1b. added as a lock solvent. One-dimensional NMR
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Fig. 2 Representative "H NMR spectrum of a simulated (Enteromix
model) fecal sample extracted in PBS buffer. a 0.8-4.1 ppm;
b 6-8.55 ppm. The aromatic region in the spectrum (6-8.55 ppm)
has been magnified two times as compared to the aliphatic region
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in Table 1
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experiments were carried out using a Bruker Avance III
600 MHz spectrometer (Bruker, Rheinstetten, Germany)
equipped with a 5 mm triple resonance (TXI) probe at
298 K. A noesprld (90°-t;-90°-d,,;,-90°-FID, Bruker,
Rheinstetten, Germany) pulse sequence with presaturation
was performed to suppress signals from water molecules,
where t; is a 4 us delay time and d,,;, is the mixing time.
Acquisition parameters for the spectra were 64 scans, a
spectral width of 7288 Hz collected into 32 K data points,
an acquisition time of 2.24 s and a relaxation delay of 5 s.
The Free Induction Decay (FID) obtained was multiplied
by 0.3 Hz of line broadening before Fourier transforma-
tion. The spectra were referenced to TSP (chemical shift
defined at 0 ppm), phased, and baseline corrected in Top-
spin 3.0 software (Bruker, Rheinstetten, Germany).
Assignments of "H NMR signals were carried out using
Chenomx NMR Suite 7.7 (Chenomx, Canada) according to
the Human Metabolome Database and literature (Le Gall
et al. 2011; Wishart et al. 2009). In addition, heteronuclear
single quantum coherence (HSQC) 2D NMR was applied
on selected samples to confirm the identity of the given
metabolites. The HSQC experiment was acquired with a
spectral width of 7288 Hz in the 'H dimension and
27,164 Hz in the 3¢ dimension, a matrix with a size of
2048 x 1024, 512 transients per increment and a relax-
ation delay of 2 s.

2.4 Multivariate data analysis

In total 192 NMR spectra were imported to MatlabR2010b
(The Mathworks, Inc., USA). Misalignments of the spectra
were corrected using the icoshift algorithm, based on the
correlational shifting of spectral intervals (Savorani et al.
2010). The 8.5-12 ppm and —1.2 to 0.75 ppm regions and
the region containing residual water resonance
(4.7-4.8 ppm) were removed from the aligned spectra. The
spectra were normalized to TSP signal and Pareto-scaled
before multivariate modeling in MATLAB20010b (The
Mathworks, Inc., USA). Principal component analysis
(PCA) of the preprocessed NMR spectra (n = 192) was
initially performed to visualize the general trend in the data
using the PLS Toolbox 7.8 (Eigenvector Research, USA) in
MATLAB2010b. Subsequently, multilevel simultaneous
component analysis (MSCA) was performed exploiting the
paired data structure in the experiment (Fig. 2) in order to
explore the systematic variation between the PDX treated
and the control samples. MSCA is an extension of PCA
model that splits up the variation in the dataset into a
between-subject part and a within-subject part (Jansen et al.
2005). Subsequently, supervised multilevel partial least
square discriminant analysis (MLPLS-DA) was performed
to discriminate between the PDX treated and control
samples (n = 192). MLPLS-DA models were validated

using double cross model validation (CMV) with twenty
repeats. Permutation testing was carried out by randomly
reassigning the class labels to the samples, to evaluate the
statistical significance of the classification results. One
thousand permutations were performed and the results were
compared to the results of the original class labeling.
p values <0.05 were considered significant. The algorithms
for MSCA, MLPLS-DA, CMV, and permutation tests have
been reported previously. (van Velzen et al. 2008; Yde
et al. 2012). These algorithms are open access and avail-
able via the internet at http://www.bdagroup.nl/. To
examine the metabolic changes over time (12, 24, 36, and
48 h) in the vessels (V1-V4), we subtracted the PDX
treated spectra from the control spectra. The peak inte-
gration was performed using an in house built Matlab script
(Matlab R20010b). Pearson’s correlation coefficient
between the integral of these metabolites was calculated in
Matlab R20010b using statistical toolbox (The Mathworks,
Inc., USA). The results are illustrated by heat maps (Matlab
R20010b).

3 Results

The simulated fecal extract revealed a wide range of
metabolites; predominantly SCFAs, branched chain fatty
acids (BCFAs), organic acids, and amino acids. Figure 2
shows a representative '"H NMR spectrum of a simulated
fecal extract. A list of more than 30 identified resonances is
given in Table 1.

3.1 Multivariate data analysis

To identify the metabolic impact of PDX in the in vitro
colon simulation, multivariate data analysis (summarized is
Table S2, supplementry information) was performed on the
NMR spectra obtained from the simulated fecal extract
(n = 192). PCA of the Pareto-scaled and normalized NMR
spectra was performed to visualize general grouping and
trends in the data. A notable effect of PDX treatment was
observed on the NMR profile. The PCA score plot shows
the PDX-treated samples mainly clustered in the direction
of PC1 (Fig. 3a). From the loading (Fig. 3b) the clustering
of the PDX treated samples along PC1 could mainly be
ascribed to the presence of undigested PDX material
(3.5-4.5 ppm) and oligomers of glucose (alpha anomeric
protons) and other unidentified carbohydrates appearing in
the spectral region of 5.0-5.5 ppm. Peak integrals of these
residual PDX signals (3.5-4.5 ppm) depict that the level of
PDX decreased during the time course (12, 24, 36, and
48 h) while passing from vessel V1-V4 (Supplementary
Fig. S1). In addition, to focus on other, less dominating
metabolite variations, PCA was also performed excluding
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3.5-5.5 ppm and 5.0-5.5 ppm region in the 'H NMR
spectra. It was apparent from the score and loading plots
that metabolites varied between the samples with and
without PDX; however, the clustering was ambiguous,
which might be due to a sample-to-sample variation (data
not shown). In order to minimize the sample-to-sample
variation, multilevel data analysis was performed.

A multilevel approach exploits the paired data structure
in the experiment (Westerhuis et al. 2010). MSCA was
performed to split up the variation in the dataset into the
between-subject part (biological variation) and the within-
subject part (treatment effect). The MSCA analysis showed
that a large proportion (42.02 %) of the between-subject
variation could be described by PC1. The score plot in
Fig. 3c shows that the NMR spectra from four out of six
donors (colored coded) in vessel V2, V3, and V4 clustered
together (circled red). The corresponding loading plot
depicts that this variation could predominantly be assigned
to signals from caprylic acid (1.27, 1.53, 2.16 ppm).
Intriguingly, visual inspection of NMR spectra could dis-
close the same inter-individual variation in levels of
caprylic acid (Fig. 3d). The result indicates that variation
between subjects may be ascribed to different microbiota
among the donors/individuals.

Furthermore, the within-subject model was examined to
investigate if the PDX treatment induced any metabolic
alterations. The results in Fig. 3e indicate that much of the
within-subject variation was explained by PC1 (70.41 %).
The score plot and loadings (Fig. 3e, f) of PDX-treated and
control samples shows clear separation with PDX-treated
samples having higher levels of butyrate, acetate, propi-
onate, succinate, N-acetyl compound and an unidentified
peak. On the other hand, control samples had higher levels
of several amino acids (leucine, valine, isoleucine,
phenylalanine, and lysine), valerate, isovalerate and
trimethylamine compared to PDX-treated samples.

Multilevel PLS-DA was performed to further examine
the metabolic effects of the PDX treatment on the simu-
lated fecal metabolome. The multilevel PLS-DA model
was validated by means of double cross model validation
(CMV) to prevent over fitting of the multivariate model.
(Szymanska et al. 2012, Westerhuis et al. 2010). The pre-
diction error estimated in terms of number of misclassifi-
cations based on 20 CMV repeats showed on average 26.1
samples predicted incorrectly, which account for about
13.5 % of all the prediction results. The permutation results
indicated this to be a significant result. Moreover, the area
under the receiver operating characteristic
(AUROC = 0.92) also reflects that the ability of discrim-
ination model to correctly classify the samples with and
without PDX treatment were excellent. Importantly, the
regression coefficient plot showed that the most differen-
tiating metabolites between the PDX treated and control

samples were similar to those obtained from the MSCA
model (Supplementary information, Fig. S2). Thus, these
results signify the higher levels of butyrate, acetate, pro-
pionate, succinate, N-acetyl compound and lower levels of
amino acids (leucine, valine, isoleucine, phenylalanine,
tyrosine and lysine), valerate, isovalerate and trimethy-
lamine among the PDX treated samples when compared to
the control samples.

3.2 Biochemical changes in the colon simulator

Besides exploring the impact of PDX on the in vitro gen-
erated metabolome, our objective was to understand the
dynamic metabolic/biochemical changes occurring in dif-
ferent compartments of the colon simulator over time. In
order to examine the metabolic changes over time (12, 24,
36, and 48 h) in the vessels (V1-V4) comprehensively, we
subtracted the PDX treated spectra from the control spec-
tra. Peak integrals of SCFAs (acetate, butyrate, and pro-
pionate), branched chain fatty acids (iso-valerate), biogenic
amine (trimethylamine), organic metabolites (succinate,
ethanol, formate, valerate, and n-acetyl compound) and
amino acids (lysine, leucine, iso-leucine, phenylalanine,
tyrosine, and valine) were obtained from the subtracted
matrix and plotted accordingly. The Fig. 5 depicts the
metabolic changes of alanine, succinate, N-acetyl com-
pound and butyrate from six simulations/subjects in four
vessels (V1-V4) over four time points (12, 24, 36, and
48 h).

Based on the results from our study, the time course
change of the metabolites in the vessels of the in vitro
simulator could be summarized according to their observed
trends. The level of alanine in vessel (V1-V4) decreased
over the time course (12, 24, 36, and 48 h) with higher
level of variation appearing in the vessel V; over time and
within subjects (Fig. 4a). Intriguingly, all others amino
acids (lysine, leucine, isoleucine, and valine), ethanol,
isovalerate, and trimethylamine showed similar trend in the
entire vessel over time (Supplementary information,
Fig. S3). Succinate (Fig. 4b) and formate (Supplementary
information, Fig. S3) had a unique progression pattern as
they mainly appeared in vessel V1 and V2. Intriguingly,
visual inspection of NMR spectra showed that five out of
six individuals exclusively had succinate in the PDX-
treated sample.

On the other hand, the levels of an N-acetyl compound
(Fig. 4c) and butyrate (Fig. 4d) gradually increased in the
four vessels (V1-V4) over four time points (12, 24, 36, and
48 h) which was also the general pattern for acetate
(Supplementary information, Fig. S3) and unknown peak at
1.82 ppm (data not shown) Interestingly, the level of
residual PDX (data not shown) also showed a similar trend
to that of the N-acetyl compound. The correlation analysis
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Fig. 4 The figure depicts the
metabolic changes from six
simulation/donors in four
vessels (V1-V4) over four time
points (12, 24, 36, and 48 h).
Each color in the

figure represents the individual
donors for the simulation.

a Alanine, b succinate, ¢ N-
acetyl compound, and

d butyrate
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Fig. 5 Correlation coefficients illustrated by heat map. The Pearson
correlation coefficient (R) value revealed that the PDX level in the
vessels were positively correlated with the N-acetyl compound,

between the level of all metabolites and PDX was per-
formed to explore the inter-variable correlations (Fig. 5).
The PDX levels in the vessel were positively correlated
with the N-acetyl compound, acetate, propionate, butyrate,
ethanol, formate, leucine, and succinate while negatively
correlated with iso-valarate, valerate, and trimethylamine.
However, the highest statistical associations (p < 0.05)
were observed for N-acetyl compound, acetate, butyrate,
succinate, valerate, and trimethylamine. Thereby, correla-
tion coefficient analysis enabled us to identify the potential
associations between the level of residual PDX and other
metabolites in the in vitro colon simulator.

4 Discussion

Dietary fibers and prebiotics are considered to play an
important role in human health and there is an increasing
interest in evaluating the impact of dietary fibers on the
complex gut system. The objective of the current study was
to evaluate the impact of PDX; a soluble dietary fiber in the
in vitro simulator using untargeted and dynamic NMR
metabolic profiling. NMR based metabolomics allowed us
to explore a wide range of metabolites present in the
in vitro derived fecal material, and the PDX-induced
metabolite changes in the in vitro simulator could be
investigated more comprehensively than in previous tar-
geted studies (Makivuokko et al. 2005, 2007).

A recent study on fecal metabolomics after human
intervention trial disclosed a strong effect of PDX intake
due to the presence of residual PDX and unknown
oligosaccharides in the feces (Lamichhane et al. 2014).
Similar results were obtained in the current study, as PDX-
treated samples were distinct from control samples due to
the presence of undigested PDX (3.5-4.5 ppm) and

Iso-valerate  Leucine

Succinate Trimethylamine Valerate Propionate PDX

acetate, propionate butyrate, ethanol, formate, leucine, succinate, but
negatively correlated with iso-valarate, valerate, and trimethylamine.
The color-coding in the figure represents the R values

depolymerized products of PDX (5.0-5.5 ppm, Fig. 3a, b).
We observed distinct changes in the level of the PDX and
depolymerized products of PDX while passing from vessel
(V1-V4) over four times (12, 24, 36, and 48 h). Moreover,
the presence of oligomers of glucose (5.0-5.5 ppm) in the
vessels (V1-V4) provides evidence of the ongoing sac-
charolytic activity by the colonic microbiota in the simu-
lator. Consequently, the present findings indicate that
metabolism of PDX sets in the proximal colon (V1) and
fermentation continues until the distal part of the colon
(V4) (Makelainen et al. 2007). In fact, carbohydrate fer-
mentation has been identified as the most important driving
force to regulate the metabolic activities in the colon. The
rate of de-polymerization of the carbohydrates and avail-
ability of these products particularly in the distal colon are
linked with colonic health/disease (Macfarlane et al. 1992;
Macfarlane and Macfarlane 2012). Based on our finding it
may thus be suggested that availability of PDX as substrate
for fermentation in the distal colon is associated with a
potential health benefit. However, this proposed hypothesis
requires further substantiation in terms of metabolic
activity of microbiota in the colon regarding the undigested
PDX and depolymerized products of PDX.

To characterize the complete metabolic effects of PDX
digestion by the microbiota in the in vitro gut metabolome,
multilevel data analysis showed that the inter-individual
variation could be predominantly linked to the presence of
caprylic acid among the subjects. Caprylic acid, which is a
medium chain fatty acid, is considered a side-product from
sugar fermentation and is mostly derived from acetate
(Steinbusch et al. 2011). Earlier studies have indicated an
antibacterial and antifungal effect of caprylic acid (Corsetti
et al. 1998; Skrivanova et al. 2008). Interestingly, Corsetti
et al. showed that lactic acid bacteria produce caprylic acid
(Corsetti et al. 1998). However, it remains unknown if this
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compound is produced by lactic acid bacteria alone, as it
might also be produced by numerous other strains through
the colon (Lemfack et al. 2014). Therefore, we suggest that
the identified variability in the metabolic end product is
due to the difference in microbial composition between the
individuals as previously hypothesized.

In the present study, in addition to inter-individual
variation, we evaluated if PDX treatment modulated the
in vitro derived fecal metabolite profile. We observed
higher levels of butyrate, acetate, propionate, succinate, N-
acetyl compound and lower level of amino acids (leucine,
valine, isoleucine, phenylalanine, and lysine), valerate,
formate, isovalerate and trimethylamine among the PDX-
treated samples when compared to the control samples. Our
result is in agreement with previous reports from animal
models, in vitro models, and humans showing that PDX
intake increases the production of SCFA, in particular
butyrate, propionate, and acetate (Beloshapka et al. 2012;
Figdor and Rennhard 1981; Jie et al. 2000; Makivuokko
et al. 2005). On the contrary, some studies did not detect
any significant change in SCFAs level due to PDX fer-
mentation (Costabile et al. 2012; Lamichhane et al. 2014).
This discrepancy in the in vivo results might be affected,
by many confounding factors connected to diet and life-
style, which is challenging to standardize. However, an
in vitro study has more controlled experimental conditions
compared to an in vivo experiment which consequently
results in lower inter and intra sample variation. Therefore
in vitro models may be advantageous to test and exploit
hypotheses regarding the impact of food components/drugs
on the human gut system. In fact SCFAs, primarily acetate,
propionate, and butyrate, are end products of fermentation
of complex carbohydrates such as dietary fiber (Macfarlane
and Macfarlane 2012). The amount of SCFAs production
primarily depends on the availability of substrates and the
diversity of microbiota present in the colon (Besten et al.
2013; Macfarlane and Macfarlane 2003). Even though
acetate is the principal SCFA in the colon, butyrate is of
particular interest because it is the major energy source for
colonocytes and has vital role in prevention of colon
related disease particularly in the distal colon (Hamer et al.
2008). Our result depicts higher level of butyrate in the
four vessels (V1-V4) over four time points (12, 24, 36, and
48 h) in the PDX treated samples. Therefore, increases in
SCFA production, specifically butyrate, due to PDX
digestion in the distal colon may eventually maximize the
colonic disease prevention.

In addition to SCFAs variation, we observed that suc-
cinate and N-acetyl compound were elevated in the PDX-
treated samples. Succinate is also a common end product
formed by certain groups of bacteria under specific envi-
ronment condition. The decarboxylation of succinate pro-
duces propionate in the gut (Macfarlane and Macfarlane
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2003). Interestingly, studies have shown that when suffi-
cient carbohydrate is present during bacterial metabolism,
there is a reduced need for succinate decarboxylation and
as result succinate is accumulated instead (Macfarlane and
Macfarlane 2003; Macy et al. 1978). Our results demon-
strated a similar finding, thus providing substantial evi-
dence for regulation of biosynthetic pathways of the major
microbial metabolite, specifically succinate and propionate
as a result of carbohydrate fermentation. Furthermore, this
finding is also supported by a strong negative correlation
between propionate and succinate (Fig. 5). To the best of
our knowledge, this is first study to show that N-acetyl
compound was elevated in the PDX-treated samples. This
is an intriguing finding as N-acetyl compound, in particular
n-acetyl glucosamine; receive considerable attention due to
its therapeutic potential in inflammatory bowel disease
(Kamel and Alnahdi 1992; Liu et al. 2013; Salvatore et al.
2000). Even though a conclusive proof for these indications
is not available, our data suggest that increased level of N-
acetyl compound due to PDX digestion might be linked to
possible digestive health benefits. Thus, our finding calls
for further studies to explore possible the link between
PDX fermentation, N-acetyl compound, and its role in the
regulation of gut health.

The lower levels of amino acids, BCFA (isovalerate)
and biogenic amine (trimethylamine) in the PDX-treated
samples that were identified in the present study indicate an
ongoing sustained saccharolytic activity in the simulator.
Sustained saccharolytic activity has been associated with
reduced putrefaction or/and proteolytic activities in the
colon (Macfarlane et al. 1992; Macfarlane and Macfarlane
2003). More specifically, depletion of readily available
carbohydrate for fermentation may induce proteolytic
activity, which is considered an alternative pathway for
carbon, nitrogen, and an energy source for the microbes in
the colon. As result, not only SCFAs but also toxic com-
pounds such as indoles, biogenic amine, phenols, and thiols
are produced during putrefaction (Cummings and Macfar-
lane 1991; Smith and Macfarlane 1997a, b). Large amounts
of these toxic end products have been linked with a detri-
mental effect on the colon health (Smith and Macfarlane
1997a, b). Intriguingly, our data indicate reduced levels of
amino acids, BCFA, and biogenic amine due to PDX fer-
mentation in the in vitro colon simulation model. This
finding is potentially of metabolic significance, since the
majority of toxin formations and colon diseases have been
associated with putrefaction. Meanwhile, it is also note-
worthy that negative correlations observed between PDX
and amino acids, isovalerate, and trimethylamine in four
vessels (V1-V4) over four time points (12, 24, 36, and
48 h) further strengthen the metabolic significance of PDX
in the colon simulator (Fig. 5). Consequently, it may be
suggested that sustained PDX fermentation in the in vitro
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colon simulation (vessels V1-V4) is associated with a
reduction in proteolytic activity in the colon, which thereby
contributes to an improved gut health.

5 Conclusion

Overall, our study shows that the combination of NMR
based metabolomics and multivariate data analysis enabled
us to characterize the impact of PDX on the in vitro derived
fecal metabolome more comprehensively than in previous
targeted studies. Importantly, multilevel data analysis
improved the interpretability of the multivariate model by
decomposing the variation into between and within subject
sub-models. Despite substantial inter-individual variation
in the composition of the metabolites, our study based on
in vitro simulator experiments has shown that PDX fer-
mentation has substantial effects on the in vitro derived
faecal metabolome. These effects are detectable already in
vessel V1 where fermentation of PDX begins and continues
to vessel V4 in the colon simulator. Beneficial metabolic
effects of PDX were indicated by the presence of higher
levels of butyrate, acetate, propionate, N-acetyl compound
and lower levels of amino acids, BCFA, and trimethy-
lamine in the PDX-treated samples. In future, our work
may provide a useful approach to understand the metabolic
impact of potential prebiotic compounds and get deep
insight into the molecular regulation of gut-microbes
interaction in the gut.
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