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ABSTRACT
Objective: To investigate the prebiotic effects of defatted fenugreek seed flakes (Fenuflakes™) using a 48-hour colonic simulation model.

Methods: Fecal samples from three healthy adult human donors were exposed to treatment conditions of blank (medium control), Fenuflakes, or
inulin (fiber control). The effects on microbial fermentation (pH and gas production), metabolite production [Short Chain Fatty Acid (SCFAs),
Branched-Chain Fatty Acid (BCFA), ammonium and lactate production], and microbial community composition were evaluated at 0, 6, 24, and 48 h.

Results: In comparison to inulin, Fenuflakes demonstrated a significant reduction in gas production. Both inulin and Fenuflakes significantly
increased beneficial SCFAs, but no significant change was observed in BCFA. Ammonium production increased upon Fenuflakes treatment due to a
residual protein fraction reaching the colon, in contrast to inulin, which is in a protein-depleted state. The lactate levels significantly increased for
Fenuflakes and inulin. The presence of Fenuflakes and inulin resulted in favorable fermentation by the colonic gut microbiota, indicating an increase
in species enrichment and alpha diversity in the microbial community composition.

Conclusion: Fenuflakes exhibit prebiotic potential by increasing SCFA and promoting the enrichment of several beneficial colonic bacteria while

maintaining normal colonic pH and producing less gas than inulin.
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INTRODUCTION

The human colon functions as a highly active fermentation site,
housing a diverse community of over 100 trillion microorganisms,
encompassing more than a thousand distinct microbial species [1].
Among these, Firmicutes (~65%), Bacteroidetes (~25%),
Proteobacteria (~8%), and Actinobacteria (~5%) are the most
prevalent [2]. Disruption of the Gastro-Intestinal (GI) microbiota
leading to dysbiosis is recognized as a critical factor in various
pathophysiological conditions, such as obesity, chronic liver
diseases, cancer, diabetes mellitus, “Irritable Bowel Syndrome”
(IBS), “Inflammatory Bowel Disease” (IBD), and neuropsychiatric
disorders [3]. The GI microbiota can be influenced by genetics, host
determinants (age of the host, disease, medication use, stress, diet,
etc.), and environmental factors [4, 5]. Diet has been recognized as
an upcoming avenue for modulating microbiota composition and
metabolic  functions. Thus, “Fermentable Oligosaccharides,
Disaccharides, Monosaccharides, and Polyols” (FODMAP) in foods
and prebiotics, such as dietary fibers, have gained increasing
importance for enhancing the gut microbiota [6].

Soluble and insoluble dietary fibers have been widely recognized for
their fermentation process in the colon, where bacterial enzymes
metabolize complex carbohydrates to monomers, leading to the
production of “Short-Chain Fatty Acids” (SCFAs) and gases such as
hydrogen, methane, and carbon dioxide [7]. Soluble dietary fibers,
such as inulin, fructooligosaccharides, glucomannan, and guar gum,
influence the composition and function of gut microbiota through
fermentation, thereby exhibiting a prebiotic effect [8, 9]. While most
prebiotics demonstrate dynamic effects, frequent or excessive
consumption may lead to GI adverse effects, such as gas, cramps,
bloating, and diarrhea [10]. Hence, there is a need for a product that
can produce the required fermentation metabolites without
inducing undesirable effects.

Fenugreek (Trigonella foenum-graecum) seeds are widely used as
spices and medicine for diabetes [11] and hyperlipidemia [12].
Fenugreek seeds contain approximately 45.4% dietary fiber
composed of 32% insoluble and 13.3% soluble fiber [13, 14].
Defatted fenugreek seed flakes (Fenuflakes™) are taste-neutral
dietary fibers that have been established as safe for consumption in
a previous toxicological study [15]. Fenuflakes are promising
prebiotic candidates with more than 50% dietary fiber content and
low FODMAP certification.

To study the prebiotic efficacy and related side effects of a product,
several in vitro systems have been developed that mimic GI tract and
intestinal microbial processes [16]. These systems serve as valuable
alternatives to in vivo studies, which are constrained by ethical
considerations, high experimental costs, challenges in obtaining gut
samples, inter-individual variations, and the inability to isolate the
gut microbiome from other host-derived factors [17]. The most
extensively used in vitro systems include the “Continuous Simulator
of the Human Intestinal Microbial Ecosystem” (SHIME®), Lacroix
model, EnteroMix, and in vitro model of the colon by the
independent research organization, Toegepast
Natuurwetenschappelijk Onderzoek (TNO) [18]. The SHIME system
places particular emphasis on simulating the microbial community
of the colon, offering flexibility in the addition of reactor
compartments, and enabling the study of microbiomes from diverse
human groups (including adults versus infants and healthy versus
diseased individuals) [18]. In this study, a short fecal batch
experiment was performed in a single reactor, representing a
simplified replication of SHIME.

The objective of this study was to investigate the prebiotic efficacy of
Fenuflakes using a short-term colonic simulation model. Prebiotic
effects were evaluated based on microbial fermentation, microbial
metabolic activity, and microbial community composition.
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MATERIALS AND METHODS
Products

Fenuflakes were ground and sieved to produce the Fenuflakes
powder supplied by Indus Biotech Ltd. (Pune, India). The Fenuflakes
powder contained 62.83% total dietary fiber, 27.45% soluble fiber,
35.38% insoluble fiber, 35.24% protein [analyzed by High-
Performance Liquid Chromatography (HPLC)], 0.25% net
carbohydrates, and 0.60% total fat. Inulin, a non-digestible
oligosaccharide, is a soluble fiber of fructose monomers linked by f3-
(2-1)-d-fructosyl fructose bonds [19, 20]. Frutafit® TEX, obtained
from Sensus (Roosendaal, The Netherlands), contains = 99.5% inulin
with 0% sweetness, 97 g carbohydrates, 0 g proteins, and 0 g fats,
with an average “Degree of Polymerization” (DP) of 2 - 60.

Preservation of fecal inocula

Fecal samples from three healthy human adult donors who had no
history of chronic diseases and had abstained from antibiotic use in
the last three months were mixed with a modified cryoprotectant
[21] to form suspensions with a concentration of 75 g/I (w/v), which
were preserved at -80 °C under anaerobic conditions. Fecal samples
were procured from Ghent University Hospital (ethical approval
number: ONZ-2022-0267) and stored in the ProDigest biobank.
Prior to the experiment, an aliquot was thawed and immediately
added to the reactors to protect the functioning of the intestinal
bacteria, as bacterial membranes can be damaged by repeated
freezing cycles, resulting in loss of function and, ultimately, viability.

Pre-digestion

The current digestion method followed a previously reported
protocol [22]. To simulate the GI passage, a pre-digested Fenuflakes
medium was obtained. This involved preparing a 25 g/I test product
stock solution and subjecting it to various phases: the oral phase
(saliva medium and a-amylase solution), gastric phase (gastric juice,
lecithin, and pepsin), and small intestinal phase (pancreatic juice,
trypsin, chymotrypsin, lipase, and a-amylase). Additionally, small

Int ] Pharm Pharm Sci, Vol 16, Issue 11, 50-59

intestinal absorption was simulated by dialysis with 3.5 kDa
membranes. A pre-digested blank medium was prepared
simultaneously. After pre-digestion, the intestinal solutions were
sparged with nitrogen gas until anaerobiosis. Inulin is resistant to
hydrolysis by digestive enzymes because of the B-configuration of C-
2 [20]. Approximately 90% of inulin reaches the colon in its
undigested form, where it undergoes selective fermentation by the
colonic microflora [23]; hence, the pre-digestion of inulin is deemed
unnecessary.

Short-term colonic simulation

Short-term colonic incubation using a static model was performed as
previously described [24]. A preliminary examination with a single
donor revealed that adding 5 g/l inulin decreased colonic pH,
approaching the lower limit of the colonic pH range (pH 5.63).
Consequently, there is a likelihood that pH levels may further
decrease when the microbiota of other donors ferment a product.
Consequently, 4 g/l inulin was prepared by adding 280 mg inulin to
the inulin reactors, and the Fenuflakes concentrations were
matched. As the human colon volume in the fed state is
approximately 600 ml [25], an in vitro dose of 4 g/l Fenuflakes
corresponds to the daily ingestion of 2.4 g Fenuflakes. The Inulin and
blank reactors contained the pre-digested blank medium whereas
the Fenuflakes reactors contained pre-digested Fenuflakes medium.

Microbial fermentation was measured based on pH and gas
production. Microbial metabolic activity was measured using SCFAs
(acetate, propionate, and butyrate), “Branched-Chain Fatty Acid”
(BCFAs) (isobutyrate, isovalerate, and isocaproate), ammonium
(NH4*), and lactate markers. Microbial community composition was
analyzed using a combination of 16S rRNA-targeted Illumina
sequencing and flow cytometry to map community shifts induced by
various treatments [26]. Sequencing provided the proportional
abundances of different taxa at multiple phylogenetic levels,
whereas flow cytometry accurately quantified the total number of
bacterial cells in the sample. The study methodology is illustrated in
fig. 1.
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Fig. 1: Study methodology

Effects on microbial fermentation

The pH was measured using a Senseline F410 (ProSense,
Oosterhout, Netherlands). Gas production was measured using a
handheld pressure indicator (CPH6200; Wika, Echt, Netherlands).
Samples were collected at the start of the experiment [0 h] (control
only) and after 6 h, 24 h and 48 h.

Effects on microbial metabolic activity

SCFAs and BCFAs were analyzed using a liquid-liquid extraction
sample preparation method. Samples were analyzed by “Gas
Chromatography” (GC) coupled with a “Flame Ionization Detector”
(FID) [27]. Lactate concentrations were determined using an Enzytec
kit (R-Biopharm AG, Darmstadt, Germany). Ammonium concentration
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was determined by colorimetric analysis using the “Indophenol Blue
Spectrophotometric” (IPB) method. Samples were collected at 0 h
(control only), 6 h, 24 h, and 48 h, except for ammonium, which was
assessed at 0 h, 24 h, and 48 h due to minimal changes at 6 h.

Effects on microbial community composition

The 16S rRNA Illumina sequencing involved primers spanning two
hypervariable regions (V3-V4) of the 16S rRNA gene, 341F (5'-
CCTACGGGNGGCWGCAG-3") and 785R (5'-
GACTACHVGGGTATCTAAKCC-3), with the reverse primer to
increase coverage [28]. Using a pair-end sequencing approach, 2 x
250 bp sequencing resulted in 424 bp amplicons. These fragments
were taxonomically more informative than smaller fragments. The
read assembly and cleanup were derived mainly from the MiSeq
Standard Operation Procedure (SOP) described by the Schloss
laboratory. Briefly, mothur (v.1.44.3) [29] was used to assemble
reads into contigs, perform alignment-based quality filtering
(alignment to the mothur-reconstructed SILVA SEED alignment,
v138), remove chimeras (vsearch v2.13.3), assign taxonomy using a
naive Bayesian classifier and SILVA NR v138_114 [30], and cluster
contigs into Operational Taxonomic Units (OTUs) at 97% sequence
similarity. All sequences classified as eukaryotes, archaea,
chloroplasts, and mitochondria and those that remained unclassified
at the super-kingdom level, were removed. The most abundant
sequence within an OTU was selected as the representative
sequence. Flow cytometry (BD Accuri C6 Plus Flow Cytometer; BD
Biosciences, Franklin Lakes, NJ, USA) was used to quantify the total
number of bacterial cells. The samples were run at high flow rates.
Bacterial cells were separated from the medium debris and signal
noise by applying a threshold level of 700 to the SYTO channel.
Proper parent and daughter gates were used to determine the
populations. Samples were collected at the start of the experiment [0
h)] (control only) and after 48 h.

Statistical analysis

Microbial fermentation and metabolic activity parameters were
analyzed using two-way repeated measures Analysis of Variance
(ANOVA) to determine the effects of time and treatment conditions,
as well as the interaction effect of these two factors on each marker.
For parameters with a significant interaction effect, a simple main
effect analysis was performed to separately explore the effects of
time and condition. A pair-wise comparison of means for each
condition across time and for each time across conditions was
performed, and the statistical significance of difference was
observed. The significance was tested at a 5% level, and the analyses
were performed using SPSS version 26.0 (IBM Corp, ARMONK, USA).

Ordination analysis was performed to explore the relationship
between donor samples, microbial fermentation, and metabolite
parameters. Redundancy Analysis (RDA) was performed using R-
programming tools (R-4.4.0, R Core Team, 2024, R Foundation for
Statistical Computing, Vienna, Austria), where one of the generated
ordinations was defined by the matrix of response variables and
another by the matrix of explanatory variables.

For microbial community composition analysis, OTU data before
treatment (0 h) and after treatment (48 h) were obtained using 16S
rRNA analysis. Relative abundance at the species level was obtained
using OTU data. The difference in abundance levels for each unit of
species across conditions was obtained using the chi-square test,
with p-values adjusted using multiple testing corrections. Diversity
analyses were performed by obtaining alpha diversity indices
(Richness, Chaol, Shannon, and Simpson’s diversity index). The
statistical significance of differences across conditions was based on
the respective metric values using the Kruskal-Wallis test. Beta
diversity was assessed using hierarchical cluster analysis and
represented through a dendrogram. Furthermore, differential
abundance analysis was performed for the paired treatment
conditions to determine the abundance of species in each
comparison 48 h after the start of incubation. The analysis was
performed using the ‘deseq2’ method. Fold change values (log) for
species were plotted against the p-values to determine the statistical
and biological relevance of the abundance of species in the
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comparison and were represented using a volcano plot. No multiple
testing correction was performed to adjust the p-values. All the
microbial analyses were performed using R-programming tools (R-
4.4.0, R Core Team, 2024, R Foundation for Statistical Computing,
Vienna, Austria). Statistical significance was set at P<0.05.

RESULTS
Effects on microbial fermentation

The mean pH and gas production at 0 h were not significant across
the three treatments. There was a significant change in the mean pH
and gas production across all three treatments at 6, 24, and 48 h
(P<0.001). The mean pH was reduced across all treatments. Across
all the time points, statistical significance was not reached for the
blank and Fenuflakes; however, the reduction in pH was statistically
significant for inulin (P<0.001). The mean gas production increased
significantly in all conditions over time (P<0.001). The time x group
interaction was statistically significant for the pH and gas
concentration (P<0.001) (fig. 2.).

Effects on microbial metabolic activity

The mean acetate levels at 0 h were not significantly different across
any of the three treatments. At 6 h, a significant change in the mean
acetate levels was observed in the inulin treatment compared with
the other two treatments (P = 0.002). At 24 and 48 h, there was a
statistically significant increase in the mean acetate levels across all
three treatments (P = 0.002). Within the treatments, the mean
acetate level significantly increased under all conditions over time
(P<0.001). Furthermore, the time x group interaction was
statistically significant (P<0.001). The mean propionate levels at 0 h
and 6 h were not significant across any of the three treatments. At 24
and 48 h, there was a statistically significant increase in the mean
propionate levels across all three treatments (P = 0.005). Within
treatments, the mean propionate level significantly increased in all
treatments over time (P<0.001). Additionally, the time x group
interaction was statistically significant (P<0.001). The mean
butyrate levels increased but were not significantly different across
all three treatments (P = 0.171) at all four time points (P = 0.067).
The time x group interaction was non-significant (P = 0.163) (fig. 3.).

The mean BCFA levels increased between 0 and 6 h and then
decreased at 24 and 48 h. These changes were not significant across
all three treatments (P = 0. 763) at all four time points (P = 0.631).
The time x group interaction was also not significant (P = 0.388).
The mean ammonium levels at 0 h were not significant across any of
the three treatment conditions. At 6, 24, and 48 h, the mean
ammonium levels in Fenuflakes were significantly higher than those
in the other two treatments (P<0.001). Within treatments, the mean
ammonium level significantly increased in all treatments over time
(P<0.001). Additionally, the time x group interaction was statistically
significant (P<0.001). The mean lactate levels at 0 and 48 h were not
significantly different across any of the three treatments. At 6 and 24
h, the mean lactate levels in inulin were significantly higher than
those in the other two treatments (P = 0.049). Within the blank and
Fenuflakes treatments, the mean lactate level significantly increased
only at 6 h (P = 0.014). In the inulin group, the mean lactate levels
varied significantly at 6 and 24 h (P = 0.014). Furthermore, the time
x group interaction was statistically significant (P<0.026) (fig. 4).

Microbial community composition

The microbial community composition of the donor’s original fecal
samples analyzed at the start of the experiment revealed that
Bacteroides had the highest abundance, followed by
Faecalibacterium and Bifidobacterium. In blank, at 48 h, Escherichia-
Shigella showed the highest abundance, followed by Bacteroides and
Bifidobacterium. In inulin, Bacteroides had the maximum
abundance, followed by Escherichia-Shigella and Bifidobacterium. In
Fenuflakes, Bacteroides showed maximum abundance across all
conditions, followed by Escherichia-Shigella. Furthermore, the
difference in the relative abundance of each species across treatment
conditions was statistically significant (P<0.0001). Other species
were less than 10% abundant in the samples (fig. 5).
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Fig. 2: Microbial fermentation. (A) mean pH at different time points (0 h, 6 h, 24 h, 48 h) of the 48 h incubation across the three donors
with error bars; (B) mean gas production across donors (kPa) during different timeframes of the 48 h incubation, with error bars. N = 3.

Data are represented as mean+SD. Data were analyzed using a two-way repeated-measures ANOVA. Similar superscripts indicate
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bars. N = 3. Data are represented as mean+SD. Data were analyzed using two-way repeated measure ANOVA. Similar superscripts indicate statistical non-
significance. a, b or c-between the group comparison; p, g, r or s - within the group comparisons
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The boxplot representation of various alpha diversity metrics in
different conditions showed that the median richness was the
highest at 0 h, followed by the blank, Fenuflakes, and inulin at 48
h. The difference in median values across conditions was
statistically significant (P = 0.041). Chaol is another index of
richness, with a maximum median value corresponding to 0 h,
followed by Fenuflakes, Blank, and inulin at 48 h. The difference in
the median values was not statistically significant (P = 0.347).
Post-treatment, Fenuflakes showed higher species richness,
although the differences were insignificant across treatments. The
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median Shannon index, responsible for species richness and
evenness, was highest at 0 h, followed by blank, inulin, and
Fenuflakes at 48 h (P = 0.055). Simpson’s diversity index revealed
that the median index was maximum at 0 h, blank, inulin, and
Fenuflakes at 48 h (P = 0.038). A smaller median index for
Fenuflakes suggests a greater diversity in the group. Beta
diversity, as demonstrated by hierarchical clustering through a
dendrogram, showed that a smaller difference was observed in the
species abundance between inulin-and Fenuflakes-treated samples
than that between those and the blank (fig. 6).
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Fig. 6 Alpha diversity (A) in various conditions 48 h after the start of incubation (the average across donors is presented). The analysis
was based on relative abundance data (total sum scaling). Beta diversity (B), presented by hierarchical clustering in the form of a
dendrogram, shows relatedness under treatment conditions based on species abundance

The ordination biplot of RDA had two components, RDA1 and RDAZ2,
which explained 72.08% of the total variation (fig. 7). RDA1
classified donors from each other irrespective of treatment, whereas
RDA2 classified donors based on treatment, with inulin showing
high scores for each donor. Marker ordination revealed that pH and
NHs+were highly correlated; lactate and butyrate were highly

correlated; and acetate, gas, and propionate were highly correlated.
All these groups of markers were almost uncorrelated with BCFA.
Two of the donors (A and C), showed higher association with pH and
NHs*after treatment with Fenuflakes and blank. Markers such as
lactate, butyrate, acetate, and gas showed a higher association after
treatment with inulin for two donors (A and B).
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Differential abundance analysis by TreeclimbR showed that species
like Bacteroides, Monoglobus, and Bacteroidales unclassified were
biologically and statistically significant in the Fenuflakes compared
to blank; Faecalibacterium, Dialister, Bacteroides, Holdemanella, and

Flavonifractor in blank compared to inulin; Faecalibacterium,
Dialister, Bacteria unclassified, and Holdemanella in inulin as
compared to Fenuflakes-treated samples; and Monoglobus, UCG-
002, and UCG-003 in Fenuflakes as compared to inulin. All other

Sutterella in inulin as compared to the blank; UCG-002 and species showed statistical and biological non-significance (fig. 8).
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DISCUSSION

The present study demonstrated the potential prebiotic benefits of
Fenuflakes, not only by enhancing the production of SCFAs but also
by positively impacting the bacterial community composition by
promoting efficient fermentation.

Dietary fibers are carbohydrates that resist hydrolysis by human
intestinal enzymes but are fermented by colonic microflora. In
recent decades, extensive research has been conducted to analyze
their health benefits. Dietary fibers can be classified as soluble or
insoluble depending on their solubility. Soluble dietary fibers, such
as psyllium, inulin, B-glucan, and galactomannan, are fermented by
anaerobic bacteria, promoting the production of gases, short-chain
fatty acids, and other metabolic products that are believed to cause
symptoms such as bloating, abdominal distension, and flatulence
[31]. In addition to promoting regular bowel movements, soluble
fibers exhibit beneficial effects on digestion, blood cholesterol
reduction, and blood glucose management [31]. Insoluble fibers,
including cellulose, hemicellulose, chitosan, and lignin, are only
partially fermented and serve almost exclusively as bulking agents,
resulting in a shorter transit time and increased fecal mass [20].
Insoluble fibers play a role in promoting insulin sensitivity,
potentially contributing to diabetes risk reduction [32].

Some dietary fibers have been proven to be prebiotics. However,
commonly marketed prebiotics have limitations. A study on short-
chain fructooligosaccharides, a soluble fiber, for four weeks at a dose
of 8 g/day revealed that excess flatus and bloating were significantly
more frequent during ingestion than at baseline [33]. Glucomannan
causes bloating, hiccups, and mild diarrhea [34]. Chicory inulin is
composed of oligosaccharides and causes adverse GI events. All the
above-mentioned fibers had a higher percentage of soluble fibers.
Fenuflakes are novel products with similar proportions of soluble
and insoluble fibers, offering the benefit of lower gas production
compared to standard prebiotics at much higher doses.

Fermentation is vital for a substance to be termed a prebiotic. The
pH initially drops to 5.7 as a result of gut microbial fermentation and
the subsequent release of metabolites, including SCFAs and lactate
[35]. The pH changes observed for blank, inulin, and Fenuflakes
were in the typical colon pH range of 5.6-6.9, thus providing optimal
conditions for functioning the colonic microbiota and enabling cross-
feeding interactions. However, a sharp decrease in pH was observed
in inulin during the 6-24 h period, raising concerns about whether
increasing the dose will cause further pH reduction. Inulin may have
decreased pH due to enhanced SCFA and lactate levels. The
ordination biplot of the RDA revealed that donors A and C showed a
higher association with pH.

In addition to pH, gas production is a measure of the overall
microbial activity and speed of fermentation. As inulin is classified as
a soluble fiber, its fermentation process can lead to the generation of
substantial amounts of gas, resulting in GI symptoms [37]. Gas
production significantly increased in the blank, Fenuflakes, and
inulin during 6 - 24 h. At a dose of 4 g/, inulin produced a sharp
increase in gas at 48 h (56.35x0.42kPa) in vitro. This can be
correlated with the RDA plot, which suggests that donors A and B,
receiving inulin treatment, showed a higher association with gas
production. This is critical because an increase in the dose would
increase gas production. This can be correlated with previous
studies reporting that a dose of 10 g shorter chain inulin fibers [37]
and 5 g agave inulin [39] (P<0.05) substantially increased bloating
and flatulence compared to control in vivo. Interestingly, gas
production was lower in Fenuflakes than in inulin, suggesting that in
vivo consumption of Fenuflakes could be accompanied by fewer
adverse GI side effects, such as bloating and abdominal pain.

The gut microbiota generates diverse metabolites through
fermentation, which are associated with both beneficial and
detrimental effects on gut physiology and systemic health. While
most (90-95%) are SCFAs, smaller proportions of BCFAs, including
isobutyrate, isocaproate, and isovalerate, are also produced.

Fenuflakes were enriched in Bacteroides, Bifidobacterium, Blautia,
Escherichia-Shigella, Lachnospiraceae, and Parabacteroides. Inulin-
enriched Bacteroides, Bifidobacterium, Blautia, Dialister, Escherichia-
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Shigella, Faecalibacterium, and Holdemanella. The enrichment of
Bacteroides after inulin treatment is consistent with the results of a
previous study [49]. The acetogenic effects were induced by
Bacteroides spp [40], Bifidobacterium, and Blautia [41].
Propionogenic effects occur upon enrichment of Bacteroides spp
[40], Blautia [41], and Dialister [42]. The enrichment of Bacteroides
spp. was correlated with the acetogenic and propionogenic effects of
Fenuflakes. Bifidobacterium has been correlated with an acetogenic
effect, and Blautia with an acetogenic and propionogenic effect [41].
Additionally, Parabacteroides are SCFA-producing bacteria [44] that
were enriched upon Fenuflakes treatment, owing to the significant
enrichment of these species, Fenuflakes and inulin showed
significant acetogenic and propionogenic effects. The enrichment of
Lachnospiraceae can be correlated with the butyrogenic effect of
Fenuflakes [41] and that of inulin by Faecalibacterium and
Holdemanella. The ordination biplot showed that butyrate and
acetate had a stronger association with inulin treatment in donors A
and B. Donor B, irrespective of treatment, showed a stronger
association with propionate.

BCFA and ammonium are proposed as colonic protein fermentation
indicators, a process that results in the concurrent generation of
additional protein fermentation byproducts, such as phenol and p-
cresol, which have the potential to inflict cellular damage within the
intestinal milieu [44]. Therefore, high colonic BCFA and ammonium
production are associated with detrimental health effects [44]. The
production of BCFAs was donor-dependent in Fenuflakes (reduced
in one donor, stimulated in another donor, and unaffected in the
third donor); hence, statistical significance was not reached. Inulin
treatment was associated with decreased BCFA production in two of
the three donors, and the levels were unaffected in the third donor;
thus, significance was not reached. According to the ordination
biplot, donor C, irrespective of treatment, showed a higher
association with BCFA.

Ammonium production, a marker of proteolytic fermentation,
tended to increase upon Fenuflakes treatment. This is attributable to
a residual protein fraction reaching the colon, in contrast to inulin,
which is protein-depleted. Donors A and C showed a higher
association with ammonium after treatment with Fenuflakes.

Lactate decreases environmental pH and inhibits pathogenic growth,
as pathogens typically favor a higher pH milieu. In addition, lactate is
converted to butyrate and propionate by specialized
microorganisms. Lactate produced by Fenuflakes may have been
consumed via cross-feeding interactions. A vital observation was
that an in vitro dose of 5 g/I inulin was sufficient to disrupt normal
colonic pH. Additionally, inulin significantly elevated lactate levels
between 0 and 24 h. Inulin enhanced Bifidobacterium the most,
followed by blank and Fenuflakes. Bifidobacterium produces lactate,
which acts as an intermediate fermentation product for butyrate
production [45]. This could explain the observed spike in lactate
production in inulin. Lactic acidosis following excessive inulin
fermentation in the gut has been reported previously [46]. Thus,
inulin can induce intestinal microbiota-driven lactic acidosis. This
can be correlated with the side effects of inulin, including abdominal
pain and cramps, as lactic acidosis is known to cause abdominal
pain. Lactate showed a higher association with inulin treatment for
donors A and B.

Community composition analysis confirmed that the gut microbiota
fermented Fenuflakes and inulin well, as it increased alpha diversity
(species richness). However, the lower Shannon index value in the
Fenuflakes, as compared to blank and inulin, suggests an uneven
distribution of species. The smallest median Simpson index for
Fenuflakes compared to the blank and inulin suggests greater
diversity in the group. However, there was a clear shift in the
microbial composition from before to after treatment. The difference
in the species abundance between Inulin and Fenuflakes-treated
samples was smaller compared to the blank, as shown by beta
diversity.

IBS symptoms can be mitigated through diet modification,
particularly by consuming low-FODMAP foods [47]. Recent findings
have indicated the efficacy of diets that exclude high FODMAP foods,
the effectiveness of which can be attributed to potential microbial
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composition modulation and useful metabolite production [48].
Many patients struggle to adhere to a low-FODMAP diet because of
the time-consuming meal preparation, recipe modifications, and
limited convenience food options. Researchers at Monash University
certified Fenuflakes (20 g/d) as a low-FODMAP product. Owing to its
neutral taste, Fenuflakes can be added to almost every food, thereby
catering to the needs of the patients.

Despite the limited donors and some variability in the observed
effects, the overall findings indicate that Fenuflakes and inulin
displayed noteworthy prebiotic efficacy in terms of fermentation,
production of beneficial SCFA, and augmentation of gut microbiota.
Parallel control arms and simulations of the upper digestive and
absorptive processes were implemented to ensure definitive
prebiotic effects. Fenuflakes did not decrease colonic pH as much as
inulin did. Additionally, Fenuflakes demonstrated lower gas
production compared to inulin, thereby mitigating the issue of
bloating associated with inulin consumption. Thus, Fenuflakes might
hold a higher and more consistent therapeutic potential when used
at optimal doses. A limitation of this study was the small sample size.
Due to the small sample size, we observed inconsistencies in the
enrichment of Escherichia-Shigella. More donors are necessary to
establish a correlation between Escherichia-Shigella and treatment.
We recommend that future clinical studies investigating the
prebiotic effects of Fenuflakes should be conducted in a larger
population.

CONCLUSION

In summary, the gut microbiota of all three donors effectively
fermented Fenuflakes, thereby boosting SCFA production while
maintaining normal colonic pH and producing less gas than inulin.
Metagenomics has provided new insights into the effects of
Fenuflakes on species enrichment and alpha diversity. Fenuflakes
demonstrate health-promoting prebiotic potential through donor-
specific enrichment and proliferation of several colonic bacteria.
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