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Abstract: Background: Using dietary interventions to steer the metabolic output of the gut microbiota
towards specific health-promoting metabolites is often challenging due to interpersonal variation in
treatment responses. Methods: In this study, we combined the ex vivo SIFR® (Systemic Intestinal
Fermentation Research) technology with untargeted metabolite profiling to investigate the impact
of carrot-derived rhamnogalacturonan-I (cRG-I) on ex vivo metabolite production by the gut micro-
biota of 24 human adults. Results: The findings reveal that at a dose equivalent to 1.5 g/d, cRG-I
consistently promoted indole-3-propionic acid (IPA) production (+45.8% increase) across all subjects.
At a dose equivalent to 0.3 g/d, increased IPA production was also observed (+14.6%), which was
comparable to the effect seen for 1.5 g/d inulin (10.6%). IPA has been shown to provide protection
against diseases affecting the gut and multiple organs. The Pearson correlation analysis revealed
a strong correlation (R = 0.65, padjusted = 6.1 × 10−16) between the increases in IPA levels and the
absolute levels of Bifidobacterium longum, a producer of indole-3-lactic acid (ILA), an intermediate in
IPA production. Finally, the community modulation score, a novel diversity index, demonstrated that
cRG-I maintained a high α-diversity which has previously been linked to elevated IPA production.
Conclusions: The results from the ex vivo SIFR® experiment mirrored clinical outcomes and provided
novel insights into the impact of cRG-I on the gut microbiome function. Importantly, we demon-
strated that cRG-I promotes tryptophan conversion into IPA via gut microbiome modulation, thus
conferring benefits via amino acid derived metabolites extending beyond those previously reported
for short chain fatty acids (SCFA) resulting from carbohydrate fermentation.

Keywords: indole-3-propionic acid; tryptophan metabolism; Bifidobacterium longum; carrot
rhamnogalacturonan-I (cRG-I); dietary fiber; prebiotic; ex vivo

1. Introduction

The gut microbiome is a complex community of microorganisms residing in the gas-
trointestinal tract that plays a crucial role in maintaining host health by producing a variety
of metabolites that contribute to maintaining intestinal homeostasis, gut barrier integrity
as well as modulating immune responsiveness under inflammatory conditions [1,2]. In
addition, a plethora of gut microbial metabolites is absorbed into the bloodstream, reaching
other organs and forming regulatory “gut-organ axes” that mediate interactions between
the gut microbiota and these organs [3]. Among the metabolites produced by the gut
microbiota, tryptophan-derived metabolites have gained a lot of attention for their po-
tential health benefits [4]. For example, indole-3-propionic acid (IPA) and its precursor
indole-3-lactic acid (ILA) can activate aryl hydrocarbon receptor (AhR)-mediated signaling
and induce the production of anti-inflammatory interleukins [5–7]. The strong antiox-
idant and anti-inflammatory activity of IPA is not limited to the gut but can extend to
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multiple gut–organ axes, so that IPA has been attributed therapeutic potential for, e.g., the
cardiovascular system, metabolic health, and neuroprotection [8,9].

Since diet is an important factor in shaping the gut microbiota, dietary interventions,
especially with functional carbohydrates such as prebiotics can be used to influence its
composition and metabolic activity [10]. By definition, prebiotics are indigestible carbo-
hydrates that are selectively utilized by beneficial microbes present in the gut [11]. The
health effects of dietary fibers vary vastly depending on their biochemical composition [12]
and on the complexity of their structure that underlies the specificity of their effect on
the gut microbiome [13,14]. Recently, carrot-derived rhamnogalacturonan-I (cRG-I), a
medium specificity fiber, was shown to lower interpersonal compositional differences
across a cohort of 24 healthy adults ex vivo due to the selective stimulation of bacteria that
were consistently present in all test subjects [15]. In contrast, the reference prebiotic inulin
(IN) and xanthan (XA) increased interpersonal differences due to the low specificity and
very high specificity of their effects on the microbiome, respectively. Additionally, cRG-I
induced a higher production of short-chain fatty acids (SCFAs) compared to IN and XA,
potentially delivering local benefits for gut health by strengthening the intestinal epithelial
barrier [16]. SCFAs can also benefit more remote locations after entering the systemic
circulation [17]. However, the impact of cRG-I on the production of other health-related
microbial metabolites beyond SCFAs has not yet been investigated.

In addition to metabolites derived directly from fiber fermentation such as SCFAs, it
is widely known that carbohydrates can also indirectly influence the utilization of other
substrates, such as amino acids. In particular, the supplementation of specific dietary fibers
and polyphenols can increase the production of various beneficial tryptophan metabolites,
including ILA and IPA [18,19]. However, reshaping the microbial composition or modulat-
ing different metabolic pathways, through dietary interventions, to stimulate consistent
specific health-related metabolites still remains a challenge.

In this study, untargeted metabolite profiling was performed on samples derived
from an earlier ex vivo SIFR® colonic fermentation of cRG-I, IN and XA [15] to add
further insights into metabolites produced beyond SCFA. Importantly, applying untargeted
metabolomics revealed that cRG-I consistently increased the production of the health-
promoting IPA by the gut microbiota from 24 human adults. The increased IPA levels
strongly correlated with the prevalence of an OTU related to Bifidobacterium longum which
converts tryptophan to ILA, a precursor of IPA. These findings suggest that cRG-I may
promote the reductive Stickland conversion of tryptophan [19] by consistently increasing
the abundance of a bacterial taxon involved in this pathway.

2. Materials and Methods
2.1. Test Compounds

The test compounds evaluated in this study were IN from chicory (I2255, Merck,
Overijse, Belgium), XA (3557, Carl Roth, Karlsruhe, Germany), and cRG-I (Benicaros®,
NutriLeads, Wageningen, The Netherlands). Indigestibility of cRG-I in the human upper
gastro-intestinal tract has been previously demonstrated [20]. More details of the test
compounds have been described by Van den Abbeele et al., 2023 [15].

2.2. SIFR® Colonic Incubation and Microbial Composition Analysis via Quantitative 16S rRNA
Gene Profiling

The ex vivo SIFR® technology was developed to study the human gut microbiota
across numerous parallel test conditions (both treatments and test subjects). It has been
validated to provide predictive insights into the impact of various substrates on microbial
composition [21], gut barrier integrity and immunity [22]. Experimental procedures are
described in detail by Van den Abbeele et al., 2023 [15]. Briefly, five experimental conditions
were tested for 24 human adults: a no-substrate control (NSC), a low dose equivalent to
0.3 g/d of cRG-I (cRG-I_L), 1.5 g/d cRG-I (cRG-I_H), 1.5 g/d inulin (IN), and 1.5 g/d of
xanthan (XA) (Figure 1A). Fecal fermentation of test products as simulated by SIFR® tech-
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nology and analysis of microbial composition Via 16S rRNA gene profiling was performed
in the previous study (Figure 1B) [15]. The 24 test subjects that provided a fecal sample
(13 males, 11 females) were selected based on the following criteria: age 25–65 years (aver-
age age of 38.5 years), no antibiotics use in the past 3 months, no gastrointestinal disorders,
no probiotic use, nonsmoking, alcohol consumption < 3 units/day, and BMI < 30 [15].
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Figure 1. Study design using the ex vivo SIFR® technology to assess the impact of cRG-I, IN and
XA on the human gut microbiota. (A) Reactor design using the ex vivo SIFR® technology to test the
impact of the fibers with different specificities at a dose equivalent to 0.3 g/d (cRG-I_L) or 1.5 g/d
(cRG-I_H, IN and XA), compared to a no-substrate control (NSC) in fecal samples of 24 human adults
in parallel. (B) Timeline and analyses at 0 h and 48 h. Analysis of key fermentation parameters and
microbial composition was reported earlier by Van den Abbeele et al., 2023 [15].

2.3. Untargeted Metabolite Profiling

After removing insoluble particles and surfactants present in the fecal fermentation
samples, the samples were diluted 11-fold in buffer consisting of 10 mM ammonium
formate and 0.1% formic acid. Before analysis, stable isotope-labeled standards were added
to the diluted samples. Mass spectrometry analysis has been previously described in
detail [23]. Technical variability was confirmed by running a quality control sample (pooled
sample of all samples) every six samples. Coefficients of variation for these quality control
samples were, on average, 8.2% for level 1/2a-annotated metabolites, confirming the high
technical reproducibility of the method.

2.4. Calculation of Community Modulation Score

The community modulation score (CMS) was calculated as described by Tintoré et al.,
2024 [24], based on the compositional analysis of the preceding study [15]. In short, the
CMS represents the number of OTUs (out of the 100 most abundant OTUs) that increased
(positive CMS) or decreased (negative CMS) upon treatment. A combined CMS has a
positive value when the number of species that are increased exceeds the number of species
that are decreased, suggesting that a treatment increases the gut microbiota diversity.

2.5. Statistical Analysis

Univariate and multivariate analyses were performed using R (version 4.4.0; www.r-
project.org; accessed on 24 April 2024). Given the higher degree of certainty of correct an-
notation at level 1 and 2a, statistical analysis was only performed on level 1/2a metabolites.
An additional filter was applied to retain metabolites that increased within 48 h compared

www.r-project.org
www.r-project.org
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to the initial concentration in the no-substrate control at 0 h. These metabolites were thus
either produced by human-derived gut microbes or alternatively already present in one of
the test products. Benjamani–Hochberg correction was applied within each comparison
(NSC vs. 4 treatments), given the large number of features analyzed.

Regularized canonical correlation analysis (rCCA) was performed to highlight cor-
relations between metabolites and compositional data (at family and OTU level), using
the mixOmics package with the shrinkage method for estimation of penalization param-
eters (version 6.28.0) in R (4.1.1; www.r-project.org; accessed on 24 June 2024) [25]. The
Benjamani–Hochberg correction was followed to calculate the false discovery rate. In
addition, pairwise correlation analysis based on the Pearson correlation coefficient was also
performed for the significantly affected metabolites and the significantly affected OTUs.

3. Results
3.1. cRG-I, IN and XA Affected Microbial Metabolite Production According to Previously
Established Fiber Specificity

Untargeted metabolite profiling revealed substrate-specific effects on metabolite pro-
duction (Figure 2). Overall, after 48 h of fermentation, the effects of the three fibers on
metabolite production reflected their previously reported specificity (low, medium, or
high) [15], i.e., their selective impact on microbial composition.
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Figure 2. cRG-I, XA and IN stimulated the microbial production of different metabolites. The heat map
displays the impact of a dose equivalent to 0.3 g/d carrot-derived rhamnogalacturonan-I (cRG-I_L) or
1.5 g/d carrot-derived rhamnogalacturonan-I (cRG-I_H), inulin (IN) and xanthan (XA) on a selection
of metabolites identified at level 1 and 2a, as quantified Via untargeted LC-MS after 48 h of incubation.
Colonic fermentation was simulated using SIFR® technology for healthy adults (n = 24). The reported
metabolites were significantly affected by the treatments (FDR < 0.20). Significant differences are
indicated in bold of the log2-transformed average fold change (abundance treatment/abundance
NSC). Metabolite classes and subclasses (based on the precursor amino acids or nucleobases) are
indicated on the left side of the heat map. cRG-I: carrot-derived rhamnogalacturonan-I, IN: inulin,
XA: xanthan.
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First, at a dosage of 1.5 g/d, the fermentation of XA, a high-specificity fiber, resulted
in a strong increase in the levels of acetylagmatine and N8-acetylspermidine, which are
derivatives from the decarboxylation of arginine. Another class of metabolites strongly
promoted by XA were those derived from heterocyclic aromatic amines such as purine and
pyrimidine, with significant increases in methylated purines like 3-methylxanthine and
7-methylguanine. Conversely, the fermentation of XA significantly reduced the production
of biotin (vitamin B7) and pyridoxamine (vitamin B6), as well as the linoleic acid derivatives
12,13-dihydroxy-9Z-octadecenoic acid (12,13-DiHOME) and 13-Hydroxyoctadecadienoic
acid (13-HODE). Like its highly specific effects on microbial composition, the impact of XA
on metabolite production was also very selective, markedly enhancing and suppressing
only a few classes of metabolites.

Compared to XA, the fermentation of cRG-I_H (1.5 g/d), previously identified as
a medium specificity fiber [15], stimulated the production of a wider range of metabo-
lites, which was largely consistent across test subjects. In addition to increasing levels
of N8-acetylspermidine, cRG-I_H also stimulated the production of 4-guanidobutyric
acid, a derivative of arginine and the neurotransmitter γ-aminobutyric acid (GABA).
Furthermore, cRG-I_H significantly boosted the production of metabolites from lysine
(N-(5-aminopentyl)acetamide and pipecolinic acid), tryptophan (IPA), and methionine (N-
acetylmethionine). Additionally, cRG-I_H significantly enhanced levels of hexamethylene
bisacetamide (HMBA). While not significant, cRG-I_H tended to elevate levels of the two
methylated purines that were also stimulated by XA. At the lower dose (0.3 g/d), cRG-I_L
displayed a similar profile to cRG-I_H. However, the effects were only significant for IPA,
potentially due to the small effect size of a low dose.

The fermentation of IN, a low-specificity fiber, resulted in the production of the
broadest range of metabolites. However, the size of the effects was often smaller compared
to XA and/or cRG-I. Unlike XA and cRG-I, IN specifically increased methylsuccinic acid
and trimethylamine N-oxide (TMAO).

3.2. Correlation Analysis Confirmed Estalished Links Between Microbial Composition and
Metabolite Production

Next, correlations between changes in microbial composition and metabolite pro-
duction were analyzed by rCCA (Figure S1), which nicely confirmed several previously
observed correlations, e.g., those between Collinsella aerofaciens (OTU6) and indole-3-acetic
acid (IAA) [26] or between Bifidobacterium adolescentis (OTU3) and acetylagmatine [27],
kynurenic acid [28] as well as biotin [29]. Strikingly, a novel correlation observed at both
taxonomic levels was the one between Bifidobacteriaceae, specifically Bifidobacterium longum
(OTU10), and enhanced levels of IPA (see Section 3.3 for detailed analysis).

3.3. Fermentation of cRG-I Enhances Production of Beneficial Metabolites and Reduces the Levels
of Disease-Associated Linoleic Acid Derivatives

The effects of cRG-I revealed potential benefits for the host through the production
of specific metabolites (Figure 3a,b). Notably, IPA levels already significantly increased at
the lower cRG-I dose of 0.3 g/d, indicating enhanced Stickland conversion of tryptophan.
Higher levels of IPA, a metabolite with strong anti-inflammatory and antioxidant properties,
may enhance gut barrier function and protect various organs, including the brain, heart,
liver, lungs, kidneys, and skeletal muscles from disease [8,9]. Additionally, the elevated
levels of N8-spermidine and N-(5-aminopentyl)acetamide (or N-acetylcadaverine) suggest
augmented activity in polyamine biosynthesis pathways, which are associated with cardio-
protective, neuroprotective, and anticancer effects and may also promote longevity [30,31].
Moreover, cRG-I_H increased levels of HMBA, a di-acetylated form of hexamethylenedi-
amine, known for its therapeutic potential in treating cancer [32], bacterial infections [33]
as well as anti-obesity effects such as weight loss [34]. Other notable metabolites that were
more abundant with health benefits preclinically demonstrated in animal models include
N-acetylmethionine reported to display antioxidant properties [35], 4-guanidinobutyric
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acid that showed inhibitory effects against gastric lesions [36], and pipecolinic acid (also
called pipecolic acid) which has been shown to alleviate constipation [37].
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Figure 3. cRG-I enhanced the microbial production of health-related metabolites and reduced the
production of harmful linoleic acid derivatives. (a) The bar chart showing level 1/2a metabolites
that were significantly affected (highlighted by asterisks) by an equivalent dose of 0.3 and 1.5 g/d
carrot-derived rhamnogalacturonan-I (cRG-I_L and cRG_H, respectively), after 48 h of SIFR® colonic
incubation for healthy adults (n = 24). The data are presented as log2-transformed average fold
change (abundance treatment/abundance NSC). Potentially beneficial and harmful metabolites are
highlighted in green and yellow, respectively, while metabolites in gray are not discussed with respect
to health benefits. (b) log2-transformed fold change versus NSC for a selection of health-related
metabolites promoted by cRG-I. (c) Disease-associated linoleic acid derivatives that were reduced
by cRG-I.

In addition to promoting beneficial metabolites, the fermentation of cRG-I_H sig-
nificantly decreased the levels of several metabolites, particularly 12,13-DiHOME and
13-HODE which are derived from the oxidation of linoleic acid and are potentially detri-
mental to health (Figure 3c). 12,13-DiHOME, also known as isoleukotoxin diol, exhibits
cytotoxicity, which contributes to its immunosuppressive properties [38]. For example,
elevated levels of 12,13-DiHOME produced by the gut microbiota can impede the develop-
ment of immune tolerance in neonates and may play a role in increasing risk of asthma in
humans [39]. Similarly, 13-HODE is also a clinically relevant lipid potentially associated
with various diseases, among others, liver steatosis [40], asthma [41] and various cancer
types [42–44]. Therefore, the inhibition of these harmful metabolites may contribute to the
potential health benefits of cRG-I supplementation.
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3.4. cRG-I Consistently Stimulated IPA Production and Increased Abundance of Bifidobacterium
longum

The effects on the production of the health-promoting tryptophan derivative IPA were
examined in more detail. First, inspection of the MS/MS spectrum confirmed correct anno-
tation of IPA (Figure S2). Then, the remarkable finding that IPA was the only metabolite that
was significantly increased by the low dose of cRG-I_L (+14.6%), an effect comparable to
the increase observed with IN (+10.6%) (Figure 4a). This became even more apparent when
plotting the log2-transformed fold change versus NSC for individual donors (Figure 4b).
This illustrated that levels of IPA consistently increased with cRG-I_H for all 24 adults
(+45.8% increase) (Figure 4b). In comparison, at the same dose, the fermentation of IN
resulted in a lower increase in IPA levels, and an increase was not observed for all donors.
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Figure 4. The fermentation of cRG-I promoted indole-3-propionic acid (IPA) production consis-
tently across 24 donors, correlating with the consistent increase in Bifidobacterium longum (OTU10).
(a) Absolute IPA levels (area under curve, AUC) and (b) log2-transformed fold change versus NSC, as
quantified Via LC-MS after 48 h SIFR® colonic fermentation of carrot-derived rhamnogalacturonan-I
(cRG-I), inulin (IN) and xanthan (XA) by the gut microbiota of 24 healthy adults. (c) Absolute levels
(cells/mL) and (d) log2-transformed fold change in B. longum (OTU10). (e) The Pearson correlation
analysis between B. longum (OTU3) and IPA across all study arms. The Pearson correlation coefficient
(R) and corrected p-value indicating the significance of the correlation are presented. (f) Schematic
presentation of reductive conversion of tryptophan into IPA Via indole-3-pyruvic acid (IPyA) and
indole-3-lactic acid (ILA). cRG-I likely promotes IPA Via stimulation of ILA-producing B. longum.
Competing pathways that convert tryptophan to indole-3-acetic acid (IAA) and indole are shown
in gray. Interactions between B. thetaiotaomicron and E. coli that suppress indole biosynthesis upon
pectin supplementation are also shown [19].

The strong positive correlation between IPA and B. longum (OTU10) identified through
the rCCA analysis (Figure S1) was examined in more detail. cRG-I strongly enhanced the
absolute abundance of B. longum (OTU10), already at the low dose of 0.3 g/d (Figure 4c,d),
which notably was equal or superior to 1.5 g/d of IN or XA, respectively. This effect
also became consistent across all but one donor (donor 14) at the higher dose of cRG-I.
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Interestingly, B. longum was absent in the microbiota of donor 14 at baseline. This also
correlated with the lowest IPA levels across all study arms and the smallest increase in
IPA production with cRG-I_H for this donor. The Pearson correlation coefficient analysis
further confirmed a significant correlation between B. longum (OTU10) and IPA across all
study arms (R = 0.65) (Figure 4e). cRG-I also enhanced the absolute levels of an OTU related
to another Bifidobacterium species, B. adolescentis (OTU3). Notably, the positive correlation
between B. adolescentis (OTU3) and IPA was much weaker (R = 0.32) than the correlation
between IPA and B. longum (Figure S3). Altogether, these findings suggest that B. longum
is a key taxon contributing to IPA production by the human gut microbiota upon cRG-I
supplementation.

4. Discussion

Nutritional interventions with dietary fibers (including prebiotics) have often pre-
sented inconsistent results. The poor reproducibility in these results in human trials is
commonly considered to be due to the inter-individual variability of the gut microbiome
composition. Cantu-Jungles et al. recently advocated that the structural complexity of
the dietary fiber may also impact the outcome and thus the consistency of the results
of nutritional trials [13,14]. Low specificity fibers with a simple structure, i.e., single
sugar composition and repetitive linkages, will serve as a substrate for a large variety
of bacteria pre-existing in the gut microbiota, thus leading to variable, host-dependent,
effects. Whereas the fermentation of medium to high specificity fibers—with more complex
structures, i.e., with multiple monosaccharides and linkages—require and stimulate the
concerted action of specific microbial communities.

In a previous ex vivo study we demonstrated that cRG-I, a fiber with medium speci-
ficity, remarkably reduced interpersonal differences in microbial composition upon fer-
mentation by the gut microbiota of 24 adults representing different enterotypes [15]. In
contrast, these interpersonal differences were increased by dietary fibers with low (IN) or
very high specificity (XA) [15]. Notably, the capacity of cRG-I to reduce inter-individual gut
microbial variation was confirmed in a human clinical trial [45]. In the current study, untar-
geted metabolite profiling revealed distinct impacts of IN and XA on the colonic microbial
metabolome within the same cohort. Although both XA and IN significantly enhanced
the production of several health-promoting metabolites, none of these metabolites were
consistently stimulated across all 24 test subjects. This variability again underscores the
potentially less predictable health outcomes associated with the supplementation of dietary
fibers with low or overly high specificity.

Fermentation of cRG-I stimulated the production of several health-promoting metabo-
lites, primarily from amino acid catabolism, while reducing levels of certain metabolites,
including two potentially harmful linoleic acid derivatives. Notably, the increased produc-
tion of IPA, even at a low dose (0.3 g/d) of cRG-I, indicates a highly specific activation of the
tryptophan catabolic pathway. This effect was stronger and remarkably consistent across
all 24 donors at the higher dose of 1.5 g/d cRG-I. The specific increase in IPA production
potentially provides systemic health benefits to the host. The anti-inflammatory and antiox-
idant effects of indole derivatives like IPA have been described in some detail [8,46]. More
recently, IPA and its precursor ILA were shown to protect mice from intestinal inflammation
in different colitis models [47]. Moreover, IPA and ILA were shown to have a feedback effect
on the gut microbiota, promoting the growth of beneficial microbes such as Bifidobacterium
and Akkermansia species [47]. In addition, IPA has been shown in preclinical studies to
facilitate nerve generation and functional recovery in a mouse model [48] and notably
to mediate gut–brain interactions, reducing neuroinflammation and improving cognitive
function in healthy elderly subjects [49]. Further, in humans, lower circulating IPA levels
have been associated with diseases in other organs, including liver fibrosis [50], chronic
kidney disease (CKD) [51] and atherosclerotic cardiovascular disease [52], supporting the
notion that IPA may exert protective effects on these organs. Other interesting beneficial
properties of IPA include its association with lower risk of type 2 diabetes [53], potential an-
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titubercular properties [54], protective effects against allergic airway inflammation [55], and
its role in promoting skeletal muscle development and reducing muscle inflammation [56].

Interestingly, IAA, which is produced from tryptophan Via a competing oxidative path-
way as opposed to the reductive conversion to ILA and IPA (Figure 4f), was not increased by
cRG-I (Figure 2). Although IAA also exhibits anti-inflammatory effects, it has been shown
to be less effective than ILA and IPA in ameliorating intestinal inflammation in mice [47].
Further, unlike IPA, IAA can undergo decarboxylation, generating pro-oxidative radicals
and lipid peroxidation, thus potentially causing undesirable health effects [8,57,58]. Thus,
fibers such as cRG-I that specifically increase conversion of tryptophan to IPA and not IAA,
may be considered as attractive candidates to develop functional foods or supplements.

Recently, pectin supplementation was shown to increase ILA, IPA as well as IAA
by promoting cross-feeding between Bacteroides thetaiotaomicron and Escherichia coli, lead-
ing to catabolic repression of indole production by E. coli and diversion of tryptophan
resources to Stickland conversion into ILA, IPA and IAA [19] (Figure 4f). Interestingly,
cRG-I fermentation also enhanced the abundance of OTUs related to B. thetaiotaomicron but
not E. coli, similar to pectin’s effects on these taxa in mouse fecal samples (Figure S4) [19].
Therefore, catabolic repression of indole biosynthesis Via bacterial cross-feeding could be a
contributing factor to increased IPA production upon cRG-I supplementation.

We hypothesize that cRG-I consistently and specifically promoted the production of
IPA, rather than IAA via a reductive pathway leading to the conversion of the common
intermediate IPyA into ILA, the precursor of IPA (Figure 4f). This process involved Bifi-
dobacterium longum, as evidenced by the strong positive correlation between the related
OTU and IPA levels across all study arms and donors (Figure 4e), pointing to B. longum as
a key player in IPA production. While B. longum itself is not known to produce IPA directly,
B. longum contains an aromatic lactate dehydrogenase (ALDH) that can convert tryptophan
to ILA [59,60], which potentially cross-feeds IPA-producing species, thereby enhancing
IPA production (Figure 4f). Indeed, ILA and a probiotic Lactobacillus reuteri strain that pro-
duces ILA have recently been shown to increase IPA production in vitro through microbial
cross-feeding [47]. Additional evidence for the role of B. longum in IPA production includes
in vivo preclinical studies demonstrating that administration of a probiotic B. longum strain
increased serum IPA levels in mice [61]. In line with this result, the administration of
a probiotic mix of B. longum and Bifidobacterium bifidum in elderly subjects established
that the IPA produced by the gut microbiota promoted neuronal function [49]. Further,
B. longum is present in gut microbiota across the whole lifespan and across a very wide
age range of geographies [62–64]. This suggests that the promotion of B. longum by cRG-I,
and subsequent stimulation of IPA is unlikely to be restricted by age-specific or geographic
factors. Interestingly, the stimulation of other more abundant bifidobacteria, such as B.
adolescentis, may not significantly stimulate IPA production, as shown by a much weaker
correlation between B. adolescentis (OTU3) and IPA levels. This is in line with previous
findings that B. adolescentis monocultures induce only negligible ILA production compared
to B. longum [59].

Previously, α-diversity in terms of species richness based on Chao1 diversity index was
shown to be unaffected by the IN, cRG-I and XA fibers used in this study [15]. However,
by applying the recently introduced CMS [24], that addresses the biases of traditional
α-diversity indices, the combined score revealed that cRG-I positively influenced microbial
diversity, while XA had a negative effect at 1.5 g/L (Figure S5). The same dose of IN
exhibited a neutral impact based on the combined CMS, in contrast to a rather negative
effect observed with a higher dose of 5 g/d in a previous study [24] (at such high dose,
IN was shown to inhibit acid intolerant gut microbes). The enhanced microbial diversity
observed for cRG-I, as indicated by the positive CMS score, may be an important factor
contributing to increased production of IPA, corresponding with earlier observations that
gut microbiome α-diversity is positively associated with serum IPA levels in a cohort of
elderly subjects [65]. Since B. longum itself cannot produce IPA, a high microbial diversity
potentially ensures the presence of IPA-producing community members that can engage in
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cross-feeding with B. longum, a mechanism that could be further elucidated in vitro. It will
also be important to confirm that dietary intake of cRG-I by healthy human subjects leads
to increased circulating levels of IPA.

5. Conclusions

cRG-I was previously shown to strengthen the immune defenses against a common
cold virus in healthy humans [66,67]. This was mediated by a direct effect on the immune
system and the beneficial modulation of the gut microbiota. In the current study, we
show that cRG-I specifically and consistently steered tryptophan metabolism towards
reductive conversion into IPA by increasing the abundance of ILA-producing B. longum
as well as positively affecting microbial diversity in vitro. These findings are congruent
with published preclinical and clinical studies and demonstrate that low doses of cRG-I
supplementation sustain the production of enhanced levels of various health-related amino
acid catabolites, like IPA, as well as health-beneficial SCFAs. The SIFR® technology used in
this study generated biorelevant insights into the mode of action of dietary interventions
and their impact on the microbiome function, which supports the design of dedicated
future human intervention studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo14120722/s1, Figure S1: Correlations established between
microbial composition and metabolite production; Figure S2: Representative MS/MS spectrum of
the tryptophan derivative indole-3-propionic acid (IPA); Figure S3: B. adolescentis abundances and
IPA levels displayed a relatively low positive correlation; Figure S4: The effects of cRG-I, XA and
IN fermentation on Bacteroides thetaiotaomicron (OTU7) and Escherichia coli (OTU2); Figure S5: cRG-I
exerted a more positive impact on microbial diversity compared to XA and IN.
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