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Abstract

Background: Gut barrier dysfunction and altered gut microbial metabolism are emerging
signatures of chronic gut disorders. Considering growing interest in combining structurally
and mechanistically distinct bioactives, we investigated the individual and combined
effects of serum-derived bovine immunoglobulin (SBI) and N-acetylglucosamine (NAG) on
the gut microbiome and barrier integrity. Methods: The validated ex vivo SIFR® (Systemic
Intestinal Fermentation Research) technology, using microbiota from healthy adults (n = 6),
was combined with a co-culture of epithelial/immune (Caco-2/THP-1) cells. Results: While
SBI and NAG already significantly improved gut barrier integrity (TEER, transepithelial
electrical resistance, +21% and +29%, respectively), the strongest effect was observed for
SBI_NAG (+36%). This potent combined effect related to the observation that SBI and
NAG each induced distinct, complementary shifts in microbial composition and metabolite
output. SBI most selectively increased propionate (~Bacteroidota families) and health-
associated indole derivatives (e.g., indole-3-propionic acid), while NAG most specifically
boosted acetate and butyrate (~Bifidobacteriaceae, Ruminococcaceae, and Lachnospiraceae). The
combination of SBI_NAG displayed effects of the individual ingredients, thus, for instance,
enhancing all three short-chain fatty acids (SCFA) and elevating microbial diversity (CMS,
community modulation score). Conclusions: Overall, SBI and NAG exert complementary,
metabolically balanced effects on the gut microbiota, supporting combined use, particularly
in individuals with gut barrier impairment or dysbiosis linked to lifestyle or early-stage
gastrointestinal disorders.

Keywords: serum-derived bovine immunoglobulin (SBI); N-acetylglucosamine (NAG);
systemic intestinal fermentation research (SIFR®); gut barrier integrity; gut microbiome
composition; short-chain fatty acids (SCFA); metabolomics

1. Introduction
The gut microbiome is composed of trillions of microorganisms that play a critical role

in human health, influencing digestion, nutrient absorption, immune function, and gut
barrier integrity [1,2]. Disruption of this microbial ecosystem can contribute to the devel-
opment and progression of a wide range of chronic conditions. Particularly, impaired gut
barrier function, colloquially termed ‘leaky gut’, is recognized as a central issue in various
diseases. Increased intestinal permeability allows translocation of toxins and microbes,
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triggering inflammation and systemic disease [3–5]. It has been implicated in gastrointesti-
nal disorders (inflammatory bowel disease (IBD) [6], celiac disease [7], and irritable bowel
syndrome (IBS) [8]), metabolic conditions (diabetes [9], obesity, and non-alcoholic fatty liver
disease [10]), auto-immune diseases (lupus [11], ankylosing spondylitis [12], and psoria-
sis [13]), allergic responses (allergies [14], asthma [15], and eczema [16]), and neurological
or psychiatric conditions (autism [17], ADHD [18], depression [19], and dementia [20]).
Given the pivotal role of the gut barrier and the influence of the gut microbiome on its
integrity, there is growing interest in microbiome-targeted interventions that restore or
strengthen gut barrier integrity.

Two such interventions include serum-derived bovine immunoglobulin (SBI) and
N-acetylglucosamine (NAG). SBI has been shown to enhance gut barrier integrity and
reduce inflammation by binding microbial antigens and in doing so, prevent translo-
cation [21–26]. In addition, SBI modulates the gut microbiota [21,24,25,27–29], thereby
promoting the production of beneficial metabolites like short-chain fatty acids (SCFA) and
indole-3-propionic acid [27,29], which contribute to epithelial health. In a clinical study
involving HIV patients with chronic diarrhea under suppressive antiretroviral therapy,
SBI supplementation reduced systemic inflammation and improved gut integrity [30].
Additional studies have reported symptom relief by SBI in conditions such as IBD [31,32],
IBS [33–35], HIV-associated enteropathy [36], and COVID-19 [37]. In addition, unlike the
protein-based SBI, NAG is a monosaccharide commonly found as component of mucin
glycoproteins, which are essential for forming a dense, protective mucus layer that shields
the epithelium from bacterial invasion [38,39]. A preclinical study (mouse models of ul-
cerative colitis) demonstrated that NAG enhanced epithelial repair, lowered intestinal
permeability, reduced inflammation and suppressed the overgrowth of pathogenic bac-
teria [40]. Similar restorative effects on the mucus barrier were observed in a rat model
of diarrhea-predominant IBS [41]. Early clinical findings from a pilot study in children
with treatment-resistant IBD suggest that oral NAG may alleviate symptoms and improve
epithelial morphology [42].

While both SBI and NAG have shown promise individually in improving gut barrier
integrity, their combined use has not yet been investigated. However, their different
modes of action, i.e., SBI as protein-based antigen binder and NAG as carbohydrate-
based mucus support, make it plausible that their effects on gut barrier and microbiome
could complement each other. This study aimed to explore whether combining SBI and
NAG would enhance the overall profile compared to each ingredient alone, or whether
antagonistic interactions might diminish efficacy. Understanding this interplay is essential
for guiding development of multi-component strategies to support gut health.

The ex vivo SIFR® technology (Systemic Intestinal Fermentation Research) is well
suited to address this knowledge gap as it enables studying the human gut microbiota and
host interactions under physiologically relevant conditions. Owing to its high throughput,
it enables capturing interindividual variability across test subjects. Most importantly, it
provides predictive insights into clinical outcomes, including microbiome modulation and
gut barrier function [27,43].

The present study aimed to elucidate the individual and combined effects of SBI and
NAG on the human adult gut microbiome and how this may impact gut barrier integrity.
Using the ex vivo SIFR® technology, we demonstrated that SBI and NAG exerted distinct
yet complementary effects on the microbiome and doing so promoted barrier integrity, with
their combination delivering the most pronounced and balanced impact. This highlights
the potential of combining structurally distinct bioactives to support gut health.
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2. Materials and Methods
2.1. Test Compounds

Compounds were evaluated as follows: serum-derived bovine immunoglobulin (SBI,
commercial name: Immunolin, Proliant Health & Biologicals, Des Moines, IA, USA),
N-acetylglucosamine (NAG, Designs for Health, Palm Coast, FL, USA), and their combi-
nation (SBI_NAG, commercial name: IgGI ShieldTM, Designs for Health, Palm Coast, FL,
USA). SBI was tested at a dose equivalent to 2.5 g/day, while NAG was tested at 1 g/day
(corresponding to ex vivo test concentrations of 2.5 and 1 g/L). The test products used
in this study were commercially available and were analytically characterized prior to
experimentation. Manufacturer Certificates of Analysis confirmed identity, composition,
purity, and microbiological safety for both ingredients. Test products were compared with
a no-substrate control (NSC), where the colonic fermentation was simulated without the
addition of test products.

2.2. Simulation of Upper Gastrointestinal Tract Digestion

Oral, gastric, and small intestinal digestion and absorption of SBI in the upper gas-
trointestinal tract was simulated largely according to the INFOGEST 2.0 method [44]. The
necessary adjustments were made to ensure compatibility with simulation of the colonic
fermentation, including oxygen removal and mimicking small-intestinal absorption us-
ing dialysis membranes, as described earlier [29]. For NSC and NAG, no digestion was
performed. Water was used for these study arms during digestion and NAG was added
post-digestion because its small molecular size would result in near-complete removal
during the dialysis step, preventing meaningful evaluation of its colonic effects.

2.3. Fecal Microbiota Sourcing

To simulate biorelevant gut microbiota ex vivo using the SIFR® technology (Crypto-
biotix, Ghent, Belgium), fresh fecal samples were obtained from six human adults (mean
age: 40.7 ± 10.1 years; test subjects 1 (male, 48), 2 (female, 49), 3 (male, 35), 4 (female,
52), 5 (female, 30), and 6 (female, 31)). Participants had not used antibiotics within three
months before donation and had no history of gastrointestinal disorders (cancer, ulcers,
and inflammatory bowel disease). The study received approval from the Ethics Committee
of the University Hospital Ghent (reference number BC-09977; approval date: 13 April
2021). All test subjects provided written informed consent for anonymous use of their
fecal samples and scientific publication of anonymized study results. The fecal samples
were kept under anaerobic conditions upon collection to minimize the effect of storage and
transport on the microbiota.

2.4. Ex Vivo Simulation of Colonic Fermentation via SIFR® Technology

Ex vivo SIFR® experiments were performed as outlined in recent work [43]. Briefly,
individual fecal samples were processed in a bioreactor management device (Cryptobiotix,
Ghent, Belgium). Each bioreactor was filled with 5 mL containing a nutritional medium
(M0017, Cryptobiotix, Ghent, Belgium), a freshly collected fecal inoculum from a single test
subject, and the appropriate test product(s), after which the bioreactors were individually
sealed and rendered anaerobic. They were subsequently incubated under continuous
agitation (140 rpm) at 37 ◦C for 24 h (MaxQ 6000, Thermo Scientific, Merelbeke, Belgium).

Four study arms were tested for each test subject (n = 6): (i) no-substrate control (NSC),
(ii) SBI, (iii) NAG, and (iv) the combination of SBI and NAG (SBI_NAG) (Figure 1A). At 0 h
(NSC only) and after 24 h of incubation, headspace gas pressure was measured and liquid
samples were collected to analyze key fermentative parameters, microbial composition,
metabolic changes, and host–microbiome interactions (Figure 1B).
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Figure 1. The impact of serum-derived bovine immunoglobulin (SBI) and N-acetylglucosamine
(NAG) on the gut microbiota of healthy adults (n = 6) was assessed using the ex vivo SIFR®

technology. (A) Experimental configuration, and (B) timeline and analysis. BCFA: branched-chain
fatty acids, LC-MS: liquid chromatography–mass spectrometry; LPS: lipopolysaccharide, NSC: no-
substrate control; SCFA: short-chain fatty acids, SIFR®: systemic intestinal fermentation research;
TEER: transepithelial electrical resistance.

Treatment effects of SBI, NAG, and SBI_NAG were evaluated by comparing with
NSC at 24 h (parallel unsupplemented control where the microbial inoculum was grown
under identical conditions but without test products). Two additional technical replicates
were run only in the NSC study arm for each test subject to confirm the high technical
reproducibility of the SIFR® technology [43]. Indeed, coefficients of variation for pH, gas,
and SCFA (acetate, propionate, and butyrate) measurements were below 3% for the NSC
technical replicates.

2.5. Key Fermentation Parameters

Short-chain fatty acids (SCFA; acetate, propionate, butyrate, and valerate) and
branched-chain fatty acids (BCFA; sum of isobutyrate, isovalerate, and isocaproate) were
extracted using diethyl ether and quantified using gas chromatography with flame ioniza-
tion detection, as previously described [45]. Briefly, 0.5 mL samples were diluted in distilled
water (1:3), acidified with 0.5 mL of 48% sulfuric acid, and supplemented with an excess of
sodium chloride, 0.2 mL of internal standard (2-methylhexanoic acid), and 2 mL of diethyl
ether. After homogenization and phase separation, the diethyl ether layer was collected and
analyzed using a Trace 1300 chromatograph (Thermo Fisher Scientific, Merelbeke, Belgium)
equipped with a Stabilwax-DA capillary GC column, a flame ionization detector, and a split
injector using nitrogen gas as the carrier and makeup gas. The injection volume was 1 µL
and the temperature ranged from 110 ◦C to 240 ◦C. The temperatures of the injector and
detector were 240 and 250 ◦C, respectively. pH was measured using an electrode (Hannah
Instruments Edge HI2002, Temse, Belgium).
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2.6. Untargeted Metabolite Profiling

Liquid chromatography–mass spectrometry (LC-MS) analysis was conducted using a
Thermo Scientific Vanquish LC coupled to a Thermo Q Exactive HF MS (Thermo Scientific),
equipped with an electrospray ionization source. The analysis was performed in both
positive and negative ionization mode. The UPLC protocol was based on the method
described by Doneanu et al. [46], with slight modification. Peak areas were extracted using
Compound Discoverer 3.1 (Thermo Scientific), complemented by manual extraction based
on an in-house library using Skyline 21.1 (MacCoss Lab Software, Seattle, WA, USA) [47].
Compound identification was performed at different levels, i.e., level 1 (retention times
compared against in-house authentic standards, accurate mass with an accepted deviation
of 3 ppm, and MS/MS spectra), level 2a (retention times and accurate mass), level 2b
(accurate mass and MS/MS spectra), and level 3 (accurate mass alone). The analysis
focused on level 1 and 2a metabolites (to ensure correct annotation) that increased in at
least 4 test subjects for one or more treatments between 0 h and 24 h, suggesting their
production by gut microbes. Technical reproducibility was assessed by including a QC
sample (pooled sample of all samples) every six injections. These QC samples clustered
together in the exploratory analysis of level 1-annotated metabolites, confirming the high
technical reproducibility of the method, with an average coefficient of variation of 8.1%.

2.7. Taxonomic Microbiota Analysis by Quantitative Shallow Shotgun Sequencing

Quantitative insights into microbial composition were obtained by multiplying rel-
ative abundances (%; shallow shotgun sequencing) with total cell count (cells/mL; flow
cytometry) to obtain estimated cell densities (cells/mL) for each taxonomic level (phylum,
family, genus, and species) in each sample.

DNA was extracted via the SPINeasy DNA Kit for Soil (MP Biomedicals, Eschwege,
Germany), according to manufacturer’s instructions. Subsequently, libraries were prepared
using the Watchmaker DNA Library Prep Kit, with genomic DNA being fragmented using
a master mix of Watchmaker Frag/AT Buffer and Frag/AT Enzyme Mix (Watchmaker Ge-
nomics, Boulder, CO, USA). IDT xGen UDI Primers and IDT Stubby Adapters were added
and DNA libraries were constructed through 7 cycles of PCR, after which they were purified
utilizing CleanNGS magnetic beads (CleanNA, Waddinxveen, The Netherlands) and eluted
into nuclease-free water. Subsequently, library quantification was conducted using the
Qubit™ Fluorometer dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).
Libraries were circularized following the Element Adept library compatibility workflow
and then sequenced on the Element AVITI platform using the AVITI 2 × 150 Cloudbreak
sequencing kit (Element Biosciences, San Diego, CA, USA). The CosmosID-HUB Micro-
biome Platform was used to convert unassembled sequencing reads to relative abundances
(%) of taxa [48,49] (https://app.cosmosid.com/, CosmosID Inc., Germantown, MD, USA;
accessed on 19 June 2025). This platform was also used to calculate the Chao1 and Simson
diversity index.

To determine total cell counts, samples were diluted in anaerobic phosphate-buffered
saline (PBS), followed by cell staining with SYTO 16 at a final concentration of 1 µM, and
counted via a BD FACS Verse flow cytometer (BD, Erembodegem, Belgium). Data were
analyzed using FlowJo, version 10.8.1.

2.8. Host–Microbiome Interaction Assay

To understand how the modulation of the gut microbiome by the test products (as
assessed via the SIFR® technology) affected host cells, a coculture model was used, as
previously described [27]. The model consisted of human epithelial cells (human adeno-
carcinoma Caco-2 cell line, ATCC® HTB-37™) and immune cells (human acute monocytic
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leukemia THP1 cell line, differentiated to activated macrophages by a PMA treatment,
ATCC® TIB-202™), both obtained from the American Type Culture Collection (ATCC, Man-
assas, VA, USA). After 14 days of differentiation for Caco-2 cells and 2 days for THP-1 cells,
immune cells were overlaid with an epithelial layer in a permeable well insert to simulate
the gut wall. Colonic samples derived from the 24 h SIFR®-incubation were centrifuged and
filter-sterilized (pore size: 0.22 µm) before apical administration in the coculture model as
20% of the cell medium (MEM medium supplemented with 1× NEAA and 1 mM sodium
pyruvate with 10% FBS, Gibco, Carlsbad, CA, USA). This approach enables testing the
interactions between the cells and metabolites in the colonic samples, without involving
the microbes. The host–microbiome interaction assay consisted of two phases: (i) 24 h
treatment with colonic samples to evaluate gut barrier integrity under unstressed condi-
tions, and (ii) an additional 6 h incubation with 500 ng/mL lipopolysaccharide (Ultrapure
LPS from E. coli 0111:B4, category number: tlrl-3pelps, Invitrogen, Carlsbad, CA, USA) to
evaluate effects under stressed conditions. Gut barrier integrity was assessed by measuring
transepithelial electrical resistance (TEER) [50] at 0 h, 24 h (before LPS addition), and 30 h
(after LPS treatment). All samples were run in duplicate for quality control. Additional
control conditions included two blanks (medium only, with or without LPS added after
24 h) and two positive controls with the anti-inflammatory compounds dexamethasone (D)
or hydrocortisone (HC), where LPS was added after 24 h.

2.9. Data Analysis

Data analysis was performed using R (version 4.4.3; www.r-project.org; accessed on 8
September 2025). The ggplot2 package (v4.0.0) was used to make a series of violin plots,
bar charts, and heat maps. For principal component analysis (PCA), data was scaled to
unit variance and analyzed using the FactoMineR package v2.12 [51]. The two additional
NSC technical replicates were not considered for statistical evaluation. Statistical analysis
was conducted using a linear mixed-effects model, which accounted for both fixed effects
(treatment) and random effects (interpersonal variation) (glmmTMB package v1.1.11 [52]).
Effects of SBI, NAG, and SBI_NAG compared to the reference (NSC) were assessed via
post hoc pairwise comparison using estimated marginal means (emmeans package v1.11.2).
The Benjamini–Hochberg correction [53] was applied to control the false discovery rate
(FDR) across parameters (stats package v3.6.2). For the statistical evaluation of the effects
on microbial composition and metabolite production, the linear mixed-effects model was
first applied to test the overall effect of treatments on families/species/metabolites, and
only the families/species/metabolites that displayed significant overall treatment effects
were further considered for post hoc pairwise comparison. For compositional analysis,
statistical analysis was only performed on the abundance that has been corrected with the
total cell counts (cells/mL) and not on the relative abundance (%). Missing values were
dealt with as elaborated by Van den Abbeele et al. (2023) [43]. Effects were considered
significant at padjusted < 0.05. In violin plots and bar charts, statistical differences between
treatments and NSC are indicated with * (0.01 < padjusted < 0.05), ** (0.001 < padjusted <
0.01), or *** (padjusted < 0.001). In violin plots, significant differences between SBI and NAG
or SBI_NAG are indicated with $/$$/$$$ and significant differences between NAG and
SBI_NAG are indicated with &/&&/&&&. Additionally, ranks of average values per study
arm are indicated above the horizontal axis. The community modulation score (CMS) [54]
was calculated for both species and genus level, using the 150 most common species and
corresponding 60 most common genera (covering on average 91.7% and 98.1%, of the
microbial communities, respectively). The CMS measures the balance between the number
of species/genera that are stimulated and those that are suppressed.
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3. Results
3.1. Fecal Microbiota of Six Adults Captured Interpersonal Variation

Principal component analysis (PCA) at genus level (Figure 2A) revealed that most
variation between the test subjects was captured along PC1 (77.6%), primarily related
to high Prevotella abundance in subjects 1 and 2. The other subjects were distinguished
by elevated levels of Bacteroides and Phocaeicola (Figure 2). In addition, subjects 3 and 5
exhibited high abundance of Bacillota_A genera (previously classified as Firmicutes) such
as Ruminococcus_E, Gemmiger, Fusicatenibacter, Faecalibacterium, Blautia_A, and Agathobacter
(Figure 2). The taxa mentioned above have been identified as key markers distinguishing
different enterotypes within the human population [55,56]. Beyond enterotype-related gen-
era, subject 4 displayed markedly higher Alistipes levels, while Bifidobacterium abundance
was elevated in subject 5. These pronounced interindividual differences suggest that the
microbiomes of the six test subjects in this study encompassed sufficient diversity to reflect
the human adult population, ensuring representative findings.
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Phocaeicola

Bacteroides Prevotella

Barnesiella

Alistipes

Akkermansia

1

2

3

4

5

6

−10

0

10

−20 0 20 40
PC1 (77.6%)

PC
2 

(1
3%

)

A

0

25

50

75

100

1 2 3 4 5 6
Donor

Ab
un

da
nc

e 
(%

)
genus

Other
Akkermansia
Prevotella
Phocaeicola
Bacteroides
Ruminococcus_E
Gemmiger
Fusicatenibacter
Faecalibacterium
Blautia_A
Agathobacter
Collinsella
Bifidobacterium

B

Figure 2. The fecal microbiome of six healthy adults covered interpersonal differences.
(A) Principal component analysis (PCA) based on centered abundances at genus level (%) with
indication of the individual fecal microbiota of the six test subjects (healthy human adults; unique
symbols) along with loading vectors for the ten genera that explained most variation; (B) abundances
(%) of the most abundant genera for each test subject (n = 1 per test subject).

3.2. SBI, NAG, and Especially Their Combination Enhanced Gut Barrier Integrity

The upper gastrointestinal digestion and absorption and subsequent colonic fermen-
tation of SBI, NAG, and SBI_NAG were simulated ex vivo using the SIFR® technology.
The colonic samples were applied to a Caco-2/THP-1 coculture model to assess how host–
microbiome interactions affected gut barrier integrity. First, the control samples showed
that a 6 h LPS exposure significantly reduced TEER compared to the blank without LPS
treatment (Figure 3B). As expected, administering the anti-inflammatory compounds D
and HC partially restored TEER values affected by LPS, bringing them closer to the value
in the blank sample (Figure 3B).

After 24 h of interaction between colonic samples and the coculture, both SBI and NAG sig-
nificantly increased TEER compared to NSC (+21% and +29%; padjusted = 0.0001 and 4 × 10−6,
respectively), indicating a strengthened epithelial barrier (Figure 3A). This effect was even
greater with the combined treatment (SBI_NAG) (+36%, padjusted = 4 × 10−7), which signifi-
cantly outperformed SBI (padjusted = 0.003). These observations persisted under subsequent
LPS-induced stress (Figure 3B). Again, the blend SBI_NAG showed the strongest effect
(+37%), significantly exceeding both individual products (padjusted < 0.02).
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Figure 3. SBI, NAG and SBI_NAG promoted gut barrier integrity. Gut barrier integrity was
measured as transepithelial electrical resistance (TEER), normalized to baseline (0 h). (A) Under
unstressed conditions, measured after 24 h incubation with SIFR®-derived colonic samples of six test
subjects; (B) under stressed conditions, measured after 30 h, following an additional 6 h treatment
with lipopolysaccharide (LPS). Statistical differences between NSC and individual treatments are
indicated with asterisk(s) (*), while differences between SBI and NAG or SBI_NAG are indicated
with dollar sign(s) ($) and differences between NAG and SBI_NAG are indicated with ampersand(s)
(&). The number of *, $ and & indicates the range of the adjusted p-value: one (0.01 < padjusted < 0.05),
two (0.001 < padjusted < 0.01), or three symbols (padjusted < 0.001). The ranks of the average values per
treatment are shown as well. Four control samples (n = 1) were also included in the visualization.
Absolute TEER values are shown in Figure S1.

3.3. Combining SBI and NAG Integrated Their Distinct Impacts on Gut Microbiota Composition

The gut microbiota composition upon treatment with SBI, NAG, and SBI_NAG was
analyzed using quantitative shallow shotgun sequencing. All treatments enhanced micro-
bial diversity, as quantified via the community modulation score (CMS) at both species
and genus level (p < 0.006, Figure 4A,B). SBI_NAG outperformed both individual products,
with CMS scores more than twice those observed for SBI or NAG alone (p < 0.002).

Next, the product-specific taxonomic shifts underlying these diversity changes were
investigated. PCA indicated that both SBI and NAG strongly influenced the gut microbiota,
with distinct specificity (Figures 4C and S2–S4).

SBI shifted primarily to the right of NSC along PC1, reflecting increased abundances
of propionogenic Bacteroidota families (Bacteroidaceae, Rikenellaceae, Tannerellaceae, Marinifi-
laceae) (Figures 4C and S2–S4). Within the most prominent family, Bacteroidaceae, SBI
specifically enriched Bacteroides spp. (most notably B. uniformis, B. caccae, B. thetaiotaomicron,
B. ovatus, and B. xylanisolvens) and Phocaeicola spp. (P. vulgatus and P. dorei) (Figure 4F).
Additional Bacteroidota that were promoted by SBI included Alistipes spp. (Rikenellaceae),
Parabacteroides spp. (Tannerellaceae), Odoribacter splanchnicus and Butyricimonas spp. (Marinifi-
laceae), and Barnesiella intestinihominis (Barnesiellaceae). Beyond Bacteroidota, SBI also
increased the propionate-producing families Anaerotignaceae (mainly Anaerotignum faecicola)
and Dialisteraceae (mainly Dialister spp.) (Figures S2–S4). Finally, SBI also exerted a mild but
significant stimulatory effect on several butyrate producers within Bacillota_A, including
Anaerostipes hadrus, Coprococcus_A catus_A, Bariatricus comes (Lachnospiraceae), and Agath-
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obaculum butyriciproducens (Butyricicoccaceae). Other Lachnospiraceae members were also
stimulated, including Copromonas spp., Dorea(_A) spp. and Enterocloster spp. (Figures 4D
and S2–S4).
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Figure 4. SBI, NAG, and SBI_NAG specifically enhanced the growth of SCFA-producing taxa.
(A,B) Impact on microbial diversity, measured as the community modulation score (CMS) [54] at
(A) species and (B) genus level for the six test subjects; (C) PCA summarizing treatment effects on
family-level microbial composition based on centered estimated cell counts (cells/mL) as quantified
via shallow shotgun sequencing and flow cytometry. Families that explained most variation are indi-
cated in blue; (D–F) impact on key SCFA-producing families: (D) Lachnospiraceae, (E) Ruminococcaceae,
and (F) Bacteroidaceae. Left: log2-transformed fold change relative to NSC for the six test subjects; right:
estimated cell counts (cells/mL) of the most abundant genera, averaged across the six test subjects.
Statistical differences between NSC and individual treatments are indicated with asterisk(s) (*), while
differences between SBI and NAG or SBI_NAG are indicated with dollar sign(s) ($) and differences
between NAG and SBI_NAG are indicated with ampersand(s) (&). The number of *, $ and & indicates
the range of the adjusted p-value: one (0.01 < padjusted < 0.05), two (0.001 < padjusted < 0.01), or three
symbols (padjusted < 0.001). The ranks of the average values per treatment are shown as well. For bar
plots, only statistical differences relative to NSC are shown.

In contrast, NAG moved upwards along PC2 in the PCA (Figure 4C), indicating a high
specificity of NAG for stimulating Bacillota_A (Ruminococcaceae, Lachnospiraceae) and Acti-
nomycetota (Bifidobacteriaceae and Coriobacteriaceae) (Figures 4C and S2–S4). Major butyrate
producers enriched by NAG belonged to families Lachnospiraceae (Anaerobutyricum hallii,
Roseburia spp., Lachnospira eligens, Eubacterium_G, A. hadrus, C. catus_A, B. comes, Figure 4D)
and Ruminococcaceae (Faecalibacterium spp. and Gemmiger spp., Figure 4E). Additional Lach-
nospiraceae members promoted by NAG included different Blautia species, Mediterraneibacter
spp. (M. torques and M. faecis) and Oliverpabstia faecicola (Figures S2–S4). Unlike SBI, NAG
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demonstrated strong bifidogenic effects, increasing the levels of acetate/lactate-producing
Bifidobacteriaceae (mainly Bifidobacterium adolescentis). In the same Actinomycetota phylum,
NAG specifically stimulated the family Coriobacteriaceae (mainly Collinsella spp.). NAG
also promoted the growth of specific propionate producers (e.g., Phocaeicola, Alistipes, Bar-
nesiella, and Dialister), although these effects were milder than those observed with SBI
(Figures S2–S4).

The combined treatment SBI_NAG integrated effects of both individual products.
SBI_NAG shifted along both PC1 and PC2 in the PCA, reflecting the combination of SBI-
associated and NAG-associated compositional changes (Figures 4C and S2–S4). Similar to
SBI, the blend promoted Bacteroidaceae, Marinifilaceae, Rikenellaceae, and Tannerellaceae, while
also maintaining the strong stimulation of Bifidobacteriaceae, Lachnospiraceae, and Ruminococ-
caceae observed with NAG (Figures 4D–F and S2–S4). Certain taxa (e.g., Dialisteraceae and
Barnesiellaceae) which were already stimulated by both SBI and NAG individually, reached
even higher levels in the combined treatment. Overall, SBI_NAG combined beneficial
effects of both SBI and NAG into a balanced modulation of a wide range of gut microbiota,
aligning with the highest CMS values among all treatments (Figure 4A,B). In contrast,
traditional diversity indices failed to detect the broad stimulatory effects of the treatments
(Figure S5).

3.4. Divergent Metabolic Shifts by SBI and NAG Complemented Each Other When Combined

The product-specific effects on microbiome composition were mirrored in distinct
patterns of metabolite production. All treatments significantly impacted key fermentation
parameters, including pH, SCFA (acetate, propionate, butyrate, and valerate), BCFA, and
gas production (Figures 5 and S6). However, the specificity of these effects differed between
SBI and NAG. SBI primarily enhanced propionate, valerate, and BCFA production, but had
no impact on pH. On the other hand, NAG showed a stronger impact on acetate, butyrate,
and gas production and significantly reduced BCFA levels. The combined treatment
SBI_NAG generally reflected the effects of both its components. Acetate, butyrate, total
SCFA, and gas production was significantly higher than SBI and NAG alone. Propionate
and valerate levels were similar to the levels observed for SBI, while acidification was
similar to the levels observed for NAG.

Additionally, correlation analysis also demonstrated significant positive correlations
between TEER (before and after LPS exposure) and SCFA production, including acetate and
butyrate, confirming their role in maintaining a healthy gut barrier (Figure S7). Moreover,
positive correlations were identified between SCFA production and distinct taxonomic
changes. For taxa that increased more strongly with NAG, significant correlations were
observed between Lachnospiraceae, Faecalibacterium, and butyrate levels, as well as between
Lachnospiraceae and acetate levels (Figure S8A), and between Bifidobacteriaceae and butyrate
production (Figure S8B). Conversely, propionate-producing Bacteroidota taxa such as
Bacteroidaceae and Parabacteroides, which were specifically augmented by SBI, demonstrated
positive correlations with propionate production (Figure S8C).

To assess metabolic changes beyond the traditionally studied fermentation parameters,
an untargeted metabolomics approach was applied. Fifteen metabolites were significantly
affected by at least one treatment (Figure S9). SBI specifically stimulated phenylacetic acid
(a phenylalanine derivate) and several indole compounds derived from tryptophan, includ-
ing indole-3-acetic acid (IAA), indole-3-propionic acid (IPA), indole-3-carboxyaldehyde
(I3A), 3-(2-hydroxyethyl)indole (tryptophol), and indole (Figures 6A–E, S9 and S10). Signif-
icant positive correlations were observed between these indole compounds and various
Bacteroidota families which were strongly promoted by SBI (Figure S11). These aromatic
amino acid metabolites were unaffected or reduced by NAG, while SBI_NAG enhanced
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their levels, albeit generally to a lesser extent than SBI alone. A similar trend was observed
for bestatin (Figure 6H) and 2-methylbutanoic acid and 2-methylsuccinic acid. In con-
trast, two lysine-derived metabolites, N-acetylcadaverine and propionylcarnitine, were
promoted by SBI, NAG, and especially their combination (Figure 6F,G).
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Figure 5. SBI_NAG combined the individual effects of SBI and NAG on SCFA and BCFA produc-
tion. The impact on (A) acetate, (B) propionate, (C) butyrate, (D) valerate, (E) BCFA, and (F) total
SCFA production (mM) for the six test subjects. Statistical differences between NSC and individual
treatments are indicated with asterisk(s) (*), while differences between SBI and NAG or SBI_NAG
are indicated with dollar sign(s) ($) and differences between NAG and SBI_NAG are indicated
with ampersand(s) (&). The number of *, $ and & indicates the range of the adjusted p-value: one
(0.01 < padjusted < 0.05), two (0.001 < padjusted < 0.01), or three symbols (padjusted < 0.001). The ranks of
the average values per treatment are shown as well.
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Figure 6. Stimulation of health-promoting metabolites by SBI and SBI_NAG. Impact of the test
products on the production of (A–E) metabolites of aromatic amino acids (indoles and phenylacetic
acid) and (F–H) other health-related metabolites, presented as log2-transformed fold change relative
to NSC for the six test subjects. Statistical differences between NSC and individual treatments are
indicated with asterisk(s) (*), while differences between SBI and NAG or SBI_NAG are indicated
with dollar sign(s) ($) and differences between NAG and SBI_NAG are indicated with ampersand(s)
(&). The number of *, $ and & indicates the range of the adjusted p-value: one (0.01 < padjusted < 0.05),
two (0.001 < padjusted < 0.01), or three symbols (padjusted < 0.001). The ranks of the average values per
treatment are shown as well.
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4. Discussion
This study investigated the impact of SBI, NAG, and their combination on the human

gut microbiome and host–microbiome interactions using the ex vivo SIFR® technology.
SBI and NAG exerted strong and distinct effects across all parameters investigated as
follows: gut barrier integrity, microbial composition, and metabolite production. Notably,
their combination SBI_NAG integrated these effects, yielding a superior overall response.
This also suggests that the distinct impacts of SBI and NAG likely enable fine-tuning
of their ratio within the blend to achieve predictable and desirable outcomes, unlike
combinations of prebiotic products with overlapping modes of action. The improvements
of gut barrier integrity coincided with the stimulation of beneficial gut microbes and
metabolites (extending well beyond traditionally studied SCFA), suggesting a mechanistic
link between microbiome modulation and epithelial barrier integrity.

All treatments significantly improved gut barrier integrity, measured as TEER, with the
combination SBI_NAG showing the strongest effect under both unstressed and LPS-stressed
conditions. These findings are consistent with previous reports on SBI and NAG individu-
ally, which have demonstrated their capacity to enhance epithelial integrity [21,27,30,40–42].
This study is, however, the first to report on their combined use, revealing complementary
effects that suggest compatible modes of action of the protein-based SBI and carbohydrate-
based NAG. Given the central role of gut barrier dysfunction in a wide range of diseases,
including IBD, metabolic disorders, and auto-immune conditions [4], the observed im-
provements in barrier function warrant further investigation.

SBI and NAG each induced distinct shifts in microbial composition. Their different bio-
chemical nature (protein vs. carbohydrate) translated into unique microbial signatures. SBI
primarily enriched propionate-producing taxa within the Bacteroidota phylum, especially
the Bacteroidaceae family, but also Rikenellaceae and Tannerellaceae, while additionally stimu-
lating Anaerotignaceae and Dialisteraceae, both associated with propionate production as well.
While its impact on Bacillota_A members was milder, SBI still promoted several taxa from
Lachnospiraceae and Butyricicoccaceae, including several butyrate producers. These findings
are consistent with previous ex vivo studies [27,29], which reported similar increases in
Bacteroidaceae (Bacteroides spp., Phocaeicola vulgatus), Tannerellaceae (Parabacteroides distasonis),
and Rikenellaceae (Alistipes spp.), alongside stimulation of Lachnospiraceae (e.g., Dorea spp.)
and Anaerotignaceae (Anaerotignum lactatifermentans). NAG, on the other hand, strongly
promoted butyrate-producing taxa from the families Ruminococcaceae and Lachnospiraceae,
along with other Lachnospiraceae members. It also exerted bifidogenic effects, increasing
the abundance of Bifidobacteriaceae. NAG stimulated certain propionogenic taxa, including
Dialister, Phocaeicola, Alistipes, and Barnesiella, albeit milder than SBI. While earlier reports
on NAG’s impact on microbial composition are limited, a study using a mouse model
of ulcerative colitis found a reduction in pathogenic Betaproteobacteria [40], supporting
its role in promoting a healthier microbiome. Finally, the combined treatment SBI_NAG
integrated effects from both individual products, stimulating a broader range of beneficial
taxa. This was reflected in the highest CMS value among all tested conditions for SBI_NAG.
Unlike traditional diversity indices, which failed to capture these effects, CMS provided
a more accurate measure of microbial responsiveness to prebiotic treatments. Since CMS
quantifies the balance between stimulated and suppressed taxa, it is less sensitive to bi-
ases introduced by an increase in microbial load, which is often observed upon prebiotic
supplementation [54].

The distinct microbial shifts induced by SBI and NAG were mirrored in their fermenta-
tion profiles. SBI specifically increased propionate, consistent with its strong stimulation of
propionate producers. Acetate, valerate, and butyrate levels also increased, with the latter
linked to the mild enrichment of butyrate-producing taxa. As a protein-based compound,
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SBI additionally elevated BCFA concentrations, typically associated with the fermentation
of branched-chain amino acids [57]. Similar fermentation patterns have been reported in
previous ex vivo studies with SBI [27,29]. In contrast, this study is the first to report on
the impact of NAG supplementation on SCFA production. NAG specifically promoted
acetate and butyrate production, consistent with its stimulation of butyrate producers
and its bifidogenic effect. Although Bifidobacteria do not produce butyrate directly, they
generate acetate and lactate which can subsequently be used for cross-feeding by butyrate
producers [58]. The combined treatment SBI_NAG again merged the effects of both indi-
vidual compounds, resulting in a balanced SCFA profile with elevated levels of acetate,
propionate, and butyrate. This highlights the complementary nature of SBI and NAG and
may be particularly beneficial given the unique benefits of each individual SCFA [59–63].
Briefly, acetate is metabolized in peripheral tissues after reaching the portal vein. Propi-
onate is taken up by the liver and contributes to metabolic health by promoting satiety,
lowering cholesterol, and improving insulin sensitivity. Butyrate is the preferred fuel for
epithelial cells and plays a key role in maintaining gut barrier integrity by strengthening
tight junctions and stimulating mucin production, as also evidenced in this study by the
positive correlations between TEER and butyrate. Valerate, though less studied, has demon-
strated antipathogenic activity against Clostridium difficile [64] and may inhibit cancer cell
growth [65]. BCFA have been associated with beneficial effects, including reduced epithelial
permeability [66] and improved insulin sensitivity [67], although their link with proteolytic
fermentation also highlights potential risks. Taken together, the balanced SCFA profile with
SBI_NAG may contribute to enhanced epithelial function and overall systemic health.

Beyond SCFA production, metabolomics analysis revealed that SBI notably stimulated
the production of several health-associated metabolites, particularly those linked to aro-
matic amino acid catabolism. This included a range of indole derivates from tryptophan
(IAA, IPA, I3A, tryptophol, and indole) as well as phenylacetic acid from phenylalanine.
These compounds are known for their anti-inflammatory, antioxidative, neuroprotective,
and gut barrier-supporting properties [68–71]. For instance, IPA has been associated with
improved cognitive function, reduced risk of type 2 diabetes, and protection against liver
and kidney damage [72–74], while IAA and I3A contribute to epithelial homeostasis and
immune regulation via AhR activation [70,75]. Positive correlations were identified be-
tween these indole compounds and Bacteroidota families that are strongly promoted by SBI.
Nevertheless, further research is required to elucidate whether these taxa directly contribute
to the microbial synthesis of these compounds. SBI also promoted other metabolites such as
bestatin (with immunomodulatory and anticancer potential [76,77]) and 2-methylbutanoic
acid and 2-methylsuccinic acid (branched-chain fatty acids with possible lipid-lowering and
anti-inflammatory effects [78]). Polyamine derivates N-acetylcadaverine and propionylcar-
nitine were stimulated by both SBI and NAG and are associated with cardiovascular health,
metabolic regulation, and longevity [79–82]. As a remark, although these metabolites
demonstrated increased production with SBI ex vivo within the colonic environment, their
potential systemic health benefits have yet to be further evaluated through in vivo studies.

Finally, while the increase in BCFA and amino acid-derived metabolites upon SBI
supplementation may present health benefits, these compounds are also indicative of
proteolytic fermentation. Excessive proteolysis is associated with increased production of
toxic metabolites like ammonia and hydrogen sulfide, mucosal inflammation, and greater
risk of metabolic syndrome, obesity, diabetes and non-alcoholic fatty liver disease [83,84].
The balanced metabolic profile of SBI_NAG, combining proteolytic and saccharolytic
fermentation, may mitigate such risks while maximizing health benefits. Further, it is
important to note that this study was conducted using an ex vivo fermentation model and
cancer-derived cell lines, which, while predictive, do not fully replicate in vivo physiology.
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Clinical validation is essential to confirm the translational relevance of these findings.
Additionally, treatment effects were assessed at a single time point (24 h), as this SIFR®

experimental configuration has been shown to generate findings mirroring longer-term
changes observed in clinical studies [43]. Follow-up studies should capture the dynamics
of taxonomic and metabolic shifts over time to gain mechanistic insights. Moreover, this
study simulated full colonic delivery of NAG as no solid clinical data exists on its potential
absorption in the upper gastrointestinal tract. Our findings remain relevant if NAG is
delivered to the colon via a capsule, even if it is absorbed.

5. Conclusions
This study demonstrates that SBI and NAG exert complementary effects on gut health,

with their combination yielding the most pronounced improvement in gut barrier integrity.
These benefits were accompanied by distinct shifts in microbial composition and metabolite
production, suggesting potential mechanistic links. The complementary nature of SBI
and NAG supports the development of targeted nutritional strategies aimed at enhancing
gut barrier function and microbial metabolic balance. Future work should also focus
on optimizing the dose and ratio between SBI and NAG to maximize their benefits in
specific health contexts. Further, the preclinical results in this study are exploratory; clinical
validation is required to confirm efficacy and safety as well as assess their relevance for
individuals with gut barrier impairment or dysbiosis. Additionally, while the current work
focuses on functional outcomes, future research should clarify the mechanistic basis of
these complementary effects, for example by examining whether SBI- and NAG-derived
metabolites synergistically activate signaling networks to strengthen the epithelial barrier.
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