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A B S T R A C T

The study evaluated elderberry extract (EBE), containing 22.45% polyphenols and 10.60% total dietary fiber, on 
human gut ecosystems using two Simulator of the Human Intestinal Microbial Ecosystem (SHIME®) models 
inoculated with feces from donors with Type-B and Type-P enterotypes. EBE supplementation induced donor- 
specific changes, increasing acetic and propionic acids and total polyphenol content. It reshaped the gut 
microbiome by lowering the Firmicutes-Bacteroidetes ratio and boosting beneficial species such as Akkermansia 
muciniphila, Bifidobacterium longum, and Bacteroides dorei, while reducing harmful bacteria. Genes linked to 
amino acid metabolism, vitamin B6 biosynthesis, plant secondary metabolite production, and glutathione 
metabolism increased, with effects lasting after washout. Functional changes correlated with specific species 
associated with propanoate metabolism, amino acid metabolism, and plant metabolite biosynthesis. These results 
demonstrate that daily intake of 600 mg EBE for two weeks modulates the gut ecosystem through both 
individual-dependent and independent pathways, supporting personalized nutrition approaches.

1. Introduction

Diet is a key factor modulating the assembly and dynamics of gut 
microbiota, influencing its complex structural composition and func
tional properties (Polo et al., 2023; Reider et al., 2022). The challenge of 
modern nutrition is to valorize those diets that positively impact gut 
ecosystems, balancing the increased dietary complexity alongside sig
nificant nutritional insufficiencies. In fact, epidemiological studies have 
shown that the shift toward highly refined foods and ultra-processed 
beverages contributes to an increased incidence of gut dysbiosis linked 
to non-communicable chronic disorders such as cardiovascular diseases, 
obesity, and type 2 diabetes (Martinez et al., 2017; Severino et al., 
2024). On the other side, diets including targeted plant-based bioactive 
compounds can exert a significant role in addressing the gut ecosystems 
toward a more balanced status (Wang et al., 2024). As a mainstay of the 
diet, the World Health Organization (WHO) recommends a minimum 
daily intake of 400 g of fruits and vegetables (about 5 portions) per 
person to have enough intake of key bioactive compounds. However, 
global consumption remains alarmingly lower despite the 

well-established health benefits. In Europe, only ca. 33% of adults meet 
this recommendation, with significant variation between countries, 
while this percentage decreases to 12.3% in America (CDC, 2022; 
Eurostat, 2022). Consequently, there is a growing need for dietary in
terventions, including functional and nutraceutical supplementation, to 
increase the intake of plant-based bioactive compounds, aiming to 
promote healthier conditions in gut ecosystems.

Polyphenols and dietary fibers from fruits and vegetables have 
emerged as promising candidates (Manning & Gibson, 2004; Pandey 
et al., 2015). Recently, European black elderberry (Sambucus nigra L.) 
fruit has been revalued as functional food or proposed as an ingredient 
for functional foods due to its high polyphenols content, including an
thocyanins, flavanols, and phenolic acids with proven antioxidant, 
anti-inflammatory, anticarcinogenic, and immunomodulatory effects 
(Młynarczyk et al., 2018; Reider et al., 2022). This interest goes beyond 
its conventional use as a juice or colorant, shifting towards the extrac
tion and standardization of polyphenols like anthocyanins for the 
development of targeted dietary supplements and nutraceuticals, as 
most polyphenols are unstable during processing or are lost during 

* Corresponding author. Faculty of Agricultural, Environmental and Food Sciences, Free University of Bozen-Bolzano, 39100, Bolzano, Italy.
E-mail address: olga.nikoloudaki@unibz.it (O. Nikoloudaki). 

Contents lists available at ScienceDirect

Food Bioscience

journal homepage: www.elsevier.com/locate/fbio

https://doi.org/10.1016/j.fbio.2026.108442
Received 23 September 2025; Received in revised form 5 February 2026; Accepted 6 February 2026  

Food Bioscience 78 (2026) 108442 

Available online 10 February 2026 
2212-4292/© 2026 Published by Elsevier Ltd. 

https://orcid.org/0009-0003-9516-2503
https://orcid.org/0009-0003-9516-2503
https://orcid.org/0000-0001-9970-4080
https://orcid.org/0000-0001-9970-4080
https://orcid.org/0000-0002-2985-9033
https://orcid.org/0000-0002-2985-9033
https://orcid.org/0009-0003-3588-9479
https://orcid.org/0009-0003-3588-9479
https://orcid.org/0000-0003-1025-0284
https://orcid.org/0000-0003-1025-0284
mailto:olga.nikoloudaki@unibz.it
www.sciencedirect.com/science/journal/22124292
https://www.elsevier.com/locate/fbio
https://doi.org/10.1016/j.fbio.2026.108442
https://doi.org/10.1016/j.fbio.2026.108442


juicing (Xiao, 2022).
While polyphenols have low absorption in the upper gastrointestinal 

tract, the extensive transformation into phenolic metabolites by colon 
microbiota suggests potential prebiotic effects (Bresciani et al., 2020; 
Vinelli et al., 2022). Recently, a “duplibiotic” action has been proposed 
for polyphenols: on one side, they may reshape the composition of the 
intestinal microbiota by exhibiting antimicrobial properties against 
specific pathobionts; on the other side, they may have a prebiotic effect 
through their metabolization by the microbiota (Rodríguez-Daza et al., 
2021).

Some studies suggested that polyphenols and dietary fibers work 
synergistically as co-substrates to promote the growth of beneficial 
bacteria such as Bifidobacteria spp. and Bacteroides spp., potentially 
reducing the Firmicutes-Bacteroidetes ratio, and yielding beneficial 
metabolites like short-chain fatty acids (SCFAs) associated with positive 
physiological outcomes (Graf et al., 2015; Tuohy et al., 2003).

However, the metabolism of polyphenols is highly complex and 
strictly linked to the individual gut microbiome composition, resulting 
in different enzymatic and metabolic pathways, which may allow for 
classification into specific enterotypes, metabotypes or nutritional 
phenotypes (Stevens and Maier, 2016). Consequently, polyphenols do 
not have a univocal impact on the gut microbiome, while their impact on 
commensal microbiota modulation and metabolism significantly varies 
depending on their molecular structure, dosage, and the structure of 
microbial populations (Plamada and Vodnar, 2021). Despite the 
growing body of research dealing with the effects of polyphenol extracts 
or polyphenol-rich foods on the human gut microbiome, more targeted 
investigations are needed to distinguish common effects and 
individual-dependent impacts across different polyphenols. However, 
the inherent complexity of the human gut ecosystem makes compre
hensive clinical trials challenging and cost-intensive. Most 
gut-polyphenols interrelationship studies have relied on animal models, 
especially mice, whose findings may not be fully translational for human 
physiological responses (Beresford-Jones et al., 2022). Nevertheless, 
most studies through human gut models have been constrained by 
experimental designs using a single fecal inoculum, failing to consider 
the role of inter-individual human gut microbiome variability (Bäckhed 
et al., 2012).

To address these gaps, we employed a novel experimental approach 
to investigate the effect of a new polyphenol-standardised European 
black elderberry extract on two different gut ecosystems that are 
representative of a bigger cohort of people adhering to the Mediterra
nean diet by feeding the Simulator of the Human Intestinal Microbial 
Ecosystem (SHIME®), the validated multicompartmental model system 
reproducing a stable human gut microbiota from fecal samples (Van Den 
Abbeele et al., 2010). Since such an approach allows to exclude a priori 
any interference between other dietary factors and human physiology 
overlaps, as well invasive sampling (Yang et al., 2022), we believe it 
represents the most suitable technology to obtain preliminary 
microbiome-level in vitro insights concerning the gut ecosystem-specific 
impact (Li et al., 2020; Molly et al., 1993). In addition, although pre
vious studies investigating the impact of European black elderberry fruit 
juice (Teets et al., 2024) or extract (Reider et al., 2022) highlighted 

potential beneficial effects on gut microbiota, they primarily relied on 
16S rRNA sequencing, with no functional insights, and they did not 
assess the impact on SCFAs synthesis, leaving significant gaps in our 
understanding. In this study, shotgun metagenomics, SCFAs, and total 
polyphenols content (TPC) analyses on lumen samples from the SHIME® 
simulation were carried out to assess the evolution of colon tract eco
systems in response to the extract supplementation. First, such a holistic 
approach has been adopted to study the role played by 
polyphenol-standardised European black elderberry extract on gut 
ecosystems.

2. Materials and methods

2.1. Raw materials

The European black elderberry extract (EBE, also known as Elder
Craft® 14%) was provided by Iprona Lana SpA (Lana, Italy). Table 1
reports the major nutritional and bioactive composition of EBE. The 
extract is standardized to a defined amount of polyphenols (22.45%) and 
contains total dietary fiber (10.60%; soluble and insoluble). The pre
dominant polyphenolic component is anthocyanins (67.7% of total 
polyphenols), which include cyanidin 3-sambubioside-5-glucoside, 
cyanidin 3,5-diglucoside, cyanidin 3-sambubioside, and cyanidin 3- 
glucoside. The other polyphenols include flavonoids (10.42% of total 
polyphenols), such as rutin and isoquercitrin, and minor amounts of 
phenolic acids like chlorogenic acids.

2.2. SHIME® configuration and experimental design

The SHIME® (ProDigest, Gent, Belgium) configuration comprised 
two identical units operating in parallel (S1 and S2). Each unit consisted 
of three double-jacketed bioreactors maintained at a temperature of 
37 ◦C, simulating the stomach and small intestine (ST/SI), proximal 
colon (PC), and distal colon (DC), respectively (Polo et al., 2023). The PC 
and DC bioreactors were filled with 500 and 800 mL, respectively, of 
adult L-SHIME® growth medium (ProDigest, Gent, Belgium). The pH 
was set between 5.75 and 5.9, and between 6.6 and 6.9 in PC and DC, 
respectively, and was computer-controlled using 0.5 mol/L HCl and 0.5 
mol/L NaOH. The ST/SI bioreactors were set at pH 2. The feces of two 
different representative healthy donors were used to inoculate PC and 
DC bioreactors of S1 and S2, respectively. Fecal donors were selected 
from a cohort of 40 individuals (ages 19–50) adhering to a Mediterra
nean diet, as described by Da Ros et al. (2021). Volunteers were without 
chronic intestinal or metabolic disorders, non-smokers, not pregnant, 
and had no history of drug, antibiotic, probiotic or prebiotic use in the 
past 6 months. Their Mediterranean Diet Score (MDS), calculated ac
cording to Gutiérrez-Díaz et al. (2016), ranged from 5 to 8, indicating 
good adherence to the diet. Aiming to choose representative fecal 
inocula, fecal samples of volunteers were collected in sterile bags, 
immediately mixed with RNA later solution, and homogenized. Micro
biota composition and SCFAs content were analyzed. Donor selection 
was based on clustering fecal microbiota data and SCFAs profiles using 
the Manhattan distance matrix and Ward D2 method. Partial 

Table 1 
Main composition of the European black elderberry (EBE) extract (w/w, dry basis), and daily dose of each component supplied during the SHIME simulation. * 600 mg 
was the daily dose of European black elderberry extract.

Class of compounds Composition of the extract (mg/kg) Daily dose supplied during the SHIME® simulation (mg/600 mg*)

Total polyphenols 224500 134.7
Anthocyanin (as cya-3-glu) 152000 91.2
Flavonoids 23397 14.0
Total dietary fiber 106000 63.6
Carbohydrates 75000 45.0
Proteins 7200 4.3
Fat 200 0.1
Ash 3000 1.8
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least-squares discriminant analysis (PLS-DA) was performed to model 
the relationship between diet adherence and microbiota (Da Ros et al., 
2021). The procedure was approved by the Ethics Committee of the Free 
University of Bozen on July 17, 2019, with informed consent obtained 
from all participants. The fecal inocula were prepared as described by 
Molly et al. (1993) and inoculated at 5% (v/v) within 1 h after collec
tion. The SHIME® cabinet and its accompanying software were operated 
in accordance with the manufacturer's instructions (ProDigest, Ghent, 
Belgium). The simulation run consisted of a 14-day stabilization period 
to allow microbiota adaptation, followed by a 14-day basal period 
(control period). During stabilization and control periods, 140 mL of 
adult L-SHIME® growth medium (ProDigest, Gent, Belgium) and 60 mL 
of pancreatic juice (12.5 g/L NaHCO3, 0.9 g/L pancreatin and 6 g/L 
oxgall) were added to ST/SI bioreactors 3 times/day (to simulate 3 daily 
meals), and then transferred to the colon bioreactors. Feeding cycles 
occurred on a fixed schedule, allowing for an 8-h fermentation period 
between each cycle. During the control period, lumen samples were 
collected from PC and DC bioreactors 3 times/week, 10 min before the 
start of the next feeding cycle. The concentration of SCFAs (acetate, 
propionate, and butyrate) was measured to monitor the fermentative 
activity of the microbial communities and to assess the reproducibility 
and stability of gut ecosystems. The steady-state control period was 
followed by a 2-week treatment period during which a daily dosage of 
600 mg/day of the EBE (Table 1) was supplemented to the basal feed 
(adult L-SHIME® growth medium). This dosage is coherent with the 
polyphenols amount deriving from the WHO recommendation of daily 
fruit and vegetables consumption (Reider et al., 2022). Finally, a 1-week 
washout period without EBE supplementation was implemented. During 
the simulation, all bioreactors were continuously stirred, flushed once 
daily with sterile N2, and monitored for constant volume and pH sta
bility. Samples of lumen (50 mL) were collected from both PC and DC 
bioreactors at the end of the control period (T0), after one (T1) and two 
(T2) weeks of the treatment period, and at the end of the washout period 
(T3) to investigate the ecosystems at baseline, short- and mid-term, and 
post-intervention points, respectively, in agreement with established 
protocols (Polo et al., 2023; Van den Abbeele et al., 2010). They were 
stored at − 20 ◦C for a maximum of 3 weeks and then subjected to SCFAs, 
TPC and shotgun metagenomics analyses.

2.3. SCFAs and TPC quantification

The concentrations of acetic, propionic, and butyric acids in lumen 
and fecal samples were analyzed since they are the main SCFAs (>95%) 
resulting from the metabolic fermentation of gut microbiota (Nabizadeh 
et al., 2023). Luminal samples from the SHIME® bioreactors were 
centrifuged at 9400×g for 10 min at 4 ◦C, and the supernatants were 
filtered through a 0.2 μm filter (Whatman, Darmstadt, Germany). One 
hundred microliters of each filtrate was mixed with 400 μL of 5 mmol/L 
sulfuric acid (eluent). The mixtures were filtered and transferred into 
autosampler vials for the analysis. The fecal samples from volunteers 
were prepared as described by (Da Ros et al., 2021). The concentrations 
in both luminal and fecal samples were determined by 
High-Performance Liquid Chromatography (HPLC) analysis. The HPLC 
system (UltiMate 3000 series, Thermo Fisher Scientific, Waltham, MA, 
USA) was equipped with an Aminex HPX-87H column (ion exclusion, 
Bio-Rad), a UV detector operating at 210 nm, and a PerkinElmer 200a 
refractive index detector (Tlais et al., 2021). Elution was at 70 ◦C, with a 
flow rate of 0.6 mL min− 1, using 5 mmol/L sulfuric acid as the mobile 
phase (isocratic). The SCFAs standards were purchased from 
Sigma-Aldrich (Steinheim, Germany). The peak areas were integrated, 
and the absolute concentrations (mmol/L) were calculated based on the 
calibration curve equation of each SCFA.

The TPC of each luminal sample was quantified using methanol/ 
water-soluble extracts (MWSE), following the extraction method 
described by Tlais et al. (2021) adapted as follow. A 1 mL aliquot of 
luminal samples was mixed with 1 mL of methanol/water solution 

(80:20, v:v). The mixture was sonicated at 35 kHz frequency for 60 min 
using a Sonorex™ ultrasonic bath (Bandelin, Berlin, Germany). After 
sonication, the mixtures were centrifuged at 9400×g for 10 min at 4 ◦C, 
and the resulting supernatants were filtered (0.2 μm). The TPC was 
determined using the Folin-Ciocalteu method (Singleton & Rossi, 1965). 
For TPC quantification, 20 μL of each MWSE extract was diluted with 
1.58 mL of distilled water, mixed with 100 μL of Folin-Ciocalteu reagent, 
and incubated for 8 min at room temperature (22 ± 1 ◦C). Then, 300 μL 
of sodium carbonate (20%, w/v) was added, and the samples were 
incubated at 40 ◦C for 30 min. Absorbance was measured at 740 nm. The 
TPC was expressed as gallic acid equivalents (GAE mg/L). Both SCFAs 
and TPC analyses were performed in triplicate.

2.4. Shotgun metagenomics analysis

To comprehensively characterize the structure and potential func
tionality of gut microbiome within the model ecosystems and to assess 
the potential impact of the elderberry extract, total genomic DNA was 
extracted from the SHIME® luminal samples (1 mL) using the DNeasy® 
PowerSoil® Pro Kit (Qiagen, Hilden, Germany) according to the man
ufacturer's instructions. Three replicate DNA extractions were per
formed for each sample, and all downstream analyses were conducted in 
triplicate. The yield and purity of each DNA extract were confirmed 
using a NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotom
eter (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing li
braries were prepared using the Illumina DNA Prep (M) Tagmentation 
kit (Illumina, #20060059), and purified via a double-sided bead puri
fication method following the Illumina protocol. Library concentrations 
were quantified with the Quant-iT™ 1X dsDNA Assay Kit, HS (Life 
Technologies, #Q33232) using the Varioskan LUX Microplate Reader 
(Thermo Fisher Scientific, #VL0000D0). The base pair length (bp) was 
assessed with the D5000 ScreenTape Assay (Agilent, #5067-5588/9) on 
the TapeStation 4150 (Agilent, #G2992AA). The pooled libraries were 
then quantified with the Qubit 1x dsDNA HS kit (Life Technologies, 
#Q33231) using the Qubit® 3.0 Fluorometer (Life Technologies, 
#Q33216), and their base pair length was reassessed. Finally, the pooled 
libraries were sequenced on the Novaseq XPlus platform (Illumina) at an 
average depth of 20 GB per sample. Sequencing quality control was 
performed using FastQC. Adapter trimming and removal of low-quality 
bases (Phred score < Q30) were conducted using fastp (Chen et al., 
2018), followed by removal of duplicate reads with SeqKit (Shen et al., 
2024). Across samples, >90% of reads passed Q30 filtering, yielding an 
average of 70,986,844 reads per sample (range: 46-117 million).

After quality filtering and deduplication of the sequence data, 
species-level taxonomic classification was performed using MetaPhlAn 4 
(Blanco-Míguez et al., 2023) with the mpa_vJan21_CHOCO
PhlAnSGB_202103 database. The phyloseq package in R Studio was 
utilized for downstream analysis of bacterial communities. To establish 
the functional potential of the bacterial community and its impact on the 
gut, functional profiling was performed using HUMAnN 3 v3.6 (Beghini 
et al., 2021) with default options and the UniProt/Uniref 201901b 
database. Gene family abundance tables were converted to Kyoto 
Encyclopedia of Genes and Genomes database (KEGG) orthologies (KO) 
and normalized to copies per million (CPM).

2.5. Statistical analyses

For SCFAs and TPC concentrations, one-way ANOVA followed by 
post hoc Tukey's tests was employed to identify statistically significant 
differences among sampling points within each single bioreactor. At 
each simulation phase, differences between the two SHIME® units were 
evaluated using a two-sided unpaired Student's t-test. Significance was 
determined at p-values (P) < 0.05. Alpha diversity of microbiome in 
different colon tracts and at the different time points for each SHIME® 
unit was assessed using the Shannon index and Kruskal-Wallis test to 
measure species richness and evenness within each sample. Bray-Curtis 
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dissimilarity metrics were employed for Beta diversity analysis, visual
ized through principal coordinate analysis (PCoA) to compare microbial 
community composition between samples. Microbiome Multivariable 
Association with Linear Models (MaAsLin2) was applied to analyze the 
differential abundance of microbial taxa across the experimental time
line in different colon tracts and donors. MaAsLin2 was also used to 
analyze the differential abundance of potential pathways and functional 
genes across the simulation phases in different colon tracts and donors. 
Nonmetric Multidimensional Scaling (NMDS) ordination was conducted 
utilizing the ‘cmdscale’ and 'metaMDS' functions from the ‘base’ R 
package, to discriminate between the functional profiles derived from 
HUMAnN analysis, calculated using Jaccard's distance metric. PERMA
NOVA (Adonis2) was used to assess the marginal effects of the colon: 
SHIME unit®: simulation phase interaction on microbiota and func
tional profiles, with significance determined at P < 0.05 and the pro
portion of variance explained (R2) reported. Spearman correlation 
analyses were conducted between bacterial species and metabolic 
pathways that exhibited significant temporal changes within each colon 
tract. False discovery rate (FDR) correction was applied to adjust for 
multiple comparisons. All statistical analyses were performed using R 
Studio.

3. Results

3.1. Donors selection

The clustering analysis grouped the individuals into two main clus
ters (Supplementary Fig. 1, Da Ros et al. (2021)). PLS-DA validated the 
statistical significance of clustering, with components 1 and 2 explaining 
77.9% and 0.1% of the total variance, respectively. Therefore, to inoc
ulate the SHIME® bioreactors, we randomly selected one fecal donor as 
representative of each distinct microbiota and SCFAs cluster.

3.2. Elderberry extract affects SCFAs production and polyphenol 
metabolism in an ecosystem-specific manner

Overall, before and after one and two weeks of elderberry extract 
supplementation, the SCFAs showed distinctive profiles in different 
SHIME® units (S1 and S2) for both colon tracts, with the only exception 
of acetic acid in DC at T1 and T2 (Table 2). S1 had relatively higher 
levels of butyric acid, while S2 had relatively higher levels of acetic (in 

PC) and propionic acids (in both colon tracts). Compared to T0, the EBE 
intake increased (P < 0.05) acetic acid concentration only in DC of S1 at 
T1 and in DC of S2 at T2, while, during the washout period (T3), an 
overall decrease was observed, except for the PC of S2. Propionic acid 
had a significant increase during the intake of EBE only in S1, both in PC 
(at both T1 and T2) and DC (at T2). Except for DC of S2, the propionic 
acid concentration decreased at T3 compared to T0, in both SHIME® 
units and colon tracts. The levels of butyric acid did not vary signifi
cantly during the simulation, except for a decrease observed at T3 in the 
DC of S2.

Across both colon tracts, S1 and S2 displayed different TPC levels at 
each time point, except at T3 in the DC, where no significant difference 
was observed. TPC levels were significantly higher in S1 than S2 (except 
in DC at T1 and T3). TPC generally increased (P < 0.05) during the 
intake of EBE in both colon tracts and both SHIME® units, and, after the 
intake interruption (T3), the concentrations remained significantly 
higher than T0. With the only exception of S1 in PC, TPC levels further 
increased at T3 compared to the treatment period.

3.3. Elderberry extract supplementation differentially affected the gut 
taxonomic composition

The relative abundance plot of the top 15 genera (Supplementary 
Fig. 2A) and the top 20 species (Supplementary Fig. 2B) revealed dif
ferences in bacterial community composition between the colon tracts of 
two SHIME® units. Overall, the bacterial microbiota of S1 was domi
nated by Bifidobacterium, Phocaeicola, and Bacteroides, while S2 was 
dominated by Prevotella and Megamonas. Both DCs had a high relative 
abundance of Akkermansia. Overall, the DCs showed higher species di
versity (177 species) compared to the PCs (58 species). At T0, the most 
abundant species in the PC of S1 included Bifidobacterium longum 
(36.07%), Phocaeicola dorei (15.57%), and Bacteroides ovatus (7.21%), 
while Akkermansia muciniphila (13.37%), Bacteroides uniformis 
(11.31%), and B. longum (11.17%) were dominant in DC. For S2, the 
most abundant species at T0 were Megamonas funiformis (43.69%), and 
Prevotella copri Clade A (25.16%) in PC, and A. muciniphila (11.58%), 
B. uniformis (10.39%) and P. dorei (10.33%) in DC. The Firmicutes- 
Bacteroidetes (F/B) ratio was significantly modulated by EBE intake 
(Supplementary Fig. 2C). In PC of S2 and DC of S1, it showed a 
continuous decline during the simulation phases. In PC of S1 and DC of 
S2, although it had a different evolution, it reached final values that are 

Table 2 
Short-chain fatty acids (SCFAs) concentrations (mmol/L) and total polyphenol content (TPC) expressed as gallic acid equivalent (mg/l GAE), measured in the proximal 
(PC) and distal colon (DC) of both SHIME® units (S1 and S2) across baseline (T0), one and two weeks of elderberry extract intake (T1 and T2, respectively), and 
following a one-week washout (T3). Data represents the mean ± standard deviation from three independent analyses. For each compound, values in the same row with 
different superscript letters indicate statistically significant temporal differences within each colon tract, as determined by one-way ANOVA followed by Tukey–K
ramer post hoc comparisons (P < 0.05). At each time point and for each colon tract, an asterisk in the same column indicates a statistically significant difference 
between the two SHIME® units (S1 and S2), based on a two-sided unpaired Student's t-test (P < 0.05).

Compound Colon tract SHIME® unit Concentration

T0 T1 T2 T3

Acetic acid (mmol/L) PC S1 23.43 ± 0.43a* 23.77 ± 0.68a* 22.52 ± 0.22a* 9.77 ± 2.07b*
S2 29.01 ± 1.18ab* 29.41 ± 0.55ab* 30.32 ± 0.78a* 27.69 ± 0.85b*

DC S1 41.78 ± 0.46b* 44.98 ± 1.44a 44.34 ± 0.42ab 31.46 ± 1.19c*
S2 40.79 ± 0.33b* 42.38 ± 1.10ab 43.57 ± 0.59a 37.63 ± 1.02c*

Propionic acid (mmol/L) PC S1 7.06 ± 0.15b* 9.82 ± 0.36a* 11.58 ± 0.69a* 4.85 ± 1.36c*
S2 25.21 ± 0.31a* 27.74 ± 1.18a* 27.26 ± 1.89a* 19.80 ± 0.56b*

DC S1 16.32 ± 0.24b* 17.35 ± 0.64b* 21.15 ± 0.40a* 13.29 ± 1.23c*
S2 35.24 ± 0.27a* 36.84 ± 0.31a* 36.65 ± 0.50a* 29.87 ± 2.15a*

Butyric acid (mmol/L) PC S1 10.62 ± 0.68a* 9.90 ± 0.06a* 7.54 ± 0.16a* 8.48 ± 0.73a*
S2 0.94 ± 0.05a* 0.90 ± 0.05a* 0.65 ± 0.02a* 0.73 ± 0.08a*

DC S1 12.94 ± 0.10a* 12.82 ± 0.34a* 11.05 ± 0.31a* 12.99 ± 1.44a*
S2 4.60 ± 0.11a* 4.29 ± 0.23a* 4.35 ± 0.05a* 2.92 ± 0.26b*

TPC (mg/L GAE) PC S1 107.00 ± 0.35d* 471.25 ± 7.75c* 585.50 ± 10.00a* 548.12 ± 5.88b*
S2 94.00 ± 3.00d* 436.63 ± 7.38c* 513.50 ± 8.75b* 572.25 ± 10.50a*

DC S1 119.63 ± 1.87d* 481.75 ± 14.00b* 378.12 ± 0.53c* 600.63 ± 6.63a

S2 77.75 ± 0.71d* 521.87 ± 8.13b* 300.13 ± 13.88c* 615.25 ± 7.00a
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lower than those of the baseline (T0), even after the washout period. 
Overall, S2 had higher F/B ratios in the PC, while S1 had higher F/B 
ratios in DC.

Alpha diversity showed significant changes during the treatment 
period in all colon tracts and both SHIME® units, except the DC of S1 
(Fig. 1A). In the PC of S1, changes were all over the time points, while for 
S2, significant changes were observed from T0 to T2 in the PC, and from 
T1 to T3 in the DC. Beta diversity (Fig. 1B) highlighted that the different 
donor (i.e. the SHIME® unit) was the primary driver of microbial 
community composition, explaining a significant proportion of variance 
(~79% in DC, ~81% in PC, P = 0.001), while time (i.e. the simulation 
phases) had a smaller but still significant effect (~10.5% in DC, ~8.7% 
in PC, P = 0.001), with S1 showing stronger temporal effects (R2 = 0.945 
in DC, R2 = 0.975 in PC) compared to S2 (R2 = 0.618, P = 0.011).

The differential abundance analysis revealed species with significant 
changes in relative abundance during EBE intake and washout 
compared to baseline (Supplementary Fig. 3). Indeed, the EBE intake 
induced a significant temporal shift in the PCs in thirteen out of 58 
species (22.41%), while 127 out of 177 species (71.75%) shifted 
significantly in the DCs of one or both SHIME® units. Comparative 
analysis of the species with differential abundance (Fig. 2) highlighted 
the taxa evolving with a common trend in both SHIME® units across the 
simulation phases. They were 4 and 15 species in PCs and DCs, respec
tively. In the PCs, Leifsonia sp. C5G2 and Phytobacter diazotrophicus 
expanded only in the short-term period during the intake of EBE (T1), 
while E. durans and Pseudomonas putida expanded only after the intake 
interruption. In DCs, Achromobacter xylosoxidans, Acinetobacter ursingii, 
Leifsonia sp. C5G2 and P. diazotrophicus increased after the intake of EBE 
only in the short-term period (T1), Alistipes finegoldii and Alistipes 
onderdonkii reached the highest abundance at the longer term intake 
(T2), Parabacteroides distasonis and Citrobacter freundii expanded with 
the intake only at the short-term period, and after the intake interrup
tion, C. scindens and Enterococcus faecalis decreased during the intake, 
E. durans expanded only after the intake interruption (T3), while Exi
guobacterium chiriqhucha, Klebsiella michiganensis, Klebsiella oxytoca and 
Raoultella ornithinolytica decreased due to the EBE intake but increased 
during the washout period (T3).

3.4. Elderberry extract supplementation influenced differential functional 
potential of gut metagenomes

Besides the taxonomic variations, the gut microbiome metabolic 
potential significantly changed at the end of treatment. Several signifi
cantly differentially abundant pathways (12 main pathways) were 
observed. The most abundant pathways included amino acid meta
bolism, biosynthesis of other secondary metabolites, carbohydrate 
metabolism, energy metabolism, metabolism of cofactors and vitamins, 
and metabolism of terpenoids and polyketides. S1 had a higher abun
dance of these processes in both colon tracts compared to S2 (Fig. 3). The 
Non-metric Multidimensional Scaling (NMDS) plot highlighted that the 
SHIME® unit (S1 or S2) and the colon tract (PC and DC) were the pri
mary factors driving the clustering of functional genes, with simulation 
phases (i.e., before, during, and after the intake of EBE) having a lesser 
effect (Fig. 4). This is supported by the significant colon tract: SHIME® 
unit: simulation phase interaction (P = 0.001, R2 = 0.04016), as 
revealed by PERMANOVA (Adonis2). Pairwise comparisons confirmed 
significant differences between S1 and S2 (R2 = 0.37921, P = 0.001), 
and between PC and DC (R2 = 0.2081, P = 0.001). S1 exhibited stronger 
temporal effects in the PC (R2 = 0.95901, P = 0.001), while S2 showed 
stronger temporal effects in the DC (R2 = 0.92784, P = 0.002). The 
evaluation of top functional features using MaasLin2 revealed 
ecosystem-specific significant changes in functional genes abundance 
during the treatment and washout phases compared to baseline, which 
are overall described in Supplementary Fig. 4. Comparative analysis of 
differentially abundant functional pathway-associated genes revealed 
shared temporal trends in both SHIME® units, with genes related to 6 
pathways in the PC and 8 in the DC showing consistent changes over 
time (Fig. 5). In PCs, genes associated with fructose and mannose 
metabolism, glycine, serine and threonine metabolism, and strepto
mycin biosynthesis increased in the short-term period during the intake 
of EBE (T1) and after the intake interruption (T3). Vitamin B6 biosyn
thesis genes increased consistently during the EBE intake period (T2 and 
T3), while those related to the biosynthesis of plant secondary metab
olites peaked at longer-term intake (T2). Genes linked to Escherichia coli 
biofilm formation decreased at T1 and T2 but increased at T3. In DCs, 

Fig. 1. (A) Alpha diversity of bacterial communities composition based on Shannon diversity index during the simulation phases for both proximal and distal colon 
tracts and both SHIME® units (S1 and S2). T0, T1, T2, and T3 mean before the intake of elderberry extract, after one and two weeks of intake, and after the washout 
period, respectively. The asterisk represents significant changes (P < 0.05). (B) Principal coordinate analysis (PCoA) of bacterial community composition based on 
Bray-Curtis dissimilarity metrics during the experimental phases (T0, T1, T2, T3) for both proximal and distal colon tracts of both SHIME® units (S1 and S2). 
Permutation-based Adonis2 test assessed the effects of the SHIME® unit, simulation phase (time), and their interaction. Significant effects due to SHIME® unit, 
simulation phase, and SHIME® unit × simulation phase interaction were observed (all with P < 0.05). Betadisper test confirmed consistent dispersions, and Tukey's 
HSD test showed minimal significant differences between time points.
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genes involved in alanine, aspartate and glutamate metabolism, teichoic 
acid biosynthesis, phenylpropanoid biosynthesis, N-glycan biosynthesis, 
and valine, leucine, and isoleucine degradation increased at T1 and T3. 
Genes involved in glutathione metabolism and propanoate metabolism 
increased at T1 and T2 but decreased at T3. Conversely, genes related to 
carbapenem biosynthesis decreased at T1 and T2 but increased at T3. 
Overall, S1 exhibited a higher abundance of these functional pathways 
than S2 in both colon tracts. The Spearman correlations revealed sig
nificant species driving pathway-associated genes in S1 and S2 colon 
tracts (padj < 0.05, <0.01, or < 0.001), excluding the PC of S2, which 
showed no significant differential species abundance (Fig. 6). The cor
relations were cross-validated with the differential abundance profiles 
of both species and pathway genes (Supplementary Figs. 3 and 4) to 
identify co-occurring patterns, thereby strengthening potential causal 
relationships. This integrative approach emphasized only those spe
cies–pathway gene relationships that exhibited both strong correlations 
(padj <0.01 or < 0.001) and concurrent significant abundance changes. 
In the PC of S1, P. diazotrophicus exhibited a positive correlation with 
glycine, serine, and threonine metabolism genes, with increased abun
dance at both T1 and T3. Meanwhile, P. dorei was positively associated 
with genes related to sphingolipid metabolism, neuroactive ligand- 
receptor interaction, and streptomycin biosynthesis, showing 
increased abundance at T1. A group of species, including P. distasonis, 
Collinsella aerofaciens, Clostridium butyricum, B. ovatus, and Aeromonas 
caviae, showed positive correlations with drug metabolism pathway, 
with increased abundance observed at T2. Additionally, C. butyricum, 

B. ovatus, P. distasonis, and B. longum exhibited increased abundance at 
T2, positively correlating with genes associated with the biosynthesis of 
various plant secondary metabolites. In the DC of S1, glycolysis/gluco
neogenesis was positively correlated with Bacteroides eggerthii, showing 
increased abundance at T2 and T3. Alanine, aspartate, and glutamate 
metabolism was positively correlated with B. eggerthii, with increased 
abundance at T1 and T3. Glutathione metabolism positively correlated 
with E. coli, C. freundii, K. oxytoca, Bacteroides salyersiae, and 
P. diazotrophicus, with increased abundance at T2. Amino sugar and 
nucleotide sugar metabolism correlated with B. eggerthii, Megasphaera 
micronuciformis, and Alistipes putredinis, showing increased abundance at 
T2 and T3. Inositol phosphate metabolism positively correlated with 
B. ovatus, with increased abundance at T2. Citrate cycle was positively 
correlated with Enterococcus faecium, K. oxytoca, and Enterococcus galli
narum, with increased abundance at T1 and T2. Propanoate metabolism 
positively correlated with E. coli, C. freundii, K. oxytoca, Enterococcus 
malodoratus, E. gallinarum, and E. faecium, with increased abundance at 
T1. In the DC of S2, the abundance of genes involved in valine, leucine, 
and isoleucine degradation showed an increase at T1, positively corre
lating with A. xylosoxidans. At T2, carbapenem biosynthesis decreased, 
positively correlating with Klebsiella aerogenes and negatively corre
lating with A. muciniphila. Selenocompound metabolism was elevated at 
T2, with positive correlations to Bacteroides clarus, A. putredinis, Clos
tridium innocuum, Clostridium sp. AM33_3, and E. faecalis. Finally, 
glutathione metabolism increased at both T1 and T2, exhibiting a pos
itive correlation with A. xylosoxidans.

Fig. 2. Common trends in the modulation of species abundance across both SHIME® units (S1 and S2) in (A) the proximal colon (PCs) and (B) the distal colon tracts 
(DCs), at baseline (T0), after one (T1) and two (T2) weeks of elderberry extract intake, and after one week of washout (T3). Species were included in the comparative 
analysis if they exhibited significant temporal changes in the PC or DC of at least one SHIME® unit, as determined by differential abundance analysis using MaAsLin2 
with false discovery rate correction (q < 0.05; see Supplementary Fig. 3).
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4. Discussion

Advancements in personalized nutrition have identified the interin
dividual gut microbiome variability as a key factor addressing the 
metabolism and health benefits of plant bioactive compounds like 
polyphenols (Kerimi et al., 2020). This variability influences distinct 
metabolic responses due to individual-specific shifts in commensal 
microbiota composition and functionality (De Paepe et al., 2020). 
Through an in vitro simulation employing two SHIME® units stabilized 
with fecal microbiota from two individuals that are representative of a 
bigger cohort of people adhering to the Mediterranean diet, this study 
emphasizes the critical role of interindividual variability in the complex 
polyphenols-gut ecosystem interrelationship at the microbiome level. 
According to the enterotype classification proposed by Arumugam et al. 
(2011), the bacterial microbiota of S1 (dominated by Bifidobacterium, 
Phocaeicola, and Bacteroides) corresponds to a Type-B enterotype (Bac
teroides-dominated), while S2 (dominated by Prevotella and Megamonas) 
aligns with a Type-P enterotype (Prevotella-dominated). Although both 
SHIME® units were inoculated with fecal microbiota from donors 
adhering to a Mediterranean diet (well-documented to be associated 
with the Bacteroidetes phylum, including genera such as Prevotella and 
Bacteroides (De Filippis et al., 2016)), interindividual variability, 
potentially driven by host genetics, lifestyle and other intrinsic factors, 
resulted in distinct enterotype profiles (Zhernakova et al., 2024). This 
ecosystem variability reflects distinct microbiome changes in response 
to the supplementation with polyphenol-rich EBE, as different enter
otypes harbor distinct commensal bacteria with specialized enzymes 
and different capacities to metabolize such compounds (Cantu-Jungles 
and Hamaker, 2020; Stevens et al., 2016). Interestingly, the sustained 
expansion of Akkermansia muciniphila observed in our in vitro model 

reflects the genus-level increase reported in vivo by Reider et al. (2022)
using the same elderberry extract.

The F/B ratio is a useful biomarker of metabolic health: values above 
2.0 have been linked to gut dysbiosis associated with type 2 diabetes, 
obesity, inflammatory diseases, COVID-19 complications (Petakh et al., 
2023). The simulation showed that this ratio was modulated by EBE 
intake across all colon tracts, displaying distinct temporal patterns be
tween SHIME® units. In particular, it lowered in both colon tracts of 
both SHIME® units to values that are below the baseline and the 
threshold value of 2.0, that is commonly associated with improved 
health outcomes (Koliada et al., 2017). Notably, the PC of S2, the only 
compartment with an initial F/B ratio above this limit (2.3 at baseline), 
exhibited a continuous decline during EBE intake, reaching 0.96 after 
the washout period, suggesting a potential beneficial impact of EBE in 
promoting the evolution to a more balanced gut microbiota profile.

Both the ecosystem-specific and the common shifts observed in 
bacterial community and pathway-associated genes following EBE 
intake suggest differential but converging potential beneficial effects 
across S1 and S2. Here, “individual-dependent” (ecosystem-specific) 
pathways refer to functional responses modulated in a donor-specific 
manner, reflecting baseline microbiota composition and metabolic ca
pacity, whereas “individual-independent” (common-shift) pathways 
denote responses consistently modulated across SHIME® units irre
spective of donor-specific microbial configurations. Overall, the more 
significant changes at T2 compared to T1 across all ecosystems hint at a 
delayed and time-dependent microbiome response to EBE intake. The 
presence of common trends on microbiota and functional pathway- 
associated gene changes highlighted some shared responses to EBE 
intake, like the temporal evolution of abundance of genes involved in 
the biosynthesis of various plant secondary metabolites and glycine, 

Fig. 3. Absolute abundance (mean counts per million, cpm) of KEGG pathways in (A) the proximal colon (PC) and (B) the distal colon (DC) tracts of both SHIME® 
units (S1 and S2) across experimental phases: baseline (T0), after one (T1) and two (T2) weeks of elderberry extract intake, and after one week of washout (T3).
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serine, and threonine metabolism in PCs of both S1 and S2, and those 
involved in glutathione metabolism in DCs of both S1 and S2. The 
glycine, serine, and threonine metabolism pathway is crucial for neu
rotransmitters production and gut barrier function through mucin pro
duction (Abdallah et al., 2020), and it was positively correlated with 
P. diazotrophicus in PC of S1, where the abundance of both pathway 
genes and species concurrently increased at T1 and T3. This finding is 
consistent with previous studies that highlighted the involvement of 
Parabacteroides species in amino acid metabolism, suggesting the 
contribution of P. diazotrophicus to the abundance of genes associated 
with such metabolism (Sakamoto & Benno, 2006). Similarly, the 
biosynthesis of various plant secondary metabolites, a pathway analo
gous to bacterial biosynthesis of phenolic derivatives such as urolithins, 
hydroxybenzoic acids, and gallic acid with potential anti-inflammatory 
and anti-cancer effects (Catalkaya et al., 2020), was positively associ
ated with C. butyricum, B. ovatus, P. distasonis, and B. longum in the PC of 
S1. These species exhibited a concurrent abundance increase at T2 
alongside genes involved in this pathway, suggesting their role in 
enhancing bioactive polyphenolic derivatives biosynthesis thanks to 
their enzymatic capacities in phenolic compounds metabolism (Braune, 
2025; Kelly et al., 2018). In PCs of both SHIME® units, the increase in 
genes linked to the biosynthesis of various plant secondary metabolites 
at T2 corresponded with elevated TPC concentrations, with S1 showing 
relatively higher levels than S2. Glutathione metabolism plays a vital 
role in antioxidant defense, detoxification, and immune modulation 
(Hristov, 2022). In DCs, its concurrent increase at T2 with E. coli, 
C. freundii, K. oxytoca, B. salyersiae, and P. diazotrophicus in S1, and with 

A. xylosoxidans in S2 suggests a potential enhancement of antioxidative 
capacity due to EBE intake. Indeed, C. freundii and K. oxytoca are 
involved in maintaining oxidative stress resistance through the regen
eration of glutathione and its role in neutralizing reactive oxygen species 
(Ibrahim et al., 2022), while E. coli is known to utilize glutathione for 
redox homeostasis and detoxification, and by consuming oxygen from 
the gut, it supports the establishment of a better habitat for other mi
croorganisms (Smirnova et al., 2012). Differently, to the best of our 
knowledge, no relationships between B. salyersiae, P. diazotrophicus, or 
A. xylosoxidans and glutathione metabolism have been reported in 
literature. Such correlations most likely reflect indirect ecological as
sociations rather than direct functional contributions.

Despite some common trends, several distinct and ecosystem-specific 
modulations emerged between S1 and S2. S1 was characterized by 
microbiome reshaping that can be linked to energy production, amino 
acid metabolism, and neuroactive compound synthesis. In PC, sphin
golipid metabolism, neuroactive ligand-receptor interaction, and 
streptomycin biosynthesis genes were positively correlated with P. dorei, 
showing concurrent increases at T1. P. dorei is recognized as a microbial 
sphingolipid producer (Brown et al., 2019), and its expansion likely 
contributed to the observed increased abundance of genes associated 
with such metabolism. Sphingolipids are vital for nutrient absorption, 
gut barrier maintenance, and inflammatory regulation (Kim & Jazwin
ski, 2018; Li et al., 2024). Previous studies have linked Parabacteroides 
species to the production of neuroactive metabolites like 
gamma-aminobutyric acid (GABA) and indole derivatives (Otaru et al., 
2021), which supports the observed positive correlation with genes 

Fig. 4. Non-metric Multidimensional Scaling (NMDS) plot based on Jaccard's distance of functional profiles, comparing ecosystems after one (T1) and two (T2) 
weeks of elderberry extract intake, and after one week of washout (T3), relative to the baseline (T0), for both proximal colon (PC) and distal colon (DC) tracts of both 
SHIME® units (S1 and S2). Significant effects of SHIME® unit, colon tract, and time interaction were observed (all P < 0.05), assessed using PERMANOVA (Adonis2).
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related to neuroactive ligand-receptor interactions and suggests poten
tial beneficial effects on the microbiota-gut-brain axis. In DC, the posi
tive correlation of glycolysis/gluconeogenesis and citrate cycle with 
B. eggerthii, which showed increased abundance at T2 and T3, highlights 
the potential contribution of this species to carbohydrate and fibers 
fermentation and energy generation, supporting gut microbiota's 
involvement in host metabolic processes (Ibrahim & Anishetty, 2012; 
Vernocchi et al., 2020). B. eggerthii also positively correlated with genes 

related to amino sugar and nucleotide sugar metabolism, which 
increased at T2 and T3. This is in agreement with the capacity of Bac
teroides species to utilize complex glycans such as dietary fibers and 
host-derived glycosaminoglycans and glycoproteins, which release 
amino sugars like N-acetylglucosamine (Kmezik et al., 2021). These 
sugars are then metabolized via amino sugar and nucleotide sugar 
pathways to support cell wall biosynthesis and host-microbe in
teractions (Singh, 2019). Similarly, A. putredinis also positively 

Fig. 5. Common trends in the abundance of functional pathway-associated genes across both SHIME® units (S1 and S2) in (A) the proximal colon (PC) and (B) the 
distal colon (DC) tracts at baseline (T0), after one (T1) and two (T2) weeks of elderberry extract intake, and after one week of washout (T3). Pathway-associated 
genes were included in the comparative analysis if they exhibited significant temporal changes in the PC or DC of at least one SHIME® unit, as determined by 
differential abundance analysis using MaAsLin2 with false discovery rate correction (q < 0.05; see Supplementary Fig. 4).

Fig. 6. Spearman correlations between differentially abundant bacterial species and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway-associated genes in 
(A) the proximal colon tract (PC) of SHIME® unit 1 (S1), (B) the distal colon tract (DC) of S1, and (C) the DC of SHIME® unit 2 (S2). False discovery rate (FDR) 
correction was applied to adjust for multiple comparisons. Species and pathway-associated genes were included in the analysis if they exhibited significant dif
ferential abundance in the PC or DC of at least one SHIME® unit. The PC of S2 was excluded from the analysis as no significant differential species abundance was 
detected. Asterisks indicate statistical significance of correlations: adjusted P-value (padj) < 0.05 (*), padj < 0.01 (**), and padj < 0.001 (***).
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correlated with amino sugar and nucleotide sugar metabolism. How
ever, its role in gut ecosystems is more controversial since it was asso
ciated with both beneficial (Wang et al., 2023) and detrimental effects 
(Watanabe et al., 2025) effects. Unfortunately, our analysis was not 
resolutive at the strain level, thus preventing a clear conclusion. Also, 
the positive correlation of the alanine, aspartate, and glutamate meta
bolism with B. eggerthii, showing increased abundance at T1 and T3, 
aligns with genomic evidence suggesting that Bacteroides species, 
including B. eggerthii, harbor genes supporting central amino acid 
metabolic pathways (Chen and Fang, 2025). At T2, the positive corre
lation between the increased abundance of genes involved in drug 
metabolism and C. butyricum is due to its capacity to metabolize poly
phenols and participate in the biotransformation of xenobiotics, sup
porting its role in detoxification processes (Li et al., 2020; Pant et al., 
2023). Genes linked to propanoate metabolism positively correlated 
with well-known SCFAs producers like E. coli, C. freundii, and E. faecium 
(Nakkarach et al., 2020; Zhu et al., 2024), which increased at T1. This 
finding explains the significant rise of acetic acid concentrations, a key 
precursor and intermediate in propanoate metabolism, observed in the 
same colon tract and time point.

Differently, the microbiome of S2 had shifts that potentially favored 
the biosynthesis of cell wall components, vitamins, and bioactive sec
ondary metabolites, reflecting a distinct functional metabotype. In the 
PC of S2, changes in the abundances of several pathway-associated 
genes were observed, although they have not been associated with 
species dynamics according to Spearman correlation analysis. Specif
ically, the increases of genes linked to teichoic acid and arabinogalactan 
biosynthesis (at T1 and T3) and vitamin B6 metabolism (at T2 and T3) 
suggest relevant potential evolutions. In fact, teichoic acid and arabi
nogalactan biosynthesis contribute to bacterial cell wall reinforcement 
and enhanced resilience against environmental stressors, potentially 
influencing host immune modulation (Alderwick et al., 2015; Wu et al., 
2020), while the vitamin B6 metabolism is essential for neurotransmitter 
synthesis, and its enhancement following polyphenol intake aligns with 
previous studies (Duda-Chodak et al., 2015). In the DC of S2, the positive 
correlation, at T1, of genes associated with valine, leucine, and isoleu
cine degradation and A. xylosoxidans can be attributed to the ability of 
such species for amino acid metabolism, including branched-chain 
amino acid catabolism, a process that is crucial for energy production 
and homeostatic balance (Zhang et al., 2023). The positive correlation of 
genes linked to selenocompound metabolism and B. clarus, A. putredinis, 
C. innocuum, Clostridium sp. AM33_3, and E. faecalis, which increased at 
T2, is coherent both with the capacity of Bacteroides and Enterococcus 
species to metabolize selenium, contributing to the gut's antioxidative 
capacity (Zhang et al., 2023), and the ability of Alistipes and Clostridium 
species to reduce selenite to selenide, which is essential for cellular 
function and resistance to oxidative stress (Wells & Stolz, 2020). At T2, 
the decrease in carbapenem biosynthesis genes was positively correlated 
with a reduction in K. aerogenes and negatively correlated with an in
crease in A. muciniphila. K. aerogenes degrades carbapenems to survive 
under competitive and inflammatory conditions (Takei et al., 2024). 
This ecological shift may have favored the proliferation of 
A. muciniphila, a beneficial microbe adapted to stable and 
low-competitive gut environments (Cani & de Vos, 2017; Zhai et al., 
2019).

The overall higher propionic and acetic acid concentrations at 
baseline (T0) in S2 align with previous findings by De Filippis et al. 
(2016), who linked Type-P enterotypes, dominated by Prevotella, to 
elevated levels of these SCFAs. During the intervention, EBE intake led 
to an increase in acetic acid concentrations in the DC of both SHIME® 
units (at T1 in S1; at T2 in S2), demonstrating its capacity to enhance 
acetate production. Likewise, the observed rise in propionic acid in both 
colon tracts of S1 (at T1 and T2 in PC; at T2 in DC) reflects the micro
biota evolution induced by EBE, which increased the abundance of 
SCFAs producers. SCFAs are well known to support gut barrier integrity, 
exert anti-inflammatory activity, and modulate immune responses (Yao 

et al., 2022). Nevertheless, literature on the impact of polyphenol intake 
(timing of treatment and daily dose) on SCFAs biosynthesis is 
non-univocal (Du et al., 2023; Zhang et al., 2022). The diversity of 
studied ecosystems and the different structures of used polyphenols, 
dietary fiber types, and dosages (all factors impacting SCFAs production 
at the gut level) can explain the controversy of the results (Zhang et al., 
2025). Our study used a moderate daily dose (600 mg) of EBE, which 
corresponds to the polyphenol intake recommended by the WHO 
(Reider et al., 2022), providing 91.2 mg of anthocyanins but only 63.6 
mg of dietary fiber. This amount of fiber is relatively low compared to 
the recommended daily intake of 25 g (WHO, 2023) and can explain the 
more contained SCFAs evolution. Despite the low daily dietary fiber 
supply, it has most probably acted as a co-substrate or carrier, facili
tating microbial access to polyphenols and modulating their metabolic 
conversion into SCFAs (Bindels et al., 2015). In contrast, Wallace et al. 
(2015), who administered higher daily doses (750 mg polyphenols and 
7.5 g fiber), reported no significant differences in SCFAs levels resulting 
from the intake of only polyphenols and fiber-polyphenol combinations, 
in either mouse or human fecal samples. However, the SHIME® model 
employed in our study offers a more physiologically relevant simulation 
of human gut ecology than static fecal incubations, and the fiber-driven 
SCFAs production is contingent on its structural properties and the host's 
microbial ecology (Vinelli et al., 2022). Moreover, the variability in 
SCFAs outcomes across both SHIME® units and colon tracts in our study 
reinforces the ecosystem-specific nature of microbiome responses, 
where individual microbial configurations influence the production and 
types of SCFAs (Tuohy et al., 2003).

Collectively, these findings suggest that the observed donor- 
dependent responses are driven by differences in baseline microbiota 
composition, functional gene repertoires, and metabolic capacity across 
distinct gut ecosystem configurations, consistent with enterotype- 
associated traits. However, although the adopted in vitro model repre
sents the most suitable technology to obtain preliminary insights into 
gut ecosystem impacts, some aspects limiting the possibility to gener
alize the outcomes and to directly translate the findings to in vivo human 
outcomes should be considered. First, the SHIME® model, while 
enabling controlled and reproducible investigation of gut microbial 
processes, does not fully capture host-related factors such as immune 
interactions, epithelial responses, and systemic metabolism. Second, the 
use of one donor per enterotype (although accurately selected) limits the 
biological replicates and broad generalizability of conclusions. Finally, 
further studies including multiple nutritionally relevant doses and 
phenolic profiling in lumen samples following EBE supplementation will 
be necessary for a dose-response assessment and to provide a deeper 
insight into the fate of individual flavonoids, respectively.

5. Conclusion

Precision in nutrition requires designing supplementation strategies 
that consider inter-individual variability, which can improve the effi
cacy of dietary interventions. Such in vitro simulation through the 
SHIME® model opened a perspective on the potential evolution of 
different gut ecosystems after the intake of the elderberry extract rich in 
polyphenols and fiber. Despite the inter-individual features being the 
main drivers differentiating the gut ecosystems, the intake of elderberry 
extract resulted in significant, and mainly donor-dependent, modula
tions of microbiome with several potentially beneficial effects. Although 
this in vitro approach represents a simplification compared to the con
ditions to which gut microbiota are subjected in vivo, and in vivo studies 
will be necessary to better reveal the spectrum of effects induced by the 
extract intake, the findings opened the window into the different and 
promising ecological evolutions induced by EBE intake in different gut 
ecosystems, suggesting its suitability for personalized diets. Personali
zation may involve adapting EBE supplementation duration or dose 
according to microbiome responsiveness, enterotype-associated traits, 
and functional capacity for polyphenol and SCFAs metabolism. 
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However, in vivo validation combined with targeted metabolomic 
profiling will be required before translating these insights into action
able dietary recommendations.
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