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A B S T R A C T

Flavan-3-ols are the most found flavonoid compounds in the human diet. Polymeric and monomeric flavan-3-ols
reach the colonic region intact, where the gut microbiota utilizes them as substrates. In this research work, we
investigated the pattern of colonic metabolites associated with flavan-3-ols, conducting a comprehensive analysis
that combined (un)targeted metabolomics and in vitro colonic models. Firstly, the proposed flavan-3-ol metabolic
pathway was investigated in-depth using a static in vitro model inoculated with different fecal donors. An apple,
(− )-epicatechin, and procyanidin C1 were employed as feeding conditions. Small phenolic acids, such as phe-
nylpropanoic acid and 3,4-dihydroxybenzoic acid, were positively associated with the apple feeding condition. In
contrast, 5-(3ʹ,4ʹ-dihydroxyphenyl)-γ-valerolactone and other specific early intermediates like phenylvaleric
acids were positively associated with (− )-epicatechin. Secondly, by employing a dynamic in vitro simulator
model of the human digestion system (SHIME), we reconstructed the flavan-3-ol metabolic pathway regionally.
In the proximal colon region, we localized catabolites, such as 5-(3ʹ,4ʹ-dihydroxyphenyl)-γ-valerolactone, while
in the distal region, we identified mainly small phenolics. Combining static and dynamic in vitro models, we
observed differences in the release of flavan-3-ol catabolites, influenced by both the food structure (isolated
compounds and a food matrix) and the colonic region. This study sheds light on the colonic catabolism of one of
the main dietary (poly)phenols and localizes microbial metabolites.

1. Introduction

Flavan-3-ols are widely present in many plant-based foods and
beverages, such as cocoa, tea, wine, grapes, and stone fruits, and have
been correlated with positive health outcomes, acting, for example, as
immunomodulatory and anti-inflammatory compounds [1,2,3]. After
digestion, most of the flavan-3-ols can reach the colon almost intact [4].
In this region, flavan-3-ols can either modulate microbial communities
or undergo extensive microbial metabolism [5]. In the latter case, spe-
cific commensal bacteria utilize flavan-3-ols as substrate and release
molecules with potential health benefits, such as phenyl--
γ-valerolactones (PVLs), phenyl valeric acids (PVAs), and low molecular
weight phenolics [1,6]. For instance, in vitro, we observed that chronic
exposure to an epicatechin metabolite, (4R)-5-(3′,4′-dihydrox-
yphenyl)-γ-valerolactone, may lead to reduced colorectal cancer risk
[7]. However, further studies are needed to localize this gut microbial

metabolite (GMM) and determine whether this flavan-3-ol catabolite
may protect against proximal, distal, or both regions.

The breakdown of flavan-3-ols begins with microorganisms bio-
transforming polymeric procyanidins in monomers mainly, followed by
C-ring fission that forms small phenolics [1,3,6]. It is worth mentioning
that the production of flavan-3-ol catabolites in humans depends on the
type, quantity, and biological activity of the gut microbiota. During the
last few years, researchers have explored the relationship between
flavan-3-ols and donor-specific metabolism using fecal batch fermenta-
tion [8,9].Fecal batch fermentations lack regional information. Using a
dynamic in vitro model, Li et al. addressed this issue and reported the
region-dependent metabolic profiles of (+)-catechins, a type of
flavan-3-ols, emphasizing the significance of intestinal regions and their
associated microbial communities [5]. Therefore, it is important to
investigate the differences in the formation of PVLs, PVAs, and phenolic
acids, as well as their spatiotemporal production, since there has been
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little investigation into the spatiotemporal aspects of flavan-3-ols
degradation [2,6,9–12]. Most of the abovementioned studies have
employed pure standards to determine the catabolism of flavan-3-ols,
and a few used food matrices rich in flavan-3-ols, such as a Renetta
Canada apple [13]. In this study, we decided to compare pure isolated
compounds and food matrices to decode the production and location of
these flavan-3-ol catabolites.

The biotransformation of flavan-3-ols by commensal bacteria has
been explored by different researchers using in vitro and in vivo ap-
proaches [6,10–16],. In vivo studies using humans and animals are
crucial. In vivo models involve the use of living organisms, such as ro-
dents, pigs, and human subjects, to investigate how dietary components
affect the composition and function of the gut microbiota. However,
there are limitations, such as interactions with other confounding vari-
ables, region-specific sampling in humans, ethical considerations,
housing conditions, and differences in the gut microbiota composition in
rodents, among others [17,18]. On the other hand, in vitro approaches
are not exempt from limitations, such as lack of epithelial and immune
compartments, absorption, differences between in vitro models, and
challenges culturing strict anaerobic microorganisms [1,6,19–22].
Although they cannot replicate the full complexity of the human
gastrointestinal tract, these models offer researchers a cost-effective and
efficient way to explore hypotheses related to interactions between food
and gut microbiota. So far, most of the studies have employed static in
vitro models. A static in vitro model tends to mirror a specific region,
adjusting the pH, and is stable for a short period [23]. As an alternative,
dynamic in vitro models, such as the simulator of the human intestinal
microbial ecosystem (SHIME). This powerful in vitro system enables
long-term experimentation and significantly advances our knowledge of
food-gut microbiota interactions, particularly in exploring spatiotem-
poral bio-transformations [16,24].

We suspect that the intestinal microenvironment impacts the
biotransformation of flavan-3-ols. Thus, specific microbial communities
in the proximal and distal colon may distinctly influence the catabolism
of flavan-3-ols. However, the concrete spatiotemporal production of
flavan-3-ol remains unclear. There is a valuable opportunity to further
explore the spatiotemporal production of these metabolites along the
colon, as this area has not yet been extensively researched. To overcome
the current knowledge gap and localize the site of production of these
key polyphenol catabolites, we first performed fecal batch cultures
(FBC) to reconstruct the flavan-3-ol metabolic pathway. Secondly, the
SHIME system determined the spatiotemporal production of GMMs. This
study endeavored to explore the potential of combining static and dy-
namic in vitro models to reconstruct the breakdown of flavan-3-ols. By
doing so, we aimed to delineate the spatiotemporal production of spe-
cific catabolites with relevant biological activities. Therefore, this new
knowledge may contribute to the prevention of gastrointestinal diseases,
such as colorectal cancer.

2. Materials and methods

2.1. Chemicals and reagents

Chemicals used in this study, including K2HPO4, KH2PO4, sodium
thioglycolate, peptone, yeast extract, L-cysteine, tryptophan-d5, trans-
cinnamic-d7, NaCl, MgSO4(H20)7, CaCl2(H20)2, Tween 80, bile salts,
pepsin, pancreatin were acquired from Sigma-Aldrich (The
Netherlands). Procyanidin C1 (PC1) and 5-(3ʹ,4ʹ-dihydroxyphenyl)-
γ-valerolactone (DiHPVL) were purchased from Toronto Research
Chemicals (Toronto, ON, Canada). Procyanidin B2 (PB2), (− )-Epi-
catechin (EC), 3-(3ʹ,4ʹ-dihydroxyphenyl)-propanoic acid (DiHPPA),
3ʹ,4ʹ-dihydroxyphenylacetic acid (DiHPAA), 3,4-dihydroxybenzoic acid
(DiHBA), 3-hydroxybenzoic acid (HBA), and benzoic acid (BA) were
purchased from Sigma-Aldrich (St. Louis MO, USA). Apples, Renetta
Canada variety, were purchased from a local shop in Trento (Italy). All
chemicals and standards used in this study were LC-MS reagents unless

otherwise stated. The nomenclature used for (poly)phenol catabolites
follows the recommendations provided by Kay and co-authors [25].

2.2. Ethical consent

Wageningen University & Research’s medical ethics committee
assessed the study protocol and consent form and decided that this study
does not require medical ethics approval (Registration Number
2023–16696). Participants signed an informed consent.

2.3. Fecal batch cultures (FBC): static model

Fecal samples were collected from four healthy participants (donors
1–4; two males and two females). Participants were advised to follow a
flavanol-free diet for two weeks. They had an average age of 23 years, a
body mass index between 20.0 and 23.9, and had not undergone any
antibiotic treatment. Additionally, they had no history of gastrointes-
tinal disorders for at least six months. Stool samples were collected at 9
a.m. and utilized within 2 h. FBC experiment protocol was performed as
described by Pérez-Burillo et al. with a few modifications [16]. The pH
value was adjusted to 6.6. All steps were carried out under sterile con-
ditions. Firstly, 15 mg/L sodium thionate were added to 200 mL phos-
phate buffer. Then, 40 g fresh fecal samples were added and
homogenized for 10 min, speed 300 rpm/min. After that, a 2 min
centrifuge at 500 rpm was applied, and the supernatant was collected as
the final fecal suspension. Secondly, 4.3 mL of an autoclaved basal
nutrient medium was added to a sterilized penicillin bottle (volume 10
mL). Subsequently, for the flavan-3-ol treatment groups (EC and PC1), 2
mL of sterilized solution containing standards and 0.7 mL fecal sus-
pension were added. The final concentration of EC and PC1 was 0.01
mg/mL. For the food matrix feeding condition, the total polyphenol
content was reported previously [13]. Renetta Canada apple has a total
polyphenol content of 276 mg/100 g, from which 206 mg/100 g were
flavan-3-ols, as Koutsos and co-authors have reported [13]. The peel and
pulp of Renetta Canada apple were digested following the INFOGEST
protocol [26]. Two mL of a sterilized water solution containing 0.14 g of
Renetta Canada apple, 0.7 mL of fecal suspension, and the basal medium
were added to the flask (final volume 7 ml). Thus, the final concentra-
tion of flavan-3-ols in the flask was approximately 0.04 mg/ml. Blanks
were filled up with sterilized water to have the same final volume as
standards or apple samples. All flasks were flushed for 10 min with
N2/CO2 to maintain the anaerobic condition. For each treatment and
control, seven flasks were incubated at 37 ◦C with mild shaking (300
rpm), and 5 ml were collected for each time point (0, 2, 4, 6, 8, 24, and
48 h). All experiments were performed in duplicate. To stop enzymatic
reactions, all samples were fast-frozen using liquid nitrogen at the
appropriate time point and stored in the freezer (− 20 ◦C) before
extraction and analysis.

2.4. SHIME: dynamic model

Stools from donor 3 and donor 4 were inoculated in the SHIME
(ProDigest, Belgium). The experimental design of SHIME and sampling
was based on previous studies with minor modifications [27]. SHIME
consists of two units that share a stomach and small intestine vessels.
These units were then divided into two parallel Proximal Colon (PC) and
two Distal Colon (DC) compartments. These compartments were inoc-
ulated with fresh fecal samples from donors 3 and 4. The pH was
maintained at 5.6–5.9 for PC compartments and at 6.6–6.9 for DC
compartments by adding 0.5 M HCL or NaOH. The SHIME system was
kept at 37 ◦C using a warm water circulator (AC200, Thermo Fisher
Scientific), mixed at 300 rpm using stirrers, and kept at anaerobic con-
ditions by flushing N2 daily for 10 min at 0.1 bar (~3–4L/min). After a
two-week stabilization period [24,28], a two-week treatment began
feeding every day at 8 a.m. with EC (0.01 mg/mL) and digested apple
(0.14 g/mL intake) in the shared stomach and small intestine vessels.
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This concentration of flavan-3-ols met the recommended nutrient intake
per day for an adult as a total of 50 mg EC per donor intake during the
treatment stage in the SHIME system [29]. During the EC and apple
feeding period, samples were collected from PC and DC colon from
donors 3 and 4 at 8:00 a.m., 14:00 p.m., and 18:00 p.m. every day.
Lastly, a two-week washout period with flavan-3-ol-free medium was
used to investigate the recovery of microbial communities after
long-term treatment. During the washout stage period, samples were
collected at 8:00 a.m. each day. All collected samples were immediately
frozen using liquid nitrogen and stored (− 20 ◦C). The volume of PC and
DC compartments was kept constant at 250 and 400 mL, respectively.

2.5. Extraction methods

Slurries collected from FBC and SHIME were extracted according to
Di Pede et al. [11] and Koutsos et al. [13] with minor modifications.
Briefly, frozen samples were thawed and vortexed for 30s. Then, an
aliquot of 0.5 mL was extracted using 0.5 mL of methanol/water (1:1)
with 0.1 % formic acid using tryptophan-d5 (2 mg/L) and trans--
cinnamic-d7 (2 mg/L) as internal standards. The samples were vortexed
for 1 min and then subjected to ultrasonication at low temperature for
10 min. Samples were then transferred to the freezer (− 20 ◦C) and
stored for 1 h in darkness. Subsequently, they were centrifuged at 12000
rpm for 10min at 4 ◦C, and then 0.2 mL supernatant was transferred into
an LC-MS vial. Quality control (QC) pool samples were created for FBC
and SHIME experiments to monitor untargeted metabolomics experi-
ments. For each experiment, 0.02 mL of the individually extracted su-
pernatants were pooled and vortexed for 30 s, and 0.2 mL of the mixture
was transferred to LC-MS vials and employed as QC pools.

2.6. LC-QqQ analysis

PC1, EC, PB2, DiHPVL, DiHPPA, DiHPAA, DiHBA, HBA and BA were
identified and quantified using a Shimadzu LCMS-8050 (Kyoto, Japan)
following the method described by Liu et al. [9] with a few modifica-
tions. The UPLC unit consisted of an LC-20ADXR solvent delivery
module, a DGU-20ASR degassing unit, a CTO-20AC column oven, an
FCV-20AH2 valve unit, and a SIL-30AC autosampler. The mobile phase
consisted of solvent A, water with 0.1 % formic acid, and solvent B with
0.1 % formic acid in acetonitrile using as analytical column an Acquity
UPLC BEH C18 column 130 Å (1.7 μm, 2.1 mm × 100 mm, Waters, The
Netherlands) connected to an Acquity UPLC BEH C18 Pre-column 130 Å
(1.7 μm, 2.1 mm × 5 mm, Waters, The Netherlands). The autosampler
temperature was set as 4 ◦C. The initial chromatographic conditions
were set at 5 % B for 0.5 min, followed by a linear change to reach 35 %
B at 2 min. Finally, 95 % B was achieved at 9.5 min prior to holding at
95 % for 1 min to allow for column washing before returning to initial
conditions. Column reconditioning was completed in over 3 min,
providing a total run time of 13.5 min. The injection value was 5 μL, the
column was maintained at 40 ◦C, and a flow rate of 0.3 mL/min was
used.

The triple quadrupole mass spectrometer was operated with an
electrospray ionization source under the negative mode in the multiple
reaction monitoring mode. ESI parameters were set as follows: nebu-
lizing gas flow at 3.0 L/min; heating gas and drying gas flow at 10.0 L/
min; desolations temperature at 250 ◦C; interface temperature at 300 ◦C
and heat block temperature at 400 ◦C. Then metabolites were identified
by comparing the retention times (RTs) and ion values of the samples
with those of commercially available authentic standards: PC1 (m/z
865.1→125.0; RT 4.71 min), PB2 (m/z 577.1→407.1; RT 4.56 min), EC
(m/z 289.1→ 245.0; RT 4.68 min), DiHPVL (m/z 207.1→ 163.0; RT
4.96 min), DiHPPA (m/z 181.2→136.9; RT 4.55 min), DiHPAA (m/z
167.3→123.0; RT 3.37 min), DiHBA (m/z 153.2→ 109.0; RT 2.54 min),
HBA (m/z 137.2→92.9; RT 4.21 min), BA (m/z 121.0→77.0; RT 5.52
min). Finally, the data generated was acquired and analyzed using
LabSolutions software (Shimadzu Corporation, Japan). The

concentration range of the calibration curve concentration was
0.5–2000 ppb of standards in fecal slurries.

2.7. LC-QTOF analysis

Metabolites, such as 1-(3′,5′-dihydroxyphenyl)-3-(2′,4′,6′-trihydrox-
yphenyl)-propan-2-ol (DiHPP-2-ol), 1-(hydroxyphenyl)-3-(2′,4′,6′-trihy-
droxyphenyl)-propan-2-ol (HPP-2-ol), 4-hydroxy-5-(3′,4′-dihydroxy
phenyl)valeric acid (4-H-DiHPVA), 5-(3′,4′-dihydroxyphenyl)valeric
acid (DiHPVA), 5-(3′-hydroxyphenyl)-γ-valerolactone (HPVL), 5-(3′-
hydroxyphenyl)valeric acid (HPVA), 3-(3-hydroxyphenyl)propanoic
acid (HPPA), 3-hydroxyphenylacetic acid (HPAA), 5-phenylvaleric acid
(PVA), phenylpropanoic acid (PPA), phenylacetic acid (PAA) were
tentatively identified using a Nexera XS UPLC system (Shimadzu Cor-
poration, Kyoto, Japan) coupled an LCMS-9030 quadrupole time-of-
flight mass spectrometer (Shimadzu Corporation, Kyoto, Japan). The
UPLC unit consisted of an LC-40D XS solvent delivery pump, a DGU-405
degassing unit, a CTO-40S column oven, a CBM-40 lite system
controller, and a SIL-40CX3 autosampler. The LC-QTOF system was
equipped with a standard electrospray ionization source unit (ESI) and a
calibrant delivery system. The chromatographic separation was
accomplished employing water (eluent A) and acetonitrile (eluent B),
both acidified with 0.1 % formic acid, which were used as mobile pha-
ses. The gradient was as follows: start with 5 % B, linear increase to 95 %
B in 8.5 min, for next 3.5 min was kept at 95 % B, switching to 5 % B in
12 min, and column equilibration for 2 min before the next injection.
The flow rate was 0.3 mL/min and the oven temperature was kept at
40 ◦C. The injection volume was 5 μL. ESI source conditions: nebulizing
gas flow, 2.0 L/min; heating gas flow 10.0 L/min; interface temperature
300 ◦C; desolations temperature 526 ◦C; interface voltage, 4.00 kV
(positive) or 2.50 kV (negative); measurement m/z: 50–1000; the event
time for the full scan was set at 0.1 s. MS data was collected with ion
accumulation for 12 min. External mass calibration was performed by
using ESI-L Low Concentration Tuning Mix 100 mL (Agilent Technolo-
gies, Amstelveen, The Netherlands). Both negative and positive ioniza-
tion modes were used for the metabolomic analysis. The generated MS
raw data (.lcd file) was processed using the MS-DIAL software (Version
4.9.221218) [30]. On the other hand, automatic peak screening using
LabSolutions Insight Explore software (Shimadzu Corporation, Japan)
was conducted with a local database that was created using flavan-3-ol
metabolites. For identification, the MS tolerance for peak centroiding
was set to 0.05 Da in LabSolutions Insight Explore software, and accu-
rate mass tolerance was 0.01 Da for MS1 and 0.01 Da for MS2 in
MS-DIAL software.

2.8. Short chain fatty acids (SCFAs) analysis

SCFAs, such as acetic acid, propionic acid, butyric acid, isobutyric
acid, valeric acid and isovaleric acid were quantified using a Shimadzu
GC-2014 (Kyoto, Japan) coupled with flame ionization detection (FID,
Shimadzu, ’s-Hertogenbosch, The Netherlands) following method as
described in a previous reference with minor modification [31]. In short,
0.5 mL of slurry was taken and spun down at 9000 rpm for 5 min at 4 ◦C.
Subsequently, 125 μL internal standard solution (0.45 mg/mL 2-ethyl-
butyric acid in 0.3M HCl and 0.9M oxalic acid) was added to 0.250
mL supernatant, vortexed 30 s and 0.150 mL mixture was transferred
into a GC vial. The injection volume was 1 μL, and a Restek Stabilwax
column (30 m × 0.25 mm × 0.25 μm, with a T Max of 240 ◦C, Restek,
Santa Clara, CA, USA) was employed. Nitrogen served as carrier gas with
a flow rate of 10 mL/min. Air, H2, and N2 were used as makeup gases at
pressures of 260, 30, and 30 mL/min, respectively. The initial oven
temperature was set at 100 ◦C, ramped up to 180 ◦C at 8 ◦C/min, then
held for 1 min. Subsequently, the temperature increased to 200 ◦C at
50 ◦C/min andmaintained at this level for 5 min. Finally, data generated
was analyzed using Chromeleon 7.2 sr5® software (Thermo Scientific,
Waltham, MA, USA).
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2.9. Statistical analysis and software packages

In this study, all assays were performed with duplicates. Chem Draw
19.0 software (PerkinElmer, Waltham, USA) was used to draw metab-
olite structures. LC-QqQ analysis was conducted by the LabSolutions
software (Shimadzu Corporation, Japan), while MS-Dial software
(Version 4.9.221218) [30] for LC-QTOF-MS data. MetaboAnalyst5.0
(https://www.metaboanalyst.ca/) was employed to analyze multivar-
iate empirical bayes analysis of variance (MEBA), analysis of variance
(ANOVA), random forest, correlation analysis, enrichment and heat-
maps of untargeted metabolomic data. MicrobeMASST (https://masst.
gnps2.org/microbemasst/) was performed to link the metabolomics
data to gut microbial producers [32].

3. Results and discussion

3.1. Biotransformation of flavan-3-ols: reconstructing the pathway using
FBC

The first in vitro study aimed to investigate flavan-3-ol catabolites
during 48h, collecting samples at 7-time points (Fig. S1). Flavan-3-ols
and gut-related metabolites were quantified by LC-QqQ (Table S1),
and those not commercially available were tentatively qualified using
LC-QTOF (Table S1). In the latter, the identification criteria were based
on (i) chromatographic separation, (ii) peak shape and resolution, (iii)
the measured accurate mass of [M + CH3COO]− , [M− H]− or [M +

HCOO]− must fit the theoretical accurate mass with a mass tolerance set
at ±5 ppm (Table S1), (iv) isotopic pattern, (v) fragment ions obtained,
and (vi) references and databases [1,2,9].

3.2. (− )-Epicatechin

Previous studies have suggested diverse catabolic routes of flavan-3-
ols [1,6,9–11]. These metabolic pathways may be modulated by the rate
of conversion, time dependency, and, potentially, gut microbiota
composition, highlighting interindividual differences [9]. Indeed,
interindividual differences might be correlated with different enzymes,
such as hydrolases, lyases, and oxidoreductases [33]. To enhance our
understanding of the catabolic mechanism, we first examined the gen-
eral biotransformation pathway (Fig. 1) by averaging all donors, and
then explored the interindividual differences.

Regarding EC, we observed that the heterocyclic C-ring was cleaved
at early time points to produce DiHPP-2-ol (Fig. 1), a result consistent
with previous studies stating that C-ring opening is an initial metabolic
step for EC biotransformation [2,9]. The Ruminococcace family has been
positively correlated with the formation of DiHPP-2-ol and its down-
stream metabolites [9,34]. More specifically, the formation of
DiHPP-2-ol is the result of C-ring reductive cleavage [35–37], a process
that seems to be induced through the action of gut bacteria such as
Lactobacillus plantarum, Eggerthella lenta, and Flavonifractor plautii, as
mentioned in a previous study [38]. Our research is based on targeted
and untargeted metabolomics data. Utilizing untargeted metabolomics
data, we employed a taxonomically informed mass spectrometry tool
called microbeMASST to connect metabolites with potential microbial
composition [32]. Folling this strategy, Eggerthella lenta, and Lactoba-
cillus were tentatively detected using microbeMASST [32] (Fig. S2).
Subsequently, still in its early stages, DiHPP-2-ol was bio-transformed to
DiHPVL or HPP-2-ol, respectively, through A-ring fission and oxidation.
After that, more pronounced at time 24h, DiHPVL was converted to
DiHPVA, HPVL, and other small phenolic acids through different
degradation reactions, including de-lactonization, the reduction in the
length of the aliphatic chain in PVA, and the dehydroxylation of the

Fig. 1. Potential microbial pathway for EC, PC1, and apple using a static in vitro model. The names of the metabolites are represented in thin or bold characters,
depending on whether they were detected by an LC-QTOF (qualitative data, thin) or LC-QqQ (quantitative data, bold). In the heatmap, a range from red (intense red,
high levels) to blue (dark blue, low levels) represents the average relative intensity detected at 0, 6, and 24 h. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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phenyl moiety [2,9]. Different microbes might be involved in these
processes, among which Phascolarctobacterium, Barnesiella, Akkermansia,
Prevotella and Bacteroidota [9]. HPVA, PVL, and BA were not detected
during our fermentation batch cultures.

Our findings also revealed that metabolic profiles were donor-
dependent (Fig. 2), which is consistent with the literature [8,9]. In
line with this finding, Li et al., reported a type of flavan-3-ols,
(+)-catechin also performed donor-dependent behavior in vitro [5].
We noticed EC was rapidly consumed by the gut microbiota (Fig. S3A),
indicating GMMs started being released over time, as expected. How-
ever, we also observed temporal differences. Donors 1 and 2 showed
different trends in producing DiHPVL from 0h to 48h (Fig. 2A). While
donor 1 did not produce DiHPVL, donor 2 released increasing concen-
trations of this GMM from 4h to 48h. In addition, donors 3 and 4
behaved differently. Donor 4 can be defined as a fast converting since
elevated levels of DiHPVL were produced between 2h and 48h. By
contrast, Donor 3 started releasing DiHPVL after 24h. Thus, donor 3
could be considered a slow-converter of flavan-3-ols. Interestingly, after
48 h, DiHPVL was released at higher concentrations in Donor 3
compared to Donor 4. These differences between Donors 3 and 4 moti-
vated us to select these donors for the subsequent SHIME experiments.
At the microbial level, EC feeding conditions could have promoted the
growth of the Ruminococcace family [9,34]. This might have beneficial
implications for intestinal health since different species of Ruminococcus,
particularly R. bromii, play a key role in breaking down fibers and starch.

3.3. Procyanidin C1

Microbial communities from the same donors were exposed to PC1,
and LC-MS approaches were employed to characterize the flavan-3-ol
catabolites (Fig. 1). During the initial stages (0–6 h), PC1 was mainly
converted to EC in agreement with previous literature [11]. This trimer
might be bio-transformed to a monomer through hydrolytic processes
led by the Lactobacillus family [39,40]. After this initial metabolic step,

the biotransformation followed the EC metabolic pathway. However,
flavan-3-ol catabolites were produced later compared to EC feeding
conditions (Fig. 1). By using isolated pure compounds, we observed that
EC was bio-transformed more rapidly than PC1. However, we noticed
that when PC1 was used as a feeding condition, HPVL concentrations
dropped significantly (p < 0.05) at the 24-h sampling timepoint, con-
firming that this biotransformation step is affected by the degree of
polymerization of flavan-3-ol.

A time-course quantitative assessment of PC1 catabolites is shown in
Fig. 2A. This figure reveals a donor-dependent behavior similar to EC
and indicates an interindividual variability consistent with the literature
[2,6,9]. Overall, microbial communities metabolized PC1, leading to the
formation of EC, DiHPVL, DiHPPA, DiHPAA, DiHBA, and HBA. As
depicted in Fig. 2A, donors 3 and 4 presented different metabolic pro-
files characterized by different productions of DiHPVL and phenolic
acids. DiHPVL was found at a higher level in donors 3 and 4, donor 3
being the main DiHPVL producer. In the end, the trend was opposite to
EC feeding conditions. It indicates the different capacities of the gut
microbiota on the biotransformation steps, from PC1 to EC and from EC
to DiHPVL [1,9,11], showing that free flavan-3-ol and polymeric form
affected the metabolic pathway (Fig. 2A).

3.4. Apple

An apple rich in flavan-3-ols was first digested following the INFO-
GEST protocol [26], and the undigested fraction was used to perform
FBC. Fig. 1 indicates the most abundant metabolites derived from an
apple. Note that apple’s cell walls contain various microstructural ele-
ments, such as starch granules, proteins, and organelles, which have
functional molecules [41]. The presence of these molecules might
modulate microbial communities differently since we observed mainly
PVL and other small catabolites (Fig. 1). In this sense, although the
contribution of the catabolism of apple cinnamic derivatives to the
production of some lowmolecular weight phenolic acids cannot be ruled

Fig. 2. (A) A heatmap of microbial metabolites was produced using longitudinal data, including 7-time points, 4 donors, and peak area information, from the static in
vitro model with a range from − 2 (light orange, low levels) to +4 (dark brown, high levels). A color-coded system depicts the feeding conditions; EC (blue), PC1
(green), and apple (orange). Random forest variable importance plots comparing (B) EC versus PC1 groups, and (C) EC versus apple were created. Longitudinal data,
including all time points and peak area information, were uploaded to the online analysis platform of Metaboanalyst5.0 (https://www.metaboanalyst.ca/) to perform
the random forest analysis. A higher value indicates the importance of the metabolite in predicting the group. (D) Redundancy analysis (RDA) analysis shows as-
sociations between flavan-3-ols catabolites and apple, EC, and PC1 feeding conditions at 24h (the control, thus, the basal medium inoculated with gut microbiota, is
represented by the abbreviation BLFS). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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out [42], the specificity of many compounds like PVLs and PVAs ac-
counts for the robustness of this observation. This suggests that the food
matrix may exert a higher contribution in regulating the
bio-transformation of flavan-3-ol compared to the degree of polymeri-
zation of flavan-3-ols [13,43]. In addition, Lactobacillus, Bifidobacterium,
and Bacteroides were computationally confirmed using MS data and
microbeMASST (Fig. S2). This aligns with studies using rats as model
organisms that were fed apple components [44–47].

By combining LC-QqQ and LC-QTOF data, we performed a random
forest variable importance plot comparing EC and PC1 feeding condi-
tions (Fig. 2B), as well as EC and apple feeding conditions (Fig. 2C).
GMMs associated with flavan-3-ols potential microbial pathway (Fig. 1),

including all sampling timepoint and peak area information, were
selected and uploaded to the online analysis platform of Metab-
oanalyst5.0 (https://www.metaboanalyst.ca/) to perform the random
forest analysis. The EC feeding group (Fig. 2B) had DiHPP-2-ol, DiHPVL,
HPVL, and HPAA as main contributors. Statistical analyses revealed
DiHPP-2-ol as a key intermediate in EC and PC1 groups using linear
model, MEBA, and ANOVA analysis (Table S2). By contrast, when
comparing EC and apple feeding conditions, DiHPP-2-ol, DiHPVL,
HPVL, DiHPAA, HPVL, HPPA, PAA, DiHBA, and HBA were the most
significant (Table S2), being small phenolics, the most significant in
apple. To examine the interrelationships between different sets of vari-
ables, we employed a redundancy analysis (RDA) (Fig. 2D). As shown in

Fig. 3. Potential microbial metabolism pathway for EC (A) and apple (B) conditions reconstructed with the SHIME system. Metabolites whose text is colored in blue
and with a dash line box were detected by LC-QqQ, and metabolites whose text is colored in blue were detected using LC-QTOF. The color of the boxes indicates the
region in which the metabolite was generated: red box for PC, blue box for DC. More specifically, during the treatment period, for the metabolites that were detected
in both PC and DC, the (relative) detection intensity is represented through the area occupied by the color in the box of the metabolite itself. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2D, PAA, HPPA, DiHBA, and HBA were positively associated with
the apple feeding condition. In other words, the end products of the
underlined metabolic pathway were associated with the apple feeding
condition. By contrast, the first intermediates, DiHPP-2-ol, HPP-2-ol,
and HPVL, were positively associated with EC.

3.5. Biotransformation of flavan-3-ols: localizing flavan-3-ol catabolites
in the SHIME

3.5.1. (− )-Epicatechin
By employing the SHIME system, we reconstructed the metabolic

pathway of EC, comparing regional information and feeding conditions
(Fig. 3A and B). At first glance, when comparing SHIME and FBC sys-
tems, we observed that HPVA, 4-H-DiHPVA, and BA were found in the
SHIME system (Fig. 3A and B), while DiHPVA, HPPA, PPA, and PAA
were mainly detected in FBC (Fig. 1). It indicates differences between in
vitromodels and specialized microbial communities from PC and DC [6,
10]. In the SHIME, differences between PC and DC regions at oxygen and
pH levels might modulate microbial composition and function region-
ally. Indeed, a previous study demonstrated that the distal community
had a higher relative abundance of Finegoldia, Murdochiella, Peptoniphi-
lus, Porphyromonas, and Anaerococcus, and the proximal community had
Enterobacteriaceae, Bacteroidaceae, and Pseudomonas [48].

EC was not detected in the DC of donors 3 and 4 during the first 24 h.

Still, it was detected on the PC (Fig. S4). After 24 h of exposure, EC was
detected in PC during the treatment stage (days 1–14), while the amount
of EC rapidly decreased in the washout stage (days 15–28) (Fig. S4). This
is in line with the FBC results where donor 4 was considered a fast-
converter of flavan-3-ols. Consistent with this finding, Li and co-
authors also reported a type of flavan-3-ol, (+)-catechin, had a donor-
dependent converter efficiency (Q. [5]). In the PC region, EC break-
down metabolites, such as DiHPP-2-ol, 4-H-DiHPVA, DiHPVL, and
HPP-2-ol, were produced at the early stages of the treatment stage
(Fig. 4). By contrast, metabolites produced by shortening the aliphatic
chain of phenyl-valeric acids were produced later. This is consistent with
the FBC study and recent research works [2,6,9]. Interestingly, during
the treatment period (days 1–7), the relation between 4-H-DiHPVA and
DiHPVL in PC showed an opposite trend between donor 3 and donor 4
(Fig. 4), highlighting that this conversion step differed between donors.
Overall, 4-H-DiHPVA was found at higher abundances in the DC when
EC was used as a feeding condition (Fig. 4). Subsequently, DiHPPA was
released in both the PC and DC regions. In PC, microbial communities
from donors 3 and 4 highlighted similar behavior. However, in DC,
donor 4 was more efficient in releasing flavan-3-ol catabolites.

When comparing PC and DC, we noticed that metabolites derived
from DiHPP-2-ol were at higher abundances in PC, such as DiHPVL,
indicating they might be PC metabolites. We investigated the concen-
tration of DiHPVL in the PC of donor 4 (Fig. 4), which was higher

Fig. 4. Flavan-3-ol metabolites were semi-quantified and quantified during long-term experimental fermentation using epicatechin (EC) and apple feeding condi-
tions. Treatment period (green background) and washout period (grey background). Data are presented as mean + SEM in each sampling time point during the
SHIME period. Abbreviations: D4PCE stands for PC fed with EC (Donor 4); D3PCE represents PC fed with EC (Donor 3); D4PCA means PC fed with apple (Donor 4);
D3PCA stands for PC fed with apple (Donor 3); D4DCE shows DC fed with EC (Donor 4); D3DCE highlights DC fed with EC (Donor 3); D4DCA represents DC fed with
apple (Donor 4); and D3DCA, shows DC fed with apple (Donor 3). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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compared to donor 3. This result agreed with the FBC result (Fig. 2A),
indicating that the function of microbial communities was consistent
between in vitro models. Although DiHPVL concentrations were low in
the DC, donor 4 was able to produce more DiHPVL compared to donor 3.

Several metabolites, such as DiHPPA, DiHPAA, HPPA, HPAA, and
BA, showed similar patterns (Fig. 4). However, we also observed inter-
individual differences at early stages that were attenuated over time. For
instance, DiHPP-2-ol, DiHPVL, 4-H-DiHPVA, and HPP-2-ol, had similar
trends after 10 days of exposure to EC, indicating that chronic exposure
to flavan-3-ols might modulate microbial communities to release a
similar pattern of metabolites. The recovery of gut microbiota was
investigated during the washout stage in both PC and DC regions, and
we noticed that as soon as flavan-3-ols were not supplied, the production
of flavan-3-ol specific catabolites dropped rapidly, while others, like
HPPA and HPAA, diminished gradually over time.

3.6. Apple

The metabolic pathway of flavan-3-ols using the undigested fraction
of an apple as a feeding condition was regionally reconstructed (Fig. 3B).
When comparing SHIME and FBC systems, we observed that DiHPVA,
PPA, and PAA were released in the FBC system (Fig. 1). By contrast, BA
was mainly detected in SHIME (Fig. 3B). This is also in line with the EC
feeding condition results (Fig. 3A).

On the other hand, when comparing apple and EC feeding condi-
tions, we observed that 4-H-DiHPVA and HPVA were released when EC
treatment was employed (Fig. 3A). In contrast, HPAA was mainly
detected when the apple feeding condition was supplied (Fig. 3B). The
pattern of flavan-3-ol catabolites significantly differed between EC and
apple feeding conditions. Note that metabolites related to flavan-3-ol
ring fission, such as DiHPVA and HPVL, were not detected when the
apple treatment was supplied. Indeed, 4-H-DiHPVA, DiHPPA, and HPVA
were only detected during EC treatment, indicating that EC cleavage
could be regulated by the food matrix [1,13]. By contrast, the aliphatic
chain of PVAs was shortened in both EC and apple feeding conditions
(Fig. 4).

We also observed that metabolites like DiHPP-2-ol, HPP-2-ol,
DiHPVL, and 4-H-DiHPVA behaved differently between the two feeding
conditions (Fig. 4). Through the combination of LC-QqQ and LC-QTOF
data, we performed Spearman correlation analysis comparing the peak
areas of EC and apple feeding conditions in PC (Fig. S5A), as well as for
EC and apple feeding conditions in DC (Fig. S5B). Flavan-3-ols catabo-
lites, including all sampling timepoint and peak area information, were
selected and uploaded to the online analysis platform of Metab-
oanalyst5.0 (https://www.metaboanalyst.ca/) to perform the Spearman
correlation analysis. The Spearman correlation analysis confirmed pos-
itive correlations between DiHPP-2-ol, DiHPPA, DiHPVL, and 4-H-
DiHPVA and EC feeding condition in PC (Fig. S5A). In contrast, HPP-
2-ol, DiHPAA, DiHBA, HPAA, and BA were positively associated with
apple feeding condition, which is in line with FBC results and also cor-
responds with previous literature [13]. We noticed that the production
of DiHPP-2-ol and HPP-2-ol was matrix-dependent. DiHPP-2-ol was
more abundant in EC feeding conditions, while HPP-2-ol was more
abundant in the apple feeding condition. EC might be rapidly used by
microbial communities, while the apple feeding condition contained
both free and bound flavan-3-ols, which might be utilized differently.

When comparing PC and DC, we noticed that metabolites in DC were
evenly produced no matter the feeding conditions (Table 2S). In
contrast, the gut microbiota of PC seemed to be affected by the food
matrix [24]. The relative abundances and concentrations of DiHPP-2-ol,
DiHPVL, DiHPAA, PVA, and BA suggest that these metabolites were
mainly produced in the PC. By contrast, HPP-2-ol, HPVL, DiHBA, and
HPAA were mainly found in the DC region (Fig. 3B). Indeed, DiHPPA,
HPP-2-ol, DiHPVL, HPAA, DiHBA, BA, 4-H-DiHPVA, DiHPAA, and PVL
significantly differ between feeding conditions and colonic regions. This
knowledge reveals new opportunities for flavan-3-ol interventions

aimed at the gut epithelium. Releasing region-specific GMMs may help
lower the risk of gastrointestinal diseases.

3.7. SCFAs result

SCFAs, not only play an important role in maintaining gut health but
also reflect the status of gut microbiota [49]. So, in our study, we
quantified SCFAs in PC and DC. As shown in Fig. 5, we observed that PC
microbial communities exposed to EC did not vary the production of
SCFAs compared to the baseline. However, the apple feeding condition
modulated the production of SCFAs due to the presence of dietary fibers.
After a fluctuation period of 4 days, SCFA levels remained steady, with
the concentrations of acetic acid, propionic acid, and isobutyric acid
higher than those of the EC feeding condition. In the DC, total SCFAs and
individual SCFAs such as acetic acid, propionic acid, isobutyric acid, and
valeric acid presented stable levels after 6 days of exposure to EC or
apple feeding conditions, suggesting a longer period of adaptation of the
gut microbiota. This finding reinforces the idea that gut microbiota is
modulated by flavan-3-ols, not only affecting the breakdown of
flavan-3-ols. In the end, the recovery of the gut microbiota was faster in
the PC during the washout period, as was also observed for flavan-3-ol
catabolites.

Furthermore, when comparing the production of SCFAs in PC and
DC, we investigated differences between donors. For example, from day
1 to day 6, the production of SCFAs, such as acetic acid, butyric acid,
isobutyric acid, and valeric acid behaved differently between Donor 3
and Donor 4. From day 7 to day 28, valeric acid exhibited donor
dependence in the DC region, while total SCFA levels did not differ
between donor 3 and donor 4, indicating that valeric acid producers may
have different activities during this period. Both FBC and SHIME in vitro
systems showed that the microbial metabolism of flavan-3-ols was
donor-dependent. Consistent with this finding, Li et al. also reported that
a type of flavan-3-ols, (+)-catechin, also exhibited donor-dependence
[5]. Thus, the differences in composition and function of gut micro-
biota between PC and DC lead to varying production of SCFAs during
their interaction with EC or apple, and further research is needed to
clarify it [48].

3.8. Comparative analysis of metabolic pathways between FBC and
SHIME experiments

Non-targeted metabolomics MS data acquired by an LC-QTOF,
including FBC and SHIME data matrices, were analyzed to decipher
metabolic pathways regulated during gut microbiota-flavan-3-ol in-
teractions. After peak picking, alignment, normalization, and tentative
identification, Hotelling-T2 values of the top 250 metabolites, which
could map to KEGG pathways, were employed. Fig. 6 highlights the
metabolic pathways regulated by the microbial communities (FBC, PC,
and DC experiments). Notably, 13 metabolic pathways, such as purine
metabolism, bile acid biosynthesis, thiamine metabolism, and riboflavin
metabolism, among others, were shared by both FBC and SHIME sys-
tems. These results indicate that the microbial communities from FBC
and SHIME exhibited consistent functionality. Fig. 6 also indicates that
these metabolic pathways may play important roles in bio-transforming
flavan-3-ols, influencing the production of metabolites. Moreover, it is
acknowledged that microorganisms previously cited as potential actors
in the transformation of the studied flavan-3-ols are also involved in
some of these metabolic pathways. Different studies correlated the
presence of Firmicutes with thiamine metabolism and betaine meta-
bolism. In contrast, Bacteroides are positively correlated with thiamine,
caffeine, and glutamate metabolism, and Eggerthella lenta seems to be
involved in glutamate metabolism [50–56]. This might validate the
hypothesis of the potential role of the cited microorganisms in the
described metabolism. In line with this finding, Eggerthella lenta was
confirmed using microbeMASST (Fig. S2).

Five metabolic pathways (Fig. 6A), like phosphatidylethanolamine
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Fig. 5. Concentrations of total SCFAs, acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid produced in the SHIME under EC and
apple feeding conditions, including control (d0), treatment (d1-d14) and wash-out (d15-d28) period. (A) Proximal colon, (B) Distal colon. During the treatment
period (green), EC or apple feeding conditions were used, while during the washout period (grey), a basic nutritional medium without feeding conditions was used.
The data are presented as mean + SEM in each sampling time point during the SHIME period. Abbreviations: D4PCE stands for PC fed with EC (Donor 4); D3PCE
represents PC fed with EC (Donor 3); D4PCA means PC fed with apple (Donor 4); D3PCA stands for PC fed with apple (Donor 3); D4DCE shows DC fed with EC (Donor
4); D3DCE highlights DC fed with EC (Donor 3); D4DCA represents DC fed with apple (Donor 4); and D3DCA, shows DC fed with apple (Donor 3). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Summary of metabolic pathways enrichment during the in vitro experiments using EC and apple feeding conditions. Firstly, the (A) static model was
investigated in-depth, and secondly, the dynamic model was employed to determine differences between (B) proximal colon and (C) distal colon. Flavan-3-ol – gut
microbiota interactions in static and dynamic conditions revealed common metabolic pathways (grey) and specific pathways for FBC (green), PC (purple), and DC
(blue). The enrichment ratio represents the relative intensity of metabolites in the EC treatment divided by the apple feeding condition. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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biosynthesis, pentose phosphate pathway, butyrate metabolism, argi-
nine, proline metabolism, and galactose metabolism, only appeared to
be relevant in FBC. On the other hand, catecholamine biosynthesis in the
PC (Fig. 6B), pyruvaldehyde degradation, and selenoamino acid meta-
bolism in the DC (Fig. 6C) were found such as methionine metabolism,
alpha-linolenic acid, and linoleic acid metabolism, biotin metabolism,
phenylacetate metabolism, spermidine and spermine biosynthesis,
tryptophan metabolism, and androstenedione metabolism were mainly
found in PC and DC, while not in FBC. It is tempting to speculate that the
production of specific metabolites, like 4-H-DiHPVA and HPVA, might
be regulated by gut microbes exerting these metabolic pathways and
localized in specific regions. Therefore, 13 metabolic pathways might
play a pivotal role in the catabolism of flavan-3-ols. Several pathways
are differentially activated over time in the PC or DC regions. For
example, 4-H-DiHPVA was generated with higher relative intensity
under EC treatment in PC and DC regions, while it was not detected
during short-term feeding conditions. This observation underlines the
importance of complementing FBC studies with the SHIME, which lo-
calizes metabolites and permits the study of the mechanisms [2,57,58].
Our findings are also in line with recent research works, reporting that
the gut microbiota not only can bio-transform flavan-3-ols but also
modulate microbial communities [20,58,59]. To validate our findings,
additional in vitro and in vivo studies examining enzyme activities and
function of microbial communities are necessary.

4. Conclusions

In summary, we provided evidence of how flavan-3-ols are bio-
transformed and identified the site of their production using a combi-
nation of static and dynamic in vitro models. Initially, the static in vitro
model, using EC, PC1, and a food matrix rich in flavan-3-ols, supported
the reconstruction of the flavan-3-ol catabolic pathways. Although
interindividual differences were observed, the first intermediates were
mainly found when EC or PC1 were supplied. Secondly, flavan-3-ol ca-
tabolites were mapped in the SHIME system. Metabolites like 4-H-
DiHPVA, HPVA, and BA were exclusively found in the dynamic in vitro
system. In the PC, we localized metabolites related to EC ring fission,
such as DiHPVL. In the DC, the most abundant catabolites were HPP-2-
ol, HPVL, DiHBA, and HPAA. In this research, we have explained how
flavan-3-ols, as single agents or present in a food matrix, could be uti-
lized by microbial communities describing the spatiotemporal produc-
tion of flavan-3-ol catabolites. In the long term, our research will offer
new insights into the development of innovative probiotics aimed at
enhancing the production of flavan-3-ol catabolites, along with strate-
gies in food design and dietary interventions to prevent gastrointestinal
diseases.
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Arribas, B. Bartolomé, Dynamic gastrointestinal digestion of grape pomace
extracts: bioaccessible phenolic metabolites and impact on human gut microbiota,
J. Food Compos. Anal. 68 (2018) 41–52, https://doi.org/10.1016/j.
jfca.2017.05.005. May 2017.

[22] C.N. Spencer, J.L. McQuade, V. Gopalakrishnan, J.A. McCulloch, M. Vetizou, A.
P. Cogdill, J.A. Wargo, Dietary fiber and probiotics influence the gut microbiome
and melanoma immunotherapy response, Science 374 (6575) (2021) 1632–1640,
https://doi.org/10.1126/science.aaz7015.

[23] L. Li, E. Abou-Samra, Z. Ning, X. Zhang, J. Mayne, J. Wang, D. Figeys, An in vitro
model maintaining taxon-specific functional activities of the gut microbiome, Nat.
Commun. 10 (1) (2019), https://doi.org/10.1038/s41467-019-12087-8.
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