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ABSTRACT: To quantify interindividual differences in the human intestinal microbial metabolism of (−)-epicatechin (EC), in vitro
anaerobic incubations with fecal inocula from 24 healthy donors were conducted. EC-derived colonic microbial metabolites were
qualitatively and quantitively analyzed by liquid chromatography triple quadrupole mass spectrometry (LC-TQ-MS) and liquid
chromatography time-of-flight mass spectrometry (LC-TOF-MS). Quantitative microbiota characterization was achieved by 16S
rRNA analysis. The results obtained show 1-(3′,4′-dihydroxyphenyl)-3-(2″,4″,6″-dihydroxyphenyl)-2-propanol (3,4-diHPP-2-ol)
and 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (3,4-diHPV) to be key intermediate microbial metabolites of EC and also revealed
the substantial interindividual differences in both the rate of EC conversion and the time-dependent EC metabolite pattern.
Furthermore, substantial differences in microbiota composition among different individuals were detected. Correlations between
specific microbial phylotypes and formation of certain metabolites were established. It is concluded that interindividual differences in
the intestinal microbial metabolism of EC may contribute to interindividual differences in potential health effects of EC-abundant
dietary foods or drinks.
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■ INTRODUCTION

Epicatechin (EC) is one of the important dietary catechins that
belong to the group of flavan-3-ols and widely exists in plant-
based foods, for example, cocoa, apple, green tea, berries,
chocolates, grape seeds, and so forth.1−3 The ingestion of these
EC-rich foods is often reported to be associated with beneficial
health effects, including anti-inflammatory, cardioprotective,
anticancer activities, and so forth.4−7 However, the bioavail-
ability of catechins has been reported to be low because of the
fact that upon ingestion in the small intestine, only a limited
amount of the parent compounds will be absorbed with
subsequent phase II biotransformation reactions, that is,
conjugated in glucuronidation, methylation, and/or sulfation
reactions.8,9 A substantial part of the catechins is known to be
passed on to the large intestine, where they are subjected to
intense microbial metabolism to form a battery of smaller
phenolic molecules.10,11 For example, although EC possesses
the highest bioavailability among other major catechins, for
example, (−)-epigallocatechin (EGC), (−)-epicatechin-3-O-
gallate (ECG), and (−)-epigallocatechin-3-O-gallate (EGCG),
only about 20% of the intake was reported to pass into the
systemic circulation via absorption in the small intestine, while
over 70% of the ingested EC appeared to end up in the
systemic circulation in the form of colonic phenolic
metabolites.11,12 These intestinal microbial metabolites thus
contribute substantially to the systemic metabolites of EC.13

An overview of the major metabolic pathways in the
potential intestinal microbial degradation of EC is presented in
Figure 1. Given the many potential metabolites that can be
formed and the substantial differences in the interindividual

composition of the human microbiota,14,15 the microbial
metabolic routes of EC may be expected to show
interindividual differences, which have not been characterized
so far.9 Additionally, knowledge on the microbiota-mediated
conversion of catechins is limited.
The aim of the present study is to obtain insights into the

potential interindividual human differences in this intestinal
microbial metabolism of EC. This insight will also contribute
to a better understanding of the causal relationship between
EC intake and potential beneficial effects because it has been
hypothesized that these are due to the microbial metabolites of
EC.16−18

■ MATERIALS AND METHODS
Chemicals and Reagents. EC, catechol, gallic acid, 3′-

hydroxyphenylacetic acid (3-HPAA), 4′-hydroxyphenylacetic acid
(4-HPAA), 3-(3′-hydroxyphenyl)propionic acid (3-HPPA), 3-(3′,4′-
d ihydroxyphenyl)propionic ac id (3,4-diHPPA), 5-(3 ′ -
hydroxyphenyl)valeric acid (3-HPVA), 5-(3′,4′-dihydroxyphenyl)-
valeric acid (3,4-diHPVA), and glycerol were purchased from
Sigma-Aldrich (Zwijndrecht, The Netherlands). 5-(3′-hydroxyphen-
yl)-γ-valerolactone (3-HPV) and 5-(3′,4′-dihydroxyphenyl)-γ-valer-
olactone (3,4-diHPV) were purchased from Enamine (Kyiv, Ukraine).
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Methanol and acetonitrile (ACN) were obtained from Biosolve BV
(Valkenswaard, The Netherlands). Phosphate buffer saline (PBS) was
purchased from Gibco (Paisley, UK). Acetic acid was ordered from
Merck KGaA (Darmstadt, Germany), and formic acid was purchased
from VWR CHEMICA (Amsterdam, The Netherlands).
Fecal Slurry Preparation. Feces were collected from 24 healthy

individuals without dietary restrictions. They were of different
genders, ages, and ethnicities. All of them had not taken antibiotics
for at least 3 months prior to the study. After volunteers’ donations,
fecal samples were collected, weighed, and then immediately
transferred to the anaerobic operating chamber BACTRON300
(Cornelius, USA) with an atmosphere of 85% N2, 10% CO2, and 5%
H2 within 5 min. Subsequently, fecal samples were diluted with an
anaerobic solution of 10% (v/v) glycerol in PBS to obtain a final fecal
concentration of 20% (w/v). Samples were filtered in Para-Pak
SpinCon tubes (New Hampshire, USA) by centrifugation (21,500g
for 5 min at 4 °C) to remove the larger particles, and the resulting
fecal suspension was collected and aliquoted. A pooled sample was
obtained by mixing equal volumes of the first 14 fecal suspensions and

was subsequently aliquoted. All the abovementioned steps were
carried out under anaerobic conditions. In the end, all samples were
stored at −80 °C until use. The effect of freezing, storing, and thawing
on the microbial metabolism of EC by the fecal samples was tested
and shown not to significantly affect the activity (Figure S1 in
Supporting Information). The experimental protocol was approved
not to require further evaluation by the Medical Ethical Reviewing
Committee of Wageningen University (METC-WU) based on the
Dutch Medical Research Involving Human Subjects Act. All
participants gave their written consent.

Fecal Batch Culture Incubation. The experiments were
performed in 1.5 mL Eppendorf tubes containing 39.5 μL of the
anaerobic PBS, 10 μL of the fecal slurries (final fecal concentration:
40 mg/mL), and 0.5 μL of EC (added from a 100 times concentrated
stock solution in methanol; final concentration 100 μM) or methanol
as control (referred to as “negative control”). The final concentration
of 100 μM EC allows for detection of the substrate and its metabolites
without affecting the microbiota.19 Incubations of EC without fecal
slurries were included as blank control. All fecal incubations were

Figure 1. Proposed pathways for the colonic metabolism of EC. Structures in blue color were detected in the present study. The chemicals in the
red boxes [i.e., 1-(3′,4′-dihydroxyphenyl)-3-(2″,4″,6″-trihydroxyphenyl)-2-propanol (3,4-diHPP-2-ol) and 5-(3′,4′-dihydroxyphenyl)-γ-valer-
olactone (3,4-diHPV)] were the major metabolites formed in the time-dependent in vitro fecal incubation.
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carried out in the BACTRON300 anaerobic chamber with an
atmosphere of 85% N2, 10% CO2, and 5% H2 at 37 °C. Aliquots of
the fermented fecal samples (50 μL) were collected after 0, 1, 2, 3, 4,
5, 6, and 24 h of incubation, and the reaction was terminated by
adding 1 volume of ice-cold methanol. For studies on interindividual
differences, a time point of 2 h was selected. Subsequently, samples
were put on ice for at least 15 min, followed by centrifugation at
21,500g for 15 min at 4 °C to precipitate proteins, microorganisms,
and so forth. The supernatant of each sample was collected and stored
immediately at −80 °C until liquid chromatography triple quadrupole
mass spectrometry (LC-TQ-MS) and LC-TOF-MS analyses. The
incubation of each individual and pooled fecal sample was performed
in triplicate.
LC-TQ-MS Analysis. A Shimadzu LC-TQ-MS 8045 was used to

quantify the concentration of EC and its metabolites. This equipment
consisted of an ultrahigh-performance liquid chromatography system
coupled to a tandem triple quadrupole mass spectrometer containing
an ESI source (s-Hertogenbosch, The Netherlands). The ESI source
was operated in negative ion mode, and fragment ions m/z were
obtained. Chromatographic separation was performed on a Waters
Acquity UPLC BEH C18 column (2.1 × 50 mm; 1.7 μm) at 40 °C.
Solvent A was composed of water: acetic acid (999 : 1, v/v), and
solvent B was methanol absolute. The eluents were delivered at a flow
rate of 0.4 mL/min, and the following gradient was used: 0−0.5 min:
5% B, 0.5−5 min: 5−25% B, 5−6 min: 25−100% B, 6−7 min: 100%
B, 7−8 min: 100−5% B, and 8−13 min: 5% B. The ESI parameters
were as follows: nebulizing gas flow, 3.0 L/min; drying gas flow and
heating gas flow, 10.0 L/min; interface temperature, 300 °C;
desolvation temperature, 250 °C; and heat block temperature, 400
°C. Chromatographic peaks were identified by comparing the
retention time and the ion values of the samples with those of the
commercial authentic standards. The identification information for
EC and its potential colonic metabolites are summarized in Table 1.
These compounds were included in the triple quadrupole based on
several in vitro and in vivo studies reporting their forma-
tion.3,8,9,11,20−22 To quantify the metabolites formed during in vitro
incubations, a set of mixed authentic standards were used to build
calibration curves as appropriate using 14 concentrations ranging
between 0.01 and 50 μM (the area of peak against the concentration
was obtained to define the linear regression equation). To guarantee
the accuracy of each quantification, a set of calibrators to define the
calibration curve was included in each measurement series.
Concentrations of the formed metabolites were calculated correcting
for values of parallel negative controls incubated without EC. Each
experimental replicate was corrected with the mean value of three
negative controls obtained for the respective fecal sample.
LC-TOF-MS Analysis. An Agilent 1200 series high-performance

liquid chromatography system coupled with a Bruker micrOTOF was
applied to qualitatively and quantitively detect 3,4-diHPP-2-ol, 1-(3′-

hydroxyphenyl)-3-(2″,4″,6″-trihydroxyphenyl)-2-propanol (3-HPP-2-
ol), 4-hydroxy-5-(3′,4′-dihydroxyphenyl)-valeric acid (4H-diHPVA),
and 4-hydroxy-5-(3′-hydroxyphenyl)-valeric acid (4H-HPVA). Chro-
matographic separation was performed on the same column as used in
the LC-TQ-MS analysis. Solvent A was composed of water/formic
acid (999:1, v/v), and solvent B was ACN/water (999:1, v/v). The
eluents were delivered at a flow rate of 0.2 mL/min, and the following
gradient was used: 0−2.5 min: 100% A, 2.5−40 min: 0−40% B, 40−
45 min: 40−100% B, 45−50 min: 100% B, 50−55 min: 100−0% B,
and 55−90 min: 100% A. The mass detection was operated in
negative mode. Relative retention time and M−H values were used to
identify these three EC colonic metabolites. Specifically, molecules
such as 3,4-diHPP-2-ol, 3-HPP-2-ol, and 4H-diHPVA have high M−
H values (i.e., 291.09, 275.09, and 225.08), which are unique in the
EC microbial conversion pathway. Furthermore, their time-dependent
formations (e.g., the first two metabolites were largely detected at
early hours of incubation) were taken into consideration. Additionally,
chemical standards used in LC-TQ-MS were also analyzed in LC-
TOF-MS, which helped to distinguish compounds sharing the same
M−H values. For example, although 4H-HPVA and 3,4-diHPVA
share the same M−H value in negative mode, the measurement of the
3,4-diHPVA standard in LC-TOF-MS ensured the unequivocal
identification of both 3,4-diHPVA and 4H-HPVA. Altogether, this
approach and the combination of LC-TQ-MS and LC-TOF-MS also
ensured the unequivocal identification of those metabolites for which
standards were not available. Quantification was carried out through
the calibration curves of EC (for quantifications of 3,4-diHPP-2-ol
and 3-HPP-2-ol) or 3,4-diHPV (for quantifications of 4H-diHPVA
and 4H-HPVA). Detailed identification information is summarized in
Table 1.

Microbial Taxonomic Profiling and Total Bacterial Load.
Aliquots of all 24 fecal samples were sent to an accredited commercial
laboratory (IMGM Laboratories GmbH, Martinsried, Germany) for
DNA extraction, PCR, library preparation, and sequencing. Addition-
ally, quantification of the bacterial load was carried out by real-time
qPCR. PCR products were generated by amplification using 16S V3−
V4 primers (F-NXT-Bakt-341F: 5′-CCTACGGGNGGCWGCAG-3′
and R-NXT-Bakt-805R: 5′-GACTACHVGGGTATCTAATCC-3′).
During an index PCR, barcodes for multiplexed sequencing were
introduced using overhang tags. A sequencing library was prepared
from the barcoded PCR products and sequenced on the Illumina
MiSeq next-generation sequencing system (Illumina Inc.). Signals
were processed to *.fastq-files, and the resulting 2 × 250 bp reads
were demultiplexed. Microbiota identification was carried out by
clustering the operational taxonomic units (OTUs).

Data Analysis. Metabolic profile data acquisition and processing
were carried out using the Labsolutions software in the LC-TQ-MS
system and HyStar software in the LC-TOF-MS system. Graphics
were drawn by using Graphpad Prism 8.2 (San Diego, USA).

Table 1. LC-TQ-MS and LC-TOF-MS Identification of EC and Its Potential Colonic Metabolites, Based on Relative Retention
Time and MS (or MS Fragmentation) Values

analytical platform chemical parent ion (m/z) product ion (m/z) collision energy (V) retention time

LC-TQ-MS EC 289.1 245.10, 109.10, 203.00 14, 25, 18 5.72
3,4-diHPVA 209.0 135.10, 191.05, 122.10 18, 15, 21 7.60
3,4-diHPV 207.1 163.05, 122.15, 161.10 16, 21, 21 5.00
3-HPVA 193.1 106.15, 149.05, 175.05 23, 17, 15 7.88
3-HPV 191.1 147.05, 102.90, 135.00 8, 15, 15 6.93

3,4-diHPPA 181.1 137.10, 59.00, 109.00 14, 17, 15 3.95
3-HPPA 165.1 121.20, 106.10, 119.15 13, 22, 16 6.33
3-HPAA 151.0 107.10, 65.00 12, 25 4.30
4-HPAA 151.0 107.10, 79.15, 93.20 10, 20, 22 3.82
catechol 109.2 90.95, 81.10, 53.15 22, 21, 20 1.85

LC-TOF-MS 3,4-diHPP-2-ol 291.09 19.6
3-HPP-2-ol 275.09 23.1
4H-diHPVA 225.08 15.7
4H-HPVA 209.08 15.2
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Figure 2. Time-dependent quantitative analysis of EC and its microbial metabolites formed during 24 h of anaerobic incubation with a pooled fecal
sample from 14 donors. Results are shown as mean ± SD from three independent incubations.
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ChemDraw 18.0 (PerkinElmer, Waltham, USA) was used to draw
chemical structures. Results are shown as mean ± standard deviation
(SD). Subsequently, principal component analysis (PCA) was applied
to study the differences and relatedness of metabolic profiles following
fecal incubations of EC (at t = 2 h) between different individuals.
Using this approach, the multivariate metabolic profile data derived
from interindividual fecal incubations were summarized, simplified,
and then transformed into a smaller data set called principal
components (PCs) of PCA. In addition to PCA, a heatmap was
used to visualize the hierarchic clustering of different individuals based
on their metabolic profiles and EC residuals. Both PCA and heatmap
development were done using XLSTAT (Addinsoft, New York, USA).
Spearman’s rank correlation coefficients ρ (−1 ≤ ρ ≤ 1) were
calculated between the concentration of the six most relevant
metabolites present after 2 h of incubation and the relative abundance
of the phyla (range between 0 and 100%). To display the correlations,
a heatmap was constructed. Statistically significant correlation was
tested by Student t-test (p < 0.05).

■ RESULTS

LC-TQ-MS- and LC-TOF-MS-Based Identification of
Colonic Metabolites of EC. Upon time-dependent incuba-
tion of EC with fecal samples, various metabolites were
formed. These metabolites were identified and quantified
based on chromatography of standard reference compounds
and coupled with mass spectrometric fragmentation patterns.
The analytical details of the LC-TQ-MS- and LC-TOF-MS-
based detection of EC and its potential colonic metabolites are
summarized in Table 1. In total, during the 8 h incubation
time, 12 metabolites, of which the chemical structures are
highlighted in Figure 1 in blue color, were observed. These
metabolites were 3,4-diHPP-2-ol, 3-HPP-2-ol, 4H-diHPVA,
3,4-diHPV, 4H-HPVA, 3-HPV, 3,4-diHPVA, 3-HPVA, 3,4-
diHPPA, 3-HPPA, 3-HPAA, and 4-HPAA.
Quantification was achieved via calibration curves made

using commercially available reference compounds, except for
3,4-diHPP-2-ol, 3-HPP-2-ol, 4H-diHPVA, and 4H-HPVA, for
which authentic references were not available. For these
compounds, quantification was achieved using the calibration
curves of EC for the first two and of 3,4-diHPV for the last two
based on their structural similarity. However, the amount of
4H-HPVA observed appeared to be below the levels required
for quantification. The limit of detection (LOD) and the limit
of quantification (LOQ) of these compounds are listed in
Table S1 in Supporting Information. Figure 2 presents the
metabolite concentrations detected at increasing time of
incubation with the pooled fecal samples. Concentrations of

the metabolites formed were calculated, including a correction
for the amounts detected in corresponding negative controls
incubated without adding EC. Six polyphenols were detected
in the negative controls, albeit in limited amounts (generally
<11.5% of the total mass recovery) (Figure S2 in Supporting
Information). The results obtained show total molar mass
recoveries that ranged between 82.9 and 112.9%, being
somewhat lower at the later time points (Table 2).
Comparison of time-dependent metabolite profiles reveals
similar patterns with 3,4-diHPP-2-ol being the first (detect-
able) and most abundant metabolite formed within the first 2 h
of incubation, representing more than 70% of the initial
amount of EC. Upon prolonged incubation, its relative
abundance dropped to 23.7 ± 10.4% of EC equivalents at 3
h, while this metabolite was no longer detected at and beyond
4 h incubation. On the contrary, 3,4-diHPV was detected in
large amounts at later time points (3−6 h) and appeared to be
the dominant metabolite in the metabolite patterns at and
beyond 3 h of incubation. Its relative abundance appeared to
be relatively constant from 3 to 6 h, ranging between 45.0 and
49.2% of the total metabolite pattern. In blank control
incubations where EC was incubated without fecal slurries,
no metabolite formation was observed and EC was stable with
an average mass recovery at all incubation time points of
95.3%. (Figure S4 in Supporting Information).

Comparison of EC In Vitro Metabolite Profiles to the
Reported In Vivo Plasma or Urinary EC Metabolite Data.
To enable the evaluation of the in vitro metabolite profiles
obtained, the human intestinal microbial metabolite patterns
obtained in the anaerobic fecal incubations in the present study
were compared to the available literature data on EC
metabolite patterns in human plasma and urine upon oral
dosing.8,11 Wiese et al. (2015) reported that after the ingestion
of EC by six volunteers, four major microbial metabolites could
be identified in the pharmacological kinetic course in human
plasma samples including 4-HPAA, ferulic acid, 3,4-diHPV,
and 4H-diHPVA.8 In the fecal incubations, three of these four
metabolites were detected, that is, 3,4-diHPV, 4H-diHPVA,
and 4-HPAA, with the latter being present in trace amounts
only. The formation of ferulic acid takes place in the liver and
kidney;9 hence, it was not targeted in the in vitro incubation.
Ottaviani et al. (2016) reported time-dependent EC urinary
metabolites from eight volunteers after the intake of the 14C-
EC test drink. They reported that about 70% of the ingested
EC was absorbed in the large intestine.11 In both studies, 3,4-

Table 2. Molar Mass Recoveries for EC and Its Colonic Metabolites (%) during 24 Hours of Anaerobic Incubation with a
Pooled Fecal Sample from 14 Donors

chemical 0 (h) 1 (h) 2 (h) 3 (h) 4 (h) 5 (h) 6 (h) 24 (h)

ECb 88.54 ± 11.51 24.92 ± 5.21 5.86 ± 0.68 2.74 ± 0.86 0.04 ± 0.03 0.01 ± 0.01 0.03 ± 0.03 n.d.d

3,4-diHPP-2-olc n.d. 71.92 ± 5.61 70.13 ± 13.47 23.74 ± 10.42 n.d. n.d. n.d. n.d.

3-HPP-2-olc n.d. 2.72 ± 0.27 10.86 ± 0.84 16.32 ± 3.89 2.22 ± 1.93 n.d. n.d. n.d.

4H-diHPVAc n.d. n.d. 0.79 ± 0.10 2.64 ± 0.04 4.39 ± 0.42 6.20 ± 0.14 7.68 ± 0.39 n.d.

3,4-diHPVb n.d. 4.48 ± 1.08 21.78 ± 2.19 46.19 ± 6.37 49.19 ± 6.48 47.48 ± 6.37 45.01 ± 6.25 0.04 ± 0.08

3-HPVb n.d. n.d. 0.75 ± 0.12 11.03 ± 2.15 24.68 ± 1.62 24.51 ± 1.80 23.76 ± 2.75 0.17 ± 0.14

3,4-diHPVAb n.d. n.d. 0.14 ± 0.07 0.39 ± 0.10 0.68 ± 0.16 1.08 ± 0.29 1.69 ± 0.40 n.d.

3-HPVAb n.d. 0.02 ± 0.02 0.06 ± 0.06 0.09 ± 0.09 0.36 ± 0.18 0.79 ± 0.34 1.73 ± 0.71 86.14 ± 15.61

3-HPPAb n.d. 0.66 ± 0.22 2.34 ± 0.95 2.94 ± 0.75 3.14 ± 0.65 3.16 ± 0.40 2.95 ± 0.62 n.d.

3-HPAAb n.d. 0.03 ± 0.23 0.16 ± 0.18 n.d. n.d. n.d. n.d. n.d.

total 88.54 104.75 112.88 106.08 84.70 83.23 82.85 86.35
aResults are shown as mean ± SD from three independent incubations. bQualitatively and quantitatively detected by LC-TQ-MS. cQualitatively
and quantitatively detected by LC-TOF-MS. dNot detected.
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diHPV conjugates were the most abundant EC metabolites.
Figure 3 presents a comparison of the time-dependent relative

abundance of 3,4-diHPV formed in the in vitro fecal incubation
model and in the in vivo plasma and urinary metabolite
patterns (summing up unconjugated and conjugated forms)
after the ingestion of EC. Similar kinetics were observed.
Moreover, the total excretion of 3,4-diHPV conjugates
accounted for 53.5% of the total EC that passed into the
large intestine, which is comparable with the large and stable
amount (45.0−49.2% of the total metabolite pattern)
produced in the in vitro fecal incubations.
Interindividual Differences of EC Bioconversion by

Human Colonic Microbiota. Based on the results obtained
for the time-dependent in vitro microbial EC conversion in
incubations with a pooled fecal sample, a period of 2 h was
selected to quantify potential human interindividual differences
in the EC intestinal microbial metabolism. This time point was
selected, as the residual EC was still present, while also
showing substantial metabolite formation. At 1 h, limited
colonic metabolites were detected, while at 3 h, the residual
EC was limited (less than 3% of the original amount).
Furthermore, the number of colonic metabolites detected at t
= 3 h is the same as at t = 2 h. Figure 4 provides an overview of
the metabolite profiles detected after 2 h incubation of EC with
fecal slurries from 24 individual human donors. Phenolic
compounds quantified in different individuals in the negative
controls are presented in Figure S3 in the Supporting
Information. All phenolics were present in the negative
controls at levels <12.8% of the total mass recovery with the
exception of 3-HPPA (82.5% of the total mass recovery) in
individual 3 and 3,4-diHPPA (22.5% of the total mass
recovery) in individual 5. Data from Figure 4 clearly elucidate
that the metabolite patterns obtained upon 2 h incubation with
the fecal slurries from different individuals show marked
differences in terms of both the types and amounts of
metabolites formed as well as in the level of EC conversion.
For instance, in the incubations with fecal slurry from
individuals 8 and 16, 23.0 and 14.8 μM of EC (46.1 and
29.6% of the amount added) remained, respectively, while in
incubations with fecal slurry from individuals 10 and 22, this
amounted to less than 1 μM (<1.3%) of EC (0.3 and 0.6 μM,
respectively). Meanwhile, substantial differences were also
observed for the major metabolite 3,4-diHPV. For instance,
26.9 μM (53.8% of original EC equivalents) of 3,4-diHPV was
formed in the incubations with fecal slurry from individual 10,
while only 1.8 μM (3.5% of original EC equivalents) was

detected in incubations with fecal slurry from individual 1 and
none for individual 8. On the basis of the data obtained, it can
be concluded that the amount of the residual EC after the first
2 h of incubation differed up to 76.7-fold (calculated by using
the highest EC residual from individual 8, i.e., 23.0 μM,
divided by the lowest EC residual from individual 10, i.e., 0.3
μM) between 24 individuals (Figure 4). It appears that
individuals 8 and 16 can be classified as slow EC metabolizers
(<70.4% EC conversion within the first 2 h), and the other
individuals were defined as fast EC metabolizers (>88.7% EC
conversion within the first 2 h). Setting 3,4-diHPV as the
biomarker of EC colonic microbial bioconversion, individuals
3, 10, and 17 can be classified as fast 3,4-diHPV producers
(>47.3% of original EC equivalents of 3,4-diHPV formed
within the first 2 h). Individual 22 was detected to form the
highest level of 3-HPV (17.5% of original EC equivalents)
among others, which is likely because of the fast dehydrox-
ylation of 3,4-diHPV. The other individuals showed lower
formation of 3,4-diHPV either because of a relatively low EC
clearance rate (individuals 8 and 16) or because of the
accumulation of the precursor 3,4-diHPP-2-ol.
Besides, differences in the rate of metabolic conversion and

also the types of metabolites observed in the metabolite
profiles formed by different individuals varied from one
another. For example, besides EC, only 3,4-diHPP-2-ol was
detected in incubations with fecal slurry from individual 8,
while 11 different metabolites were observed in incubations
with fecal slurry from individuals 1 and 7. Additionally, for
individual 5, only dihydroxyphenols were detected in the
metabolic profile, which may indicate that this individual is in
favor of producing dihydroxyphenolics rather than mono-
hydroxyphenolics. Moreover, unlike most individuals, individ-
ual 9 tended to produce 3-HPP-2-ol (60.2% of original EC
equivalents) rather than 3,4-diHPP-2-ol (14.9% of original EC
equivalents).

Class Signatures of Metabolic Profiles and Hierarchic
Clustering of 24 Individuals. To further evaluate the
interindividual differences in the intestinal microbial metabolic
patterns and the possible existence of metabotypes among 24
individuals, a PCA analysis was performed. The quantified
amounts of the residual EC and all the 11 metabolites detected
at t = 2 h (Figure 4) were used as the data input for XLSTAT.
The PCA results thus obtained revealed that only 43.8% of all
variance in the metabolite patterns could be explained by two
PCs (i.e., PC1 and PC2; Figure S5 in Supporting Information).
For further evaluation, the quantified amounts of the residual
EC and only its six major metabolites detected at t = 2 h were
used to define the multivariate data set for the PCA analysis.
These six major metabolites included 3,4-diHPP-2-ol, 3-HPP-
2-ol, 3,4-diHPV, 3-HPV, 3-HPVA, and 3-HPPA. The PCA
analysis thus obtained (Figure 5) could explain 62.2% of the
variation in the metabolite profiles using only two PCs (PC1
and PC2). PC1 accounts for the largest possible variance in the
data set (38.3%), where PC2 captures 23.9% of the remaining
variation. In order to visualize the hierarchic clustering of
different individuals based on their metabolic profiles, a
heatmap was produced (Figure 6). From the heatmap, it
appears that individuals 18, 1, and 19 cluster together mainly
because of the similar amounts of the residual EC and 3,4-
diHPP-2-ol in their metabolite patterns at 2 h incubation,
while the individuals 23, 5, and 14 cluster together because of
similar amounts in these two compounds as well. In the PCA
biplot, these individuals also locate close to one another driven

Figure 3. Comparison of EC microbial metabolite 3,4-diHPV from in
vivo human urine samples (square, Ottaviani et al., 2016), human
plasma samples (triangle, Wiese et al., 2015), and the in vitro data
from the present study (circle).
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Figure 4. EC metabolite patterns formed in incubations with fecal slurries from 24 individuals at 2 h. Molar mass recoveries for EC and its colonic
metabolites of each individual ranged from 53.3 to 103.1% (Figure S7 in Supporting Information).
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by these similar metabolite levels. Individuals 9 and 20 cluster
together and are clearly separated from other individuals both
in the PCA plot as well as in the heatmap because of
substantially higher amounts of 3-HPP-2-ol and 3-HPPA
formed. Individual 22 was fully separated from other

individuals both in the PCA plot and the heatmap mainly
because of a high level of 3-HPV. Furthermore, individuals 8
and 16 cluster together in the heatmap because of the high
residual amount of EC in line with their earlier identification as
slow metabolizers. Individuals 10 and 17 cluster together and

Figure 5. PCA based on the concentration of the residual EC and the six major EC microbial metabolites present in incubations with fecal slurries
from 24 individuals at 2 h.

Figure 6. Hierarchic clustering illustrated by a heatmap composed based on the concentration of the residual EC and the six major EC microbial
metabolites present in incubations with fecal slurries from 24 individuals at 2 h.
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are also clearly separated from other individuals in the heatmap
and PCA plot because of the substantially higher level of 3,4-
diHPV in the metabolite profile at 2 h incubation time.
Quantitative Microbial Profile and Correlation with

Metabolite Formation. In Figure 7, the relative microbial
profile at the phylum level of the 24 individual fecal samples is
reported. The bacteria fall into nine different phyla, in
particular, Firmicutes, Bacteroidetes, Actinobacteria, Proteobac-
teria, Verrucomicrobia, Tenericutes, Euryarchaeota, Fusobacterial,
and Fibrobacteres. Interindividual differences in the microbial
relative abundance were observed. However, bacteria belong-
ing to Firmicutes and Bacteroidetes were consistently found to
be the dominant phyla in all samples. Detailed information of
the relative/absolute taxon abundances and diversity at the
phylum/genus level is included in the Supporting Information
File1.
In order to reveal the interplay between the microbial

taxonomic profile of the fecal samples of the 24 individuals and
their intestinal microbial metabolite profiles, a Spearman
correlation study was performed between the relative
abundance of the bacterial phyla and the concentrations of
the most relevant metabolites present after 2 h of incubation in
the fecal slurry incubations (correlations at the bacterial genus
level are presented in Figure S6 in Supporting Information).
Figure 8 illustrates the Spearman correlation coefficients by a

heatmap. The statistical correlation is significant (p < 0.05)
with ρ ≤ −0.39 or ρ ≥ 0.39. The results thus obtained reveal
several significant correlations for 3-HPP-2-ol, an early
metabolite in the metabolic pattern of EC (Figure 1), showing
a negative correlation with the amount of Bacteroidetes and
positive correlations with the amount of Firmicutes, Verruco-
microbia, Actinobacteria, and Tenericutes. A significant positive
correlation was also found for 3,4-diHPP-2-ol with the amount
of Actinobacteria.

■ DISCUSSION

In the present study, it was shown that in vitro anaerobic fecal
incubations can be used to characterize in vivo colonic
metabolism and related human plasma metabolites of the
model catechin EC. During pooled human fecal incubations,
nine colonic metabolites of EC could be detected and
quantified. Most of these intermediates are also reported in
previous studies using human or animal in vitro fecal
incubation models21,23−25 or in plasma, urine, and feces in
human or animal interventions.8,26,27 The relative abundance
of these microbial metabolites varied between different studies.
For instance, 3-HPPA was reported to be the predominant
metabolite in two in vitro human fecal incubation studies,28,29

while it was detected in our in vitro model to only a limited
extent. These different results could result from different

Figure 7. Relative microbial profile at the phylum level of the 24 human fecal samples.

Figure 8. Spearman correlations between the taxon abundances of nine bacterial phyla and the concentration of six major EC microbial metabolites
present in incubations with fecal slurries from 24 individuals at 2 h. The sign and strength of the Spearman correlation coefficients are represented
as colors (blue: positive; red: negative). The significances of the correlations are indicated by asterisks: *P < 0.05, **P < 0.01.
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materials used (e.g., different fecal sources) or different
experimental conditions (e.g., different extraction methods)
applied. The results obtained in our study showed that 3,4-
diHPV and its precursor, 3,4-diHPP-2-ol, were the two most
dominant metabolites formed in the fecal incubations with
pooled human fecal samples. The formation of 3,4-diHPV as a
major EC colonic metabolite is in line with previous
studies.30−32 The latter intermediate is often suggested to be
a transient catabolite,23,25,33 which was also confirmed in this
study. Its formation is the result of the first step in the EC
colonic microbial metabolism, formed by the cleavage of the C
ring of EC. This intermediate would be rapidly metabolized
into 3,4-diHPV, which seemed to be more stable because
phenyl-γ-valerolactone was present at a high abundance at 3 h
and beyond (around 45−50% of the total mass balance). In the
present study, we investigated the use of an in vitro anaerobic
fecal incubation model to study the colonic metabolism of EC.
This model does not account for the uptake of EC in the small
intestine and its subsequent conjugation. However, under in
vivo conditions, the percentage of EC ending up in the large
intestine is known to be substantial (∼70%), although it may
vary with the individual.20 This importance of colonic
metabolism is corroborated by the fact that the absorption of
EC in the small intestine was reported to be only up to
∼20%.11 The importance also follows from the fact that among
all colonic metabolites, 3,4-diHPV-derived metabolites were
reported to account for 42−60% of the EC intake,11,34 which is
in agreement with the results derived from the in vitro
incubations in the present study. This emphasizes the
importance of the intestinal microbiome in improving the
bioavailability of catechins or rather of their intestinal
metabolites.
Furthermore, the results of the present study also revealed

that 3-HPVA was the terminal metabolite upon 24 h anaerobic
incubations when EC was completely degraded. This
metabolite may result from the further conversion of 3-HPV,
which is believed to be formed by reverse Claisen-driven
degradation of the A-ring of EC.35 3-HPVA accounted for
86.1% of the total molar mass at 24 h [and even at 48 h (data
not shown)], whereas at these time points, the residual
amounts of other phenolic metabolites were negligible,
pointing at their further degradation by the colonic bacteria
of these other phenolic metabolites, while the degradation of 3-
HPVA is apparently limited. This result is in line with what was
reported by Stoupi et al. (2010), demonstrating that 3-HPVA,
3-HPPA, and phenyl acetic acid were dominant metabolites
after 24 h or longer incubations with human fecal samples.28

However, this 3-HPVA metabolite may have very limited
efficacy in the host because the phenylcarboxylic acids are
hydrophilic with poor solubility within biological membranes,
which restrict their bioavailability resulting in limited
bioefficacies.36 This is important when studying the physio-
logical consequences of the microbial metabolism of EC.
The in vitro time-dependent formation of the major

metabolite 3,4-diHPV was compared with in vivo plasma and
urinary data. The result indicates that the in vitro metabolite
patterns matched the in vivo patterns quite well and that the
fecal incubations may provide an adequate mean to obtain
insights into the intestinal microbial conversions. This
conclusion is in line with that reported by Lagkouvardos et
al. (2017), who performed a thorough review on the
cultivation of bacteria from the intestine of mammals,
concluding that up to 65% of molecular species detected by

sequencing have corresponding strains in culture.37 It is also in
line with a study that compared microbial-related in vivo
metabolic changes in the gut tissue, cecum content, and feces
of rats treated with antibiotics concluding that “as a non-
invasive sampling method, feces provide a suitable matrix for
studies on metabolism by the gut microbiota”.38 Thus, using
fecal incubations to describe intestinal microbial metabolism
appears to be a useful approach. In addition, it is noted that an
in vivo study with the same donors as the ones used for
donation of the fecal samples remains of interest for future
studies to enable further evaluation of this in vitro incubation
model. Also, comparison with more than the currently
available in vivo studies and/or similar studies with other
substrates for colonic metabolism would be of use.
In the next step, the in vitro fecal incubation method was

used to study interindividual differences in EC microbial
metabolism. Substantial interindividual differences were
observed in EC microbial metabolism both in terms of type
and level of metabolites formed among 24 volunteers. To
obtain insights into the potential underlying explanation,
microbial taxonomy and relative abundance of the 24 fecal
samples were characterized by 16S rRNA analysis. The results
obtained indicate that in line with the incubations with the
pooled human fecal sample, 3,4-diHPP-2-ol and 3,4-diHPV
were the two dominant colonic metabolites of EC.
Interindividual differences in the rate of clearance of EC
were observed, pointing at the existence of slow metabolizers,
of which 2 were identified among 24 subjects. The difference
in the rate of metabolism was also found previously for the
conversion of 3-(4′-hydroxyphenyl)propionic acid to 3-
phenylpropionic acid, further indicating the differences in the
ability of the intestinal microbiota of individuals to metabolize
phenolics.29 Furthermore, differences in subsequent metabolic
conversions resulted in different EC metabolite patterns
among the individuals, with 2 out of 24 volunteers showing
relatively high intermediate levels of accumulation of 3-HPP-2-
ol and 3 individuals showing relatively high levels of 3,4-
diHPV, pointing at potentially slow metabolizers for phenyl-γ-
valerolactone formation or degradation. The high interindi-
vidual variations in metabolism (or formation) of EC and
phenyl-γ-valerolactones were in agreement with the reported in
vivo human intervention studies.32 For instance, Hollands and
colleagues reported a 21-fold and 60-fold interindividual
difference in urinary excretion of EC and phenyl-γ-
valerolactones, respectively, after 28 days of daily ingestion
of high dose EC mixed with oligomeric procyanidins
capsules.39 Anesi and colleagues found a 7.5-fold variation in
human urinary excretion of conjugated phenyl-γ-valerolactones
after the consumption of apples.2 These in vivo studies already
pointed at interindividual differences in EC metabolism based
on two of its major urinary metabolites. The results of the
present study reveal that interindividual differences in the
microflora-derived production of EC metabolites may result in
differences in colonic metabolites formed beyond differences in
the formation of phenyl-γ-valerolactones. It is worth noting
that some individuals might be able to form metabolites, which
were not included in the set of metabolites included in the
present MS analytical methods, reflected by relatively lower
mass recoveries, for example, for individuals 8 and 6, a molar
mass recovery of less than 60% was obtained (Figure S7 in
Supporting Information). We could hypothesize here that
different individuals may have different metabolic pathways or
different pathways could coexist at the same time, but the host
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may have its priorities from one another. However, for most
individuals, the molecular mass balance of the metabolite
patterns amounted to >75%, indicating that 11 metabolites
now identified represent the majority of the patterns obtained.
There are a number of factors that can contribute to the

interindividual metabotype variations observed. Of all the
factors, the host microbial profile is most obvious.3,40,41 There
are 1011 to 1012 bacteria/g in the colon content, the highest
amount of all parts of the gastrointestinal tract of the host.42

The individual microbiota composition patterns can be
different because of different ages, genders, ethnics, dietary
and living habits, and so forth. Mena and colleagues were the
first to describe three urinary metabotypes after daily ingestion
of green tea extract tablets for 8 weeks.32,40 The three putative
metabotypes were characterized by different amounts of tri-
and dihydroxyphenyl-γ-valerolactones and 3-(hydroxyphenyl)-
propionic acid produced among 11 volunteers. Given that in
this study green tea, and not EC, was dosed, the differences
may in part also have been caused by differences in the colonic
metabolism of other green tea or dietary constituents because
in addition to EC, catechins, gallocatechins, procyanidins, and
prodelphinidins have also been reported to be metabolized to
phenyl-γ-valerolactones. Because the gut microbial composi-
tions of these individuals were not studied, a link between the
metabotypes and host microbial abundance was not estab-
lished. In this sense, the microbial taxonomic abundance of 24
fecal samples was analyzed in the present study; correlations
between microbial taxonomic abundance and metabolic
abundance could be defined. The bacterial load results
highlighted indeed rather a small variation, where the loads
of slow metabolizers (individuals 8 and 16) were not the
lowest two among all individuals (Figure S8 in Supporting
Information). The gene copy numbers per gram of fecal slurry
were comparable to the ones of healthy human individuals
reported in literature.43 However, differences were observed
both in the relative abundances and in the composition of the
microbiota. To the best of our knowledge, Eubacterium SDG-2,
Lactobacillus plantarum, Eggerthella lenta, and Adlercreutzia
equolifaciens are the only bacteria reported so far to be capable
of producing the metabolite diphenylpropan-2-ol from
epicatechins (or catechins), a reaction comparable to the
formation of 3,4-diHPP-2-ol from EC detected in the present
study. The first two belong to the phylum Firmicutes and the
latter two to the phylum Actinobacteria.44−46 Accordingly, in
the present study, a statistically significant positive correlation
was found between the abundance of Actinobacteria and the
quantity of 3,4-diHPP-2-ol. In addition, we found statistically
significant positive correlations between the relative abundance
of the Lachnospiraceae NC2004 group and the formation of
3,4-diHPP-2-ol, suggesting this bacteria to be capable of
cleaving the C-ring of EC, which was not reported before
(Figure S6 in Supporting Information). The levels of the
dehydroxylated metabolite 3-HPP-2-ol were positively corre-
lated with Firmicutes, Verrucomicrobia, Actinobacteria, and
Tenericutes, suggesting that the dehydroxylation reaction of
phenolics is not a strain-specific microbial conversion. In the
next metabolic step, diphenylpropan-2-ol is transformed into
3,4-diHPV and 4H-diHPVA, reported to be mediated by
Flavonifractor plautii, which belongs to the family of
Ruminococcace, phylum Firmicutes.44 In the present study, we
found that several bacteria from this family, Ruminococcace,
were positively correlated with the formation of 3-HPP-2-ol,
phenyl-γ-valerolactones, and phenylvaleric acids (Figure S6 in

Supporting Information), indicating that these bacteria could
catalyze the conversion of diphenylpropan-2-ol to downstream
metabolites and have the ability to perform dehydroxylation
reaction. Besides, Phascolarctobacterium was newly found to be
significantly positively correlated with the concentration of 3,4-
diHPV (Figure S6 in Supporting Information). The relative
abundance of Prevotella 7 and Bacteroides was positively and
negatively associated with the production of 4H-diHPVA,
phenyl-γ-valerolactones, phenylvaleric acids, and 3-HPPA,
which is in line with the conclusion derived from the human
intervention study carried out by Trost and colleagues.3

Additionally, several bacteria from other genera (e.g.,
Barnesiella and Akkermansia) also showed positive correlations
with the formation of phenyl-γ-valerolactones, phenylvaleric
acids, and 3-HPPA; however, their relative abundances were
generally lower than 1% in most individuals. Altogether, the
correlations obtained support that in anaerobic fecal
incubations provide a novel way to investigate the potential
link between bacterial abundance and colonic metabolite
patterns. Nevertheless, more work on screening and isolation
of catechin-catalyzing bacteria is needed in order to explain the
observed different metabotypes after consumption of dietary
flavan-3-ols.47,48 Moreover, intestinal bacteria from different
species also have different metabolic abilities in catechin
biotransformation, which cannot be simply extrapolated from
one species to another, further pointing at the relevance of
developing and evaluating fecal incubations as an adequate
model to obtain human data.26

It is interesting to note that the two major intermediates
detected in our study, 3,4-diHPP-2-ol and 3,4-diHPV, both
have a catechol moiety that possesses the potential to oxidize
them to quinones or semiquinones.49 According to previous
studies, catechins (or other flavonoids) were reported to
activate the Keap1-Nrf2 pathway by means of their (semi)-
quinone formation.50,51 The (semi)quinone-type metabolites
were considered to play a role in the induction of detoxifying
enzymes via activation of the Keap1-Nrf2 pathway.51 Based on
these considerations, we hypothesized that EC colonic
metabolites (especially the catechol-type phenolic EC
metabolites), such as 3,4-diHPP-2-ol and 3,4-diHPV, would
be able to trigger the activation of the Keap1-Nrf2 pathway in
vivo after EC-rich foods consumption and may thus contribute
to the observed health-promoting effects, as shown for other
catechol-containing phenolics.52 The role of these EC colonic
metabolites in inducing the beneficial effects of EC may also be
relevant because these phenolic/catechol intestinal metabolites
appear to be better bioavailable than the parent EC.53

Although EC and its phenolic metabolites also have
antioxidative properties, it should be noted that the capacity
to activate the Keap1-Nrf2 pathway may prove more important
for their beneficial health effects than their antioxidant activity
because, given their low micromolar systemic concentra-
tions,53−55 EC and its metabolites may not be able to
effectively compete with the antioxidant activity of tocopherols
and/or ascorbate present in substantially higher concentrations
in vivo. For instance, the in vivo concentrations of EC and its
colonic metabolites were reported with a Cmax of ∼1.2 μM in
plasma, while α-tocopherol and ascorbic acid were reported to
be around 24 μM and 70 μM, respectively, in the serum or
plasma in Western populations.11,56

In conclusion, the microbial metabolism of EC is crucial in
producing potential bioactive phenolics. Among all the colonic
metabolites, 3,4-diHPV seems to be the most important
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metabolite, considering its abundance, stability, and catechol
structural moiety. Striking interindividual differences were
found in the formation of EC intestinal microbial metabolites,
including 3,4-diHPV, both in terms of type and level, which is
likely because of substantial variations of host microbiota
composition. Altogether, our results suggest that substantial
interindividual differences in the gut microbial metabolism of
EC may contribute to interindividual differences in the
potential beneficial effects of EC-rich foods.
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pharmacokinetics of antioxidants and their impact on systemic
oxidative stress. Clin. Pharmacokinet. 2003, 42, 437−459.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://dx.doi.org/10.1021/acs.jafc.0c05890
J. Agric. Food Chem. 2020, 68, 14168−14181

14181

https://dx.doi.org/10.1002/mnfr.201900952
https://dx.doi.org/10.1002/mnfr.201900952
https://dx.doi.org/10.1002/mnfr.201900952
https://dx.doi.org/10.1016/j.bcp.2017.04.033
https://dx.doi.org/10.1016/j.bcp.2017.04.033
https://dx.doi.org/10.1016/j.bcp.2017.04.033
https://dx.doi.org/10.1021/tx000216e
https://dx.doi.org/10.1021/tx000216e
https://dx.doi.org/10.1021/tx060157q
https://dx.doi.org/10.1021/tx060157q
https://dx.doi.org/10.1021/tx8001498
https://dx.doi.org/10.1021/tx8001498
https://dx.doi.org/10.1016/j.fct.2018.07.050
https://dx.doi.org/10.1016/j.fct.2018.07.050
https://dx.doi.org/10.3945/ajcn.113.058958
https://dx.doi.org/10.3945/ajcn.113.058958
https://dx.doi.org/10.3945/ajcn.113.058958
https://dx.doi.org/10.1021/pr5001253
https://dx.doi.org/10.1021/pr5001253
https://dx.doi.org/10.1021/pr5001253
https://dx.doi.org/10.1093/ajcn/81.1.230s
https://dx.doi.org/10.1093/ajcn/81.1.230s
https://dx.doi.org/10.2165/00003088-200342050-00003
https://dx.doi.org/10.2165/00003088-200342050-00003
https://dx.doi.org/10.2165/00003088-200342050-00003
pubs.acs.org/JAFC?ref=pdf
https://dx.doi.org/10.1021/acs.jafc.0c05890?ref=pdf

