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ABSTRACT: Interaction of tea phenolics with gut microbiota may play an integral role in the health benefits of these bioactive
compounds, yet this interaction is not fully understood. Here, the metabolic fate of epigallocatechin-3-gallate (EGCG) and its
impact on gut microbiota were integrally investigated via in vitro fermentation. As revealed by ultrahigh performance liquid
chromatography hybrid quadrupole Orbitrap mass spectrometry (UHPLC-Q-Orbitrap-MS), EGCG was promptly degraded into a
series of metabolites, including 4-phenylbutyric acid, 3-(3′,4′-dihydroxyphenyl)propionic acid, and 3-(4′-hydroxyphenyl)propionic
acid, through consecutive ester hydrolysis, C-ring opening, A-ring fission, dehydroxylation, and aliphatic chain shortening.
Microbiome profiling indicated that, compared to the blank, EGCG treatment resulted in stimulation of the beneficial bacteria
Bacteroides, Christensenellaceae, and Bif idobacterium. Additionally, the pathogenic bacteria Fusobacterium varium, Bilophila, and
Enterobacteriaceae were inhibited. Furthermore, changes in concentrations of metabolites, including 4-phenylbutyric acid and
phenylacetic acid, were strongly correlated with changes in the abundance of specific gut microbiota. These reciprocal interactions
between EGCG and gut microbiota may collectively contribute to the health benefits of EGCG.
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■ INTRODUCTION

Green tea, produced from Camellia sinensis, is widely
consumed around the world. Numerous epidemiological and
pharmacological studies have shown that green tea con-
sumption confers various beneficial effects on human health,
including antioxidant, antibacterial, and antiviral activities;
body-weight control; and reduction in the risk of cardiovas-
cular disease and some forms of cancer.1 These health benefits
are generally attributed to the phenolic compounds present in
green tea, particularly catechins.2 The four most abundant
green tea catechins are epicatechin (EC), epicatechin-3-gallate
(ECG), epigallocatechin (EGC), and epigallocatechin-3-gallate
(EGCG) (Figure 1).3 However, it has been established that
these compounds are poorly bioavailable in the small intestine.
Stalmach et al. reported that approximately 70% of the
ingested green tea catechins were recovered in the large
intestine.4 EC and EGC reportedly are approximately 31 and
14% bioavailable, respectively, whereas bioavailability of
EGCG, the most abundant catechin in green tea, is very
poor (approx. 0.1%).5 The relatively low bioavailability of
catechins seems to be in contrast with their beneficial health
effects.
After consumption of green tea, the majority of catechins

reach the colon, where they are subjected to enzymatic
degradation by a large and diverse population of micro-
organisms. The primary metabolites of catechins after
extensive microbial degradation were found to be phenolic
acids.6,7 These metabolites can be absorbed by the colon and
distributed throughout the human body.8 Possibly, the health
effects derived from green tea consumption are, at least
partially, an effect of catechin metabolites rather than the intact

catechins. For example, it was reported that the catechin C-ring
opening product 1-(3′,4′-dihydroxyphenyl)-3-(2″,4″,6″-
trihydroxyphenyl)propan-2-ol had higher antioxidant activity
than intact catechin.9
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Figure 1. Chemical structures of EC, EGC, ECG, and EGCG.
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Additionally, it has been widely recognized that gut
microbiota play an essential role in the maintenance of
intestinal homeostasis and host health. The beneficial bacteria
extract nutrients and energy and constitute a physical and
immunologic barrier against pathogens.10 Hence, gut micro-
biota composition can affect host health. Therefore, several
strategies have been developed to modulate the composition,
and thereby the metabolic and immunological activity of the
gut microbiota, such as using pro- and prebiotics.11 Recent
studies show that dietary intervention with phenolic
compounds, most notably those from tea, red wine, or
cocoa, promotes a more health-beneficial human gut micro-
biota composition.12−14 Several in vitro and in vivo studies have
indicated that green tea can promote the growth of beneficial
bacteria, such as Bif idobacterium and Lactobacillus, and inhibit
pathogenic bacteria, such as Clostridium.15−17

Such reciprocal interactions between the catechins and gut
microbiota could explain the biological activities of catechins,
despite their low bioavailability. However, the majority of
studies on this topic focus on either the metabolism of
catechins by gut microbiota or the modulatory effects of
catechins on gut microbiota composition. The study of both of
these aspects within a single experimental setup may provide
deeper insights into the reciprocal interactions between tea
phenolics and gut microbiota. To the best of our knowledge,
such a study has not yet been performed with green tea
catechins. Therefore, in the present study, we aimed to
investigate the two-way interplay between catechins and gut
microbiota. To this end, catechins were subjected to in vitro
fermentation by human gut microbiota. Throughout the
fermentation, the metabolic fate of catechins as well as the
influence of catechins and their metabolites on gut microbiota
composition were monitored.

■ MATERIALS AND METHODS
Chemicals. Standards of EC, EGC, ECG, EGCG, gallic acid,

pyrogallol, benzoic acid, 4-hydroxybenzoic acid, 3-(3′,4′-
dihydroxyphenyl)propionic acid, 2-(4′-hydroxyphenyl)acetic acid, 4-
phenylbutyric acid, 5-(4′-hydroxyphenyl)valeric acid, 3-(4′-
hydroxyphenyl)propionic acid, and 5-phenylvaleric acid were
purchased from Sigma-Aldrich (St. Louis, MO). Acetonitrile (ACN)
was purchased from Biosolve (Valkenswaard, The Netherlands).
ULC/MS grade ACN and water, both with 0.1% (v/v) formic acid,
were purchased from Biosolve (Valkenswaard, The Netherlands).
Water for purposes other than ultrahigh performance liquid
chromatography-mass spectrometry (UHPLC-MS) was prepared
using a Milli-Q water purification system (Millipore, Billerica, MA).
In Vitro Fermentation of Catechins with Human Gut

Microbiota. The in vitro fecal fermentation of catechins was
performed according to the methodology of Gu et al.18 with some
modifications. Fecal materials were obtained from four healthy
volunteers (three males and one female, 24−38 years), who reported
no consumption of tea in the week prior to the donation and declared
no antibiotic treatment in the 3 months prior to the donation. Freshly
passed feces were immediately transferred to an anaerobic chamber
(4% H2, 15% CO2, and 81% N2; Bactron, Cornelius, OR) and mixed
with a culture medium at a ratio of 1:40 (w/v). The culture medium
was the standard ileal efflux medium (SIEM), which simulates the
conditions in the human colon.19 The SIEM medium contained 0.4%
(v/v) CHO medium (pectin, xylan, arabinogalactan, amylopectin, and
starch; 12 g/L each), 40% (v/v) BCO medium (60 g/L
bactopeptone, 60 g/L casein, and 1 g/L ox-bile), 1.6% (v/v) salt
mixture solution, 0.8% (v/v) MgSO4 (50 g/l), 0.4% (v/v) cysteine
hydrochloride (40 g/L), 0.08% (v/v) vitamin mixture solution, and
10% (v/v) MES buffer (1 M, pH 7.0) in water. All medium
ingredients were purchased from Tritium Microbiologie (Veldhoven,

The Netherlands). After mixing fresh feces and the culture medium,
the resulting fecal slurries from the four volunteers were pooled and
homogenized. To obtain a homogeneous human fecal suspension
(HFS), the slurry was strained through four layers of cheesecloth.
Separate aliquots of 0.9 mL HFS were spiked with solutions of each of
the four catechins (EC, ECG, EGC, and EGCG) in water at a final
catechin concentration of 0.1 mmol/L. The mixtures were then
incubated at 37 °C in the anaerobic chamber for 48 h. After 0, 1, 2, 4,
6, 12, 24, and 48 h of fermentation, 100 μL samples were taken and
diluted in 300 μL of ACN to stop fermentation. Following
centrifugation (20 min, 22 000g, 4 °C), the supernatant was stored
at −20 °C until UHPLC-MS analysis.

Separate EGCG fermentation was performed for combined
UHPLC-MS and microbiome analysis. For EGCG fermentation, 9
mL of HFS was mixed with 1 mL of EGCG in water to a final EGCG
concentration of 0.1 mmol/L. As a blank, 1 mL of water was added to
9 mL of HFS. All fermentations were performed in triplicate. Mixtures
were incubated at 37 °C in an anaerobic chamber for 72 h. For
UHPLC-MS analysis, samples were taken after 0, 2, 4, 6, 9, 12, 24, 48,
and 72 h of fermentation and treated as described previously. For gut
microbiota composition analysis, 1 mL samples were taken at 0, 12,
24, 48, and 72 h and immediately frozen at −80 °C until further
bacterial DNA extraction and analysis.

UHPLC-ESI-IT-MS Analysis of the Degradation of Green Tea
Catechins. Separation of samples was performed on a Vanquish
UHPLC system (Thermo Fisher Scientific, Bremen, Germany)
equipped with a binary pump, split loop autosampler, column
compartment, and a diode array detector. Samples were separated on
an Acquity UHPLC BEH C18 column (150 mm × 2.1 mm, 1.7 μm;
Waters, Milford, MA) with a VanGuard guard column of the same
material (5 mm × 2.1 mm, 1.7 μm; Waters, Milford, MA). The
column compartment heater was operated in still air mode at 45 °C,
and the postcolumn cooler was set to 40 °C. The injection volume
was 1.0 μL. Mobile phases consisting of 0.1% (v/v) formic acid in
water (A) and 0.1% (v/v) formic acid in ACN (B) were used at a flow
rate of 400 μL/min. The elution program was set as follows: isocratic
at 1% B for 2 min; 2−3 min linear gradient to 10% B; 3−20 min linear
gradient to 60% B; 20−23 min linear gradient to 99% B; 23−26 min
isocratic at 99% B. The mobile phase was adjusted to starting
conditions in 1 min, followed by equilibration for 3 min.

A Velos Pro linear ion trap mass spectrometer (Thermo Scientific,
San Jose, CA) equipped with a heated electrospray ionization (ESI)
probe was coupled to the UHPLC system. Nitrogen was used as the
sheath gas (15 arbitrary units) and auxiliary gas (10 arbitrary units).
Data were collected in negative ionization mode over the m/z range
of 100−1500. Data-dependent MS2 analysis was performed with a
normalized collision energy of 35%. Dynamic exclusion, with a repeat
count of 2, repeat duration of 5.0 s, and an exclusion duration of 5.0 s,
was used to obtain MS2 spectra of multiple different ions present in
full MS at the same time. Most settings were optimized via automatic
tuning using LTQ Tune Plus 2.7 (Thermo Scientific, San Jose, CA).
The transfer tube temperature was 350 °C, the source heater
temperature was 408 °C, and the source voltage was 4.0 kV. Data
acquisition and reprocessing were performed with Xcalibur software
(version 4.1, Thermo Fisher Scientific, Bremen, Germany). External
calibration curves (R2 > 0.99) of standards of EC, EGC, ECG, and
EGCG in the concentration range of 3.125−100 μmol/L were used to
quantify the four catechins.

Ultrahigh Performance Liquid Chromatography Hybrid
Quadrupole Orbitrap Mass Spectrometry (UHPLC-Q-Orbi-
trap-MS) Analysis of the Degradation Pathway of EGCG. For
EGCG fermentation, the same UHPLC separation was performed as
described previously. A Thermo Q-Exactive Focus hybrid quadrupole
Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) equipped with a heated ESI source was coupled to the
UHPLC system. Nitrogen was used as the sheath gas (15 arbitrary
units) and auxiliary gas (10 arbitrary units). Data were collected in
negative and positive ionization modes over the m/z range of 100−
1500. The resolution of MS full scan and MS/MS were 70 000 and
17 500 full width at half-maximum (FWHM), respectively. Instrument
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control and data acquisition were performed with Xcalibur. An
external calibration for mass accuracy was carried out before the
analysis according to the manufacturer’s guidelines. The acquired raw
data files of each sample were processed using Compound Discoverer
software (version 2.1, Thermo Fisher Scientific, Bremen, Germany).
External standards of EC, EGC, ECG, EGCG, gallic acid, pyrogallol,
benzoic acid, 4-hydroxybenzoic acid, 3-(3′,4′-dihydroxyphenyl)-
propionic acid, 2-(4′-hydroxyphenyl)acetic acid, 4-phenylbutyric
acid, 5-(4′-hydroxyphenyl)valeric acid, 3-(4′-hydroxyphenyl)-
propionic acid, and 5-phenylvaleric acid were used to confirm the
identification of metabolites by comparing retention times and
accurate masses. The concentrations of these compounds and
compounds with similar structures were further calculated based on
the respective calibration curves (0.3125 to 10 μmol/L, R2 > 0.99).
DNA Extraction and High-Throughput Sequencing of Gut

Microbiota. Gut microbiota DNA was extracted from each sample
using QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany),
according to the manufacturer’s instructions, and DNA samples were
stored at −20 °C until used. The quantity and quality of the extracted
DNA were checked by 1% agarose gel electrophoresis. DNA was
diluted to 1 ng/μL using sterile water. Bacterial primers 341-F (5′-
CCT AYG GGR BGC ASC AG-3′) and 806-R (5′- GGA CTA CNN
GGG TAT CTA AT-3′) with specific barcodes were used to amplify
the V3−V4 region of bacterial 16S rRNA genes (466 bp). After
amplification, PCR products were checked by 1% agarose gel
electrophoresis. Samples with a bright main strip between 450−550
bp were chosen and purified with QIAquick Gel Extraction Kit
(Qiagen, Germany). Subsequently, the sequencing library of the
bacterial 16S rRNA genes was generated by utilizing the TruSeq DNA
PCR-Free Sample Preparation Kit (Illumina), and the sequencing
library was then sequenced on an Illumina HiSeq. 2500 platform.
Statistical Analysis. Raw sequencing reads obtained from the

Illumina platform were then merged using FLASH software (Version
1.2.7)20 and filtered with QIIME software (Version 1.7).21 All quality
filtered sequencing reads were then clustered into operational
taxonomic units (OTUs) with 97% sequence similarity, using Uparse
software (Version 7.0).22 The representative sequence for each
bacterial OTU was annotated by comparison against the Silva SSU
rRNA database (https://www.arb-silva.de/) with Mothur software
(Version 1.30.2).23 The relative abundance of each OTU across all
samples was calculated and used for further data mining. The overall
differences among samples were evaluated by principal component
analysis (PCA), using the ade4 package in R (Version 3.4.0).
Subsequently, a linear discriminant analysis effect size (LEfSe)
algorithm was performed to identify the representative OTUs
characterizing the differences among different groups, using the
Huttenhower Lab Galaxy Server (http://huttenhower.sph.harvard.
edu/galaxy). The amount of representative OTUs was optimized by
adjusting the α value and linear discriminant analysis (LDA) score
threshold of the LEfSe analysis. With an α value of 0.05 and an LDA
score threshold of 3.1, a total of 37 representative OTUs were
obtained for further analysis. Their relative abundances were further
visualized with a heatmap and clustered with hierarchical clustering,
using pheatmap package in R. The pairwise Spearman’s rho
nonparametric correlation analysis between EGCG metabolites and
gut microbiota was calculated using Hmisc package in R and
visualized using pheatmap package in R.

■ RESULTS AND DISCUSSION

General Degradation of the Four Primary Green Tea
Catechins. The degradation kinetics of the four catechins by
the human gut microbiota in freshly collected fecal samples
from four healthy volunteers was first assessed by UHPLC-
ESI-IT-MS. The quantitative changes of the four catechins
throughout fermentation and the representative chromato-
grams (incubation time of 0, 2, 12, 24, and 48 h) of each
catechin are shown in Figures 2 and 3, respectively.
Degradation of EC, EGC, ECG, and EGCG followed similar

kinetics, starting within 2 h of fermentation and undergoing
the most significant decrease between 12 and 24 h. After 48 h,
EC, EGC, ECG, and EGCG were extensively degraded with
only 12, 15, 4, and 5% remaining, respectively. Interestingly, all
four catechins were promptly degraded by gut microbiota from
the initial stage of fermentation. The short survival time of
catechins observed in this study was in line with the
observations reported by Chen et al. that EC and catechin
were both rapidly degraded within 12 h by rat fecal
microbiota.9 This indicates that, in vivo, green tea catechins
only remain intact for a short period of time upon entering the
colon.
Following the decrease of EC (m/z 289), a peak with m/z

291 was observed (Figure 3A3−A5). This compound provided
three major fragment ions of 247, 167, and 205 (Figure S1,
Supporting Information), resulting in a fragmentation
spectrum similar to that of EC, albeit at 2 mass units higher,
suggesting a catechin-like structure. The 1−2 bond in the
catechin C-ring (Figure 1) is prone to reductive cleavage by
several bacteria such as Adlercreutzia equolifaciens, Asacchar-
obacter celatus, and Slackia equolifaciens, resulting in the
formation of a diphenylpropanol.24,25 Thus, the peak at m/z
291 was tentatively identified as 1-(3′,4′-dihydroxyphenyl)-3-
(2″,4″,6″-trihydroxyphenyl)-propan-2-ol. Similar diphenylpro-
panols were also found during the incubation of EGC (m/z
305), ECG (m/z 441), and EGCG (m/z 457), namely, 1-
(3′,4′,5′-trihydroxyphenyl)-3-(2″,4″,6″-trihydroxyphenyl)-
propan-2-ol (m/z 307, Figure 3B3−B5), 1-(3′,4′-dihydrox-
yphenyl)-3-(2″,4″,6″-trihydroxyphenyl)-propan-2-yl gallate
(m/z 443, Figure 3C5), and 1-(3′,4′,5′-trihydroxyphenyl)-3-
(2″,4″,6″-trihydroxyphenyl)-propan-2-yl gallate (m/z 459,
Figure 3D5), respectively. Their MS2 spectra and proposed
chemical structures are shown in Figures S2−S4, Supporting
Information. For galloylated catechins (ECG and EGCG),
degalloylation (i.e., galloyl-ester hydrolysis) was also observed
during fermentation, as shown by the formation of EC (m/z
289, Figure 2C2−C4) and EGC (m/z 305, Figure 2D2−D4).
The combination of degalloylation and C-ring opening was
also observed for ECG and EGCG, yielding the EC- and EGC-
derived diphenylpropanols.
The degalloylated catechins and diphenylpropanols formed

as the initial degradation products seemed to be further
metabolized (Figure 3). No other notable metabolites could be
detected and identified in UHPLC-IT-MS. High-resolution
UHPLC-Orbitrap-MS, which is more sensitive, was employed
to elucidate the subsequent degradation steps. Due to the
similarity of the degradation kinetics and initial degradation

Figure 2. Comparison of the degradation rate of the four catechins by
human gut microbiota.
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products among the four catechins, EGCG was selected as the
representative catechin for further study.
Complete Degradation Pathway of EGCG by Human

Gut Microbiota. The metabolic fate of EGCG during 72 h of
incubation with human gut microbiota was monitored by
untargeted UHPLC-Q-Orbitrap-MS analysis. A total of 14
potential metabolites of EGCG were identified, seven of which
were confirmed with authentic standards (Table 1). All of
these metabolites, except for 2-(4′-hydroxyphenyl)acetic acid
and 4-hydroxybenzoic acid, were absent from the blank
samples (data not shown). These two exceptions were
identified in some blank samples, in which they may have
been derived from other food phenolics but at a much lower
relative abundance (less than 10%, data not shown) compared
to EGCG-treated samples. These 14 metabolites were
quantified using either the corresponding authentic standard
or an authentic standard with a similar structure. To be

specific, EC was used to quantify the concentration of 1-(3′,4′-
dihydroxyphenyl)-3-(2″,4″,6″-trihydroxyphenyl)propan-2-ol,
5-(4′-hydroxyphenyl)valeric acid was used to quantify 5-(3′,4′-
dihydroxyphenyl)-γ -valerolactone and 5-(3 ′ ,4 ′ ,5 ′ -
trihydroxyphenyl)valeric acid, 3-(4′-hydroxyphenyl)propionic
acid was used to quantify 4-phenylpropionic acid, and 2-(4′-
hydroxyphenyl)acetic acid was used to quantify 4-(3′,4′-
dihydroxyphenyl)acetic acid and phenylacetic acid. The
changes in the content of these 14 metabolites during
fermentation of EGCG are shown in Figure 4.
As can be seen in Figure 4 M00−M02, EGCG decreased

rapidly during the first 12 h of fermentation, resulting in
formation of EGC and gallic acid, both of which were subject
to further metabolism. Pyrogallol was detected as one of the
metabolites of gallic acid, which can be formed upon
decarboxylation (Figure 4 M03). Pyrogallol concentrations
decreased again after 12 h, suggesting further degradation, for

Figure 3. RP-UHPLC-MS base peak chromatograms of eight extracted ions (EC, EGC, ECG, EGCG, and corresponding diphenylpropanols) in
negative mode. (A1−A5) EC inoculum samples; (B1−B5) EGC inoculum samples; (C1−C5) ECG inoculum samples; (D1−D5) EGCG
inoculum samples; (A1), (B1), (C1), and (D1): 0 h; (A2), (B2), (C2), and (D2): 2 h; (A3), (B3), (C3), and (D3): 12 h; (A4), (B4), (C4), and
(D4): 24 h; and (A5), (B5), (C5), and (D5): 48 h.

Table 1. Metabolites of EGCG Fermentation with HFS Annotated by UHPLC-Orbitrap-MS

ID RT (min) tentative identification formula monoisotopic mass measured mass Δmass (ppm)

M00 6.38 EGCGa C22H18O11 458.08491 458.08481 0.22
M01 5.19 EGCa C15H14O7 306.07395 306.07403 0.16
M02 2.43 gallic acida C7H6O5 170.02152 170.02147 0.29
M03 2.80 pyrogallola C6H6O3 126.03169 126.03168 0.08
M04 6.03 1-(3′,4′-dihydroxyphenyl)-3-(2″,4″,6″-trihydroxyphenyl)propan-2-ol C15H16O6 292.09469 292.09460 0.31
M05 5.12 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone C11H12O4 208.07356 208.07346 0.48
M06 5.46 5-(3′,4′,5′-trihydroxyphenyl)valeric acid C11H14O5 226.08412 226.08410 0.31
M07 13.12 4-phenylbutyric acid C10H12O2 164.08373 164.08372 0.06
M08 5.85 3-(3′,4′-dihydroxyphenyl)propionic acida C9H10O4 182.05791 182.05788 0.16
M09 7.07 3-(4′-hydroxyphenyl)propionic acida C9H10O3 166.06299 166.06291 0.48
M10 8.28 3-phenylpropionic acid C9H10O2 150.06808 150.06806 0.67
M11 4.36 2-(3′,4′-dihydroxyphenyl)acetic acid C8H8O4 168.04226 168.04215 0.65
M12 5.87 2-(4′-hydroxyphenyl)acetic acida C8H8O3 152.04734 152.04730 0.26
M13 9.20 phenylacetic acid C8H8O2 136.05243 136.05243 0.00
M14 5.37 4-hydroxybenzoic acida C7H6O3 138.03169 138.03167 0.14

aConfirmed with authentic standards.
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example, to butyric acid and acetic acid.26,27 An increase in
pyrogallol toward the end of the fermentation indicates that it
can also be derived via another metabolic route.
Additionally, a peak was detected with a mass corresponding

to a C-ring opened and dehydroxylated derivative of EGC,
which was tentatively identified as 1-(3′,4′-dihydroxyphenyl)-
3-(2″,4″,6″-trihydroxyphenyl)propan-2-ol (Figure 4 M04).
Further microbial metabolism of this diphenylpropanol led to
the formation of a phenylvalerolactone derivative, 5-(3′,4′-
dihydroxyphenyl)-γ-valerolactone (Figure 4 M05), which is
formed via A-ring fission, as reported previously by others.6,7

The lactone can be opened, resulting in phenylvaleric acids,7

explaining the formation of 5-(3′,4′,5′-trihydroxyphenyl)-
valeric acid. Phenyl-γ-valerolactones and phenylvaleric acids
were reported as important metabolic intermediates formed
from different types of flavan-3-ols.28 Subsequent successive
alkyl shortening of this hydroxyphenylvaleric acid on the side
chain might occur and result in a series of phenylcarboxylic
acids with various side chain lengths, such as hydroxyphe-
nylbutyric, hydroxyphenylpropionic, hydroxyphenylacetic, and
hydroxybenzoic acids.29 In addition, dehydroxylation can also
occur at C-3, 4, and 5 of the benzene ring of these
hydroxylated phenylcarboxylic acids. Theoretically, a total of
20 possible hydroxylated phenylcarboxylic acids with 1−5
carbon atoms in the side chain and 0−3 hydroxyl groups on
the aromatic ring could be formed via aliphatic chain

shortening and dehydroxylation of hydroxyphenylvaleric acid.
In the present study, nine such hydroxylated phenylcarboxylic
acids were detected, and the changes in the concentrations in
each of these compounds are shown in Figure 4 M06−M14.
Several studies have shown that phenylcarboxylic acids are
rapidly absorbed in the gastrointestinal tract and can exhibit
potent antioxidative and anti-inflammatory properties in blood,
tissues, or locally in the intestinal lumen.30 In addition, Mena
et al. highlighted the biological properties of phenyl-γ-
valerolactones and phenylvaleric acids, which include anti-
inflammatory effects and preventive effects on some chronic
diseases.28

In summary, EGCG was extensively catabolized by gut
microbiota. The initial steps of metabolism include degalloy-
lation, C-ring opening, and A-ring fission, leading to formation
of the upstream metabolites, which include diphenylpropanols,
phenylvalerolactones, and phenylvaleric acids. Subsequent
degradation reactions include aliphatic chain shortening of
phenylvaleric acids and the dehydroxylation of the phenyl
moiety, leading to the formation of the downstream
metabolites, which consist of a series of hydroxylated
phenylcarboxylic acids. Enzymes involved in these reactions
are most likely microbial esterases, dehydroxylases, and
decarboxylases; however, there is limited information available
on these enzymes. The complete pathway of EGCG
metabolism is summarized in Figure 5.

Figure 4. Changes in the concentrations of EGCG and its metabolites during fermentation with human gut microbiota for 72 h (M00−M14 are
listed in Table 1). Error bars indicate standard error (n = 3).
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EGCG Changed the Gut Microbiota Composition. The
fecal microbiota compositions at fermentation durations of 0,
12, 24, 48, and 72 h were analyzed using high-throughput
bacterial 16S rRNA gene (V3−V4 region) sequencing to
evaluate the gut microbiota modulatory effect of EGCG. After
merging and filtration of raw sequencing reads, a total of
1 719 926 reads were generated from the 30 fermentation
broth samples (blank and EGCG-treated samples over five
time points in triplicate), with an average length of 412 bp.
After taxonomic annotation, the relative abundance of these
OTUs in each sample was used for further analysis. These
OTUs were assigned to eight different phyla, whose average
relative abundances are depicted in Figure S5, Supporting
Information. At the genus level, a total of 211 bacterial genera
were identified across all samples. The changes in the average
relative abundance of the 10 most abundant genera during
incubation are shown in Figure 6. In the EGCG samples, as
well as in the blank, a decrease of Bacteroides and an increase of
Lachnoclostridium were observed. However, EGCG-treated
samples had significantly higher relative abundances of
Bacteroides and Lachnoclostridium than the blank (p < 0.05).

Thus, the supplementation of EGCG for 72 h significantly
affected the microbiota composition.
To compare the overall differences of gut microbiota among

all samples, the relative abundance of all OTUs from each
sample was analyzed by PCA, as shown in Figure 7. The first
two principal components of PCA accounted for 75.6% of the
total variation, which was sufficient to interpret most of the
information of the gut microbiota in each sample. The baseline
(0 h) samples for the blank and EGCG were clustered
together, as expected. At 12 h, slight differences between
EGCG-treated samples and blank samples were observed, but
the samples were still clustered. Thereafter, more pronounced
differences between the blank and EGCG samples emerged,
leading to the formation of two additional separate clusters in
the PCA score plot. These results suggested that the gut
microbiota required time to adapt to the presence of EGCG
(up to 12 h), after which the microbiota composition was
modulated by EGCG supplementation.

Identification of the Key EGCG Responding Gut
Microbiota. To further identify the gut microbiota most
affected by EGCG, a LEfSe analysis was performed. This

Figure 5.Microbial degradation pathways of EGCG by human gut microbiota. The compounds in black (M00−M14) are the detected metabolites,
which are listed in Table 1, and the compounds in gray are theoretical intermediates that were not detected.

Figure 6. Relative abundances of the most abundant bacterial taxa at the genus level during fermentation without (blank) and with EGCG.
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algorithm first detects the features with significant differential
abundance between two or more data sets using the
nonparametric factorial Kruskal−Wallis sum-rank test. Sub-
sequently, it uses linear discriminant analysis (LDA) to

estimate the effect size of each differentially abundant feature
and returns an LDA score for each feature. The higher LDA
score of a certain feature indicates a greater contribution to the
discrimination of the data sets.31 As the influence of EGCG on
gut microbiota was mainly induced after 24 h, LEfSe analysis
was applied to the relative abundance of OTUs at fermentation
durations of 24, 48, and 72 h, and 37 OTUs were thus
identified to differentiate the two groups of samples (Figure
8A). Based on their relative abundance, heatmap plots and
hierarchical clustering were then employed, so as to provide a
visual and overall comparison for differentiating the two
sample groups, as reflected in Figure 8B. With Ward’s method,
the hierarchical clustering of these OTUs was depicted in a
multilayer dendrogram. In the first layer, two groups were
clustered, corresponding to the EGCG treatment and the
blank. Nine OTUs were significantly more abundant in
EGCG-treated samples. These OTUs were considered to be
promoted by EGCG supplementation. Twenty-eight OTUs
were significantly more abundant in blank samples. These
OTUs were considered to be inhibited by EGCG supple-
mentation. The detailed taxonomic information of these 37
OTUs is listed in Table S1, Supporting Information.
Most notably, among these OTUs, five Bacteroides species (

Bacteroides uniformis, Bacteroides vulgatus, Bacteroides stercoris,
Bacteroides thetaiotaomicron, and Bacteroides cellulosilyticus)
were promoted by EGCG addition as compared to the
blank. The genus Bacteroides is one of the dominant genera in
human gut microbiota, which constitutes 20−40% of the
human colonic bacteria and imparts substantial metabolic,
immunologic, and defensive functions in the gastrointestinal
tract.10 For example, infant colonic B. uniformis exhibits the

Figure 7. PCA scatter plots based on the relative abundance of
bacterial 16S gene OTUs of microbial communities in the samples
from different fermentation durations (n = 3).

Figure 8. Key OTUs differentiating (LDA score > 3.1) EGCG treatment from the blank. (A) LEfSe comparison between EGCG and blank
samples. (B) Heatmap comparison and hierarchical clustering dendrogram based on the relative abundance of the 37 key OTUs.
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ability to boost anti-inflammatory cytokine production and
ameliorating metabolic and immune dysfunction.32,33 Fecal B.
vulgatus was found to negatively correlate with coronary artery

disease, and it was demonstrated to reduce gut microbial
lipopolysaccharide production and thus exert anti-inflamma-
tory properties.34 Due to potent health-promoting benefits,

Figure 9. Heatmap of Spearman’s correlation between 14 EGCG metabolites and 37 key OTUs affected by EGCG treatment. M01−M14 are listed
in Table 1, M01−M06 is the sum of the concentration of the upstream metabolites (M01−M06), and M07−M14 is the sum of the concentration
of the downstream metabolites (M07−M14). The colors range from red (negative correlation) to blue (positive correlation). Significant
correlations are noted by * (p < 0.05) and ** (p < 0.01).

Figure 10. Significant Spearman’s correlation (|r| > 0.6, p < 0.05) between the relative abundance of bacterial OTUs and the sum of the
concentration of upstream (A) or downstream (B) metabolites during the incubation of EGCG with human gut microbiota. The fit lines with 95%
confidence bands were generated by linear regression analysis.
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several species and strains of genus Bacteroides are now
considered as next-generation probiotics.35 However, OTU_9,
representing Bacteroides ovatus, was found to be inhibited by
EGCG treatment, indicating that even within genera EGCG
may differentially affect bacterial species.
In addition to the stimulation of these five Bacteroides

species, Clostridium symbiosum, Christensenellaceae, Ruminococ-
cus bromii, and Bifidobacterium adolescentis were also increased
by EGCG supplementation. Bifidobacteria are well-known
probiotics, which are widely used for their beneficial effects on
human health. The bacterial family Christensenellaceae is linked
to low body mass index and increased longevity.36 Thus,
Christensenellaceae and B. adolescentis could be considered as
potentially beneficial bacteria. C. symbiosum is a butyrate-
producing and nontoxin-producing anaerobe,37 whereas R.
bromii is an amylolytic bacteria, which plays an important role
in the degradation of dietary resistant starch.38 However, their
effects on human health are not yet fully understood.
The promotion of Bacteroides and Bif idobacterium by green

tea catechins was also reported in other studies.16,39,40 It was
also reported that some other beneficial gut microbiota, such as
Akkermansia and Lactobacillus, were increased by green
tea;16,41 however, we did not observe this in our study. The
promotion of five Bacteroides species and several other health-
promoting species by the addition of EGCG might indicate
that EGCG supplementation in food contributes to overall
improved gut health.
In contrast, five OTUs representing Forsterygion varium

(OTU_12, 17, 21, 46, and 47) were repressed by EGCG
treatment. This microorganism can invade colonic epithelial
cells and initiate a proinflammatory response, and thus is
considered to be a gastrointestinal pathogen.42 Similarly, the
inhibitory effect of EGCG on several other harmful bacteria
was observed, such as Bilophila (OTU_6), a hydrogen-sulfide-
producing colonic virulent microorganism.43 Moreover, Enter-
obacteriaceae (OTU_7) were reduced upon EGCG treatment;
this large bacterial family includes pathogenic organisms, such
as Salmonella, Escherichia coli, Yersinia pestis, Klebsiella, Shigella,
and Eggerthella (OTU_43), which are implicated as a cause of
ulcerative colitis, liver and anal abscesses, and systemic
bacteraemia.44

Correlation between EGCG Metabolites and Gut
Microbiota. To preliminarily assess the reciprocal effects
between EGCG metabolism and modulation of the gut
microbiota composition, correlations between the EGCG
metabolites and the 37 key OTUs were assessed by Spearman
correlation analysis (Figure 9). To this end, the correlations of
the 14 detected metabolites were assessed individually and
divided into two groups: six upstream metabolites (M01−
M06) and eight downstream metabolites (M07−M14).
Positive correlations between metabolite concentration and
microbial OTU abundance suggest that the bacteria may be
involved in the production of the metabolites or that their
growth is stimulated by the metabolites. Negative correlations
imply that the bacteria may be inhibited by the metabolites or
that the metabolites are consumed or further metabolized by
the bacteria. The results indicated that the upstream
metabolites showed high correlation with two bacterial taxa (
R. bromii and Eggerthella, r > 0.60, p < 0.01, Figure 10A),
whereas 12 bacterial taxa were positively or negatively
correlated with the downstream metabolites (|r| > 0.60, p <
0.05, Figure 10B). Notably, three of the downstream
metabolites (M07, M13, and M14) presented significantly

strong correlations with various gut microbiota (|r| > 0.80, p <
0.001). Specifically, 4-phenylbutyric acid (M07) positively or
negatively correlated with 11 bacterial taxa (Figure S6,
Supporting Information). Phenylacetic acid (M13) showed a
significant positive or negative correlation with five bacterial
taxa (Figure S7, Supporting Information). 4-Hydroxybenzoic
acid (M14) showed a significant negative correlation with
Haemophilus parainfluenzae (Figure S8, Supporting Informa-
tion).
The initial steps of degradation of EGCG mainly include

degalloylation, C-ring opening, and A-ring fission. Cleavage of
the ester linkage between gallic acid and flavan-3-ol by
microbial esterases, which are widely distributed in micro-
organisms, has been well documented.45 It has been reported
that reductive cleavage of the C-ring can be performed by
several bacteria, such as Lactobacillus plantarum IFPL935,46

Eggerthella lenta, and Flavonifractor plautii.47 In this study, the
genus Eggerthella was also found to have a positive correlation
with the upstream metabolites (Figure 10A). The bacterial
species responsible for the reactions involved in the formation
of downstream metabolites, i.e., A-ring fission and the
subsequent chain shortening and dehydroxylation, have not
yet been identified. In this study, the formation of downstream
metabolites was found to be highly correlated with multiple gut
microbiota (Figure 10B). These findings imply that formation
of downstream metabolites might require a diverse set of
bacteria that cooperates simultaneously or sequentially to
complete the degradation of EGCG. The experimental
approach presented in this study, featuring the comprehensive
simultaneous determination of metabolites and gut microbiota
composition, provides valuable leads for follow-up studies.
Several limitations need to be considered regarding this

experimental approach. First, EGCG was applied directly for
fermentation by fecal microbiota. In practice, a small
percentage of ingested catechins is absorbed by enterocytes
and subject to phase II metabolism, resulting in glucuronida-
tion, methylation, and sulfonation.48 These conjugates can be
returned to the intestinal lumen via efflux.48 However,
considering the low abundance of these conjugates in the
colon, this study focusses on intact catechins as the starting
point of gut microbial fermentation. Second, a short-term
batch fermentation model was utilized in this study to facilitate
sampling at different time points and to gain better insights
into the interactions taking place between catechins and gut
microbiota. Changes in microbiota composition were observed
over time, even in the absence of EGCG. For follow-up studies,
we suggest evaluation of these results in more intricate in vitro
models, such as simulation of the human intestinal microbial
ecosystem (SHIME)49 or TNO intestinal models (TIMs).50

Third, the role of human intestinal immunity has not been
taken into account in this study. Both catechins and their
microbial metabolites are known to be able to act as
immunomodulators.51,52 Modification of the colonic immune
status will further influence the gut microbiota composition.
In conclusion, we investigated the reciprocal interactions

between EGCG and human gut microbiota. The results
indicated that EGCG, as well as other green tea catechins, was
prone to metabolism by human gut microbiota. The main
microbial metabolites formed via consecutive ester hydrolysis,
C-ring opening, A-ring fission, dehydroxylation, and aliphatic
chain shortening are phenylcarboxylic acids. Due to the short
survival time of intact catechins during fermentation, combined
with their poor absorption, we speculate that their metabolites
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may play an important role in the health benefits associated
with tea consumption. Simultaneously, the composition of the
gut microbiota was altered by EGCG toward a healthier
profile. We further explored the possible correlations between
EGCG metabolites and gut microbiota and found that a wide
range of gut microbiota may be involved in the downstream
metabolism of EGCG. The experimental approach and
findings described in this study provide novel insights into
the reciprocal interactions between EGCG and gut microbiota,
which are valuable leads for follow-up studies on the health
benefits of EGCG and other green tea phenolics.
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