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Abstract

Akkermansia muciniphila is a Gram-negative bacterium that resides within the gut mucus
layer, and plays an important role in promoting gut barrier integrity, modulating the immune
response and inhibiting gut inflammation. Growth stimulation of A. muciniphila by polyphe-
nols including epigallocatechin-3-gallate (EGCG) from difference sources is well-docu-
mented. However, no published in vitro culture data on utilization of polyphenols by A.
muciniphila are available, and the mechanism of growth-stimulating prebiotic effect of poly-
phenols on it remains unclear. Here in vitro culture studies have been carried out on the
metabolism of EGCG by A. muciniphila in the presence of either mucin or glucose. We
found that A. muciniphila did not metabolize EGCG alone but could co-metabolize it together
with both these substrates in the presence of mineral salts and amino acids for mucin and
protein sources for glucose. Our metabolomic data show that A. muciniphila converts

EGCG to gallic acid, epigallocatechin, and (-)-epicatechin through ester hydrolysis. The
(-)-epicatechin formed is then further converted to hydroxyhydroquinone. Co-metabolism of
A. muciniphila of EGCG together with either mucin or glucose promoted substantially its
growth, which serves as a further demonstration of the growth-promoting effect of polyphe-
nols on A. muciniphila and provides an important addition to the currently available proposed
mechanisms of polyphenolic prebiotic effects on A. muciniphila.

Introduction

Akkermansia muciniphila is a Gram-negative bacterium that resides within the mucus layer
covering the gut, and represents 3-5% of the gut microbiota in healthy adults [1,2]. Its genome
encodes a cluster of mucin-degrading enzymes, thus enabling it to use mucin as its sole source
of carbon and nitrogen [3,4]. A. muciniphila plays an important role in promoting gut barrier
integrity, modulating the host immune response, inhibiting inflammation and enriching buty-
rate-producing bacteria [5]. Its abundance is correlated inversely with presence of metabolic
diseases including diabetes and obesity [6], ulcerative colitis [7], HIV [5] and cancers [8-10].
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Therefore, A. muciniphila has been proposed as an emerging “gatekeeper of the gut” and a
“next-generation beneficial microbe” [11].

Enhancing the abundance of A. muciniphila in the intestinal microbiota has been shown to
contribute towards the prevention and treatment of metabolic diseases [5,12,13], and dietary
intervention has been effective in maintaining an intestine homeostasis with a high ratio of A.
muciniphila [14]. Epidemiological and animal feed intervention studies have established a
solid association between the consumption of polyphenol-rich foods or beverages and subse-
quent enrichment of A. muciniphila, together with associated preventive influences on various
metabolic diseases [15-19]. However, most of these studies are based on positive correlations
between the consumption of polyphenol-rich foods or beverages and subsequent enrichment
of A. muciniphila. No published in vitro culture data on A. muciniphila utilization of polyphe-
nols are available, and so the promoting mechanism remains unclear.

Polyphenols include the flavonoids, phenolic acids, stilbenes and lignans. More than 9000
different structures have been described for the flavonoid group alone [20]. Of these, the prebi-
otic effects of epigallocatechin-3-gallate (EGCG), a natural phenolic compound found in many
plants, especially in green tea, have been studied. Like the majority of the polyphenols (90-
95%), EGCQG is poorly bioavailable in the small intestine and is transported to the large intes-
tine where it undergoes biotransformation by the gut microbiota [21]. EGCG has been sug-
gested to improve therapeutic outcomes for diseases including cancers, inflammations, HIV,
diabetes, obesity, neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s dis-
ease (reviewed by Yang et al. [22]). EGCG is known to modify the gut microbiota and increase
the abundance of A. muciniphila, leading to improved gut dysbiosis and barrier integrity [23-
27]. However, as with most other polyphenolic compounds, its stimulatory mechanisms in A.
muciniphila are still largely unknown. In a previous metaproteomic study, we showed that
aqueous extracts of Pu-er raw tea stimulated expression of key metabolic genes of A. mucini-
phila and increased its abundance in the cecum of rats [19]. In this study, we have investigated
further how A. muciniphila metabolizes EGCG using an in vitro culture approach. Under-
standing the mechanism of action of dietary polyphenols is considered likely to be the key for
designing future nutritional compositions of food leading to optimal health benefits [28].

Materials and methods
Chemicals

EGCG, (-)-catechin gallate, gallic acid, gallocatechin, (-)-epigallocatechin, Fe,(P,05)s, vitamin
K (Yuanyue Biology, Shanghai, China); KH,PO,4, Na,HPO,, NH,CI, NaCl, MgCl,.6H,0,
CaCl,, NaHCOj3, Na,S.7-9H,0, FeCl,, H;BO4, ZnCl,, CuCl,, MnCl,, CoCl,, NiCl,, HCI,
Na,SeO3, Na,WO,, Na,MoO,, NaOH and starch (Tianjin Fengchuan Chemical Reagent Tech-
nologies Co., Ltd, Tianjin, China); hog gastric mucin (Type III), biotin, niacin, pyridoxine,
riboflavin, thiamine, cyanocobalamin, p-aminobenzoic acid, and pantothenic acid, hydroxy-
hydroquinone, 3,4-dihydroxybenzaldehyde, resazurin (Sigma, Shanghai, China); peptone,
yeast extract, glucose, sodium pyruvate, arginine, sodium succinate, L-cysteine HCI, haemin,
sodium thioglycolate, Cellobiose (Meilunbio, Dalian, China); paraformaldehyde, SDS, form-
amide (Biotopped, Bejing, China) were all of analytical grade, with mass fractions > 98%.

Bacterial strain, culture media and growth conditions

A. muciniphila MucT (= DSM 22959T) was obtained from the China General Microbiological
Collection Center, Beijing, China. The bacterium was kept in agar plates of DSM medium
1203a. For experiments, a single colony of A. muciniphila was transferred either into the BS
broth of [29] for EGCG and mucin metabolic trials or the BS broth supplemented with
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2% (w/v) peptone and yeast extract (modified BS broth hereafter) for EGCG and glucose meta-
bolic trials. EGCG was used as a supplement at 0, 150, 350 and 500 mg L™ final concentrations,
obtained from a 100x concentrated filter-sterilized EGCG stock solution. Mucin, purified by
ethanol precipitation as described by Miller and Hoskins [30], was added at 0.25% (w/v), while
glucose was added at 2 g L™! final concentration.

The BS medium contained (g LY): KH,PO, 0.4; Na,HPO, 0.53; NH,Cl 0.3; NaCl 0.3;
MgCl,.6H,0 0.1; CaCl, 0.11; 1 mL alkaline trace element solution, 1 mL acid trace element
solution and 1 mL vitamin solution described by Stam et al. [31]; resazurin 0.0005; NaHCOj; 4;
Na,S.7-9H,0 0.25. The resazurin was added to the medium as an indicator of medium
anaerobiosis. The pH was adjusted to 7.0 before sterilization, and the vitamin solution was fil-
ter-sterilized, while all other ingredients were autoclaved (121°C for 30 min). The acid trace
element solution contained (millimolar): FeCl, 7.5; H3;B0, 1; ZnCl, 0.5; CuCl, 0.1; MnCl, 0.5;
CoCl, 0.5; NiCl, 0.1; and HCI 50, while the alkaline trace element solution contained (millimo-
lar): Na,SeO; 0.1; Na,WO, 0.1; Na,MoO, 0.1; and NaOH 10 and the vitamin solution con-
tained (g LY): biotin 0.02; niacin 0.2; pyridoxine 0.5; riboflavin 0.1; thiamine 0.2;
cyanocobalamin 0.1; p-aminobenzoic acid 0.1; and pantothenic acid 0.1.

A. muciniphila was grown under anaerobic conditions for 24 h at 37°C in 2.5 L anaerobic
jars (Mitsubishi Gas Chemical Company INC, China), each containing one AnaeroPack pro-
duced by the same company. The AnaeroPack is a disposable oxygen-absorbing and carbon
dioxide-generating, sealed porous sachet for use in anaerobic jars. There is no need to add
water or to use a palladium catalyst. The contents of the sachet become activated immediately
in contact with oxygen. Once the AnaeroPack is placed in the anaerobic jars, the oxygen level
is reduced to < 1% in 30 min. At the same time, carbon dioxide is generated to a concentration
of 18% in approximately 12 min [30]. The evaluation study by Delaney and Onderdonk [32]
has shown that the AnaeroPack system is an excellent alternative to established methods
including conventional anaerobic chambers for generating an environment for anaerobic cul-
ture incubation. Cells were then harvested by centrifugation (6,000 x g, 10 min, 5°C), washed
twice with 0.9 g/100 mL NaCl solution and suspended in the same solution adjusted to an
OD600 0.6 before being used as the experimental inoculum. A 9 g L™ NaCl solution was used
for control purpose.

Measurement of growth. Growth of A. muciniphila was determined spectrometrically by
measuring the optical density (OD) at 600 nm of samples taken at regular intervals following
inoculation. The relative growth yield of A. muciniphila on either mucin and glucose with
EGCG supplementation was calculated based on its OD600 according the method of Critten-
den et al. [33], using the following formula:

Relative growth yield = [(A — B)/(C — B)] x 100%

where A is the net change in OD600 of culture grown on either mucin or glucose plus EGCG,
B is the net change in OD600 of culture grown with only EGCG, and C is the net change in
OD600 of culture grown on either mucin or glucose. The growth yields of A. muciniphila from
growth on either glucose or mucin plus 500 mg L' EGCG equaled 100%.

Experimental conditions for studying co-metabolism of EGCG by A.
muciniphila

To investigate metabolism of EGCG by A. muciniphila in the presence of mucin, 0.1 mL of
harvested cells (incubated in the same medium) adjusted to an OD600 of 0.6 was mixed with
4.9 mL BS broth with or without mucin, and supplemented with EGCG at 0, 150, 350 and 500
mg L final concentrations in 10 mL serum bottles (bottom diameter 2 cm) with aluminum

PLOS ONE | https://doi.org/10.1371/journal.pone.0260757 December 2, 2021 3/16


https://doi.org/10.1371/journal.pone.0260757

PLOS ONE

Akkermansia muciniphila co-metabolizes EGCG in the presence of mucin or glucose

caps. These were incubated anaerobically in the anaerobic jars at 37°C for 24-72 h. The resa-
zurin indicator in the BS broth became colorless within 2 h, indicating anaerobiosis was
achieved. Six replicates were included for each treatment and OD600 values were determined
spectrophotometrically. The cells were collected by centrifugation (6,000 x g, 10 min, 5°C),
washed 3 times in ice-cold PBS solution before being frozen immediately in liquid nitrogen for
subsequent metabolomic analysis (see below) and finally fixed in 4% paraformaldehyde for
fluorescence in situ hybridization (FISH) [34]. The supernatants were analyzed immediately
using HPLC to determine EGCG concentrations. Experimental protocols for investigating A.
muciniphila’s metabolism of EGCG with glucose were the same as detailed above except that
the modified BS broth was used.

HPLC quantification of EGCG

Supernatants were filtered through 0.45 pm membrane filters and the filtrates analyzed imme-
diately. Analyses were performed with a HPLC (Waters €2659, Beijing, China) with a Thermo
Hypersil GOLD C18 column (4.6 mm x 250 mm, 5 pm) (Jingouya Biotech. Co., Beijing,
China). A binary gradient elution protocol consisting of solvent A (9% acetonitrile and 2% ace-
tic acid) and solvent B (80% acetonitrile and 2% acetic acid) was applied as follows: 100% A
(0-10 min); 100% A to 68% A and 32% B (10-25 min); 68% A and 32% B (26-35 min); 68% A
and 32% B to 100% A (36-35 min); 100% A (36-45 min). The column temperature was main-
tained at 35°C and the injection volume was 10 pL. The UV detection wavelength was set at
278 nm, and EGCG identified by its retention time against EGCG standards.

Metabolomic analysis

Aliquots of 50 mg pelleted cells were suspended in 400 pL methanol:water (4:1, v/v) solution
and then exposed to a high throughput tissue crusher (Wonbio-96¢, Shanghai Wanbo
Biotechnology Co., LTD, Shanghai, China) at 40 KHz and 5°C for 30 min, and allowed to settle
at -20°C for 30 min. Cell debris was collected by centrifugation (13,000 x g, 4°C for 15 min)
and dried in a N, stream after the supernatants were decanted. It was then resuspended in

120 pL acetonitrile:water (1:1, v/v), and again extracted with the tissue crusher under the same
conditions as above for 5 min followed by centrifugation (13,000 x g, 5 min, 4°C) and the
supernatants were again collected. These were transferred carefully to sample vials for
subsequent LC-MS/MS analysis and later HPLC analysis using standard polyphenolic
compounds.

Chromatographic separation of cell free metabolites was performed on a ExionLC™AD
system (AB Sciex, USA) equipped with an ACQUITY UPLC BEH C18 column (2.1 x 100 mm,
1.7 um, Waters, Milford, USA) at a flow rate of 0.4 mL min™". The injection volume was 5 pL.
A gradient program using 0.1% formic acid in water (Solvent A) and 0.1% formic acid in ace-
tonitrile:isopropanol (1:1, v/v) (Solvent B) was applied as follows: 95% A and 5% B to 80% A
and 20% B (0-3 min); 80% A and 20% B to 5% A and 95% B (3-9 min); 5% A and 95% B to 5%
A and 95% B (9-13 min); 5% A and 95% B to 95% A and 5% B (13-13.1 min), 95% A and 5%
B (13.1-16 min). Column temperature was maintained at 40°C.

The UPLC system was coupled to a quadrupole-time-of-flight mass spectrometer (Triple
TOFTM5600+, AB Sciex, USA) equipped with an electrospray ionization source operating in
positive and negative mode. Optimal conditions were set as follows: source temperature,
500°C; curtain gas, 30 psi; both Ion Source GS1 and GS2, 50 psi; ion-spray voltage floating,
—4000 V in negative mode and 5000 V in positive mode, respectively; de-clustering potential,
80 V; a collision energy, 2060 V rolling for MS/MS. Data acquisition was performed with the
Data Dependent Acquisition mode. Detection was carried out over a mass range of 50-1000 m/z.
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Raw data from UPLC-TOF/MS analyses were imported into the Progenesis QI 2.3 (Nonlin-
ear Dynamics, Waters, USA) software for peak detection and alignment. Metabolic features
that were detected in at least 80% of the samples were recorded. To reduce possible biases aris-
ing from sample preparation and equipment instability, key metabolic features were normal-
ized as follows. Those with relative standard deviations from their quality control of > 30%
were discarded and the resulting data were then log transformed before matching with the
Human metabolome database (HMDB) (http://www.hmdb.ca/) and Metlin database (https://
metlin.scripps.edu/) for metabolite identification. The mass tolerance between the measured
m/z values and the exact mass of the components of interest was + 10 ppm. For metabolites
having MS/MS confirmation, only those with MS/MS fragment scores of > 30 were consid-
ered as being identified with confidence. Differentiating metabolites between different treat-
ment groups used a VIP (variable importance in the projection) value > 1 and a P
value < 0.05. Metabolomics data have been deposited in the EMBL-EBI MetaboLights data-
base [35] with the identifier MTBLS2798. The complete dataset can be accessed at https://
www.ebi.ac.uk/metabolights/MTBLS2798.

HPLC analyses of EGCG metabolites of A. muciniphila’s cell extracts using standard poly-
phenolic compounds were performed with the HPLC setups used to measure EGCG concentra-
tions in the BS broth. A binary gradient elution protocol consisting of solvent A (2% acetic acid
containing 0.2% EDTA) and solvent B (80% acetonitrile) was applied as follows: 95% A and 5%
B (0-10 min); 95% A to 60% A and 5% B to 40% B (11-15 min); 60% A and 40% B (16-20
min); 95% A and 5% B (21 min); 95% A and 5% B (22-30 min). The column temperature was
maintained at 35°C and the injection volume was 10 uL. The UV detection wavelength was set
at 278 nm, and EGCG metabolites identified by their retention times against the standards.

FISH analyses

Purity of A. muciniphila cultures was examined by FISH using the Cy3-labeled probe MUC-
1437 (5°-CCT TGC GGT TGG CTIT CAG AT-3’) designed by Derrien et al. [36] to target spe-
cifically the 16S rRNA sequence of A. muciniphila against all the bacterial cells staining posi-
tively with DAPI (4’,6-diamidino-2-phenylindole) [100 uL (0.003 mg mL™) for 10 min]. All
probes were purchased from Sangon Biotech (Shanghai, China). FISH was carried out accord-
ing to the procedure described by Kong et al. [34], with a formamide concentration of 30%. At
least 10 sets of the same view of Cy3 and DAPI images for each individual culture taken using
an epifluorescence microscope (Olympus BX53, Nanjing, China) were examined. A. mucini-
phila cultures containing any cells staining with DAPI but not hybridizing with the FISH
probe MUC-1437 on any of the images examined were discarded.

Statistical analyses

Significances between relative growth yield based on OD600 values of the different treatment
groups were calculated using the Kruskal-Wallis test with SPSS (version 16.0). Significant dif-
ferences were established at P < 0.05. A multivariate statistical analysis of the metabolomic
data was performed using ropls (Version1.6.2, http://bioconductor.org/packages/release/bioc/
html/ropls.html) from the R package from Bioconductor on a Majorbio Cloud Platform
(https://cloud.majorbio.com). Principle component analysis (PCA) using an unsupervised
method was applied to obtain an overview of the metabolic data and general clustering trends,
and any outliers were visualized. All metabolite variables were scaled to unit-variances prior to
performing the PCA. Orthogonal partial least squares discriminant analysis (OPLS-DA) was used
for statistical analysis to determine global metabolic changes between comparable groups. All
metabolite variables were scaled to Pareto Scaling prior to conducting the OPLS-DA. The model
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validity was evaluated from model parameters R2 and Q2, which provide information for the
interpretability and predictability respectively of the model, and avoid the risk of over-fitting. VIP
values were calculated with the OPLS-DA model. P values were estimated with paired Student’s t-
test on single dimensional statistical analysis. Differential metabolites between different treatment
groups were determined with a VIP value > 1 and a P value < 0.05.

Results
Co-metabolism of EGCG and mucin by A. muciniphila

The BS broth of Derrien et al [26] which contains only mineral solutions and amino acids was
used to investigate metabolism of EGCG in the presence of mucin or glucose by A. muciniphila.
EGCG was co-metabolized with mucin by A. muciniphila, which grew better when both EGCG
and mucin were present in the BS broth than with only mucin. After 24 h, the relative growth
yields of A. muciniphila in the BS broth with mucin and EGCG supplemented at final concen-
trations of 150, 350 and 500 mg L™ were all dose-dependently significantly (P < 0.05) higher
(1.42, 1.62 and 1.70 times respectively) than the corresponding controls with no EGCG supple-
mentation (Fig 1A). A. muciniphila could not metabolize EGCG in the BS broth in the absence
of mucin. No growth of A. muciniphila was observed after 24, 48 and 72 h incubation in the BS
broth in the presence of only EGCG supplemented at the three different levels used. Micro-
scopic observation showed that the cell morphology of A. muciniphila in the incubations with
EGCG did not differ from that with no EGCG (control), with cells in both being oval-shaped.

Co-metabolism of EGCG and glucose by A. muciniphila

A. muciniphila could also metabolize EGCG in the presence of glucose (Fig 1B) in the BS broth
supplemented with peptone and yeast extract (modified BS broth). Moreover, supplementa-
tion with EGCG further promoted its growth. Thus, after 24 h the OD600 values of the modi-
fied BS broth supplemented with glucose at 2 g L™ final concentration and EGCG at 150, 350
or 500 mg L™ final concentration were dose-dependently significantly (P < 0.05) higher (1.87,
2.34 and 2.77 times respectively) than those of the corresponding controls with no EGCG sup-
plementation (Fig 1B).

(A) (B)

120% 120%
=}
<5 3 100% * o] §Q 100% x
0 = =0 *
> * a M z
2T 8% = e, 80%
sz 120 9 oy *
gE Z & I
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© 2 =
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EGCG(150mg L') EGCG(350mg L') EGCG(500mg L-1) EGCG(150mg L") EGCG(350mg L) EGCG(500mg L)

Fig 1. Effects of EGCG supplementation on the growth of Akkermansia muciniphila. Relative growth yields of A. muciniphila cultivated in the mucin BS broth (A)
and the glucose supplemented modified BS broth (B) both supplemented with or without EGCG at 150, 350 and 500 mg L™ final concentrations. The growth yield of A.
muciniphila cultivated with mucin or glucose supplemented with 500 mg L' EGCG was calculated at 100%. * indicates significant difference (P < 0.05) to the control.

https://doi.org/10.1371/journal.pone.0260757.9001
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Extent of EGCG utilization by A. muciniphila in the presence of either
mucin or glucose

The EGCG concentrations in the BS broth with and without mucin, and the modified BS
broth with and without glucose were examined by HPLC, and the results obtained are summa-
rized in S1 Table. After 24 h, 91.2%, 83.9% and 72.2% of EGCG supplemented in the mucin BS
broth at a final concentration of 150, 350 and 500 mg L™ respectively had been utilized. Simi-
larly, 88.5%, 78.3% and 68.5% of EGCG supplemented in the modified BS glucose broth were
utilized by A. muciniphila. In contrast, initial concentrations of EGCG in the BS broth contain-
ing no mucin or glucose did not change markedly after 24, 48 and 72 h incubation (S1 Table).

Products of EGCG metabolism by A. muciniphila

To investigate the composition of metabolites and the metabolic pathways involved in EGCG
degradation by A. muciniphila, metabolomic analyses were carried out to identify EGCG deg-
radation products in both the mucin supplemented BS broth and glucose supplemented modi-
fied BS broth with or without EGCG (350 mg L'"). Representative total ion chromatograms of
A. muciniphila are shown in Fig 2. We found that EGCG supplementation changed

2.0e+09

(A)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Retention time (min)

Fig 2. Total ion chromatograms (Ionization-mode) of Akkermansia muciniphila cultivated in the mucin BS broth supplemented
with (B) or without (A) EGCG at a final concentration of 350 mg L.

https://doi.org/10.1371/journal.pone.0260757.g002
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considerably the composition of the A. muciniphila metabolic biproducts. In total, 3550 (1625
with ionization + mode and 1925 with ionization-mode) and 1596 (808 with ionization
+ mode and 787 with ionization-mode) spectrometric features were generated from A. muci-
niphila cultivated in the mucin BS broth and the glucose supplemented modified BS broth,
respectively.

Metabolites identified from A. muciniphila cultures all showed a clear segregation between
those grown with or without EGCG (Fig 3), with 152 and 107 different catabolic metabolites
identified respectively in these two experiments. Of the metabolites identified, 25 and 28
respectively were produced by A. muciniphila grown with mucin (Table 1) and with glucose
(Table 2). These included a range of polyphenolic products [37] including catechin gallate, gal-
locatechin, epigallocatechin, gallic acid, esculetin, hydroxyhydroquinone, 3,4-dihydroxyben-
zaldehyde, and umbelliferone (Tables 1 and 2).
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Fig 3. Grouping of the total metabolites of Akkermansia muciniphila cultivated in the mucin BS broth (6 replicates) supplemented with or without EGCG at a
final concentration of 350 mg L' based on principle component analysis.

https://doi.org/10.1371/journal.pone.0260757.g003
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Table 1. Differential metabolites produced by Akkermansia muciniphila cultivated in the mucin BS broth supplemented with or without EGCG at a final concentra-
tion of 350 mg L.

No.

O (0[N QU W N =

NN N NN | | | | |t | et
RN (= O (0 (N W= O

25

Differential metabolite

Glycerol 1-(5-hydroxydodecanoate)
9(S)-HODE
13’-Carboxy-gamma-tocotrienol
Squamotacin

Austalide J

Sagittariol

N-Hexadecanoylpyrrolidine
N-(14-Methylhexadecanoyl)pyrrolidine
16-Hydroxy hexadecanoic acid
2-(1-Propenyl)-deltal-piperideine

Ethyl 3-hydroxydodecanoate
9-Hydroxy-4-methoxypsoralen 9-glucoside
Cysteinyl-Hydroxyproline
Epigallocatechin gallate”

(-)-Catechin gallateb

Gallic acid®

Esculetin®

6-Methylthiopurine 5’-monophosphate ribonucleotide
1-Heptadecanoylglycerophosphoethanolamine
2-Dodecylbenzenesulfonic acid
Isoeugenitol

Epitheaflavic acid 3’-gallate
7-deshydroxypyrogallin-4-carboxylic acid
Ethyl aconitate

Hydroxyhydroquinone®

Ionization mode

B e e e o S S ol I S S

* only relative peak intensities of polyphenolic compounds are listed.

® indicates polyphenolic compounds.

https://doi.org/10.1371/journal.pone.0260757.t001

Retention time (min)

0.9023
8.0109
1.3142
10.1060
10.6111
8.0109
7.1424
7.1226
4.6790
4.2273
3.5493
1.5778
0.9023
2.2993
2.6610
1.3470
2.7059
3.0225
10.3677
9.2458
2.9769
2.7059
2.5026
2.0962
1.3470

Mean peak intensity” (Standard
deviation)

With EGCG

516885.5 (+ 228192.5)

830320.7 (+ 86598.3)

257686.6 (+ 35558.7)
14141.2 (+ 1261.5)

7296.3 (+ 980.8)

Without EGCG

5.7 (+2.8)
13.4 (+ 31.3)
340.3 (+ 70.9)
205.7 (+ 48.9)

492.1 (+ 22.8)

P value

9.73E-07
5.18E-10
1.34E-10
1.65E-04
1.90E-04
3.80E-09
1.81E-05
3.66E-04
4.29E-07
3.19E-08
6.90E-08
3.66E-18
5.07E-11
5.42E-13
1.11E-18
1.35E-13
1.16E-11
1.86E-08
1.25E-04
3.17E-05
1.19E-12
2.97E-09
1.04E-08
1.26E-12
1.86E-12

The identification of these polyphenolic metabolites of EGCG identified with LC-MS/MS
was confirmed using HPLC with appropriate standards of (-)-catechin gallate, gallocatechin,
(-)-epigallocatechin, gallic acid, hydroxyhydroquinone, and 3,4-dihydroxybenzaldehyde
which had earlier been either identified by LC-MS/MS at relatively high abundances in A.
muciniphila cells, or were present in A. muciniphila cells incubated in the BS medium plus
EGCG and mucin and the modified BS medium plus EGCG and glucose (Fig 4, Tables 1 and
2). As shown in a representative HPLC spectrum (Fig 4), hydroxyhydroquinone, gallic acid,
gallocatechin, (-)-catechin gallate were identified (S2 Table) in A. muciniphila cells incubated
with EGCG (Fig 4B) but not in those incubated without it (Fig 4C, S2 Table). Proposed degra-

dation pathways in A. muciniphila for EGCG based on these data are shown in Fig 5.

Discussion

Growth stimulation of A. muciniphila by polyphenols from a range of sources has been well-
documented in animal models and epidemiological studies [24-26]. Thus, Isnard et al. [38]
investigated the effects of metformin on the weight and gut microbiota of 23 nondiabetic
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Table 2. Differential metabolites produced by Akkermansia muciniphila cultivated in the modified BS broth containing glucose (2 g L) and supplemented with or
without EGCG at a final concentration of 350 mg L™,

No. |Differential metabolite Ionization mode | Retention time (min) | Mean peak intensity” (Standard deviation) P value
With EGCG Without EGCG
1 | 6-Oxopiperidine-2-carboxylic acid + 0.7694 - - 3.357E-06
2 3,4-Dihydroxybenzaldehydeb + 1.8554 3095164.4 (+ 1037699.6) 789.2 (+ 1031.9) 2.128E-06
3 (+)-Gallocatechin® + 1.8554 3823219.3 (+ 1268477.9) 211.5 (+ 494) 2.504E-08
4 | 2-(1,2-Diamino-1-propenyl)phenol + 1.3211 - - 1.374E-10
5 | 6,8-dihydroxy-7-methoxy-2H-chromen-2-one + 1.4183 - - 1.56E-05
6 | Diphenylurea + 2.1467 - - 1.60E+05
7 | Isorhamnetin 4’-O-glucuronide + 2.2925 - - 3.925E-06
8 Cyclo(L-Phe-L-Pro) + 2.6000 - - 0.01195
9 Flazine + 3.4900 - - 0.003548
10 | Dehydroxymethylflazine + 3.9754 - - 0.004441
11 | Dihydrodaidzein + 2.4543 - - 0.001895
12 | Queuosine + 2.3572 - - 6.24E-05
13 | Pilosine + 1.8878 - - 2.21E-05
14 | Nicotine glucuronide + 1.7745 - - 1.79E-05
15 | Feruloylagmatine + 1.7583 - - 1.352E-06
16 | P-Coumaroylagmatine + 1.6611 = = 3.353E-09
17 | Butyl (S)-3-hydroxybutyrate glucoside + 1.5641 - - 0.002548
18 | Tuberoside J + 1.2238 - - 0.004006
19 | Hordenine + 0.9966 - - 0.001913
20 | Arginyl-Proline + 0.9641 - - 0.003312
21 | Thiodiacetic acid + 0.6073 - - 0.004467
22 | 4-Guanidinobutanal + 0.6073 - - 0.001119
23 | (-)-Catechin gallateb - 2.3330 94124.2 (+ 35598.9) 0 0.001347
24 Epigallocatechinb = 1.8509 103256.6 (+ 42760.8) 0 0.00248
25 | Gallic acid” - 0.9866 91155.4 (+ 21114.4) 1.5 (+3.4) 5.171E-10
26 | Umbelliferone® = 1.8509 14838.6 (+ 5854.6) 0 0.002169
27 | Avicularin - 1.8509 - - 0.0008627
28 | Hydroxyhydroquinone® - 1.8509 251637.8 (£ 93015.2) 857.2 (+ 402.8) 5.361E-10

* only relative peak intensities of polyphenolic compounds are listed.

® indicates polyphenolic compounds.

https://doi.org/10.1371/journal.pone.0260757.t1002

people with HIV in a Lilac pilot trial. They found that metformin changed the gut microbiota
composition by increasing the abundance of anti-inflammatory bacteria including butyrate-
producing species and the protective A. muciniphila. Grajeda-Iglesias et al. [39] reported that
oral administration of A. muciniphila impacted the metabolism of mice, causing an increase in
levels of short-chain fatty acid, 2-hydroxybutyrate, bile acids, spermidine and other poly-
amines in the gut and in the liver. All these metabolites have been associated with affecting
human health. In an ongoing project (https://clinicaltrials.gov/ct2/show/NCT04058392), the
effects of receiving the polyphenol-rich Brazilian fruit Camu Camu in combination with anti-
retroviral therapy on Camu Camu tolerance, changes in inflammation and gut barrier mark-
ers, and microbe composition of HIV patients are being evaluated. Multi-factorial outcomes of
polyphenol presence including promotion of mucus secretion, scavenging of free oxygen radi-
cals in the intestinal lumen and exertion of antimicrobial effects on other mucin-degrading
bacteria, have all been proposed in attempts to explain the “prebiotic-like” effects of polyphe-
nols on A. muciniphila [40]. However, no published in vitro culture data on the biochemistry
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Fig 4. HPLC spectra of polyphenolic compounds produced by Akkermansia muciniphila cultivated with the mucin BS broth. (A) HPLC spectrum of standard
polyphenolic chemicals; (B) HPLC spectrum of cell extracts of A. muciniphila cultivated with mucin BS broth with EGCG (350 mg L™); (C) HPLC spectrum of cell
extracts of A. muciniphila cultivated with mucin BS broth without EGCG (350 mg L™").

https://doi.org/10.1371/journal.pone.0260757.9004
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https://doi.org/10.1371/journal.pone.0260757.9005

of polyphenol utilization in this organism is available currently, and hence the mechanism/s of
polyphenolic stimulation of this organism have remained unclear. In this study we provide
metabolic evidences demonstrating for the first time to our knowledge that A. muciniphila can
co-metabolize EGCG together with either mucin or glucose (Figs 1-5; Tables 1, 2, S1 and S2)
in the presence of mineral solutions and amino acids for EGCG and natural protein sources
for glucose. The co-metabolism of EGCG with both mucin and glucose and its growth-stimu-
lating effect on A. muciniphila here provides an important addition to the currently available
proposed mechanisms of polyphenolic prebiotic effects on A. muciniphila. Certainly A. muci-
niphila would have ready access in vivo to mucin in the mucus layer and to glucose arising
from fermentation of dietary fibers like 8-glucan and resistant starch [41] by other intestinal
populations.

Efficient co-metabolism of EGCG with both mucin and glucose by A. muciniphila suggests
that the protocooperative benefit of EGCG (polyphenol) and glucose-based dietary fibers may
provide an effective way to enhance the relative abundance of this organism in the intestinal
microbiota. Polyphenols and fiber are often consumed together, and the interaction between
these two functional food groups, and the resultant positive impacts on the colonic bacteria
and subsequent host health are increasingly being recognized [42], and should pave the way
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towards designing foods with optimal health benefits. It has been claimed that fermentation
products from dietary fibers may enhance selectively the activities of certain bacterial popula-
tions, which, in turn may promote the growth of polyphenol-catabolizing bacteria [43]. More-
over, polyphenols may also influence the fermentation of such fibers by exhibiting both anti-
microbial and prebiotic effects [28]. Thus, EGCG co-metabolism with glucose serves as a clear
demonstration of how interactions between polyphenols and fibrous foods may enhance the
probiotic attributes of A. muciniphila.

EGCG conversion by intestinal microbiota is well documented [44]. However, little infor-
mation is available as to which of the individual intestinal bacterial populations are responsi-
ble. Our metabolomic data (Figs 2 and 4; Tables 1, 2 and S2) show that A. muciniphila can
metabolize EGCG effectively to gallic acid and epigallocatechin (EGC) through ester hydroly-
sis. It can also isomerize EGCG to (-)-epicatechin gallate, which is then converted further to
gallic acid and (-)-epicatechin (EC), again following ester hydrolysis. This finding is in line
with data from animal gut studies, where EGCG has been reported to be hydrolyzed to EGC
and gallic acid by the intestinal microbiota [39]. The metabolic pathway of EGCG degradation
by A. muciniphila described here differs from those reported for the intestinal microbiota [44].
For example, we found that A. muciniphila can isomerize EGC to (+)-gallocatechin. The latter
may then be further metabolized, leading to production of hydroxyhydroquinone. The situa-
tion reported for the intestinal microbiota suggests that the EGC and EC may be degraded into
5-(3',4',5'-trihydroxyphenyl)-y-valerolactone [45], which are further metabolized into low
molecular weight C6—C1 phenolic and aromatic acids that eventually enter the blood circula-
tion system and are finally excreted in urine [46].

We are aware that in vivo environmental conditions are quite different to those used here,
and so such differences in the metabolic fates of EGCG are to be expected. Animal model stud-
ies are now needed to confirm the stimulatory effects of EGCG co-metabolism with mucin
and especially with glucose on A. muciniphila as well as its subsequent preventive influences
on metabolic diseases. We are also aware that although many experimental and clinical studies
have shown a positive association between abundance of A. muciniphila and metabolic dis-
eases including HIV [5] and several cancers [8-10,39], and high abundances of A. muciniphila
have also been associated with colitis and metabolic syndrome [47] and pancreatitis in mice
[48]. As A. muciniphila consists of four phylogroups [49,50], each may differ in its functional
properties of GI tract colonization and host function modulation, including oxygen tolerance,
adherence to epithelial cells, iron and sulfur metabolism, and bacterial aggregation [51]. Fur-
ther studies are required to see whether this is the case.
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