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Introduction

In vivo administration of gut bacterial consortia
replicates urolithin metabotypes Aand B ina
non-urolithin-producing rat modelf
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Urolithin (Uro) production capacity and, consequently, at least partly, the health effects attributed to ella-
gitannin and ellagic acid consumption vary among individuals. The reason is that not all individuals have
the gut bacterial ecology needed to produce the different Uro metabolites. Three human urolithin meta-
botypes (UM-A, UM-B, and UM-0) based on dissimilar Uro production profiles have been described in
populations worldwide. Recently, the gut bacterial consortia involved in ellagic acid metabolism to yield
the urolithin-producing metabotypes (UM-A and UM-B) in vitro have been identified. However, the ability
of these bacterial consortia to customize urolithin production to mimic UM-A and UM-B in vivo is still
unknown. In the present study, two bacterial consortia were assessed for their capacity to colonize the
intestine of rats and convert UM-0 (Uro non-producers) animals into Uro-producers that mimic UM-A
and UM-B, respectively. Two consortia of Uro-producing bacteria were orally administered to non-uro-
lithin-producing Wistar rats for 4 weeks. Uro-producing bacterial strains effectively colonized the rats’ gut,
and the ability to produce Uros was also effectively transferred. Bacterial strains were well tolerated. No
changes in other gut bacteria, except Streptococcus reduction, or adverse effects on haematological and
biochemical parameters were observed. Besides, two novel gPCR procedures were designed and suc-
cessfully optimized to detect and quantify Ellagibacter and Enterocloster genera in faecal samples. These
results suggest that the bacterial consortia are safe and could be potential probiotics for human trials,
which is especially relevant for UM-0 individuals, who cannot produce bioactive Uros.

(Uros), which are responsible, at least partially, for the ben-
eficial effects of ET- and (or) EA-rich foods."* First, EA is

For decades, the consumption of ellagitannins (ETs) and
ellagic acid (EA) has been associated with numerous biological
effects, including antioxidant, anticancer, anti-inflammatory,
antibacterial, and anti-HIV replication activities." However, the
absorption and bioavailability of ETs and EA are very poor.
Previous human studies found that the urinary excretion of EA
and an EA-O-glucuronide is less than 1% of the intake.”’
Nevertheless, while ET and EA absorption is low, they are
further metabolized by the colonic microbiota to urolithins
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released through the hydrolysis of ET’s ester bonds by the
enzyme known as ellagitannase.> EA undergoes further degra-
dation, producing 6H-dibenzo[b,d|pyran-6-one derivatives
called Uros. This cascade of reactions starts with a lactone ring
cleavage by a lactonase enzyme, resulting in luteic acid, which
is then decarboxylated to pentahydroxy-Uro (Uro-M5).
Consecutive dehydroxylations convert it to tetrahydroxy-Uros
(Uro-D, Uro-E, and Uro-M6) and trihydroxy-Uros (Uro-C, Uro-
M7, and Uro-G), to finally yield dihydroxy-Uros (Uro-A and
isoUro-A) and monohydroxy-Uro (Uro-B), the latter being gen-
erally detected when isoUro-A is also produced.! The wide vari-
ation of Uro metabolic profiles detected in humans after con-
suming ET-rich foods indicates interindividual differences in
the colonic microbiota responsible for ET degradation.®® The
numerous possible interactions between the colonic bacteria
and the hosting organism could explain the different meta-
bolic fates of dietary (poly)phenols.®® This two-way interaction
between gut microbiota and (poly)phenols has prompted the
scientific community to cluster the population based on their
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metabolic phenotype (metabotype) to explain the differences
in polyphenols’ effects.’®'" More specifically, according to the
ET and EA metabolism, individuals can be stratified into Uro
metabotypes (UMs) associated with the gut microbiome com-
position and functionality.”®'> Three human UMs (UM-A,
UM-B, and UM-0) related to three different Uro production pro-
files have been described in Western and Eastern
populations.”*™ In this regard, metabotype A (UM-A) individ-
uals produce several intermediate Uros but only urolithin A
(Uro-A), the main absorbed Uro in this UM, at the end of the
microbial catabolic pathway. Metabotype B (UM-B) individuals
produce some intermediate Uros and three final Uros, i.e., uro-
lithin B (Uro-B), isourolithin A (IsoUro-A), and Uro-A, which
are the main absorbed Uros in UM-B. Therefore, the inter-
mediate Uros could act primarily in the intestine, while the
final ones could have local and systemic effects.® In contrast,
individuals with metabotype 0 (UM-0) cannot produce these
final Uros (only the precursor Urolithin-M5 has been detected
so far, which is not absorbed in the gut). Differences in Uro
profiles have been observed between UMs and along the large
intestine, showing predominant Uro production in the distal
colon region.'®'® Remarkably, the UM-0 percentage in
Spanish and Chinese healthy volunteers is approximately 10%
and could be even higher in the US population.”*™* The bac-
terial genera Gordonibacter and Ellagibacter have been identi-
fied as being capable of metabolizing EA into some Uros.>**
However, it was found that some intermediate (for example,
Uro-D, Uro-E, Uro-M7, and Uro-G) and final Uros (Uro-A and
Uro-B) are not produced in pure cultures of these bacteria,
which implies the need for other bacteria to complete the set
of Uros that configure both UM-A and UM-B. Recently, the gut
bacterial consortia involved in EA metabolism to yield the Uro-
producing metabotypes (UM-A and UM-B) in vitro have been
identified.>* Bacterial consortia containing Gordonibacter plus
Enterocloster genera and Ellagibacter plus Enterocloster pro-
duced in vitro the urolithins associated with UM-A and UM-B,
respectively.”> However, the ability of these bacterial consortia
to replicate human Uro profiles associated with UM-A and
UM-B in vivo is still unknown. Furthermore, the safety of con-
suming these Uro-producing bacteria as new probiotics is still
uncertain, as it has not been previously tested in animals or
humans. In the present study, the above bacterial consortia
were assessed for their capacity to colonize the intestine of
Uro-non-producing (UM-0-like) rats and convert them into Uro-
producers mimicking UM-A and UM-B, respectively. The safety
of these bacterial consortia was also evaluated. Besides, two
novel real-time quantitative PCR (qPCR)-based procedures
were developed to detect and quantify Ellagibacter and
Enterocloster in faecal samples.

Materials and methods
Chemical and reagents

Uros were chemically synthesized and purified by Villapharma
Research S.L. (Parque Tecnolégico de Fuente Alamo, Murcia,
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Spain). EA was purchased from Sigma-Aldrich (St Louis, MO,
USA). Phosphate buffer saline (PBS) was obtained from Fisher
Scientific (USA), while methanol, ethanol, and formic acid
were from Panreac Quimica (Barcelona, Spain). Liquid chrom-
atography-mass spectrometry (LC-MS) grade solvents were pur-
chased from ].T. Baker (Deventer, The Netherlands). Ultrapure
Millipore water (Bedford, MA, USA) was used throughout the
study. All chemicals and reagents were of analytical grade.

Preparation of bacterial consortia

Gordonibacter urolithinfaciens DSM 27213, Ellagibacter isouro-
lithinifaciens DSM 1041407, and Enterocloster bolteae CEBAS
S4A9, all of them isolated and identified in our Ilab
(CEBAS-CSIC, Spain), were anaerobically cultivated in 5 mL
Wilkins-Chalgren anaerobe medium (WAM, Oxoid) tubes at
37 °C for 48 h in a Concept 400 anaerobic chamber (Baker
Ruskin Technologies Ltd, Bridgend, South Wales, UK) and
resuspended in PBS supplemented with 10% glycerol and
0.05% r-cysteine hydrochloride (PanReac Quimica, Barcelona,
Spain).  After anaerobic incubation, consortia
prepared.”**® Briefly, “bacterial consortium A” contained
G. urolithinfaciens and E. bolteae strains; “bacterial consortium
B” contained E. isourolithinifaciens and E. bolteae cultures; and
“control cocktail” contained sterile PBS with 10% glycerol and
0.05% 1-cysteine hydrochloride. Before administration, all
cocktails were distributed in 3.5 mL aliquots and kept at
—80 °C.

were

Animals, diets, and experimental design

The experimental protocol (reference 624/2020) was approved
by the local government, the Spanish National Research
Council’s Bioethics Committee (Madrid, Spain), and the
Animal Experimentation Ethics Committee from the
University of Murcia (Spain). The experiments followed the rec-
ommendations of the European Union regarding animal
experimentation (Directive 2010/63/EU of the European
Parliament and the Council on the protection of animals used
for scientific purposes). Wistar rats (n = 18; 9 females and
9 males) weighing 240 + 31 g were obtained from Envigo
(Barcelona, Spain). This rat model was selected based on its
inability to produce Uros observed in our preliminary studies
in which faecal samples from different rat models were tested.
Three groups (A, B, and C) were formed by randomly assigning
6 animals each (3 female and 3 male rats) per group (Fig. 1).
Each rat group was housed in two different cages, divided by
sex, in a room with a temperature-controlled environment (22
+ 2 °C) with 55 + 10% relative humidity and a controlled light-
dark cycle (12 h). The rats received a standard chow diet
(Teklad, Barcelona, Spain) containing (%/100 g fresh weight)
14.3% proteins (corn gluten meal), 48% carbohydrates (wheat
middlings, ground wheat, ground corn) and 4% fat (soybean
oil), 2.9 kcal g~ energy density, and 4.1% crude fibre, sup-
plemented with EA powder >95% purity (3.6 mg per 100 g of
chow). EA was mixed homogenously with ground standard
feed, re-pelleted and lyophilized. The EA-enriched diet was
stored away from moisture and light. The EA dose given to the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Study design, sampling procedure, and determinations.

rats in the diet was approximately 0.72 mg per rat per day (EA
1x diet), a human equivalent dose of 41 mg day".>® All groups
were fed the EA 1x diet and tap water ad libitum throughout
the experiment (5 weeks). Since the EA detected in faecal
samples was low during the first week, some extra EA was
added in the following days. At week 3, an extra dose of 1.5 mg
EA per rat per day dissolved in water was orally administered
by gavage to the animals (total = EA 3x diet), which was given
only for 1 week. Finally, at week 4, ~5 g walnuts per rat per day
(another EA source) were added to the EA 1x diet and was
maintained until the end of the study in order to evaluate the
impact of the food matrix-containing EA on the bacteria’s
ability to produce Uros. Weight, food, and water intake were
measured every day.

The gut bacterial consortia were orally administered by
gavage. Group A received 500 uL of bacterial cocktail A, Group
B received 500 pL of bacterial cocktail B, and Group C
(control) received 500 pL of PBS. Oral gavage was performed
every 2 days during the first two weeks and every day during
the following 2 weeks. In the last week (days 28 to 32), the
animals continued with the same diet supplemented with EA
and walnuts but without oral bacteria administration. At the
end of the study, animals were sacrificed using a CO, chamber.

Sampling procedures

Faecal samples were collected during the study for Uro analysis
by UPLC-ESI-QTOF-MS/MS and gut microbiota by 16S rRNA
gene sequencing and qPCR. Blood was extracted at different
time points (baseline, day 28, and end of the study) for haema-

walnuts (21-32 day)

tological and serum biochemical analyses. Blood samples were
obtained from the tail vein (~500 pL) and collected in heparin-
containing tubes at the baseline and days 28 and 32 (Fig. 1).
Plasma separation was performed immediately by centrifu-
gation at 3000g for 10 min at 4 °C and frozen at —80 °C until
further determination of serobiochemical variables. Liver,
kidneys, and spleen were collected, weighed, and examined to
detect any morphological differences at sacrifice.

Design and optimization of the primers and probe for
quantification of Ellagibacter and Enterocloster by qPCR

Sequences of the 16S rRNA genes of Ellagibacter isourolithinifa-
ciens DSM 104140" and E. bolteae CEBAS S4A9 were obtained
from the GenBank database (EMBL database). The sequences
were aligned with the phylogenetically close bacterial genera
using the Molecular Evolutionary Genetics Analysis software
(MEGA 11) and inspected for regions of conserved and variable
sequences to design the primers and probe to detect and
quantify Ellagibacter and Enterocloster (Table 1). The primers
and probe were designed and validated with the Primer Quest
and Oligo Analyzer tools, respectively (Integrated DNA
Technologies, Inc., Belgium) (https:/eu.idtdna.com/pages).
The TaqMan probe was labelled at the 5’ and 3' ends with a
6-carboxy-fluorescein group (6FAM) and a blackberry quencher
(BBQ), respectively. qPCR was performed using an ABI 7500
sequence detection system. The final concentrations of each
primer and probe were 300 and 375 nM for Ellagibacter and
200 and 500 nM for Enterocloster. A conventional qPCR proto-
col was carried out for DNA amplification of Ellagibacter and

Table 1 Designed TagMan primers and probe to detect and quantify Ellagibacter and Enterocloster

Primer Size Oligonucleotide sequence 5'-3’ Tm (°C) Location in the gene®
Ellagibacter Forward 17 GCTAGGTGTGGGGAAAC 58.1 806-822

Ellagibacter Reverse 17 CTCAAAGGAATTGACGG 55.5 889-905

Ellagibacter Probe 14 6FAM-TACGGCGGCAACGC-BBQ 61.5 870-883

Enterocloster Forward 20 ACGTCCCAGTTCGGACTGTA 65 1183-1202
Enterocloster Reverse 20 GTTGCTGACTCCCATGGTGT 64 1299-1318
Enterocloster Probe 24 6FAM-CAACCCGACTACACGAAGCTGGAA-BBQ 68 1208-1231

%168 ribosomal RNA gene. Tm, primer melting temperature.

This journal is © The Royal Society of Chemistry 2023
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Enterocloster, respectively. The ramping profile for Ellagibacter
amplification was 1 cycle at 95 °C for 5 min, followed by 45
cycles of 95 °C for 15 s, 50 °C for 40 s, and 72 °C for 31 s.
Finally, 1 cycle at 72 °C for 5 min was added. The ramping
profile for Enterocloster amplification was 1 cycle at 95 °C for
5 min, followed by 40 cycles of 95 °C for 15 s, 65 °C for 40 s,
and 72 °C for 31 s. Finally, 1 cycle at 72 °C for 5 min was added.

Faecal DNA extraction and gut microbial analyses

DNA extraction from faecal samples was performed with the
NucleoSpin® tissue DNA purification kit (Macherey-Nagel,
Germany), according to the manufacturer’s instructions with
some modifications. DNA was quantified by fluorimetry (Qubit
3.0 - ThermoFisher Scientific™, UK), and the purity was
measured from the absorbance ratio at a wavelength of 260/
280 nm (A260/A280) (NanoDrop-ThermoFisher Scientific™,
UK). Gut microbiota composition was determined by sequen-
cing the V3 and V4 variable regions of the 16S rRNA gene fol-
lowing Illumina protocols (Illumina Inc., San Diego, CA, USA)
with a read length of 2 x 300 bp paired-end run (MiSeq
Reagent Kit v3, Illumina Inc.). Metagenomic sequencing was
performed on a MiSeq-Illumina platform (FISABIO sequencing
service, Spain). Data processing, chimeric sequence removal,
sequence alignment, and 16S rRNA gene sequence clustering
were performed as described elsewhere to obtain the taxo-
nomic classification.®?” Gordonibacter DNA amplification was
achieved in an ABI 7500 qPCR system as previously
described."®®® The Enterocloster and Ellagibacter-specific
primers and probes designed in the present study were used
following the qPCR protocol described above. Genomic DNA
standard curves of Gordonibacter, Enterocloster, and
Ellagibacter were used for their quantification. All the faecal
samples were analysed in triplicate.

Extraction, detection, and quantification of urolithins in faecal
samples

Faecal samples (0.2-0.5 g) were extracted, in a proportion of
1:10, with a solution of MeOH/H,O (80/20), acidified with
0.1% HCl, and homogenised by vortexing for 2 min and
shaking at 1500 rpm at room temperature for 10 min in a
block heater. The suspension was centrifuged at 14 000g at
4 °C for 10 min, and the supernatant was filtered through a
0.22 um PVDF membrane filter (Millipore Corp., Bedford, MA)
and diluted 3x with MeOH (0.1% formic acid) before injection
in a UPLC-ESI-QTOF-MS system. A UPLC system (Agilent 1290
Infinity) coupled to a quadrupole time-of-flight (QTOF) LC/MS
system (6550  Accurate-Mass) (Agilent  Technologies,
Waldbronn, Germany) was used to analyse the faecal metab-
olites using a gradient elution method as previously
described.>®?° Briefly, separation was carried out in a
Poroshell 120 EC-C18 reverse-phase column, using water and
acetonitrile, both acidified with 0.1% formic acid, as mobile
phases. The flow rate was 0.4 mL min—', and the injection
volume was 5 pL. The MassHunter Qualitative Analysis soft-
ware (version B.10, Agilent Technologies, Waldbronn,
Germany) was used for data processing. All metabolites were
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identified by direct comparison with standards and confirmed
by their molecular mass. Calibration curves were obtained for
EA and the different Uros with good linearity (R* > 0.99).

Haematology and clinical chemistry

Haematological variables were determined in heparinized
blood using an automated haematological analyser with
specific software for rat blood samples (AVDIA 120, Siemens,
Munich, Germany). The variables analysed were mean corpus-
cular volume (MCV), mean corpuscular haemoglobin (MCH),
mean corpuscular haemoglobin concentration (MCHC),
erythrocyte distribution (RDW), mean platelet volume (MPV),
plateletcrit (PCT), platelet distribution width (PDW), mean
platelet component (MPC), mean platelet mass (MPM), platelet
count (PLT), reticulocyte haemoglobin content (CHr), and
mean reticulocyte corpuscular volume (MCVr). Plasma bio-
chemical variables, calcium (Ca), and phosphorus (P) were
analysed using an Olympus AU400 chemistry and toxicology
analyser (Beckman Coulter, California, USA). The biochemical
variables were total proteins (PROT), albumin (ALBU), globulin
(GLOB), creatinine (CREA), glucose (GLUC), cholesterol
(CHOL), triglycerides (TRIGL), alkaline phosphatase (ALP),
gamma glutamyl transpeptidase (GGT), aspartate aminotrans-
ferase (AST), and alanine aminotransferase (ALT). Finally, thyr-
oxine (T4) levels were analysed using an IMMULITE® 1000
immunoassay system (Siemens).

Statistical analysis

Data are expressed as mean + standard deviation (SD).
Statistical analysis was performed with the SPSS software
version 27.0 (SPSS Inc., Chicago, IL, USA), and differences with
p < 0.05 were considered statistically significant. Data normal-
ity was evaluated with the Shapiro-Wilk test. Comparisons
between different treatment groups were carried out using
repeated measured analysis of variance (RM ANOVA) with
Tukey’s or Dunnett’s T3 post hoc test, depending on whether
the data followed a normal or non-normal distribution,
respectively. Differences between males and females were
explored using the paired Student’s t-test, or Wilcoxon signed
rank test when data were normally or non-normally distribu-
ted, respectively. Chi-square linear discriminant analysis effect
size (LEfSe) was used to detect differential bacterial features
between groups. Pearson correlation was used to analyse poss-
ible associations between variables in normal-distributed data,
while Spearman correlation was applied in non-normal-distrib-
uted data. Data plots were performed using Sigma Plot 14.5
(Systat Software, San Jose, CA, USA).

Results

Analysis of the specificity and sensitivity of the designed
primers and probe for Ellagibacter and Enterocloster

The specificity of the Ellagibacter and Enterocloster primers and
probe was confirmed by uploading their sequences on the
sequence alignment program ProbeMatch.*" Results are shown

This journal is © The Royal Society of Chemistry 2023
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in Tables 1S and 2S.f Subsequently, the specificity of the
primers and probe was verified by qPCR using the optimised
reaction conditions described in Materials and methods
section. Representative bacterial species of the Eggerthellaceae
and Lachnospiraceae families with the greatest similarity to
Ellagibacter and Enterocloster in the 16S rRNA gene sequence
were tested in addition to other closely related species fre-
quently detected in the human intestine (Tables 1S and 25t).

Fig. 2 shows the amplification plots corresponding to the
standard quantification curves. CT values were plotted against
bacterial concentration (Co) as log10 genomic equivalents/
reaction (6.25 x 10~° ng, for haploid genome). The slope of the
linear regression curve, calculated using genomic DNA, was
—3.78, and the R” value was greater than 0.99. Regarding the
sensitivity of the qPCR system, 1.5 genome equivalents were
needed as the minimum for a positive reaction using the
TagMan mode. The CT values obtained with the calibration
curve of E. isourolithinifaciens and E. bolteae ranged from 15.5
+ 0.7 to 37.8 £ 0.7, while no DNA amplification was detected
for the other strains tested. The quantification of Ellagibacter
and Enterocloster in the rats’ faecal samples was performed
with this method (qPCR), considering the mean of three repli-
cates. The results were expressed as log 10 bacteria per g of
faeces and compared with the relative abundance values
obtained by 16S rRNA sequencing. We observed a positive cor-
relation between the results obtained by both methods in
Ellagibacter (r = 0.660, p < 0.001) and Enterocloster (r = 0.459, p
<0.001) (data not shown).

Effect of orally administered bacterial consortia on the in vivo
production of urolithins

The Uro analysis in faeces showed that initially (T0), the rats
did not produce Uros after ingesting EA powder (Fig. 3A-C).

View Article Online

Paper

However, after administering the bacterial consortia A (Fig. 3A)
and B (Fig. 3B), rats became capable of producing Uros.
During the first three weeks, when the rats from groups A and
B only ingested EA powder, the Uro concentration (range:
0-1.43 pg g ") and that of their EA precursor (range:
0.07-4.54 pg ¢~ ') in faeces was low. However, from day 21,
when the consumption of walnuts started as a second EA
source, there was a very significant increase in faecal EA
(Fig. 3A-C) and Uro production in groups A (Fig. 3A) and B
(Fig. 3B). Moreover, differences in the Uro profile were
observed between groups A and B. In group A, fecal Uro-C,
Uro-M6, Uro-M7, and the final metabolite Uro-A were predomi-
nant. In contrast, in group B, the three final Uros (Uro-A, Uro-
B, and IsoUro-A) were present, whereas the intermediates were
scarce. However, a higher faecal concentration of the recently
described Uro-G was detected in group B than in group A. In
addition, the Uro-B concentration was lower than that of Uro-A
and IsoUro-A in group B. Furthermore, Uro-A and IsoUro-A,
but not Uro-B, were produced in all rats of group B (Fig. 3B).
When walnuts were added to the diet of control rats (group C)
on day 21, a higher faecal concentration of EA was also
observed than before walnut consumption, where the faecal
EA concentration was very low (Fig. 3C). However, neither EA
powder intake nor walnut consumption promoted the pro-
duction of Uros in the gut of control rats (i.e., with no bacterial
consortia).

Intestinal colonization of orally administered bacteria

Initially, before rats of groups A and B started the consump-
tion of the bacterial consortia, Gordonibacter or Ellagibacter
were under the limit of detection in the faecal samples when
metagenomic sequencing analysis was performed using the
MiSeq-Illumina platform (Fig. 3D-F). When gPCR was used,

Fluorescence (Rn)

40

35
y=-3.78 x +39.85

Fluorescence (Rn)

y=-3.78x+41.59
R2=0.99
(J

N2 of cycles

Log Co

Fig. 2 gPCR amplification plots (A and C) and standard curves (B and D) obtained from serial dilutions of Ellagibacter isourolithinifaciens (A and B)
and Enterocloster bolteae DNA (C and D). (A): m, 1.5 x 10% 0, 1.5 x 10> ¥, 1.5 x 10% ¢, 1.5 x 10%; @, 1.5 x 10%; O, 15; target molecules per reaction.
(C):m, 4.8 x10% 0, 4.8 x 10° ¥, 4.8 x 10% ¢, 4.8 x 10%; @, 4.8 x 10%; O, 48; target molecules per reaction.
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Fig. 3

In vivo metabolism of ellagic acid to urolithins and intestinal colonization of the gut bacterial consortia orally administered throughout the

study to rats. (A and D) group A, (B and E) group B, and (C and F) control group. The results at different time points represent the mean of 6 rats

(3 males and 3 females).

Gordonibacter levels in rats were low (<5.8 log bacteria per g
faeces), and Ellagibacter levels were under the limit of detec-
tion (data not shown). In contrast, Enterocloster was detected
using the MiSeq-Illumina and qPCR in the faeces of rats from
all groups (A, B, and C) at the baseline (Fig. 3D-F). The relative
abundance (mean + SD) of Enterocloster in groups A, B, and C
was 0.03 + 0.02, 0.04 + 0.06, and 0.13 + 0.17%, respectively, but
without significant differences (p = 0.570). The administration
of the bacterial consortia A and B resulted in the appearance
and gradual increase of Gordonibacter and Ellagibacter in the
corresponding group A and B faeces, respectively (Fig. 3D and
E). Furthermore, faecal Enterocloster levels increased through-
out the study in groups A and B (Fig. 3D and E). However,
LEfSe analysis showed scarce differences in other gut bacterial
groups when metagenomic sequencing data of groups A and B
were compared to those of the control group (Fig. 4A and B).
Interestingly, a reduction of the Streptococcus genus and
Streptococcaceae family was observed in groups A and B com-
pared to the control group (Fig. 4A and B). Five days after stop-

EE Control EEE GroupA
|

ping the oral administration of the bacterial consortia (end
date of the study), a reduction in the abundance of Ellagibacter
and Enterocloster was detected in group B, which also resulted
in a significant decrease in Uro production (Fig. 3B and E). In
group A, a reduction in the abundance of Gordonibacter but
not Enterocloster was also observed (Fig. 3A), which resulted in
a decrease in Uro concentration but was less pronounced than
in group B (Fig. 3D and E). In the control group, Ellagibacter
was under the limit of detection throughout the study, and
Enterocloster and Gordonibacter remained at very low levels
(Fig. 3F).

Study of the toxicity of the orally administered gut bacteria

Potential side effects from ingestion of the bacterial consortia
were investigated. No adverse effects on growth, weight gain,
food intake, and vital organs were observed after 4 weeks of
oral administration by gavage of bacterial consortia in rats
from groups A and B compared to the control group. However,
male rats gained 107.4 + 2.4 g, while female rats gained less
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Fig. 4 Linear discriminant analysis (LDA) effect size (LEfSe) plot of taxonomic biomarkers identified in the gut microbiome of rats after administering

the gut bacterial consortia for 4 weeks.
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weight (25.7 + 5 g) at the end of the study without differences
compared to the control group. Food consumption by cage was
63.1 + 1.4 g for male rats and 33.8 + 1.8 g for female rats.
However, water intake was 136.1 + 37.2 g and 76.0 + 12.6 g, by
male and female rats by cage respectively. Haematological
differences were observed between males and females in some
variables, such as erythrocyte distribution (RDW, p = 0.005),
leucocytes (p = 0.005), platelet distribution width (PDW, p =
0.005), and reticulocyte haemoglobin content (CHr, p = 0.013)
(Table 2). Still, no differences were observed for any variables
between groups that consumed the bacterial consortia (groups
A and B) and the control group (group C). The biochemical
values were also analysed, and differences were detected only
between males and females in some variables such as the crea-
tinine index (p < 0.001), phosphorus (p = 0.007), alkaline phos-
phatase (ALP) (p = 0.003), and thyroxine (T4) (p = 0.002)
(Table 3). However, no differences were observed for any of the
variables between the groups that consumed the bacterial con-
sortia (groups A and B) and the control group (group C).

Discussion

In the last decade, there has been growing interest in ET and
EA-rich plant foods, including pomegranate and walnuts, for
their potential protective effects against chronic degenerative
diseases such as cancer, cardiovascular and neurodegenerative
diseases (Alzheimer’s and Parkinson’s diseases).*>** However,
ET and EA bioavailability and absorption rate are very low, and
they are further metabolised by the gut microbiota to produce
Uros. Thus, in the last few decades, many preclinical studies
have suggested that Uros might be the main contributors to
the health benefits of consuming ET-rich sources." In parallel,
several studies have been performed to identify the bacterial
groups that are able to metabolise EA into different types of
Uros. Recently, the gut bacterial consortia involved in EA
metabolism to yield the Uro-producing metabotypes (UM-A
and UM-B) in vitro have been identified.*® In the present study,
we develop two qPCR-based methods to detect two bacterial
genera of these consortia (Ellagibacter and Enterocloster) in a
specific, sensitive and cost-efficient manner. Developing a
gPCR-based method to detect Gordonibacter was unnecessary
because it was previously developed and tested in human
faecal samples.'®*® As depicted in the ESI Tables 1S and 28,7}
the system was accurate and suitable for detecting the
Ellagibacter and Enterocloster genera specifically, as it excluded
neighbour species and other bacteria commonly detected in
the intestine. In faecal samples, Ellagibacter and Enterocloster
quantification using this qPCR method correlated well with
the results obtained by 16S rRNA sequencing. Hence, this
gPCR method for Ellagibacter and Enterocloster quantification
can be considered a specific, efficient, and feasible
methodology.

The present study investigated the viability of Uro-produ-
cing bacteria isolated from the human gut in a non-Uro-produ-
cing rat model for the first time. We confirmed here and in

This journal is © The Royal Society of Chemistry 2023

Table 2 Haematological variables in female and male rats after 4 weeks of consuming the gut bacterial consortia
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(%10 cells
per pL)

Erythrocytes

Basophils

(%)

Eosinophils

(%)

Monocytes

(%)

Lymphocytes

(%)

Neutrophils

(%)

MCHC
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0.1+£0.0 387.8+276.9 56.2+37.1 4.0+0.3

360.7 = 52.5

10.3 +2.1

96.1 £11.8 84.4+50.6 9.2+0.3

124.4 £19.6

6.4+01 2.3+0.2 4.2+0.2 58+0.3 34.2+3.6

Group
A

47.4£14.0 44 +0.7

11.5+3.0 497.3+116.0 0.1 +£0.0 477.6 +317.9

98.5 +£13.6 86.5+9.8 97.5+34 9.4+0.2

38.8+4.5

6.3+0.1 2.1+0.1 4.1+0.1 5.7+0.0

Group

Values are presented as the mean + SD of 3 replicates. Values with different letters within each column are significantly different (p < 0.05). Dunnett’s T3 post hoc test was applied in
albumin, urea and alanine aminotransferase because data did not follow normal distribution. Tukey’s post hoc test was applied for the rest of variables because data followed normal
distribution. PROT, total proteins; ALBU, albumin; GLOB, globulin; CREA, creatinine; GLUC, glucose; CHOL, cholesterol; TRIGL, triglycerides; Ca, calcium; P, phosphorus; ALP, alkaline

phosphatase; GGT, gamma glutamyl transpeptidase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; T4, thyroxine; IU L™, international units per litre.
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other parallel studies that Wistar rats are a suitable model of
non-Uro-producing mammals (UM-0-like animal model).
However, this should be verified by further studies since the
rodents’ gut microbiota of a strain can also differ depending
on the animal supplier. The present study confirms the essen-
tial role that Gordonibacter and (or) Ellagibacter play in the
initial steps of the Uro production pathway. Even though the
Enterocloster genus was detected in the control rats’ faeces
throughout the study, it was insufficient to lead the animals to
produce Uros. This result is in line with previous studies
which correlated the presence of Gordonibacter and (or)
Ellagibacter in the human gut with Uro production.®'® OQverall,
the fact that Gordonibacter, Ellagibacter, and Enterocloster
increased their abundance in faeces and successfully repro-
duced the production of Uros in vivo proves that all or some of
the ingested bacteria reached the intestine and remained alive.
We observed a higher amount of Uro-A than IsoUro-A and Uro-
B in group B. Consequently, in this group, the production of
Uro-A was more favoured over IsoUro-A and Uro-B production,
replicating the profile of many individuals from UM-B. This
Uro production profile has also been described recently in a
different approach with a pseudo-germ-free mouse model after
transplanting daily the faecal microbiota of different UM
donors for 4 weeks, which could be a valuable model to
explore the health effects of EA and ETs.** However, our study
has shown that consuming the bacterial consortia A
(Gordonibacter + Enterocloster) and B (Ellagibacter +
Enterocloster) is enough to produce the intestinal colonization
of Uro-producing bacteria in a non-Uro-producing rat model,
where the continued consumption of ETs was not sufficient to
modify the UM-0 towards a Uro-producing metabotype (UM-A
or UM-B).

On the other hand, data showed that when an EA powder-
rich diet was supplemented with walnuts, faecal EA concen-
tration and the production of Uros significantly increased in
both groups A (Fig. 3A) and B (Fig. 3B). This indicates that the
matrix of the food containing EA impacts its bioavailability in
the intestine and, therefore, the bacteria’s ability to produce
Uros. Thus, not all dietary sources of EA are equally appropri-
ate to produce Uros at the intestinal level. Furthermore,
walnuts were highly suitable for the production of Uros at the
intestinal level in humans compared to the intake of pomegra-
nate juice and EA-rich extracts.'®® Nevertheless, in the control
group, even though the faecal concentration of EA increased
after adding walnuts to the diet, it was not enough to modulate
the rats’ intestinal microbiota to produce Uros (Fig. 4A). These
results agree with previous studies on humans, in which con-
suming foods rich in EA did not turn UM-0 individuals into
Uro-producers, probably due to the absence or minimal levels
of Uro-producing bacteria in their gut microbiota.’**® Overall,
our results suggest that the modulation of the relative abun-
dance of bacteria such as Gordonibacter, Ellagibacter, and
Enterocloster could modify the UMs of individuals. Indeed,
continuous consumption of bacterial consortia containing
Gordonibacter plus Enterocloster (in group A rats) or Ellagibacter
plus Enterocloster (in group B rats) resulted in intestinal coloni-

This journal is © The Royal Society of Chemistry 2023
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zation of Uro-producing bacteria in a non-Uro-producing rat
model, allowing the metabotype of rats to change from UM-0
to UM-A or UM-B. Additionally, the safety of these orally admi-
nistered gut bacterial consortia in rats for 1 month was investi-
gated with no adverse effects or modulation of other bacterial
groups compared to control rats (Tables 2 and 3). However,
more research is needed to confirm the impact of Uro-produ-
cing consortia consumption on the host’s health and safety
before being considered as possible next-generation probiotics
to customise Uro production in humans.

Conclusions

In addition to other dietary polyphenol-transforming bacteria,
the Uro-producing gut bacterial consortia described in this
study could have potential as novel probiotics, especially rele-
vant in UM-0 individuals, who cannot produce bioactive Uros.
Moreover, compared to chemical synthesis, metabolite pro-
duction by microorganisms is often more convenient from a
health and environmental point of view. Diseases previously
treated only by synthetic medicines are progressively relying
more and more on bacterial secondary metabolites, such as
antibiotics and antitumoral, cholesterol-lowering, and immu-
nomodulation agents. However, further research should be
carried out to demonstrate these emerging notions.
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