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A Two-Week Treatment with Plant Extracts Changes Gut
Microbiota, Caecum Metabolome, and Markers of Lipid

Metabolism in ob/ob Mice

Amandine Brochot, Vincent Azalbert, Jean-Frangois Landrier, Franck Tourniaire,

and Matteo Serino™

Scope: Targeting gut microbiota dysbiosis by prebiotics is effective, though
side effects such as abdominal bloating and flatulence may arise following
high prebiotic consumption over weeks. The aim is therefore to optimize the
current protocol for prebiotic use.

Methods and results: To examine the prebiotic properties of plant extracts,
two independent studies are conducted in ob/ob mice, over two weeks. In the
first study, Porphyra umbilicalis and Melissa officinalis L. extracts are
evaluated; in the second study, a high vs low dose of an Emblica officinalis
Gaertn extract is assessed. These plant extracts affect gut microbiota, caecum
metabolome, and induce a significant lower plasma triacylglycerols (TG)
following treatment with P. umbilicalis and significantly higher plasma free

fatty acids (FFA) following treatment with the low-dose of E. officinalis Gaertn.

Glucose- and insulin-tolerance are not affected but white adipose tissue and
liver gene expression are modified. In the first study, IL-6 hepatic gene

1. Introduction

The gut microbiota is recognized as
a major actor in host pathophysiol-
ogy, with functions extending beyond
those related to digestion.l Both taxo-
nomic (relative (%) abundance of bac-
terial groups) and functional (microbial
metabolic pathways) alterations of gut
microbiota, named dysbioses, have been
associated with several pathologies, in
particular metabolic diseases such as type
2 diabetes and obesity.>* Thus, multiple
strategies targeting gut microbiota dys-
biosis may be effective in restoring phys-
iological conditions. One of these strate-
gies is the use of prebiotics, originally de-
fined as to “non-digestible food ingredi-

expression is significantly (adjusted p = 0.0015) and positively (r = 0.80)
correlated with the bacterial order Clostridiales in all mice.

Conclusion: The data show that a two-week treatment with plant extracts
affects the dysbiotic gut microbiota and changes both caecum metabolome

and markers of lipid metabolism in ob/ob mice.

ent that beneficially affects the host by
selectively stimulating the growth and/or
activity of one or a limited number of bac-
teria already resident in the colon.”®! In
several experimental models of dysbiotic
gut microbiota, including those of obe-
sity induced by a fat-rich diet, prebiotics
dampened the effects of the diet and in-
testinal inflammation by acting on the
gut microbiota.
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Nevertheless, beyond being merely beneficial, prebiotics may
also induce side-effects such as gut ballooning and/or increased
flatulence.”® These effects are related to both an excessive pro-
duction of gas (via fermentation of prebiotics by gut bacteria®)
and to the important amount (grams per day per patient) of pre-
biotics sometimes needed to achieve beneficial effects on health.

In the interest of alleviating these undesirable effects, increas-
ing attention has been paid to the potentially prebiotic effects of
substrates other than oligosaccharides. The International Scien-
tific Association for Probiotics and Prebiotics (ISAPP) proposed
the following update of the prebiotic definition: “a substrate
selectively utilized by host microorganisms conferring a health
benefit.”1% This new definition expands the concept of prebiotic
to polyunsaturated fatty acids, phytochemicals, and phenolics.
Recent studies have suggested that plant extracts rich in polyphe-
nols might modulate a dysbiotic gut microbiota in various animal
models including mice fed on a fat-rich diet.*!! Based on this
evidence, we conducted a proof-of-concept study in ob/ob mice,
a well-known model of gut microbiota dysbiosis (increased
Firmicutes to Bacteroidetes ratio) and metabolic disease!’? to
evaluate the ability of Porphyra umbilicalis and Melissa officinalis
L. extracts to induce changes in a dysbiotic gut microbiota and
also to determine whether these changes may be associated with
some ameliorations in both lipid and glucose metabolism.!'? It
is noteworthy that in clinical practice prebiotics are proposed to
patients suffering from gastrointestinal problems possibly due to
a gut microbiota dysbiosis. Thus, a good indicator for treatment
by a particular prebiotic is its capacity to change an already dysbi-
otic gut microbiota. Porphyra umbilicalis is a potential functional
food with a high content of dietary fibers, minerals, and trace
elements as well as proteins and lipids that can exert multiple
biological activities and has a high antioxidant capacity."®! Melissa
officinalis L. is known to have multiple pharmacological effects
including anxiolytic, antiviral, and antispasmodic activities, as
well as to have an impact on mood, memory, and cognition.!¥

Then, we performed a second independent study in which
ob/ob mice were treated with two doses (high vs low) of an ex-
tract of Emblica officinalis Gaertn (also known as amla or Phyl-
lanthus emblica Linn). The fruit of E. officinalis Gaertn is a rich
source of vitamin C and tannins and has a strong antioxidant
activity.'>1¢ It has also been shown to improve glucose and lipid
metabolism in both normal subjects and type 2 diabetic patients,
though at doses as high as two to three grams per day for three
weeks.'’] Gut (fecal) microbiota was analyzed both at baseline
(before treatment) and after two weeks of treatment. The over-
all caecum metabolome, various markers of lipid and glucose
metabolism as well as the expression of key metabolic and in-
flammatory genes in white adipose tissue and liver were also
studied.

2. Experimental Section

2.1. Animal Model and Tissue Collection

The two independent studies described above were conducted
in 12-week-old C57Bl/6] male ob/ob mice (Charles River,
L’Arbresle, France) fed on a normal chow (NC) and then treated
with plant extracts dissolved in sterile water or sterile water only
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(control group), as described below. Mice were group-housed (five
mice per cage) in a specific pathogen-free controlled environ-
ment (12-h daylight-cycle, light off at 7:00 p.m.). At the end of the
study, mice were sacrificed by cervical dislocation in a fed state
(at morning) to avoid a fasting-induced change in the composi-
tion of the gut microbiota and tissues were collected and snap-
frozen in liquid nitrogen. All experimental procedures involving
animals were approved by the local ethical committee and per-
formed in accordance with relevant guidelines and regulations
(APAFIS#8111-2016120716262061 v10).

2.2. Plant Extract Preparation and Composition

Porphyra umbilicalis thallus was collected in France (Brittany)
in 2013. The extract of Porphyra umbilicalis (PiLeJe Industrie,
France) is made by extraction of 1 part of dry P. umbilicalis in 20
parts of 75% ethanol at 40 °C during 4 h. After settling, the solid
part is dried under reduced pressure and sieved for packaging
(native extract ratio [NER]: 0.65 to 0.75: 1; drug extract ratio
[DER]: 0.65 to 0.75: 1).

Melissa officinalis L. leaves were collected in France (Auvergne)
in 2015. The extract of M. officinalis L. tested (Lemon balm
ipowder PileJe Industrie, France; Dubourdeaux M (2009),
Thiomed Saint Bonnet de Rochefort EP2080436A2, https://
patentimages.storage.googleapis.com/c6/89/1e/07a71ba38bd0d5
JEP2080436A2.pdf) is obtained by extraction of 1 part of M.
officinalis L. ground dried leaves in 10 parts of water at 85 °C
for 30 min. The resulting extract is concentrated under vacuum
(INER]: 5 to 7: 1), then fixed and dried on one part of M. officinalis
L. ground dried leaves (impregnation support) under reduced
pressure (DER: 2 to 4: 1). The resulting plant extract is crushed so
that it can be incorporated into capsules or tablets. An identical
extraction process was used for Emblica officinalis Gaertn fresh
fruits collected in India in 2015 (Amla ipowder PiLeJe Industrie,
France; Dubourdeaux (2009); NER: 14 to 17: 1; DER: 1 to 3: 1).

Nutritional analysis of the three plant extracts (Capinov
SAS, Landerneau, France; Table 1) showed that the extract of
P. umbilicalis contained a high concentration of proteins and
fibers compared to the extracts of M. officinalis L. and E. officinalis
Gaertn. The extract of E. officinalis Gaertn had the highest content
in carbohydrates (15 times more carbohydrates in E. officinalis
Gaertn extract than that of P. umbilicalis). With regard to lipids,
P. umbilicalis extract (which is a marine plant extract) has the
highest concentration of palmitic and oleic acids whereas M.
officinalis L. and E. officinalis Gaertn extracts (terrestrial plants)
contain linolenic and linoleic acids that were not detected in the
extract of P. umbilicalis. E. officinalis Gaertn extract, the only fruit
extract tested, showed the highest concentration of linoleic acid.

The extract of M. officinalis L. extract contained various
polyphenol derivatives including rosmarinic acid, danshensu,
3'-0-(8"-Z-caffeoyl) rosmarinic acid, and flavones such as lute-
olin 3'-O-B-D-glucuronide (LC/MS analyses in negative ioniza-
tion mode; internal data). The concentration of rosmarinic acid
was 2.76 & 0.05 mg per 100 mg of dried raw material (measured
by HPLC).

In the extract of E. officinalis Gaertn, polyphenols including
ellagic acid (0.10% w/w of dry material), gallic acid (0.11% w/w
of dry material), methyl gallate (0.05% w/w of dry material),
and ethyl gallate (0.09% w/w of dry material) were detected and

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Table 1. Nutritional composition of the three plant extracts tested.
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P. umbilicalis

M. officinalis L.

E. officinalis Gaertn

Concentration
% extract [%
total fatty acids]

Concentration
% extract [%
total fatty acids]

Main components Daily dose per

500 mg extract

Daily dose per
500 mg extract

Concentration Daily dose per 125
% extract [% mg/per 13 mg
total fatty acids] extract

Analysis method

Proteins 32.1 160.5 1.7
Fibers (including 40.3 201.5 31.6
polysaccharides)
Carbohydrates 5.71 28.6 66
Lipids 1.77 8.9 2.1
Saturated fatty acids 0.8 [42.5] 4 0.7 [35.3]
Monounsaturated 0.4 [23.4] 2 0.3[13.3]
fatty acids
Polyunsaturated fatty 0.6 [34.1] 3 1.1[51.4]
acids
Palmitic acid [38.5] —_ [28.0]
Oleic acid (OA) [15.3] — [4.8]
Eicosapentaenoic acid [9.9] — ND
(EPA)
Arachidonic acid (AA) [7.3] — ND
Gamma:-linolenic acid [6.5] — ND
(GLA)
Alpha-linolenic acid ND — 31.7]
(ALA)
Linoleic acid (LA) ND — [15.7]

58.5 23 2.88/0.3 Internal method adapted from decree
of 8 September 1977

158 19.3 24.1/2.5 AOAC 985.29

330 88.5 110.6/11.5 Internal method

10.5 <0.5 <0.63/<0.08 Internal method adapted from decree
of 8 September 1977

3.5 Traces [33.8] Traces Internal method

1.5 Traces [21.3] Traces Internal method

5.5 Traces [44.9] Traces Internal method

— [18.1] — Gas chromatography NFEN 1SO 12966

— 18] — Gas chromatography NFEN SO 12966

— ND — Gas chromatography NFEN SO 12966

— ND — Gas chromatography NFEN ISO 12966

— ND — Gas chromatography NFEN ISO 12966

— [14] — Gas chromatography NFEN SO 12966

— [28.6] — Gas chromatography NFEN ISO 12966

ND: not detected (<0.1% of total fatty acids)

quantified by HPLC (internal data). The other main components
identified were B-glucogallin (gallic acid derivative), 5-O-galloyl-
1,4-galactarolactone isomers, chebulagic acid, and hirsutrin (not
quantified). Quercetine was detected and quantified at 0.026%
w/w of dry material (HPLC).

2.3. Dosage Information/Dosage Regimen

Plant extracts were dissolved in sterile water (vehicle, abbrevi-
ated as veh) and provided in special bottles (each with a metal
bead avoiding waste of the plant extract solution used to fill
it) for the mice to drink for 2 weeks (solutions changed every
two days) at the following doses (quantity of plant extract pow-
der/day/mouse): P. umbilicalis (Pum) 500 mg/day/mouse; M. of-
ficinalis L. (Mel) 500 mg/day/mouse); E. officinalis Gaertn: high
dose (Eof-H) 125 mg per day per mouse and low dose (ten times
lower, Eof-L) 13 mg per day per mouse.

Importantly, before treatment, water intake was measured for
each group during two days and then the bottles were filled ac-
cordingly, to provide the doses reported above.

For the dose-effect study, E. officinalis Gaertn was chosen,
based on a clinical trial that evaluated the effect of 1000 mg of
E. officinalis Gaertn. on endothelial function in patients with type
2 diabetes."® This dose, equivalent to a dose of 250 mg kg™!
body weight per day calculated as the Human Equivalent Dose,™!
proved most effective in that trial.

Mol. Nutr. Food Res. 2019, 63, 1900403 1900403 (3 of 12)

2.4. Taxonomic and Predicted Functional Analysis of the
Gut Microbiota

Total DNA was extracted from feces both at baseline and after
treatment with the plant extracts as previously described.?%
The 16S bacterial DNA V3-V4 regions were targeted by
357wf-785R primers and analyzed by MiSeq (RTLGenomics,
http://rtlgenomics.com/, Texas, USA). An average of 21 600
sequences was generated per sample in the first study and
of 23 234 in the second study. A complete description of the
bioinformatic filters applied is available at http://www.rtlgeno-
mics.com/docs/Data_Analysis_Methodology.pdf. The clado-
grams in Figures 1A,2A,3A4A as well as LDA scores in
Figures 1C,2C,3C,4C were drawn using the Huttenhower Galaxy
web application (http://huttenhower.sph.harvard.edu/galaxy/)
via the LEfSe algorithm.?Y Diversity indices were calculated
using the software Past 3.23 (Hammer, &., Harper, D.A.T., and P.
D. Ryan, 2001. PAST: Paleontological Statistics Software Package
for Education and Data Analysis. Palaeontologia Electronica 4(1):
9pp). The predictive functional analysis of the gut microbiota
was performed via PICRUSt.?4

2.5. Metabolomic Analysis of the Intestinal (Caecum) Content
The metabolomic (total metabolites) analysis of the caecum con-

tent was performed as previously described.?’!

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 1. Baseline (B) to final (F) point comparative analysis by linear discriminant analysis (LDA) effect size (LEfSe) of the gut microbiota of ob/ob
mice treated either with Porphyra umbilicalis (Pum) extract or vehicle for two weeks. A: Cladogram showing bacterial taxa significantly higher in the group
of mice of the same color, in the fecal microbiota between the baseline (ob_ob_Pum_B/veh_B) and the final (ob_ob_Pum_F /veh_F) points (the cladogram
shows the taxonomic levels represented by rings with phyla at the innermost and genera at the outermost ring and each circle is a bacterial member
within that level). B: Indices of gut microbiota diversity. C: LDA score for predictive microbial pathway identified via PICRUSt.?2l D: Principal component
analysis (PCA) and histogram of the overall metabolites in the caecum content; n = 5. ***p < 0.001, ****p < 0.0001, two-way ANOVA followed by a
two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli to correct for multiple comparisons by controlling the false discovery rate (<0.05);
for (D) a one-way PERMANOVA with a Bonferroni correction was applied. (Since the cladogram does not show the ob_ob_veh_B vs the ob_ob_veh_F
groups, it means that the vehicle induced no significant changes in the gut microbiota of the control group at p < 0.01).

2.6. Fed Blood Glucose Measurement, Oral Glucose-Tolerance
Test (OGTT), and Intraperitoneal Insulin-Tolerance Test (IPITT)

Fed blood glucose was measured and OGTT and IPITT were
performed at week 3, immediately after the two-week treatment,
as described elsewhere.?3! IPITT was performed four days af-
ter OGTT and mice were fasted for 3 h and then injected with
5 U kg™! insulin. The area under the curve (AUC) is shown in
mmol/L x min as inset for OGTTs and calculated by the trape-
zoidal rule® using GraphPad Prism version 7.00 for Windows
Vista (GraphPad Software, San Diego, CA).

2.7. Biochemical Assays
Total plasma cholesterol, high- and low-density lipoprotein (HDL
and LDL, respectively), triacylglycerols (TG), and free fatty acids

Mol. Nutr. Food Res. 2019, 63, 1900403 1900403 (4 of 12)

(FFA) were measured by multiplex assays on an ABX Pentra
400 machine by the Phenotypage ANEXPLO Platform (US06-
CREFRE). Plasma IL-6 levels were measured by the Mouse IL-6
Quantikine ELISA Kit (R&DSystems [a Bio-techne brand], Lille,
France), following the manufacturer’s instructions.

2.8. RNA Extraction, Reverse Transcription, and qPCR

Total RNA was extracted from homogenized tissues (epididy-
mal white adipose tissue or liver) using Tri Reagent solution
(Euromedex, Souffelweyersheim, France) following the manu-
facturer’s protocol. RNA purity was assessed using Nanodrop
(Thermo, Evry, France). For reverse transcription, 1 pg of RNA
was used with 1 U of M-MLV Reverse transcriptase (Thermo),
15 ng random hexamers, 10 mm DTT, and 1 mm dNTPs. After
1 h at 37 °C, reverse transcriptase was inactivated by heating for

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 2. Baseline (B) to final (F) point comparative analysis by LEfSe of the gut microbiota of ob/ob mice treated with either Melissa officinalis L. (Mel)
extract or vehicle for two weeks. A: Cladogram showing bacterial taxa significantly higher in the group of mice of the same color, in the fecal microbiota
between the baseline (ob_ob_Mel_B/veh_B) and the final (ob_ob_Mel_F/veh_F) points. B: Indices of gut microbiota diversity. C: LDA score for predictive
microbial pathway identified via PICRUSt.?2 D: PCA and histogram of the total metabolites in the caecum content; n = 5. *¥*%p < 0.001, ****p < 0.0001,
two-way ANOVA followed by a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli to correct for multiple comparisons by controlling
the False Discovery Rate (<0.05), for (D) a one-way PERMANOVA with a Bonferroni correction was applied. (Since the cladogram does not show the
ob_ob_Mel_B and ob_ob_veh_B groups, it means that these groups are characterized by no higher bacterial taxon compared to the final point of the

related group).

10 min at 65 °C. cDNAs were diluted 1:5 with ultrapure water.
For qPCR reactions, 2.5 pL cDNA were mixed with 6.25 pL of
Tagman UNIV PCR Master mix 2X, 0.625 pL Tagman assay 20X
(Thermo), and 3.125 pL of ultrapure water. Amplification was per-
formed in a Stratagene Mx 3005P thermocycler (Agilent, Les Ulis,
France) using the following temperature conditions: 2 min at
50 °C, 10 min at 95 °C, and 40 cycles of alternance of 15 s at 95 °C
per 1 min at 60 °C. For each condition, expression was quantified
in duplicate and 18S rRNA was used as the endogenous control in
the comparative cycle threshold (CT) method. The Tagman assay
identification number for each couple of primers used to study
the related gene is available upon request.

2.9. Statistical Analysis

The results are presented as mean + SEM. n = 5. Statistical
analyses were performed by two-way ANOVA followed by a

Mol. Nutr. Food Res. 2019, 63, 1900403 1900403 (5 of 12)

two-stage linear step-up procedure of Benjamini, Krieger, and
Yekutieli to correct for multiple comparisons by controlling
the False Discovery Rate (<0.05) or Kruskal-Wallis test plus a
two-stage step-up method of Benjamini, Krieger and Yekutieli
correction for multiple comparisons by controlling the False
Discovery Rate (<0.05) or Mann-Whitney test, as indicated in
the figure legend, by using GraphPad Prism version 7.00 for
Windows Vista (GraphPad Software, San Diego, CA). Significant
values were considered starting at p < 0.05 or as reported after
corrections. For the taxonomical and predictive functional analy-
sis of gut microbiota significant values were considered starting
at p < 0.01 (Figures 1-3). For the correlation between IL-6 and
the order Clostridiales the P value was corrected according to
the Benjamini-Hochberg correction for multiple comparisons,
with a false discovery rate <0.05, n = 15 (all mice from the first
study). Principal Component Analysis graphs were drawn and
related statistical analyses were performed by using Past 3.23 and
one-way PERMANOVA analysis with Bonferroni's correction.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 3. Baseline (B) to final (F) point comparative analysis by LEfSe of the gut microbiota of ob/ob mice treated with either a high dose of Emblica
officinalis Gaertn (Eof-H) extract or vehicle for two weeks. A: Cladogram showing bacterial taxa significantly higher in the group of mice of the same

colour, in the fecal microbiota between the baseline (ob_ob_Eof-H_B/veh_B)

and the final (ob_ob_Eof-H_F/veh_F) points. B: Indices of gut microbiota

diversity. C: LDA score for predictive microbial pathway identified via PICRUSt.?2l D: PCA and histogram of the total metabolites in the caecum content;
n =5. **%*p < 0.0001, two-way ANOVA followed by a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli to correct for multiple

comparisons by controlling the False Discovery Rate (<0.05), for (D) a one

-way PERMANOVA with a Bonferroni correction was applied. (Since the

cladogram does not show the ob_ob_veh_B group, it means that this group is characterized by no higher bacterial taxon compared to the final point of

the related group).

3. Results

3.1. Analysis of Gut Microbiota in ob/ob Mice after a Two-Week
Treatment with Plant Extracts

The aim of this study was to evaluate the putative prebiotic prop-
erties of plant extracts on gut microbiota during a short treat-
ment period of two weeks. As our objective was to investigate
the impact of these extracts on a dysbiotic gut microbiota, the
experiments were conducted in ob/ob mice, a known murine
model of gut microbiota dysbiosis.'?) We compared the gut mi-
crobiota before (baseline point, B) and after the treatment (final
point, F), for each group of mice. To strengthen our results and
avoid their over-interpretation, we also performed the analysis de-
scribed above on a control group of mice (one group per study)
treated with the vehicle (sterile water) in which the plant extracts
were dissolved.

Mol. Nutr. Food Res. 2019, 63, 1900403 1900403 (6 of 12)

Treatment with Porphyra umbilicalis (Pum) induced a
significant increase in bacteria belonging to the phylum
Gammaproteobacteria and to the families Enterobacteriaceae and
Porphyromonadaceae as well as the genus Barnesiella (the two last
groups belonging to phylum Bacteroidetes); by contrast, the Pum
treatment appeared to reduce the abundance of the bacterial
order Coriobacteriales and its component taxon Olsenella and
the bacterial family Ruminococcaceae (Figure 1A); in terms of
overall microbial diversity, treatment with Pum decreased the
Chao-1 diversity index, which indicates the diversity related
to rare species (Figure 1B). Then, we analysed the microbial
pathways that could be affected by Pum treatment by performing
a PICRUSt-based predictive analysis of the microbiome.??l The
analysis showed that Pum treatment increased the microbial
pathway related to glyoxylate and dicarboxylate metabolism
(Figure 1C).

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 4. Baseline (B) to final (F) point comparative analysis by LEfSe of the gut microbiota of ob/ob mice treated with either a low dose of Emblica
officinalis Gaertn (Eof-L) extract or vehicle for two weeks. A: Cladogram showing bacterial taxa significantly higher in the group of mice of the same colour,
in the fecal microbiota between the baseline (ob_ob_Eof-L_B/veh_B) and the final (ob_ob_Eof-L_F/veh_F) points. B: Indices of gut microbiota diversity.
C: LDA score for predictive microbial pathway identified via PICRUSt.?2l D: PCA and histogram of the overall metabolites in the caecum content; n = 5.
*xkkp < 0.0001, two-way ANOVA followed by a two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli to correct for multiple comparisons

by controlling the False Discovery Rate (<0.05).

Mice receiving Melissa officinalis L. (Mel) extract showed a sig-
nificant increase in the bacterial family Porphyromonadaceae
(Figure 2A); in terms of overall microbial diversity, treatment
with Mel increased the Chao-1 diversity index (Figure 2B). With
respect to the predicted microbiome, treatment with Mel in-
creased the microbial pathway related to fatty acid metabolism
and appeared to reduce that related to sphingolipid metabolism,
found to be enriched at baseline (Figure 2C).

Treatment with the high dose of Emblica officinalis Gaertn (Eof-
H) increased the abundance of the genus Eubacterium belonging
to the family Eubacteriaceae (belonging to the Firmicutes phylum,
Figure 3A) without affecting either the overall microbial diversity
(Figure 3B) or the predicted microbiome (Figure 3C). By contrast,
the changes induced by the low dose of E. officinalis Gaertn (Eof-
L) were modest and the taxa implicated were not identifiable (un-
known taxa), though at baseline mice displayed a higher abun-
dance of the genus Paraeggerthella, thus likely decreased by Eof-L
(Figure 4A). These data were associated with no change in over-

Mol. Nutr. Food Res. 2019, 63, 1900403 1900403 (7 of 12)

all microbial diversity (Figure 4B) but with an increased naphtha-
lene degradation microbial pathway (Figure 4C).

Overall, these data show that the plant extracts tested are capa-
ble of changing the dysbiotic gut microbiota of ob/ob mice over a
short period of two weeks, Eof-H being more effective than Eof-L.

3.2. Metabolomic Analysis of the Intestinal (Caecum) Content of
ob/ob Mice Treated with Plant Extracts for Two Weeks

To measure the metabolization of plant extracts by gut bacteria
in terms of production of both short-chain fatty acids (SCFAs)
(key molecules of microbial origin involved in the modulation
of host metabolism®*l) and other metabolites, we performed
a metabolomic analysis of the intestinal (caecum) content.[?8-3
The overall caecal metabolomic profiles of control mice differed
to a highly significant extent from those of mice treated with Pum

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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or Mel extracts, as evidenced by an independent cluster for each
(Figures 1D and 2D, left panel). In detail, mice treated with Pum
extract showed significant higher levels of propionate, acetate,
and glutamate (Figure 1D, right panel); mice treated with Mel ex-
tract showed significantly higher levels of butyrate, propionate,
and ethanol and a significantly lower level of lactate (Figure 2D,
right panel).

Mice treated with Eof-H showed an overall caecal metabolomic
profile significantly dissimilar from that of the control group
manifesting a significantly higher level in both acetate and
ethanol (Figure 3D, left and right panel, respectively); by
contrast, mice treated with Eof-L showed an overall caecum
content profile similar to that of control mice, despite a signifi-
cantly lower level in butyrate and a significantly higher level in
glutamate (Figure 4D, left and right panel, respectively).

Overall, these data show that a two-week treatment with
P. umbilicalis and M. officinalis L. extracts affects the caecum
metabolome in a murine model of genetically-induced obesity.

3.3. Analysis of Markers of Lipid Metabolism in the Plasma of
ob/ob Mice Treated with Plant Extracts for Two Weeks

Since we observed changes in both the gut microbiota and the
caecum metabolome and it is known that gut microbiota can
affect lipid homeostasis,?**1-33 we therefore analyzed certain
key markers of lipid metabolism. In the first study, ob/ob mice
treated with Pum extract had significantly lower plasma TG lev-
els compared to control mice (Table 2); by contrast, in the second
study, ob/ob mice treated with Eof-L showed significantly higher
plasma FFA levels compared to control mice. Overall, these data
show that a short treatment of two weeks with P. umbilicalis ex-
tracts and a low dose of E. officinalis Gaertn extract can affect key
markers of lipid metabolism in a murine model of genetically-
induced obesity.

3.4. Analysis of Markers of Glucose Metabolism and Survey of
Body Weight in ob/ob Mice Treated with Plant Extracts for Two
Weeks

Given the link between lipid and glucose metabolism and gut mi-
crobiota activity,?*** we analyzed markers of glucose metabolism
in vivo and also monitored body weight. Treatment with Pum and
Mel extracts did not significantly affect neither fed blood glucose
nor body weight (Figure 5A,B, respectively). Then, to determine
whether these plant extracts may affect blood glucose on a dy-
namic basis, we performed an OGTT and an IPITT. No signifi-
cant changes were observed irrespective of the parameter and the
group (Figure 5C,D).

Treatment with Eof-H and Eof-L extracts did not significantly
affect neither fed blood glucose nor body weight; the control
group showed a significant reduction of the body weight over
two weeks (Figure 6A,B). Both OGTT and IPITT were not sig-
nificantly affected irrespective of the group (Figure 6C,D).

Overall, these data show that, in a murine model of
genetically-induced obesity, a two-week treatment with the tested
plant extracts did not significantly affect markers of glucose
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metabolism, despite the changes observed in gut microbiota, cae-
cum metabolome, and lipid metabolism.

3.5. Analysis of Gene Expression in White Adipose Tissue and
Liver of ob/ob Mice Treated with Plant Extracts for Two Weeks

A targeted analysis of the expression of genes related to lipid,
glucose, and energy metabolism as well as inflammation was
performed in white adipose tissue (WAT) and liver. Mice treated
with Mel extract showed a significantly higher expression of the
gene Acaca (acetyl-CoA carboxylase alpha, related to lipogene-
sis) in the WAT (Figure 5E, upper panel). However, the expres-
sion profile for all genes analyzed in the WAT was not dissim-
ilar to that of control mice, whatever the treatment (Figure 5E,
lower panel). By contrast, in the liver, a significantly higher ex-
pression of the genes Pck1 (phosphoenolpyruvate carboxykinase
1, related to glucose metabolism) and IL-6 (interleukin-6, re-
lated to inflammation) was observed, in mice treated with Pum
and Mel extracts, respectively (Figure S5F, upper panel). More-
over, mice treated with Pum, but not those treated with Mel,
displayed a significantly different expression profile for all hep-
atic genes analysed compared to control mice (Figure 5F, lower
panel). The change in the hepatic expression of gene IL-6 was
not associated with a change in IL-6 plasma levels, in any group
(Figure 5G).

Eof-H extract did not significantly affect WAT gene expression
whereas mice treated with Eof-L extract showed a significantly
lower expression of the gene IL-6 in the WAT (Figure 6E, upper
panel), which was not associated with a change in IL-6 plasma
levels, whatever the group (Figure 6F). The expression profile for
all genes analysed in the WAT was not dissimilar to that of control
mice, whatever the treatment (Figure 6E, lower panel).

In the liver, a significantly lower expression was observed for
genes Nr1H2 (nuclear receptor subfamily 1, group H, member 2,
related to energy metabolism), TNF-w, and Ccl5 (tumor necrosis
factor- & and chemokine (C-C motif) ligand 5, respectively, both
related to inflammation), in mice treated with Eof-H; by contrast,
mice treated with Eof-L only showed a significantly lower expres-
sion in gene Ccl5 expression (Figure 6G, upper panel). Interest-
ingly, both mice treated with Eof-H and those treated with Eof-L
displayed a significantly different expression profile for all hep-
atic genes analysed compared to control mice (Figure 6G, lower
panel).

Overall, these results suggest a plant extract-dependent and
tissue-specific effect on the expression of genes analysed in the
WAT and the liver of ob/ob mice.

We also investigated whether the expression of the genes
significantly modulated in both studies and tissues might be cor-
related with specific bacterial taxa as well as microbial pathways
of the gut microbiota together with caecum metabolites and IL-6
plasma levels. We did not identify any significant correlation
between the expression of genes in the WAT and bacterial taxa
in either study (data not shown). By contrast, in the first study,
the hepatic expression of IL-6 (but not IL-6 plasma levels) was
found to be significantly (adjusted p = 0.0015) and positively
(r = 0.80, Spearman correlation) correlated with the bacterial
order Clostridiales.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Table 2. Effects of the treatment with plant extracts on the lipid metabolism in the plasma of ob/ob mice
cholesterol LDL, triacylglycerols (TG), and free fatty acids (FFA) in the plasma.

www.mnf-journal.com

. Assay of total cholesterol, cholesterol HDL,

Study Treatment

Tot chol [mg dL™"] HDL [mg dL™"] LDL [mg dL™"] TG [mgdL™"] FFA [mgdL™"]
1 Veh 57+£0.2 2.18 £0.12 0.71 £ 0.04 1.09 £ 0.04 0.62 +0.15
Pum 54402 2.30 +0.04 0.62 + 0.05 0.80 + 0.02*" 0.74 + 0.06
Mel 4.9+0.4 2.11+£0.1 0.58 +0.06 1.12£0.15 0.96 +0.14
2 Veh 5.97 +£0.27 2.31+£0.08 0.51+0.03 1.16 £0.11 0.49 £+ 0.05
Eof-H 5.73 £0.34 2.36 £0.08 0.49 £ 0.05 1.02 £ 0.05 0.56 4 0.03
Eof-L 528 £0.84 1.98 £0.35 0.51+0.08 1.3£0.2 0.69 + 0.05"

*p < 0.05; “p < 0.01, Mann-Whitney test vs the related control group treated with sterile water (vehicle, veh). Pum: Porphyra umbilicalis extract; Mel: Melissa officinalis L.

extract; Eof-H: high-dose Emblica officinalis Gaertn extract; Eof-L: low-dose Emblica officinalis Gaertn extract; n = 5 per group.
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Figure 5. Markers of glucose homeostasis and survey of body weight in ob/ob mice following a two-week treatment with plant extract from Porphyra
umbilicalis (Pum) or Melissa officinalis L. (Mel) or vehicle (veh). Kinetic analysis of A: fed blood glucose and B: body weight during the two weeks
of treatment. C: oral glucose-tolerance test (OGTT) with AUC (area under the curve) as inset. D: intraperitoneal insulin-tolerance test (IPITT). Gene
expression analysis of white adipose tissue (E) and liver (F) and related PCA as subpanel. G: Serum IL-6 levels. Data are presented as mean £ SEM.
n=>5; *p < 0.05, Kruskal-Wallis test (E, F) plus two-stage step-up method of Benjamini, Krieger and Yekutieli correction for multiple comparisons by
controlling the false discovery rate (FDR < 0.05) vs control group ob/ob + veh or T-PERMANOVA (F, lower panel) with Bonferroni’s corrections.
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Figure 6. Markers of glucose homeostasis and survey of body weight in ob/ob mice following a two-week treatment with plant extract from Emblica
officinalis Gaertn high-dose (Eof-H) or low dose (Eof-L) or vehicle (veh). Kinetic analysis of A: fed blood glucose and B: body weight during the two weeks
of treatment. C: oral glucose-tolerance test (OGTT) with AUC (area under the curve) as inset. D: intraperitoneal insulin-tolerance test (IPITT). Gene
expression analysis of white adipose tissue (E) and liver (G) and related PCA as subpanel. F: Serum IL-6 levels. Data are presented as mean £ SEM.

n=1>5;*p < 0.05, *

*p < 0.01, Kruskal-Wallis test (A, E, G) plus two-stage step-up method of Benjamini, Krieger and Yekutieli correction for multiple

comparisons by controlling the false discovery rate (FDR < 0.05) vs control group ob/ob + veh or 1-PERMANOVA (G, lower panel) with Bonferroni’s

corrections.

4. Discussion

The aim of this study was to evaluate whether extracts of three
plants Porphyra umbilicalis, Melissa officinalis L., and Emblica of-
ficinalis Gaertn might have prebiotic properties when adminis-
tered for two weeks to ob/ob mice. Our criteria to define pre-
biotic properties were: i) the impact on gut microbiota, ii) gen-
eration of SCFAs, and iii) improvement in lipid and/or glu-
cose metabolism. Since in current medical practice prebiotics
are proposed to patients experiencing gut discomfort, we chose
ob/ob mice, a known model of metabolic diseases and gut
microbiota dysbiosis.!!? Targeting the gut microbiota of ob/ob
mice was already proven to be effective in ameliorating glucose
metabolism,®* supporting our rationale. Moreover, prebiotics
are usually administered for a long period (at least four weeks)

Mol. Nutr. Food Res. 2019, 63, 1900403 1900403 (10 of 12)

and at high doses (up to 10 g per day per patient). Thus, some
patients may experience undesirable effects such as gut balloon-
ing and/or increased flatulencel”®! (parameters that could not be
taken into account in our study), due to fermentation of prebi-
otics by gut bacteria.’) Based on these evidences, we opted for a
short period of two weeks and the use of polyphenol extracts. Im-
portantly, intestinal discomfort (ballooning and flatulence) has
not been reported in clinical studies after the administration of
such extracts.638l

The modifications in the gut microbiota induced by Pum and
Mel extracts were associated with a significant shift of the overall
metabolome of the caecum content. In particular, mice treated
with Pum and those treated with Mel displayed higher caecal lev-
els of propionate than control mice. It is also noteworthy that
Pum induced a substantial reduction in plasma TG, which could

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



ADVANCED
SCIENCE NEWS

M@JIar Nutrition

www.advancedsciencenews.com

be mechanistically linked to the observed increase in propionate,
as previously reported.?? The increase in propionate and re-
duction in TG were associated with a change in hepatic gene
expression but not with a modulation of glucose metabolism.
Certain prebiotics, such as oligofructoses, have been shown to
be capable of increasing glucose-tolerance, improving intestinal
physiology and reducing fat-mass and inflammation in the same
murine model as that we used.*) However, in that study, the
ob/ob mice were younger (10 weeks old) and the treatment with
oligofructoses*!! (added to a control diet in a proportion of 9:1
[weight of control diet:weight of fibers]) was longer (5 weeks)
than the protocol we employed. These differences could provide
an explanation for the inconsistency between these previously re-
ported data and our findings.

With regard to the modulation of gut microbiota, treatment
with Pum extract indirectly reduced the abundance of the genus
Ruminococcus, found to be higher at baseline. The genus Ru-
minococcus was positively associated with a better lipid utilization
in mice, via the production of the bacteriocin Albusin B, a toxin
capable of enhancing lipid utilization in BALB/c mice.*?l These
data are in contrast with ours since we show that reduced plasma
TG are instead associated with reduced levels of Ruminococcus.
This discrepancy suggests that bacteria belonging to the Ru-
minococcus genus may have different metabolic effects depend-
ing on both the pathophysiology and the genetic background of
the animal model used (BALB/c vs C57Bl/6 ob/ob mice).

Modifications of the gut microbiota induced by Eof-H were
associated with a significant shift of the overall metabolome of
the caecum content. Specifically, mice treated with Eof-H dis-
played higher levels in both acetate and ethanol. These changes
were associated with a modulation of the gene expression in the
liver. In mice treated with Eof-L we observed a modest impact on
the gut microbiota (related to unknown taxa) and the predicted
microbial pathways. Moreover, this treatment did not induce a
significant shift of the overall metabolome, despite the observed
lower levels of butyrate and higher levels of glutamate. The bu-
tyrate levels were also modulated by Mel in the first study, though
toward higher levels. The effective impact of butyrate could be
controversial since its increase could favor infections by certain
pathogenic E. coli such as the strain 0157:H7, as shown by Zum-
brun et al.¥! Modulations of butyrate levels may therefore repre-
sent either a positive or a negative outcome, depending on a very
specific context.[*

In terms of metabolic modulations, mice treated with Eof-L
exhibited higher plasma levels of FFA. This finding could reflect
either increased lipolysis or reduced lipid storage into the adipose
tissuel? and was associated with a lower IL-6 gene expression in
the WAT. Increased FFA plasma levels are generally associated
with a detrimental metabolic condition. However, elevated FFA
plasma levels have been demonstrated in axenic mice fed a high-
fat diet, which are known to resist diet-induced obesity.*?/ Thus,
based on this study reported by Bickhed et al., the increase in
FFA we observed in mice treated with Eof-L could be interpreted
as areduction in energy storage in the WAT of ob/ob mice, which
could represent a favorable metabolic condition.

In conclusion, a two-week treatment with Porphyra umbilicalis,
Melissa officinalis L., and E. officinalis Gaertn extracts can signifi-
cantly affect a dysbiotic gut microbiota, caecum metabolome, and
markers of lipid metabolism in ob/ob mice. We also observed a
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change in the expression of certain genes involved in glucose,
lipid, energy metabolism, as well as inflammation in both WAT
and liver. The extent of these changes was dependent on both
the nature of the plant-extract administered and the dose. With
regard to the dose, mice cohousing during treatment may have
induced variation in the dosing of each animal. However, we have
not observed aberrant intragroup variances for whatever the stud-
ied parameter, suggesting that the putative variation in the con-
sumption occurred to a little extent.

Nevertheless, these changes were associated neither with mod-
ulations of body weight nor glucose metabolism and in gen-
eral cannot be identified as metabolic improvements. Thus, in
terms of validation of the tested plant extracts as prebiotics, apart
from the changes induced in the gut microbiota, we face a di-
chotomy between the effects observed on gut microbiota and lipid
metabolism vs those observed on glucose metabolism. Despite
our intent was not to compare plant extracts to each other but
rather to appreciate metabolic intra-group effects, baseline dif-
ference in body weight among the groups of mice might be a
limitation to further metabolic interpretation. Moreover, for the
translational relevance of our results, more data on patients are
required to assess whether both a limited concentration of prebi-
otics and a reduced time of treatment (2 weeks) could be effective
and limit side-effects.

Our data may stimulate a debate on how any substrate with
putative prebiotic properties should be validated, and in particu-
lar whether this validation should target a specific parameter or
a wider panel of metabolic parameters, regardless of changes in
the gut microbiota and/or microbiome.

Acknowledgements

A.B., VA, and |.-F.L. made substantial contributions to acquisition of data
and reviewed the article critically for important intellectual content; A.B.
and F.T. made substantial contributions to the analysis and interpretation
of data, and reviewed the article critically for important intellectual con-
tent; M.S. made substantial contributions to conception and design, ac-
quisition, analysis and interpretation of data, as well as in drafting both
manuscript and figures. All authors gave final approval of the version
to be published. The authors thank the Phenotypage-ANEXPLO Platform
(US006-CREFRE, Toulouse, France) for biochemical assays and Cecile Can-
let and the Platform MetaToul-AXIOM for the NMR analyses. The authors
also warmly thank Dr. Xavier COLLET and Dr. Frangois TERCE, both from
12MC (Toulouse, France), for providing the bottles used in the two studies
herein reported. Thanks also to Dr. R. Cameron, Dr. C. Blondeau (Groupe
PiLeJe), and Vivien Paula Harry (independent medical writer) for English
editing assistance.

Conflict of Interest

Groupe PileJe (Saint-Laurent-des-Autels, France) funded M.S. for this
study. A.B. was formerly employed by PilLeje. There are no patents pend-
ing.

Keywords

gut microbiota dysbiosis, metabolic diseases, metabolomics, plant ex-
tracts, prebiotics

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

lar Nutrition
ood Research

Mo

Received: April 19, 2019
Revised: June 4, 2019
Published online: June 25, 2019

(1
(2]
(3]
(4]

(3]
(6]

7]
(8]

9]

(1]

!

[12]
(13]

(14]
[15]

[16]
[17]

(18]

[19]
(20]

(21]

(22]

Mol.

R. Burcelin, M. Serino, C. Chabo, V. Blasco-Baque, J. Amar, Acta Dia-
betol. 2011, 48, 257.

M. Serino, V. Blasco-Baque, S. Nicolas, R. Burcelin, Diabetes Metab.
2014, 40, 186.

M. Serino, C. Chabo, R. Burcelin, Curr. Pharm. Biotechnol. 2012, 13,
746.

M. Serino, E. Luche, C. Chabo, |. Amar, R. Burcelin, Diabetes Metab.
2009, 35, 262.

G. R. Gibson, M. B. Roberfroid, J. Nutr. 1995, 125, 1401.

M. Van Hul, L. Geurts, H. Plovier, C. Druart, A. Everard, M. Stahlman,
M. Rhimi, K. Chira, P. L. Teissedre, N. M. Delzenne, E. Maguin, A.
Guilbot, A. Brochot, P. Gerard, F. Backhed, P. D. Cani, Am. J. Physiol.
Endocrinol. Metab. 2017, ajpendo 00107 02017.

T. Stone-Dorshow, M. D. Levitt, Am. J. Clin. Nutr. 1987, 46, 61.

A. Pedersen, B. Sandstrom, J. M. Van Amelsvoort, Br. J. Nutr. 1997,
78, 215.

J. H. Cummings, G. T. Macfarlane, H. N. Englyst, Am. J. Clin. Nutr.
2001, 73, 415s.

G. R. Gibson, R. Hutkins, M. E. Sanders, S. L. Prescott, R. A. Reimer,
S. ). Salminen, K. Scott, C. Stanton, K. S. Swanson, P. D. Cani, K.
Verbeke, G. Reid, Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491.

F. F. Anhe, D. Roy, G. Pilon, S. Dudonne, S. Matamoros, T. V. Varin,
C. Garofalo, Q. Moine, Y. Desjardins, E. Levy, A. Marette, Gut 2015,
64, 872.

R. E. Ley, F. Backhed, P. Turnbaugh, C. A. Lozupone, R. D. Knight, J.
I. Gordon, Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 11070.

S. Cofrades, I. Lopez-Lopez, L. Bravo, C. Ruiz-Capillas, S. Bastida, M.
T. Larrea, F. Jimenez-Colmenero, Food Sci. Technol. Int. 2010, 16, 361.
A. Shakeri, A. Sahebkar, B. Javadi, J. Ethnopharmacol. 2016, 188, 204.
M. Majeed, B. Bhat, A. N. Jadhay, J. S. Srivastava, K. Nagabhushanam,
J. Agric. Food Chem. 2009, 57, 220.

B. Yang, P. Liu, J. Agric. Food Chem. 2014, 62, 529.

M. S. Akhtar, A. Ramzan, A. Ali, M. Ahmad, Int. J. Food Sci. Nutr. 2011,
62, 609.

P. Usharani, N. Fatima, N. Muralidhar, Diabetes Metab. Syndr. Obes.
2013, 6, 275.

S. Reagan-Shaw, M. Nihal, N. Ahmad, FASEB J. 2008, 22, 659.

M. Serino, E. Luche, S. Gres, A. Baylac, M. Berge, C. Cenac, A. Waget,
P. Klopp, J. lacovoni, C. Klopp, J. Mariette, O. Bouchez, J. Lluch, F.
Ouarne, P. Monsan, P. Valet, C. Roques, ). Amar, A. Bouloumie, V.
Theodorou, R. Burcelin, Gut 2012, 61, 543.

N. Segata, ). Izard, L. Waldron, D. Gevers, L. Miropolsky, W. S. Garrett,
C. Huttenhower, Genome Biol. 2011, 12, R60.

M. G. Langille, ). Zaneveld, J. G. Caporaso, D. McDonald, D. Knights,
J. A. Reyes, J. C. Clemente, D. E. Burkepile, R. L. Vega Thurber, R.
Knight, R. G. Beiko, C. Huttenhower, Nat. Biotechnol. 2013, 31, 814.

Nutr. Food Res. 2019, 63, 1900403 1900403 (12 of 12)

(23]

(24]
(25]

(26]

(27]

(28]

(29]
(3]

(31]

(32
(33]
(34]
35]
(36]

(37]

(38]
(39]

[40]

[47]
[42]
[43]

(44]

www.mnf-journal.com

S. Nicolas, V. Blasco-Baque, A. Fournel, J. Gilleron, P. Klopp, A. Waget,
F. Ceppo, A. Marlin, R. Padmanabhan, J. S. lacovoni, F. Terce, P. D.
Cani, ). F. Tanti, R. Burcelin, C. Knauf, M. Cormont, M. Serino, Mol.
Syst. Biol. 2017, 13, 921.

J. P. Le Floch, P. Escuyer, E. Baudin, D. Baudon, L. Perlemuter, Dia-
betes Care 1990, 13, 172.

Y. Ito, H. Moriwaki, Y. Muto, N. Kato, K. Watanabe, K. Ueno, J. Med.
Microbiol. 1997, 46, 80.

B. S. Samuel, A. Shaito, T. Motoike, F. E. Rey, F. Backhed, J. K. Manch-
ester, R. E. Hammer, S. C. Williams, J. Crowley, M. Yanagisawa, . I.
Gordon, Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 16767.

G. Tolhurst, H. Heffron, Y. S. Lam, H. E. Parker, A. M. Habib, E. Diako-
giannaki, J. Cameron, J. Grosse, F. Reimann, F. M. Gribble, Diabetes
2012, 67, 364.

M. E. Dumas, R. H. Barton, A. Toye, O. Cloarec, C. Blancher, A. Roth-
well, J. Fearnside, R. Tatoud, V. Blanc, J. C. Lindon, S. C. Mitchell, E.
Holmes, M. I. McCarthy, J. Scott, D. Gauguier, J. K. Nicholson, Proc.
Natl. Acad. Sci. U. S. A. 2006, 7103, 12511.

J. M. Kinross, E. Holmes, A. W. Darzi, J. K. Nicholson, Lancet 2011,
377,1817.

J. K. Nicholson, I. D. Wilson, J. C. Lindon, Pharmacogenomics 2011,
12, 103.

F. Backhed, H. Ding, T. Wang, L. V. Hooper, G. Y. Koh, A. Nagy, C. F.
Semenkovich, |. I. Gordon, Proc. Natl. Acad. Sci. U. S. A. 2004, 101,
15718.

F. Backhed, ). K. Manchester, C. F. Semenkovich, J. I. Gordon, Proc.
Natl. Acad. Sci. U. S. A. 2007, 104, 979.

V. R. Velagapudi, R. Hezaveh, C. S. Reigstad, P. Gopalacharyulu, L.
Yetukuri, S. Islam, ). Felin, R. Perkins, J. Boren, M. Oresic, F. Backhed,
J. Lipid Res. 2010, 57, 1101.

G. J. Morton, M. W. Schwartz, Physiol. Rev. 2011, 91, 389.

M. Membrez, F. Blancher, M. Jaquet, R. Bibiloni, P. D. Cani, R. G.
Burcelin, I. Corthesy, K. Mace, C. J. Chou, FASEB J. 2008, 22, 2416.
G. Annunziata, M. Maisto, C. Schisano, R. Ciampaglia, V. Narciso, G.
C. Tenore, E. Novellino, Nutrients 2019, 11, 139.

A. Asadi, F. Shidfar, M. Safari, M. Malek, A. F. Hosseini, S. Rezazadeh,
A. Rajab, S. Shidfar, S. Hosseini, Complementary Therap. Med. 2018,
40, 83.

H. Upadya, S. Prabhu, A. Prasad, D. Subramanian, S. Gupta, A. Goel,
BMC Complementary Altern. Med. 2019, 19, 27.

K. Weitkunat, S. Schumann, D. Nickel, K. A. Kappo, K. J. Petzke, A. P.
Kipp, M. Blaut, S. Klaus, Mol. Nutr. Food Res. 2016, 60, 2611.

A. Everard, V. Lazarevic, M. Derrien, M. Girard, G. M. Muccioli, A. M.
Neyrinck, S. Possemiers, A. Van Holle, P. Francois, W. M. de Vos, N.
M. Delzenne, |. Schrenzel, P. D. Cani, Diabetes 2011, 60, 2775.

P. D. Cani, R. Bibiloni, C. Knauf, A. Waget, A. M. Neyrinck, N. M.
Delzenne, R. Burcelin, Diabetes 2008, 57, 1470.

Y. H. Hsieh, H. T. Wang, ). T. Hsu, C. Y. Chen, J. Sci. Food Agric. 2013,
93, 2758.

S. D. Zumbrun, A. R. Melton-Celsa, M. A. Smith, |. J. Gilbreath, D. S.
Merrell, A. D. O’Brien, Proc. Natl. Acad. Sci. U. S. A. 2013, 110, E2126.
M. Serino, Nat. Rev. Endocrinol. 2019, 15, 318.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



