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ABSTRACT

Recently we showed that caloric restriction (CR) triggers an increase in the levels of free taurine,
taurine-conjugated bile acids (BA), and other taurine conjugates in intestinal mucosa while decreas-
ing glutathione (GSH) levels in wild-type male mice. In the current project, we decided to investi-
gate whether the microbiota is involved in the response to CR by depleting gut bacteria. The
antibiotics treatment diminished CR-specific increase in the levels of free taurine and its conjugates
as well as upregulated expression and activity of GSH transferases (GST) in the intestinal mucosa.
Further, it diminished a CR-related increase in BAs levels in the liver, plasma, and intestinal mucosa.
Transplant of microbiota from CR mice to ad libitum fed mice triggered CR-like changes in MGST1
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expression, levels of taurine and taurine conjugates in the mucosa of the ileum. We show for the
first time, that microbiota contributes to the intestinal response to CR-triggered changes in BA,

taurine, and GST levels.

Introduction

Gut microbiota is a complex and dynamic entity
characterized by its high variability in composition
between different hosts. The inter-individual differ-
ences are induced by multiple factors including
childbirth delivery, gender, antibiotic treatments,
origin, age, and to a great extent by the diet.'”
The type, amount, and timing of the meals are all
factors shaping the microbiota.®® Accordingly,
caloric restriction (CR) affects gut bacteria’'* and
the composition changes seem to mediate some of
the beneficial outcomes of CR, including reduced
body weight, decreased blood leptin, and insulin
levels."” Yet, the mechanism behind and function-
ality of CR-specific microbiota are not known. The
microbiota plays a major role in numerous aspects
of the host’s health and disease by modulating the
availability of energy and nutrients, as well as sig-
naling molecules, e.g. hormones, neurotransmit-
ters, ligands, etc.; thereby affecting the host on
multiple levels.'® Among others, microbiota
directly interacts with bile acids (BA) and submits

them to various modifications, including

deconjugation of BAs and taurine.'” Multiple bac-
terial processes result in the generation of second-
ary BAs, of which the function and signaling vary
from the primary BAs.'® Reversely, BAs,'” similarly
to taurine’>”' modulate gut bacteria composition.
Taurine reduces the growth of harmful bacteria and
stimulates the production of short-chain fatty
acids.”® Taurine increases the number of selected
immune cells, total cells in Payer’s patches,”’ and
attenuates induced colitis in the mouse
intestine.”>** Besides anti-inflammatory**~>*
ity taurine has also, antioxidative,*”"**"*
osmoprotective’ > properties.

A complex network of enzymes and transcrip-
tion factors controls BA synthesis and circulation
between the liver and intestine. High levels of BAs
inhibit the activity of the key enzyme of the classic
synthesis pathway, cholesterol 7 a-hydroxylase
(Cyp7al) via farnesoid X receptor (FXR) or fibro-
blast growth factor 19 (FGF19).***> FXR is acti-
vated by BAs and, besides establishing a negative
feedback loop, it regulates the expression of BA
transporters and  impacts  inflammation.*
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Moreover, FXR also takes input from gut micro-
biota thereby integrating the connection between
BAs, bacteria, and inflammation. Our recent origi-
nal study indicated that the liver in CR animals
shows increased mRNA expression of cysteine
dioxygenase (CDO), an enzyme responsible for
the metabolism of cysteine to taurine.’”” The CR
animals also show enhanced expression of
Cyp7al, Ntcp (Na'/taurocholate cotransporting
polypeptide), which are necessary for BA synthesis
and transport. Further, we demonstrated that CR
results in increased levels of taurine-conjugated
BAs in the intestinal content and mucosa.'**” BAs
in the intestine undergo deconjugation and this
leads to high levels of free taurine.
Simultaneously, CR stimulates the expression and
activity of glutathione (GSH) S-transferases (GST)
that conjugate taurine leading to an increase in
GSH-taurine conjugate levels. The occurrence of
GSH-taurine conjugate in conjunction with CR
triggers enhanced intestinal uptake of taurine.’’
Knowing the vast role of gut bacteria in the meta-
bolism of BAs, we hypothesized that microbiota
may contribute to the CR-triggered phenomena.
Here, we present novel results showing that micro-
biota is required for the CR-triggered phenotype
associated with GSH and taurine conjugation as
well as intestinal uptake.

Results

CR triggers strong microbiota composition changes
in the cecum on multiple phylogenic levels
(Figure 1a, Suppl fig S1). We researched the impact
of taurine on microbiota and compared the pub-
lished results®>*' with our sequencing data of ad
libitum fed and CR mice cecum. Among the bac-
teria already known to be affected, we found
Firmicutes, Clostridiales, and Lachnospiraceae
downregulated in the CR mice whereas
Proteobacteria, Bacilli, and Lactobacillales were
upregulated (Figure 1b-g). Interestingly, the exact
opposite regulation was reported after the admin-
istration of taurine.”>*'

In order to assess the role of microbiota in the
previously  described  CR-triggered intestinal
phenotype,”” we applied a mouse model with
depleted gut microbiota by treatment with a wide
spectrum antibiotic cocktail. We submitted the

antibiotics-treated mice to CR (AT CR) and control
ad libitum feeding (AT) (Figure 2a). In accordance
with our earlier report,”” CR increases GST (MgstI
and Gsda3) mRNA expression and enzymatic activ-
ity (Figure 2b-c). Antibiotics treatment diminished
the CR-induced changes in GST gene expression
(Figure 2b-c) and prevented an increase in GST
activity (Figure 2d). However, no differences were
observed between ad libitum and AT ad libitum
conditions (Figure 2d). CR compared to ad libitum
conditions increased production of GSH-taurine
conjugate when jejunum tissue lysate was incubated
with a solution containing taurine and GSH
(Figure 2e). Antibiotics treatment neutralized the
impact of CR but did not affect the outcomes of ad
libitum fteeding (Figure 2e). Accordingly, the reduc-
tion in GSH level in CR compared to ad libitum
mice was lessened by dosing antibiotics (figure 2f).
The concentration of oxidized GSH (GSSG) was not
affected by CR or microbiota depletion (Figure 2g).
As previously shown,” the CR-triggered imbalance
in GSH/GSSG ratio leads to the introduction of
glutathione reductase (GR) activity (here not statis-
tically significant after correction for multiple test-
ing) aiming at neutralization of the disparity. The
CR animals with depleted intestinal microbiota did
not show differences in GR activity compared to ad
libitum mice (Figure 2h). CR-elicited differences in
intestinal mRNA expression of the factors involved
in GSH synthesis, NRF2, and GGT1, were offset by
bacteria depletion (Figure 2i-j). Searching for the
molecular mechanism, we quantified the levels of
butyrate, which is one of the short-chain fatty acids
produced by microbiota and has been reported to
induce GST activity.”® However, in CR animals, the
amount of cecal butyrate is strongly reduced com-
pared to ad libitum mice (Figure 2k).

We reported previously that the levels of oxida-
tive stress-related factors were not affected by CR in
the intestinal mucosa.”” Similarly, microbiota
depletion did not modify it (Suppl fig S2A-B).
Nevertheless, the modulation of microbiota neutra-
lized the CR-specific differences in the expression
of oxidative stress-related factors catalase, manga-
nese superoxide dismutase (Mn-Sod), and thiore-
doxin 2 (Trx2) (Suppl fig S2 C-E).

As we published before,”” CR elevates free taur-
ine and taurine conjugates in the mucosa of jeju-
num and ileum. In the current study, the levels of
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Figure 1. Caloric restriction (CR) modifies microbiota composition in the cecum. Cecum microbiota was sequenced and the results are
shown as a Cladogram representing the Linear discriminant analysis Effect Size (LEfSe) results on the hierarchy induced by the taxa.
Only significantly changed taxa names with the corresponding color are shown. The figure presents results with a linear determinant
analysis (LDA) score bigger than 2 and a p-value smaller than .05. (a). The abundance of Firmicutes (b), Clostridiales (c),
Lachnospiraceae (d), Proteobacteria (e), Bacilli (f), and Lactobacillales (g) in the cecum of ad libitum and CR mice was presented. Two-
tailed Student’s t-tests were used to compare the experimental groups of the panels B-G.

GSH-taurine conjugates showed a tendency toward
increased levels in CR mice; yet, not statistically
significantly. The depletion of microbiota mini-
mized the difference between CR and ad libitum
fed mice in the mucosa of the jejunum (Figure 21-n)
and ileum (Figure 20-r, Suppl fig S2 F-I) in terms of

GSH-taurine conjugate, other taurine conjugates,
and free taurine. Further, the mRNA expression
of taurine transporter TauT, which was increased
in the ileum of CR mice, was not different between
AT and AT CR animals (Figure 3a). In agreement
with the expression pattern of TauT and our
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Figure 2. Microbiota depletion neutralizes the CR phenotype in the intestine. The mice were fed ad libitum or submitted CR with (AT
and AT CR) or without antibiotics treatment (Ad lib and CR) to deplete microbiota (a). Gene expression of the different glutathione-S
transferase (GST) subtypes (b-c), and GST activity (d) were measured in the jejunal mucosa. Tissue lysate of jejunum mucosa was
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incubated with a solution containing GSH and taurine and occurrence of GSH-taurine conjugate was assessed (e). The levels of reduced
glutathione (GSH) (f) and oxidized GSH (GSSG) (g) were measured in the jejunal mucosa. The activity of GSH reductase (GR) (h), as well
as expression of nuclear factor erythroid 2-related factor 2 (Nrf2; 1) and y-glutamyl transpeptidase (GgtT; J) mRNA, was assessed in the
mucosa. Butyrate content was quantified in the feces of CR and ad libitum mice (k). The levels of GSH-taurine conjugate (I, 0), taurine
conjugate m/z 249 (m, p), and free taurine (n, r) were measured in the jejunum (I-n) and ileum (o-r). Two-tailed Student’s t-tests were
used to compare the experimental groups of the panel K. Statistical significance between experimental groups in other panels was
evaluated using ANOVA with Bonferroni correction for multiple testing; n = 6-8 (panels B-D and F-R), n = 4 (panel E); *p < .05. Data are
presented as the mean+SEM.

previous publication,”” CR reduced the levels of  (cysteine sulfonate decarboxylase; Csd) was regu-
taurine and its conjugates in the mice’s feces lated by CR and not by microbiota depletion
(Suppl fig S2 J-K). In the liver, the expression of  (Figure 3b-d). Importantly, antibiotics treatment
genes associated with BA synthesis (Cyp7al) and  did not impact the expression of any of the mea-
transport (Ntcp) as well as cysteine metabolism  sured genes in ad libitum fed mice.
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Figure 3. Microbiota and CR jointly regulate the levels of BAs. Gene expression of taurine transporter (TauT) (a), cholesterol 7 a-
hydroxylase (Cyp7a1; B), Na*/taurocholate cotransporting polypeptide (Ntcp; C), and cysteine sulfonate decarboxylase (Csd; D) was
measured in the mucosa of the ileum. The levels of selected bile acids were measured in the liver (e), plasma (f), mucosa of the ileum
(9), and feces (h) applying HPLC-MS/MS. Total BAs content was quantified in the mucosa of the ileum using a commercial kit (i). The
ratio of CA to TCA (j), DCA to TDCA (k), and UDCA to TUDCA (I) was calculated based on BAs concentration measured in the ileum.
Statistical significance between the experimental groups was evaluated using ANOVA with Bonferroni correction for multiple testing;
n = 8; *p < .05. Data are presented as mean+SEM. Heatmaps were created by using Z-Scored data, showing the relative deviation from
the groups’ mean value, and visualized by using the MATLAB extension COVAIN.
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Concerning BAs, CR consistently increased
levels of the measured BAs in the liver, plasma,
and ileum but much less in the feces (Figure 3e-h,
Suppl table S1) correspondingly to our previous
report.”” However, the differences in the liver,
plasma, and ileum were not statistically significant
for each BA. Similarly, despite a visible trend, the
differences in the concentrations of total BAs in the
ileum of ad libitum compared to CR mice lacked
statistical significance (Figure 3i). In the ileum,
antibiotics lowered TDCA, TLCA, and UDCA
levels. In the liver, the treatment decreased TDCA
and TLCA but increased TUDCA; whereas in
plasma it increased the levels of CA, TCA, and
TUDCA (Figure 3e-g, Suppl table S1). Antibiotics
blunted the CR-related increase in most BAs in all
tissues. However, the levels of CA, TCA, and TDCA
remained statistically significantly higher in AT CR
compared to AT group in the plasma and of TCA in
the ileum (figure 3f-g, Suppl table S1). In general,
the AT and AT CR treatments resulted in similar
patterns of BAs levels changes in the ileum, liver,
and plasma (Figure 3e-g, Suppl table SI).
Interestingly, a comparison of the ratios of taurine-
conjugated (TCA, TDCA, TUDCA) versus their
unconjugated counterparts (CA, DCA, UDCA) in
the epithelium of jejunum indicated an increased
rate of BAs deconjugation in the CR animals
(Figure 3j-1). These differences were not present
for AT and AT CR animals due to reduction or
depletion of the BAs levels. The differences between
ad libitum and CR taurine-conjugated and uncon-
jugated BAs ratios were much less pronounced in
fecal samples (Suppl fig S3A-C).

In order to confirm the role of microbiota, we
performed fecal transplants from CR and ad libi-
tum fed mice to another group of mice with
depleted bacteria and fed ad libitum (FT, FT CR)
(Figure 4a). Microbiota transplant did not change
levels of taurine conjugated BAs in the liver,
plasma, or epithelium of ileum (Suppl table S1).
The CR transplant triggered a CR-like increase in
MGST1 gene expression (Figure 4b) but no statis-
tically significant changes in GSDA3 (Figure 4c)
expression, GST activity (Figure 4d), or GSH levels
(Figure 4e). Notably, FT CR mice experienced
a CR-like increase in GSH-taurine conjugates in
the jejunum, whereas no changes in the free taurine
and taurine conjugates were measured (Figure 4g-

h). In the ileum mucosa, the levels of GSH-taurine,
free taurine as well as taurine conjugates were
increased in FT CR compared to FT mice
(Figure 4i-k, Suppl fig S3D-I).

Discussion

In the previous study, we showed that CR modu-
lates the level of GSH, taurine, and its conjugates as
well as the expression and activity of GSTs.'*’
Here we demonstrate that the regulation is micro-
biota-dependent. Crucially, treatment with antibio-
tics partly neutralizes or completely removes all of
the tested parameters affected by CR. The trans-
plant of the microbiota of CR mice to ad libitum fed
mice reintroduces the CR phenotype to a certain
extend. Therefore, the microbiota is a vital part of
the response to CR but it requires other CR-related
triggers to fully mimic CR. It has previously been
reported that microbiota mediates the effect of CR
on weight loss, levels of leptin and insulin,'” and on
metabolic improvements including fat browning,
liver health, and better glycemic control.””
Additionally, CR suppresses microbial genes for
lipopolysaccharides (LPS) synthesis modulating
the immune response.’” Therefore, the here pre-
sented data adds a fitting piece to a picture of
microbiota-based response to CR.

The microbiota plays a vital role in the metabo-
lism of BAs and bacterial contribution to the
observed phenotype is likely connected with the
regulation of the conversion of taurine-conjugated
BAs.* We propose a model in which upon
increased release of BAs to the intestine during
CR, microbiota acts to deconjugate BAs from taur-
ine and therefore raises the levels of free taurine
and taurine-deconjugated BAs species. The sudden
increased appearance of bioactive taurine requires
mechanisms to regulate its availability and activity,
which may be executed by GSH, leading to the
generation of taurine-GSH conjugates.
Interestingly, microbiota transplant triggered
greater changes in the ileum compared to the jeju-
num which may be explained by increasing bacter-
ial abundance along the small intestine and greater
capacity of the intestine to take up taurine due to
high expression of the taurine transporter TauT in
the distal intestine."’ Notably, maintenance of
proper taurine levels contributes to increased BA
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Figure 4. Microbiota can partly induce a CR-like phenotype in the intestine. The mice were fed ad libitum, submitted CR, or treated with
antibiotics followed by fecal bacteria transfer (FT ad lib and FT CR; A). Gene expression of the different GST subtypes (b-c), GST activity
(d), as well as levels of GSH (e), were measured in the jejunal mucosa. The levels of GSH-taurine conjugate (f, i), free taurine (g, j), and
taurine conjugate m/z 249 (h, k) were measured in the jejunum (f-h) and ileum (i-k). Statistical significance between CR and ad libitum
groups was evaluated using two-tailed Student’s t-tests; n = 8; *p < .05. Data are presented as mean+SEM.

formation and secretion and thereby to the regula-
tion of cholesterol levels.*” Furthermore, the
enhanced BAs and taurine uptake in the CR intes-
tine previously reported by us'* likely contributes
to diminished or reversed differences for BAs and
taurine respectively in the feces compared to the
intestine of CR and ad libitum fed mice.

The microbiota has been shown to modulate
hosts’ amino-acid and GSH metabolism.*
Interestingly, the antibiotics treatment of CR mice
adjusted (up or down) the levels of GHS-taurine,
other taurine conjugates or free taurine, GSH levels,
GSTs gene expression and GST enzymatic activity
to the levels measured in ad libitum fed mice.
Importantly, the antibiotics cocktail did not

influence the levels in ad Ilibitum fed mice.
Therefore, we hypothesize that a CR-specific
microbiota is responsible for up- and down-
regulation of the levels of the compounds and
gene expression. This hypothesis was further con-
firmed by the results of the fecal transplant
approach. Moreover, this regulation seems to be
intestine-specific and does not affect gene expres-
sion and or BAs production in the liver. As
expected,** the antibiotics treatment decreased
BAs levels in the intestine of ad libitum fed mice.
Furthermore, we observed a consistent impact of
antibiotics on CR-related changes in BAs composi-
tion in the liver, plasma, and mucosa of ileum in
antibiotics-treated mice. Antibiotics also strongly
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dampened CR-triggered increase in BAs levels;
however, the treatment did not neutralize it com-
pletely. Furthermore, transplantation of CR-
specific microbiota did not affect BAs levels.
Therefore, microbiota contributes to the regulation
of CR-triggered increase in the levels of BAs but it is
not the pivotal factor.

Interestingly, taurine has been reported to reduce
the abundance of phylum Proteobacteria, class
Bacilli, and order Lactobacillales, while increasing
phylum Firmicutes, order Clostridiales,”® as well as
family Lachnospiraceae.”" In our sequencing results,
we found the exact opposite impact of CR on gut
microbiota composition. It may seem contradictory
considering that the levels of taurine increase in the
intestine mucosa during CR. However, due to more
efficient uptake during CR* the level of taurine
likely decreases in the intestinal lumen, where
microbiota resides. Taurine (together with hista-
mine, and spermine) was suggested to shape the
host-microbiota interface through activation of
Nirp6 inflammasome signaling, resulting in intest-
inal epithelial cell IL-18 secretion and downstream
modulation of anti-microbial peptide
transcription,” thereby impacting the microbiome
composition and risk of auto-inflammation. Still,
more research is required to verify if CR-driven
changes in taurine levels affect Nirpé.

Besides GST, also other antioxidative proteins
were affected in the intestine during CR in this
study. Nonetheless, contrary to GST, the expression
of antioxidative proteins is reduced, most likely due
to a reduction in oxidative stress accompanying
CR.*"* Yet, contradictory data concerning oxida-
tive stress in CR have been reported,”® e.g. the
expression of SOD and other anti-oxidative enzymes
in CR remains controversial.”>>> Moderate CR has
also been reported to increase the activity of Mn-
SOD and GSH concentration in the liver.””
Therefore, the impact of CR may be tissue-specific.

In summary, we have shown for the first time
that microbiota contributes to the intestinal
response to CR by modulating GST activity, levels
of GSH, taurine, BAs, and CR-stimulated BAs con-
jugation. Therefore, gut bacteria may be necessary
to profit from the beneficial impact of CR.
However, the exact meaning behind the CR-
driven increase in taurine and its conjugates in

the intestine is not clear. Moreover, further inves-
tigation is required to unveil the mechanisms of
microbial activity during CR.

Materials and methods
Animal care and experimental procedures

Male C57Bl/6 mice were purchased from Janvier
Labs (Le Genest-Saint-Isle, France) and kept under
a 12 h light/12 h dark cycle in standard specific-
pathogen-free (SPF) conditions. The mice were
given V153x R/M-H auto diet from SSNIFF-
Spezialdidten GmbH (Soest, Germany) and free
water access. Mice aged 12 weeks were randomly
divided into experimental groups of eight mice, as
follows: Ad lib - control ad libitum fed; CR - calorie
restricted; AT - antibiotics-treated; AT CR - anti-
biotics-treated and calorie restricted; FT - ad libitum
fed, antibiotics-treated with fecal microbiota trans-
plant from Ad lib mice; FT CR - ad libitum fed,
antibiotics-treated with fecal microbiota transplant
from CR mice. The groups did not differ significantly
in body weight at the beginning of the experimental
procedures. The antibiotics treatment and FT were
performed and controlled as previously reported.'*
The mice from the CR and AT-CR groups were
submitted to 14 days of CR reduced to ~ 75% of
daily food intake. To deplete gut flora, mice from
the AT, AT-CR, FT, and FT CR groups were repeat-
edly gavaged with 200 pl of an antibiotic cocktail
(vancomycin .5 g/l, neomycin 1 g/, ampicillin 1 g/l
metronidazole 1 g/l; all from Sigma-Aldrich, Vienna,
Austria). The AT and AT-CR groups were gavaged
three times within 14 days of the experimental pro-
cedure, and the FT group was gavaged twice: 5 and
3 days before microbiota transplant. After gut flora
depletion, the mice from the FT groups were gavaged
twice at a 2-day interval with freshly extracted fecal
microbiota from CR or ad libitum mice. To obtain
inoculants, fresh feces were mixed with sterile PBS.
The mixture was vortexed and centrifuged for 3 min
at 1000 xg, and the isolated supernatant was imme-
diately gavaged into FT mice. FT mice were killed
7 days after the first gavage.

All animal experimentation protocols were
approved by the the Bundesministerium fir
Wissenschaft, Forschung und Wirtschaft, Referat



fur Tierversuche und Gentechnik (BMBWEF-
66.006/0008-V/3b/2018). All experiments were car-
ried out according to animal experimentation
Animal Welfare Act guidelines.

Sequencing the 16S rDNA genes and
metataxonomic analysis

The samples for sequencing were processed accord-
ing to the previously published protocol.”> Cecum
samples were homogenized in MagNA Pure
Bacteria Lysis Buffer from the MagNA Pure LC
DNA Isolation Kit III in MagNA Lyser green
beads tubes in a MagNA Lyser Instrument (all
from Roche, Mannheim, Germany). Next, the sam-
ples were mixed with 25 pl lysozyme (100 mg/ml),
incubated at 37°C for 30 min, 43.4 pl Proteinase
K (20 mg/ml) was added followed by incubation at
65°C overnight. The enzymes were heat-inactivated
and 250 pl of supernatant was used for DNA extrac-
tion on a MagNA Pure LC 2.0 following the instruc-
tions for the MagNA Pure LC DNA Isolation Kit III
(all from Roche, Mannheim, Germany). PCRs reac-
tions were run in triplicates using a FastStart High
Fidelity PCR system with 5 pl of total DNA, 1x Fast
Start High Fidelity Buffer, 1.25 U High Fidelity
Enzyme, 200 uM dNTPs, .4 uM primers, and water
in 25 pl reaction volume (all reagents from Roche,
Mannheim, Germany). The target primers V1-V2:
27 F - AGAGTTTGATCCTGGCTCAG and
375 R - CTGCTGCCTYCCGTA were applied for
the amplification of phylogenetic informative hyper-
variable regions using Illumina adapters for an
indexing PCR reaction. The PCR reaction products
were checked on an agarose gel and their normal-
ization was performed on a SequalPrep
Normalization Plate (LifeTechnologies, Carlsbad,
CA, USA). Next, 15 ul of the product was used as
a template in a single 50 ul indexing PCR reaction
for 8 cycles. Finally, 5 pl of PCR products from each
sample were pooled and 30 ul of the library was
purified using an agarose gel and the QIAquick gel
extraction kit (Qiagen, Hilden, Germany). The
obtained library was quantified with QuantiFluor
ONE dsDNA Dye on Quantus™ Fluorometer
(Promega, Walldorf, Germany), its quality was ver-
ified wusing an Agilent BioAnalyzer 2100
(Waldbronn, Germany) and the 6 pM library was
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sequenced on a MiSeq desktop sequencer contain-
ing 20% PhiX control DNA (Illumina, Eindhoven,
Netherlands) with v2 chemistry for 500 cycles.
Raw sequencing data in fastq format was
imported in Galaxy web-based platform>* and ana-
lyzed with the QIIME2 2018.4. The data was pre-
processed with DADA2” using default parameters
and removing specific primer sequences. The
resulting feature representative sequences were
classified with the QIIME2 pre-fitted sklearn-
based taxonomy classifier against SILVA 16S
rRNA database version 132 at 99% identity.>®

Protein concentration, activity assays, and total bile
acids concentration

The levels of total bile acids, GSH and GSSG, as well
as the activity of GR (all from BioVision, Milpitas,
CA, USA), were assessed using commercial assay
kits according to the manufacturer’s indications.

Tissue lysate assay

Freshly extracted tissue was lysed in 10x volume
(w/v) of lysis buffer (150 mM NacCl, 1% IGEPAL, 50
mM Tris-HCL) by disrupting with syringe and
needle. Afterward, 5 ul of the lysate was mixed
with 10 pl of 2 M GSH and 2 M taurine and filled
up to 200 pl with the lysis buffer. The samples were
incubated at 37°C for 20 min.

Electron spin resonance

ESR assay was performed as previously
published.37 Shortly, 144 pl of oxygen-free KHB
and 6 pl of oxygen-free 10 mM CMH solution
were added to 15 pg tissue pieces. The samples
were incubated for 60 min in a 37°C shaking
incubator, spun down and 100 pl of the solution
was used for the measurement. ESR measurements
were performed at 150 K in a capillary tube
(100 pL) placed into a high sensitivity resonator
(Bruker ER 4122SHQE), using an X-band Bruker
Elexsys-II.  E500 EPR spectrometer (Bruker
BioSpin GmbH, Rheinstetten, Germany) applying
modulation frequency of 100 kHz and a microwave
frequency of 9.4 GHz. Spectra were recorded every
20 s, averaging every 10 consecutive spectra. The
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sweep width was 450 G, the sweep time 20 s, the
modulation amplitude 5 G, the center field
3400 G, the microwave power 20 mW, and the
resolution was 1024 points. EPR spectra were
simulated and the area under the curve was deter-
mined by double integration of the spectrum.
A reference-free quantitation of the number of
spins was performed, as has been described
previously.””

Gene expression

Intestine samples were thawed in lysis buffer, dis-
rupted using a syringe and needle. Liver samples
were homogenized using Precellys®24 Tissue
Homogenizer (Bertin Instruments, Montigny-le-
Bretonneux, France). RNA from both types of tis-
sues was isolated using the RNeasy mini kit
(Qiagen, Hilden, Germany). For reverse transcrip-
tion, SuperScript® II Reverse Transcriptase
(Invitrogen™, Life Technologies, Carlsbad, CA,
USA) was used. Quantitative real-time PCR (qRT-
PCR) reactions were performed using the
QuantStudio™ 6 Flex Real-Time PCR System
with the SYBR Green PCR Master Mix (both from
Applied Biosystems, Life Technologies, Carlsbad,
CA, USA). The Ct values were normalized to
Eeflal. The results show AACt averaged for biolo-
gical replicates for each experimental group. The

sequences of the primers used were published
before.”

Detection and identification of GSH and taurine
conjugates

The detection protocol was performed as published
previously.>” Briefly, 7-10 mg of intestinal mucosa
samples were homogenized using syringe and nee-
dle and disrupted in five thawing and freezing
cycles. Next, nine times the volume of ethanol
absolute —20°C was added, vortexed for 30 s and
samples were centrifuged for 10 min at 18,000 g at
4°C and the supernatants were analyzed by LCMS
in negative modus using an LCMS-8040 Liquid
Chromatograph Mass Spectrometer (Shimadzu
Corporation, Kyoto, Japan) with an Atlantis T3
3 um column (2.1x150 mm, Waters, Milford, MA,
USA). The column temperature was 40°C. The
mobile phases consisted of .1% formic acid in

water (eluent A) and .1% formic acid in acetonitrile
(eluent B). The gradient was maintained at an
initial 5% B for 2.5 min, to 20% B at 8 min, and
was set back to 5% B at 9 min with a hold for
one minute.

Identification of conjugates was performed as
previously.>” Shortly, standards of GSH and taurine
(both from Sigma-Aldrich, St. Louis, MO, USA)
were prepared in 70% ethanol. Standards were frag-
mented in negative modus using an LCMS-8040
Liquid Chromatograph Mass  Spectrometer
(Shimadzu Corporation, Kyoto, Japan) with an
Atlantis T3 3 pm column (2.1x150 mm, Waters,
Milford, MA, USA). The mobile phases and the
gradient was conforming with the detection proto-
col. The fragmentation pattern was compared to
METLINs database. Precursor ions in the tested
samples were compared to fragmentation patterns
of GSH and taurine. The exact mass of the selected
precursor ions was measured using an Ultimate
3000 (Thermo Fischer Scientific, Waltham, MA,
US) and a micrOTOF-Q II (Bruker Daltonics,
Bremen, Germany) with an Atlantis T3 3 um col-
umn (2.1x150 mm, Waters, Milford, MA, USA)
kept at 40°C. The mobile phases and the gradient
were set the same as for GSH, taurine, and conju-
gated detection. The mass and fragmentation pat-
tern of chosen precursors was verified using the
METLIN database. The compounds identified as
GSH or taurine conjugates were previously
published.””

Bile acid analysis

As reported previously,” bile acids were measured
with  LCMS. Liver samples were weighted in
Precellys homogenizing tubes with 1.4 mm ceramic
beads, and nine times the volume of methanol
absolute at —20°C was added. Samples were homo-
genized in the Precellys 24 Tissue Homogenizer
(Bertin  Instruments, Montigny-le-Bretonneux,
France) twice for 15 s at 5000 rpm, vortexed for
30 s, and centrifuged for 10 min at 5000 g at 4°C.
The supernatants were transferred to new 1.5 ml
Eppendorf tubes, and, to remove the remaining
debris, the centrifugation step was repeated this
time at 12,000 g. Supernatants were transferred
into new Eppendorf tubes and after second centri-
fugation, supernatants were directly transferred into



HPLC vials. Intestinal samples were processed as
described above in the method for GSH and taurine
analysis. Plasma samples (50 pl) were extracted with
150 ul MeOH, vortexed for 30 s, and shaken con-
tinuously for 10 min with a laboratory rocker. 100 pl
of the supernatant was evaporated, re-dissolved in
50 pl methanol, and transferred into an HPLC vial.
After the extraction, samples were handled alike.
Samples (10 ul) were analyzed by LCMS in positive
modus  using an  LCMS-8040  Liquid
Chromatograph Mass Spectrometer (Shimadzu
Corporation, Kyoto, Japan) with an Atlantis T3
3 um column (2.1 x 150 mm, Waters, Milford,
MA, USA). The column temperature was 30°C.
The mobile phase A consisted of water and eluent
B was acetonitrile/methanol (3/1, v/v), both con-
taining .1% formic acid and a concentration of
20 mM ammonium acetate. The gradient was main-
tained from an initial 30% B for 5 min, to 100% B at
25 min, which was kept constant for 20 min.
Afterward, the composition was set back to the
initial ratio of 30% B within 2 min, followed by
10 min of re-equilibration.
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