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The microbiota-derived bile acid taurodeoxycholic acid improves hepatic
cholesterol levels in mice with cancer cachexia
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ABSTRACT

Alterations in bile acid profile and pathways contribute to hepatic inflammation in cancer cachexia,
a syndrome worsening the prognosis of cancer patients. As the gut microbiota impinges on host
metabolism through bile acids, the current study aimed to explore the functional contribution of gut
microbial dysbiosis to bile acid dysmetabolism and associated disorders in cancer cachexia. Using three
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mouse models of cancer cachexia (the C26, MC38 and HCT116 models), we evidenced a reduction in
the hepatic levels of several secondary bile acids, mainly taurodeoxycholic (TDCA). This reduction in
hepatic TDCA occurred before the appearance of cachexia. Longitudinal analysis of the gut microbiota
pinpointed an ASV, identified as Xylanibacter rodentium, as a bacterium potentially involved in the
reduced production of TDCA. Coherently, stable isotope-based experiments highlighted a robust
decrease in the microbial 7a-dehydroxylation (7a-DH) activity with no changes in the bile salt hydrolase
(BSH) activity in cachectic mice. This approach also highlighted a reduced microbial 7a-hydroxysteroid
dehydrogenase (7a-HSDH) and 12a-hydroxysteroid dehydrogenase (12a-HSDH) activities in these
mice. The contribution of the lower production of TDCA to cancer cachexia was explored in vitro and
in vivo. In vitro, TDCA prevented myotube atrophy, whereas in vivo hepatic whole transcriptome analysis
revealed that TDCA administration to cachectic mice improved the unfolded protein response and
cholesterol homeostasis pathways. Coherently, TDCA administration reversed hepatic cholesterol
accumulation in these mice. Altogether, this work highlights the contribution of the gut microbiota
to bile acid dysmetabolism and the therapeutic interest of the secondary bile acid TDCA for hepatic
cholesterol homeostasis in the context of cancer cachexia. Such discovery may prove instrumental in
the understanding of other metabolic diseases characterized by microbial dysbiosis. More broadly, our
work demonstrates the interest and relevance of microbial activity measurements using stable isotopes,
an approach currently underused in the microbiome field.
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Introduction

The bile acid system is now recognized as a complex
physiological system regulated at many levels and
whose homeostasis needs to be preserved to avoid
the development of pathological conditions."”
Primary bile acids are synthesized in the liver from
cholesterol and are conjugated to taurine (mainly in
mice) and glycine (mainly in humans). Conjugated
primary bile acids are then secreted in the intestine,
where they promote emulsification and absorption
of dietary lipids and fat-soluble vitamins.”> In the
intestine, there is a complex bi-directional interac-
tion between bile acids and the gut microbiota. Bile
acids shape the gut microbial composition due to
their antimicrobial properties, and conversely,
intestinal bacteria play a major role in the metabo-
lism of bile acids.*> The first step of the microbial
metabolism of bile acids is the hydrolysis of glycine-
and taurine-conjugated bile acids into free bile acids,
catalyzed by the bile salt hydrolases (BSHs).® BSH
activity is widely distributed within the bacterial
kingdom.”® Then, free primary bile acids undergo
bacterial metabolization into secondary bile acids,
mainly through the 7a-dehydroxylation (7a-DH),
occurring in the distal part of the gut. Unlike BSH
activity, bacteria that carry out the 7a-DH are pre-
sent at very low abundance but display a very high
metabolic flux toward bile acids. The 7a-DH activity
is limited to bacteria that possess the bai operon,
composed of eight genes, including seven genes
encoding enzymes and one gene encoding
a transporter, mainly characterized in Clostridium
scindens.”™'" Gut bacteria are also able to perform
other bile acid metabolism reactions, including pro-
duction of secondary allo-bile acids, oxidation to
generate oxo-bile acids and subsequent reduction
into epi-bile acids, and microbial conjugation with
amino acids.”>”"” Most of these bile acids are reab-
sorbed in the distal ileum to the portal vein and
recycled to the liver to complete the enterohepatic
cycle.>'® A small proportion of bile acids can also
escape the liver uptake and reach the systemic cir-
culation to act on peripheral organs and tissues. Bile
acids can play a role as powerful signaling molecules
and exert diverse actions on host metabolism and
immunity through bile acid-activated receptors,
such as the Farnesoid X receptor (FXR) and
Takeda G protein-coupled Receptor 5 (TGR5).>*°

One disease in which bile acids are of interest is
cancer cachexia. Cancer cachexia is a multifactorial
syndrome characterized by body weight loss, weak-
ness, muscle atrophy, fat depletion, systemic inflam-
mation, and hepatic metabolic alterations.*"** These
cachectic features arise from the pro-inflammatory
mediators and catabolic factors generated by the
tumor and the associated microenvironment.**>**
Additionally, molecular messengers, secreted by
peripheral organs in response to the tumor presence,
may also contribute to these metabolic and inflam-
matory alterations.””> One example of such
a messenger is bile acids. In our previous work, we
showed alterations in bile acid composition and
pathways in the cachectic colon carcinoma 26
(C26) mouse model.***” These changes were intrin-
sically associated with cachexia and not only attrib-
uted to the tumoral presence. We also demonstrated
a process termed as ‘inflammation-induced choles-
tasis’ in C26 cachectic mice, characterized by
increased hepatic production of proinflammatory
cytokines, inducing a strong reduction of transpor-
ters involved in bile formation and bile acid secre-
tion, and leading to an accumulation of bile acids in
the liver.”>* To counteract this bile acid accumula-
tion, the liver reacts by repressing bile acid synthesis
and by enhancing alternative routes of basolateral
bile acid efflux.’* >’ Through experiments involving
the administration of cholestyramine, a bile acid
sequestrant used to reduce hepatic bile acid load,
and tauroursodeoxycholic acid, we demonstrated
that bile acid modulation impacts hepatic inflamma-
tion and muscle atrophy in C26 cachectic mice.”**
In parallel, we and others have shown that the com-
position and function of the gut microbiota is altered
in cancer cachexia.’*** We therefore hypothesized
that the microbial dysbiosis present in cancer
cachexia may contribute to the altered bile acid
profile.

To explore this hypothesis, we analyzed bile acid
profile and pathways in several models of cancer
cachexia. We characterized the alterations in the
composition of the gut microbiota over time in the
C26 cachectic mouse model. By performing func-
tional assays, we discovered a reduction in the
microbial functional capacity to convert primary
bile acids into secondary bile acids in C26 mice.



Finally, to establish the contribution of reduced
secondary bile acids to the disease, we investigated
in vitro and in vivo the impact of taurodeoxycholic
acid (TDCA), the main secondary bile acid reduced
in cachectic mice with relevance in humans.

Materials and methods
Cell culture

Murine colon carcinoma 26 cells (kindly provided
by Dr. Mario Colombo, Fondazione IRCCS Istituto
Nazionale Tumori, Italy) were maintained in
DMEM high glucose medium supplemented with
10% fetal bovine serum (FBS), and 1% penicillin/
streptomycin at 37°C with 5% CO,.

Murine MC38 colorectal cancer cells (kindly
provided by Dr. Xiongbin Lu, Indiana University
School of Medicine, USA) were maintained in
DMEM high glucose medium supplemented with
10% FBS, 1% penicillin/streptomycin, 1 mm
sodium pyruvate, and 2 mm L-glutamine at 37°C
with 5% CO,.

Human HCT116 colorectal cancer cells (ATCC,
Manassas, VA, USA; #CRL-247) were cultured in
McCoy’s medium supplemented with 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin,
1 mm sodium pyruvate, and 2 mm L-glutamine at
37°C with 5% CO,.

C,C;, murine myoblasts were cultured in
growth medium containing high glucose
Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% FBS (Biowest, Central
America), 1% nonessential amino acids, 100 IU/
ml penicillin, 100 pg/ml streptomycin, and 4 mm
L-glutamine (all supplied by Thermo Fisher,
Belgium) at 37°C with 5% CO,. Once the C,Cy,
cells have reached 80-90% confluence, growth
medium was replaced with differentiation med-
ium containing DMEM high glucose, 2% horse
serum (Thermo Scientific, New Zealand), 1%
nonessential amino acids, 100 IU/ml penicillin,
100 pg/ml streptomycin, and 4 mm L-glutamine
(all supplied by Thermo Fisher, Belgium). After 4
days of differentiation, the cells were treated for
48 h with TDCA (Sigma-Aldrich, USA) at 50 and
100 uM, and/or dexamethasone (Sigma-Aldrich,
USA) at 1uM, or INT-777 at 1 uM (Sanbio B.
V., Netherlands). For myotube diameter

GUT MICROBES (&) 3

quantification, images were captured using
phase contrast microscopy (EVOS XL Core
Imaging System, Thermo Fisher Scientific). The
myotube diameter was quantified blindly with the
image processing software Image] (U.S. National
Institutes of Health, USA). Four pictures were
taken of each culture dish and the experiments
were performed in triplicates. For each picture, 10
myotubes were randomly selected and five mea-
surements for each myotube were performed.
Myotubes were defined by the presence of
a minimum of 5 nuclei. For immunofluorescence
visualization of myotubes, cell layers were fixed in
ice-cold paraformaldehyde 4%, permeabilized
using Triton-X100 0.2% and incubated with
a mouse anti-MyHC monoclonal antibody (MF
20, 1:20, Developmental Studies Hybridoma
Bank) and donkey anti-mouse-IgG Alexa Fluor
594-labeled  secondary  antibody  (1:500,
Invitrogen), as previously described.*

Mouse experiments

Male CD2F1 mice (7 weeks old, Charles River
Laboratories, Italy) were kept in specific pathogen-
free conditions and housed 2 to 3 mice per cage in
individually ventilated cages with a 12 h light/dark
cycle and fed an irradiated chow diet (AO4-10,
Safe, France). The model used to study cancer
cachexia is the well-established C26 model, char-
acterized by body weight and fat mass loss as well
as muscle atrophy.*' After one-week acclimatiza-
tion, either a saline solution or C26 cells (1 x 10°
cells in 0.1 ml saline) were subcutaneously injected
intrascapularly. Eight mice were randomly
assigned in each group based on their body weight
on the day of cell injection. Food intake and body
weight were recorded on defined occurrences.
When mice showed symptoms of cachexia, they
were fasted from 7AM to 1PM, and tissue samples
were harvested following anesthesia (isoflurane
gas, Abbot, Belgium). Tissues were weighed and
frozen in liquid nitrogen. All samples were stored
at —80°C until further analyses.

The kinetic experiment has been previously
described.”® It was composed of six groups of
mice: sham-injected and euthanized 8 days after
injection (CT-D8 group), receiving an injection of
C26 cancer cells and euthanized 8 days after
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injection (C26-D8 group), sham-injected and
euthanized 9 days after injection (CT-D9 group),
receiving an injection of C26 cancer cells and
euthanized 9 days after injection (C26-D9 group),
sham-injected and euthanized 10 days after injec-
tion (CT-D10 group), receiving an injection of C26
cancer cells and euthanized 10 days after injection
(C26-D10 group).

For the TDCA administration experiment, mice
were randomly assigned in three experimental
groups based on their body weight; sham-injected
mice and daily intraperitoneally injected with the
appropriate vehicle (CT group; n=7), mice
injected with C26 cancer cells and daily intraper-
itoneally injected with the appropriate vehicle (C26
group; n =8), and mice injected with C26 cancer
cells and daily intraperitoneally injected with 10
mg/kg of TDCA (C26-TDCA group; n = 8).***

For the MC38 experiment, 8-week-old male
C57BL/6 mice (The Jackson Laboratory, Bar
Harbor, ME, USA) were housed up to 5 per cage
and randomized into one of the following condi-
tions: subcutaneous injection of 1.0 x 10° MC38
tumor cells in 200 pl sterile saline (MC38, n =5)
or an isovolumetric subcutaneous injection of vehi-
cle (Control, n = 5) as previously described.*

For the HCT116 experiment, 8-week-old male
NOD scid gamma (NSG) (NOD-scid/ILZRgn“H)
immunodeficient mice (In Vivo Therapeutics
Core Facility, Indiana University Simon Cancer
Center, Indianapolis, IN, USA) were housed up to
5 per cage within a pathogen-free facility at Indiana
University School of Medicine’s laboratory animal
resource center. Animals were randomized into
one of the following experimental conditions: sub-
cutaneous injection of 3.0 x 10° HCT116 tumor
cells in 200 pl sterile saline (HCT116, n=5) or an
isovolumetric subcutaneous injection of vehicle
(Control, n=5), as previously described.*
Animals were weighed daily and then humanely
euthanized under light isoflurane anesthesia and
in a fed state 28 (MC38) or 29 (HCT116) days
after tumor implantation. Following euthanasia,
tumor, skeletal muscles, and liver tissues were har-
vested and weighed.

All the experiments performed in Belgium were
approved by and performed in accordance with the
guidelines of the local ethics committee from the
UCLouvain, Belgium. Housing conditions were as

specified by the Belgian Law of 29 May 2013,
regarding the protection of laboratory animals.
The animal experiments performed at IUSM were
conducted with approval of the Institutional
Animal Care and Use Committee at Indiana
University School of Medicine and were in com-
pliance with the National Institutes of Health
Guidelines for Use and care of Laboratory Animals.

Tissue mRNA analysis

Total RNA was isolated from tissue by TriPure
reagent (Roche, Basel, Switzerland). cDNA was
prepared by reverse transcription of 1ug total
RNA using the Goscript RT Mix OligoDT Kkit
(Promega, Leiden, The Netherlands). Real-time
polymerase chain reactions (PCR) were performed
with a StepOnePlus/QuantStudio Real-Time PCR
System and software (Applied Biosystems, Den
Ijssel, The Netherlands) or a CFX96 TouchTM
instrument and software (Bio-Rad Laboratories,
CA, USA) wusing SYBR Green (Applied
Biosystems, Promega, Seraing, Belgium) for detec-
tion. All samples were run in duplicate in a single
96-well reaction plate, and data were analyzed
according to the 27**“" method. The purity of
the amplified product was verified by analyzing
the melt curve performed at the end of amplifica-
tion. The ribosomal protein L6 (Rpl6) gene was
used as housekeeping gene. The primer sequences
for the targeted mouse genes are detailed in
Supplementary Table 1.

Gut microbiota analysis

DNA extraction and total bacteria quantification
DNA was extracted from cecal samples following
the protocol Q described by Costea et al.*® This
protocol uses the QIAamp DNA Stool Mini Kit
(Qiagen, Germany) and includes a bead-beating
step. Treatment with RNAse A was performed
(10 mg/ml, Thermo Fisher Scientific, USA). DNA
concentration was determined, and purity (A260/
A280) was checked using a NanoDrop 2000
(Thermo Fisher Scientific, USA).

Absolute quantification of the total bacterial
load was performed by quantitative polymerase
chain reaction (qPCR) wusing the primers
Bacteria  Universal P338F (ACTCCTAC



GGGAGGCAGCAG) and P518r (ATTAC
CGCGGCTGCTGG).*” Real-time PCR was per-
formed with a QuantStudio3 (Applied
Biosystems, The Netherlands) using SYBR
Green (GoTaq® qPCR mix, Promega, USA) for
detection. All samples (0.1ng/pl) were run in
duplicate in a single 96-well reaction plate.
Final concentrations were as follows: cDNA
2ul/25 ul, primers 300nM, and SyberGreen
mix 1X (MeteorTaq DNA polymerase, dNTP,
RT buffer, MgCI2 4 mm, SYBR® Green I, ROX
passive reference, and stabilizers, as provided
by the manufacturer). Thermocycling condi-
tions were as follows: initiation step at 95°C
2 min; cycling stage at 95°C 30 s, 60°C 30 s,
72°C 30 s, 40 cycles; melt curve stage at 95°C 1
s, 65°C 20 s, increment of 0.1°C every 1 s until
reaching 95°C. Threshold was manually
adjusted to reach the linear range of the log-
fluorescent curves and CT values were deter-

mined using the QuantStudio Software
(Version 1.4.3, Applied Biosystems, The
Netherlands). Absolute quantification was

achieved through the inclusion of a standard
curve (performed in duplicate) on each plate
generated by diluting DNA from pure culture
of L. acidophilus NCFM (five-fold serial dilu-
tion). Cell counts were determined by plating
and expressed as “colony-forming unit” (CFU)
before DNA isolation.

16S rRNA gene sequencing - data generation

Amplicon sequencing of the microbiome was done
at the University of Minnesota Genomics Centre.
Briefly, the V5-V6 region of the 16S rRNA gene
was PCR-enriched wusing the primer pair
V5F_Nextera (TCGTCGGCAGCGTCAGATGT
GTATAAGAGACAGRGGATTAGATACCC) and
V6R_Nextera (GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGCGACRRCCATGCANC-
ACCT) in a 25 pl PCR reaction containing 5 pl of
template DNA, 5 pl of 2X HotStar PCR master mix,
500 nM of final concentration of primers and
0.025U/ul  of HostStar Taq+ polymerase
(QIAGEN). PCR-enrichment reactions were con-
ducted as follows, an initial denaturation step at
95°C for 5 min followed by 25 cycles of denatura-
tion (20 s at 98°C), annealing (15 s at 55°C), and
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elongation (1 min at 72°C), and a final elongation
step (5 min at 72°C). Next, the PCR-enriched sam-
ples were diluted 1:100 in water for input into
library tailing PCR. The PCR reaction was analo-
gous to the one conducted for enrichment except
with a KAPA HiFi Hot Start Polymerase concen-
tration of 0.25 U/pl, while the cycling conditions
used were as follows: initial denaturation at 95°C
for 5 min followed by 10 cycles of denaturation (20
s at 98°C), annealing (15 s at 55°C), and elongation
(1 min at 72°C), and a final elongation step (5 min
at 72°C). The primers used for tailing are the fol-
lowing:  F-indexing  primer AATGATAC
GGCGACCACCGAGATCTACACIi5]TCGTCGG
CAGCGTC and R-indexing primer CAAGCA
GAAGACGGCATACGAGATI[i7]GTCTCGTGG
GCTCGG, where [i5] and [i7] refer to the index
sequence codes used by Illumina. The resulting
10 yl indexing PCR reactions were normalized
using a SequalPrep normalization plate according
to the manufacturer’s instructions (Life
Technologies). Twenty pl of each normalized sam-
ple was pooled into a trough, and a SpeedVac was
used to concentrate the sample pool down to
100 ul. The pool was then cleaned using 1X
AMPureXP beads and eluted in 25 pl of nuclease-
free water. The final pool was quantitated by
QUBIT (Life Technologies) and checked on
a Bioanalyzer High-Sensitivity DNA Chip
(Agilent Technologies) to ensure correct amplicon
size. The final pool was then normalized to 2 nM,
denatured with NaOH, diluted to 8 pM in
[lumina’s HT1 buffer, spiked with 20% PhiX, and
heat denatured at 96°C for 2 min immediately prior
to loading. A MiSeq 600 cycle v3 kit was used to
sequence the pool.

16S rRNA gene sequencing - bioinformatics

Subsequent bioinformatics analyses were per-
formed in-house as previously described.*® Initial
quality filtering of the reads was performed with
the Illumina Software, yielding an average of 59 171
pass-filter reads per sample. Quality scores were
visualized with the FastQC software (http://www.
bioinformatics.babraham.ac.uk/publications.
html.), and reads were trimmed to 220 bp (R1) and
200 bp (R2) with the FASTX-Toolkit (http://han
nonlab.cshl.edu/fastx_toolkit/). Next, reads were
merged with the merge-illumina-pairs application
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v1.4.2 (with p=0.03, enforced Q30 check, perfect
matching to primers which are removed by the
software, and otherwise default settings including
no ambiguous nucleotides allowed).*® The
UPARSE pipeline implemented in USEARCH
v11* was used to further process the sequences.
Amplicon sequencing variants (ASVs) were identi-
fied using UNOISE3.>® Such a method infers the
biological sequences in the sample prior to the
introduction of amplification and sequencing
errors, and distinguishes sequence variants differ-
ing by as little as one nucleotide.”’ The analysis
allowed the identification of 1261 ASVs. ASVs
were identified using the RDP database v18.
Taxonomic prediction was performed using the
nbc_tax function,”® an implementation of the
RDP Naive Bayesian Classifier algorithm.>
Taxonomic identification of ASV of interest was
refined using EZBioCloud (database version
2023.08.23,°*) and cross-validated using blastn
and the Prokaryota experimental tanoxonomic nt
database. Alpha diversity indexes were calculated
using QIIME™ on the rarefied ASV table.
Rarefaction was performed using Mothur 1.32.1°°
by randomly selecting 28 000 sequences for all
samples.

16S rRNA gene sequencing - biostatistics

Unrarefied data were filtered to select for
a minimum abundance of 0.01% and a minimal
prevalence of 35% in one group. Principal compo-
nent analysis (PCA) was performed on CLR-
transformed data®” using the pca function in the
mixOmics R package™® followed by Permutational
Multivariate Analysis of Variance (PERMANOVA)
using the adonis function in the vegan R package.”
The PERMANOVA allowed to evaluate the expla-
natory power of each factor individually. The CLR
transformation consists in a centered log ratio
transformation and allows transforming composi-
tional data into an Euclidian space. A pseudo-
count equal to half the minimal value found in
the dataset was applied prior the CLR
transformation.®” Significantly impacted phyla,
tamilies, genera, and ASV were identified using
a Mann-Whitney U-test in R since normality was
not inspected for every phylum/family/genus/ASV.
The p-value was adjusted to control for the false
discovery rate (FDR) for multiple testing according

to the Benjamini and Hochberg (BH) procedure.®!
A q-value of <0.05 was considered significant.
Venn diagrams were generated using a web-based
tool (http://bioinformatics.psb.ugent.be/webtools/
Venn/).

Bile acid metabolizing activities

Bile salt hydrolase activity was measured as
described by Thomas et al.** Briefly, frozen feces
samples were weighed, homogenized in sterile
phosphate buffer saline (PBS) and centrifuged.
Proteins in the supernatant were precipitated by
the addition of saturated ammonium sulfate, cen-
trifuged, and the protein-containing pellet resus-
pended in sodium acetate buffer (50 mm, pH 4.7).
Next, proteins (50 pg/reaction, in duplicate) were
incubated with taurocholic acid-2,2,4,4-deuterium
(d4-TCA, 400uM final concentration, Sigma
Aldrich) for 15 min at 37°C under agitation. The
reaction was stopped by the addition of cold
acetone.

The measurement of the 7a-dehydroxylation of
bile acids by bacteria was performed on cecal con-
tents from CT and C26 mice and on a specific
cultured bacterial strain (Clostridium scindens,
DSM 5676, DSMZ GmbH) as previously
described.”” C. scindens was cultured in brain-
heart infusion broth (BHI, 37.0 g/L) supplemented
with yeast extract (5.0 g/L) and L-cysteine HCI (0.5
g/L) at pH 7.0, in an anaerobic chamber (Coy
Laboratory Product) with a gas mix of 5% hydro-
gen and 95% nitrogen. To induce the bai operon
and the 7a-dehydroxylating activity, C. scindens
was grown in sterile BHI medium with 100 pM
CA for 48 h. When the culture reached its station-
ary phase, the culture was centrifuged and then
resuspended in 1 ml of fresh BHI. For bacteria
from cecal contents, ceca were collected and trans-
ferred directly to an anaerobic chamber (Coy
Laboratory Product) with a gas mix of 5% hydro-
gen and 95% nitrogen. From there, all steps were
carried out under strict anaerobic conditions. Cecal
contents were then collected, weighed, resus-
pended in sterile oxygen-free PBS, filtered
(100 um) and centrifuged. The bacterial pellet was
suspended in 250 pl of fresh BHI. The fresh bacter-
ial suspension and bacterial culture (60 pl, in tripli-
cate) were then incubated with cholic acid-2,2,4,4-
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d, (d4-CA, 100 pM final concentration, Toronto
Research Chemicals) for 15 min (as well as
2 min, 2 h, and 23 h for bacterial culture) at 37°C
under agitation to assess bile acid 7a-
dehydroxylation. Incubation of BHI without bac-
teria in which ds-CA was added was used as con-
trol. The reaction was stopped by freezing in liquid
nitrogen.

Bile acid quantification

Bile acid quantification was performed by LC-
HRMS as previously described.®* Briefly, liver sam-
ples homogenized in ice-cold distilled water, or
cecal contents from bile acid metabolizing activities
experiments were placed in reaction tubes and
proteins were allowed to precipitate using acetone
containing deuterated internal standards. The sam-
ples were next centrifuged, the supernatant recov-
ered and evaporated to dryness. The resulting
residue was analyzed by LC-HRMS using an LTQ-
Orbitrap XL coupled to an Accela HPLC system
(ThermoFisher Scientific). Analyte separation was
performed on an Ascentis Express C18 column
(2.7 um, 4.6 x 150 mm from Sigma-Aldrich) and
a gradient of water and acetonitrile in the presence
of formic acid (0.1%). Analytes were ionized using
an electrospray ionization probe operated in nega-
tive mode. The instrument was calibrated before
each analysis. Calibration curves were prepared
using the same conditions. Data are expressed as
pmol normalized by the amount of tissue. Bile
acids detected using this method are listed in
Supplementary Table 2.

Identification of additional bile acids

Epimerization intermediates d4-7-oxodeoxycholic
acid (d4-7-0xoDCA) and d4-12-oxochenodeo-
xycholic acid (d4-12-0x0CDCA) were identified
through analysis by LC-MS/MS. Briefly, processed
matrix isolated from CT mice used for 7a-
dehydroxylation activity measurements (see
above) were spiked with 20 pmol of unlabeled
7-0x0DCA or 12-0x0CDCA and subsequently ana-
lyzed using a Xevo TQ-S tandem quadrupole mass
spectrometer coupled to an Acquity H-Class UPLC
system (Waters). Analytes were separated using an
Ascentis  Express Cl18 column (2.7 pm,
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46 x 150mm from Sigma-Aldrich) and
a gradient of water and acetonitrile in the presence
of formic acid (0.1%). The mass spectrometer was
equipped with an electrospray ionization probe
used in positive mode. MRM transitions for
7-0x0DCA were 353.1>235.1 (Q) and 353.1 >
271.1 (q), for 12-0xoCDCA they were 407.2 >
353.2 (Q) and 407.2 >371.2 (q), whereas they
were 357.1>235.1 (Q) and 357.1>271.1 (q) for
d4-7-0xoDCA, and 411.2 >357.2 (Q) and 411.2 >
375.2 (q) for d4-12-0xoCDCA. Detection for d,
-7-0x0DCA and d4-12-0x0CDCA were normalized
to the signal of the internal standard d,-TCA.

Hepatic RNA sequencing

The quality and quantity of the RNA samples were
evaluated using a 2100 Bioanalyzer System (Agilent
Technologies, USA). All RIN values were greater
than 7, supporting RNA integrity. RNA samples
were sequenced after polyA selection using a 2 x
150 paired-end configuration on a NovaSeq 6000
instrument (Macrogen, the Netherlands). Raw
sequence data were generated from Illumina
TruSeq Stranded Total RNA library. Fastq files
were processed using a standard RNAseq pipeline
including Trimmomatic (v0.39)%> to remove low
quality reads and HISAT2 (v2.2.1)* to align reads
to the mouse genome (GRCm38). Gene expression
levels were evaluated using featureCounts from
Subread (v2.0.3)%7 and  Mus_musculus.
GRCm38.94.gtf. Differential expression analyses
were performed with DESeq2 Bioconductor pack-
age v1.36.0.%® Gene set enrichment analysis (GSEA)
was performed with clusterProfiler (v.3.14.3)
Bioconductor package® and Hallmark gene sets
from Molecular Signature Database (msigdbr
v.7.1.1).

Hepatic cholestol quantification

Cholesterol content was measured in the liver tis-
sue after extraction with chloroform - methanol
according to the Folch method.”® Briefly, 100 mg of
liver was homogenized in 2ml of chloroform:
methanol (2:1). Lipids were extracted by addition
of 40 ul NaCl 0.9%. The chloroform phase was
evaporated under nitrogen flux and the dried resi-
due was solubilized in isopropanol. Cholesterol
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concentration was measured using a kit coupling
an enzymatic reaction and spectrophotometric
detection of the final product (Diasys Diagnostic
and System, Holzheim, Germany).

Statistical analyses

All data were checked for normality using the
Shapiro-Wilk normality test. Outliers were identi-
tied in normally distributed data using the Grubbs’
test and removed. Normally distributed data were
analyzed using a Student's t-test when comparing
two groups, and one-way ANOVA followed by
Dunnett’s pairwise comparison posttests with the
C26 group as reference when comparing three
groups. Data determined to be non-normal even
after log-transformation were analyzed using
a Mann-Whitney U test or Kruskal-Wallis test
with Dunnett’s posttests. Body weight and food
intake evolution in the TDCA administration
experiment were analyzed using a two-way
ANOVA with Tukey’s posttests. Correlation ana-
lyses were performed using Spearman correlations.
Statistical analyses were carried out using
GraphPad Prism 8.0 (GraphPad Software, San
Diego, CA) and R. p <.05 was considered statisti-
cally significant.

Results

Alterations in bile acid profile and pathways in
three mouse models of cancer cachexia

We previously showed alterations in hepatic bile acid
profile and hepatic metabolism in the C26 cachectic
mouse model.”*”” We therefore sought to assess the
relevance of these findings in 2 other mouse models
of cancer cachexia, the MC38 and HCT116
models.***> Both models are characterized by
reduced body and muscle weights (Supplementary
Figure S1). We found significant alterations in the
hepatic bile acid profile marked by increased levels of
primary bile acids, mainly driven by taurocholic acid
(TCA) in C26 and MC38 mice, while these levels
decreased in HCT116 mice as compared to their
respective CT mice (Figure 1; Supplementary
Figure S2). Interestingly, most secondary bile acids
were significantly altered, including a significant
decrease in TDCA in C26 and HCT116 mice, as

well as a decrease in w-muricholic acid (w-MCA)
in MC38 mice. While levels of tauro-w-muricholic
acid (Tw-MCA) decreased in C26 and MC38 mice,
these levels were increased in HCT116 mice
(Figure 1).

A clear and consistent downregulation of genes
involved in bile acid synthesis (Cytochrome P450
family 7 sub-family A member 1 (Cyp7al),
Cytochrome P450 family 8 sub-family B member 1
(Cyp8b1), Cytochrome P450 family 27 sub-family
A member 1 (Cyp27al) and Cytochrome P450
family 7 sub-family B member 1 (Cyp7bl)) was
found in the 3 cachexia models, with the exception
of Cyp7al, which did not reach significance in
MC38 mice (Figure 2a). Several genes involved in
the hepatobiliary transport system were also affected
(Figure 2b). The Na*/taurocholate transport protein
(Ntcp), involved in hepatic bile acid uptake, was
downregulated only in C26 mice. The Bile salt
export pump (Bsep), implicated in bile acid hepato-
biliary efflux, was downregulated in all cachectic
models, while the Multidrug resistance-associated
protein 2 (Mrp2), also involved in bile acid hepato-
biliary eftflux, was significantly downregulated in
C26 and MC38 mice. Coherently, the Organic solute
transporter subunit beta (Ostb), a key player in the
alternative bile acid efflux to the systemic circulation
activated upon cholestasis, was significantly upregu-
lated in C26 and MC38 mice, whereas this gene was
downregulated in HCT116 mice.

Together, these data pointed out marked
changes in bile acid pathways, mainly characterized
by a global downregulation of the bile acid synth-
esis and the hepatobiliary transport, as well as
a decrease in secondary bile acids, such as TDCA
and muricholic acid derivatives (C6-hydroxylated
bile acids). As our research question was the con-
tribution of microbial dysbiosis to bile acid home-
ostasis and muricholic acid derivatives are
predominant in mice but only marginally detected
in humans,”" "> we selected TDCA as the focus of
our downstream work.

Association between altered composition of the gut
microbiota and reduced TDCA levels during the
progression of cachexia in C26 mice

We then focused on which changes in the compo-
sition of the gut microbiota could be responsible
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Figure 1. Hepatic bile acid profiling revealed alterations in bile acid composition in C26, MC38 and HCT116 cachectic mice as
compared to their respective CT mice. n = 4-8 mice per group, data are presented as mean + SEM, *p < 0.5, **p <.01 and ***p < .001
vs CT groups. NQ, not quantified. Panel a has been previously published in Thibaut et al, J Cachexia Sarcopenia Muscle 2021,% these

data points are therefore indicated with empty symbols.

for the decrease in secondary bile acids. In
a previous experiment performed with the C26
model,”® we evaluated the time course of appear-
ance of bile acid alterations and associated it with
the onset of cachectic symptoms. In this experi-
ment, we euthanized control and C26 mice (n=38
mice per group) at 3 time points corresponding to
different stages in the progression of cachexia: day
8 with no weight loss and no reduced food

intake, day 9 with minor weight loss and first
signs of anorexia (pre-cachexia) and day 10 with
marked reduced body weight and food intake
(cachexia) (Figure 3a,b). Interestingly, the hepatic
levels of TDCA were decreased starting from day 8,
highlighting the early nature of this alteration in
the C26 cachectic mice (Figure 3b).

Next, we analyzed the time course of appearance
of microbial alterations in these mice. Caecal
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Figure 2. Hepatic gene expression levels in C26, MC38 and HCT116 cachectic mice as compared to their respective CT mice. Genes
involved in bile acid synthesis (a) and hepatobiliary transport system (b). Cytochrome P450 family 7 sub-family a member 1 (Cyp7aT),
cytochrome P450 family 8 sub-family B member 1 (Cyp8b1), cytochrome P450 family 27 sub-family a member 1 (Cyp27a7) and
cytochrome P450 family 7 sub-family B member 1 (Cyp7b7), Na+/taurocholate transport protein (Ntcp), bile salt export pump (Bsep),
multidrug resistance-associated protein 2 (Mrp2), organic solute transporter subunit beta (Ostb). n = 4-8 mice per group, data are
presented as mean + SEM, *p < 0.05, **p < 0.01 and ***p < 0.001 vs CT groups.

content weight was reduced before the onset of
cachexia while total bacteria levels were increased
at days 9 and 10 (Supplementary Figure S3A).
Analysis of the alpha-diversity, reflecting the diver-
sity within individuals, revealed a significant drop
of indexes of richness (Chaol and observed ASVs),
evenness (Heip evenness and Simpson evenness)
and richness and evenness (Shannon and Simpson)
only at day 10 (Supplementary Figure S3B).

Our analyses focused mainly on the ASV level
as many microbial bile acid metabolic activities
are not shared at the family (and higher taxo-
nomic) level.>”* At the ASV level, a principal
component analysis showed a progressive separa-
tion of the C26 groups over time, compared to
the CT groups (PERMANOVA, R*=36%,
p = 0.001) (Figure 3c). To identify ASVs poten-
tially involved in the early decrease in the sec-
ondary bile acid TDCA, we selected all the ASV's
that were significantly changed in the C26 groups
on days 8, 9 and 10 (g-value <0.05), compared
with their respective CT groups, namely 6 ASVs
(Figure 3d, Supplementary Table 3). Among
these ASVs, we identified ASV 211, ASV 183,
and ASV 181 whose relative abundances
increased progressively during the development
of cachexia symptoms in C26 mice, respectively
assigned to Streptococcus spp., unclassified

Mogibacterium and  Parabacteroides  spp.
(Figure 3e). Conversely, ASV 9, ASV 144 and
ASV 565 displayed an early decrease in their
relative abundance. These ASV correspond
respectively to Prevotella rodentium (recently
reclassified as Xylanibacter rodentium’”), unclas-
sified Borkfalkiaceae, and Sporobacter spp. ASV 9
(and ASV 144 to a lower extent) were positively
correlated with TDCA levels, suggesting
a potential involvement of these ASVs in the
reduced TDCA levels (Figure 3f).

At the family level, a principal component
analysis revealed a progressive separation of the
C26 groups over time, compared to the CT
groups (PERMANOVA, R*>=65%, p=0.001)
(Figure 4a). The Clostridiales incertae sedis XIII,
Streptococcaceae and Deferribacteraceae families
were significantly increased in the C26 groups
on days 8, 9, and 10, compared with their respec-
tive CT groups (Figure 4b,c, Supplementary
Table 4). Interestingly, the family Prevotellaceae
was reduced, in line with the reduction of ASV 9.
Analyses at the phylum and genus levels were
consistent with the observations made at the
family level: the phylum Deferribacteres and the

genera Streptococcus, Parabacteroides, and
Mucispirillum were early and consistently
increased in C26 mice while the genus
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Figure 3. Gut microbiota composition (at the ASV level) according to the different stages in the progression of cachexia in cachectic
C26 mice. (a) Experimental design. (b) Body weight, food intake evolution and hepatic TDCA levels at 8, 9 and 10 days after C26 cell
injection (C26) or sham injection (CT). Data are presented as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001 vs CT groups. (c) Principal
component analysis at the ASV level (PERMANOVA, R? = 36%, p = 0.001). (d) Venn diagram generated from ASV significantly changed
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Prevotella was decreased at days 8, 9 and 10 in
C26 mice compared to their respective CT groups
(Supplementary Table 4).

Overall, these data highlight that several taxa of
the gut microbiota, including the ASV 9, ASV 144,
and Prevotellaceae, are reduced early during the
progression of cachexia in C26 mice and could
potentially be responsible for the early reduction
in hepatic TDCA levels.

Reduced microbial 7a-dehydroxylation activity in
C26 mice

Next, we aimed to determine whether the alterations
in the gut microbiota composition induce functional
changes in microbial bile acid metabolism. We thus
evaluated the bile acid metabolizing activities of gut
bacteria in C26 mice. As deconjugation is considered
an essential initial step in the metabolization of bile
acids, we first analyzed the microbial functional capa-
city to deconjugate bile acids through the BSH activ-
ity. Proteins extracted from feces of C26 and CT mice
were incubated with d,-TCA and the production of
d4-CA was quantified. The BSH activity did not differ
between CT and C26 mice (Figure 5a). As bacteria
can also carry out amino acid conjugation through
the BSH,'*'” we looked for microbially conjugated
bile acids (MCBA) in samples arising from the incu-
bation of fecal proteins with labeled TCA for up to
1 h, a timing previously shown to be adequate to
detect such compounds.'® However, we found no
trace of MCBA in these samples (data not shown).
One explanation may be the fact that no exogenous
amino acids were provided during the reaction.

To evaluate the 7a-DH activity, we prepared
fresh cecal bacterial suspensions, incubated them
in the presence of d,-CA in anaerobic conditions
and quantified the production of d;-DCA. Of note,
the loss of a deuterium on carbon 4 is due to the
formation of 3-oxo-A*-CA as an intermediate in
the 7a-dehydroxylation pathway of ds-CA.* This
experiment revealed a significant reduction in the

7a-DH activity in C26 mice (Figure 5a), demon-
strating the reduced microbial functional capacity
in C26 cachectic mice to metabolize the primary
bile acid CA into the secondary bile acid DCA.
These results were also confirmed in an indepen-
dent in vivo experiment performed 6 months later
(Supplementary Figure S4), further demonstrating
the robustness of our findings.

Interestingly, while measuring the 7a-DH activ-
ity by LC-HRMS, we also detected several uniden-
tified peaks that were present following d,-CA
incubation with cecal bacterial suspensions. One
peak was characterized by an m/z ratio of
411.3039 (hereafter named peak 411.3039), consis-
tent with an isomer of d,-CA, whereas two peaks
had a m/z ratio of 409.2883, corresponding to
the m/z of dehydrogenated derivatives of d,-CA.
To identify these peaks, we selected several stan-
dards, based on the m/z and the biochemical path-
ways potentially involved, and compared their
relative retention times with the unidentified
peaks in the same chromatographic system. When
relative retention times and m/z ratio were similar,
we aimed to confirm the identity of these peaks by
spiking matrices from CT mice containing deuter-
ated unidentified compounds with pure unlabeled
standards. Subsequently, these spiked matrices
were analyzed by LC-MS/MS. Using this technique,
we successfully identified both peaks with an m/z
ratio of 409.2883 in LC-HRMS as d4-7-oxoDCA
and d4-12-0xoCDCA, two epimerization inter-
mediates of ds-CA (Supplementary Figure S5).
However, we could not identify peak 411.3039.
The levels of d4-7-0x0DCA and d4-12-0xoCDCA
were significantly decreased in C26 mice
(Figure 5b), whereas d4-3-0xoCA was not detected.
Interestingly, while the levels of peak 411.3039
were also significantly decreased in C26 mice
(Supplementary Figure S6A), and though asso-
ciated intermediates were detected, peak 411.3039
does not seem to be a 7- or 12-epimer of d4-CA, as
its relative retention time (RRT = 0.805, compared
to d4-CA) could not be matched with any of the

in the C26 groups on days 8, 9 and 10 (g-value <0.05), compared with their respective CT groups. (e) Relative abundance of the 6 ASVs

that were significantly changed in the C26 groups on days 8, 9 and 10. Data are presented as mean + SEM, * g < 0.05, **q < 0.01 vs CT
groups. (f) Spearman correlations between the relative abundance of ASVs that were significantly changed in the C26 groups on days
8,9 and 10, and their hepatic levels of TDCA (C26 groups). n = 7-8 mice per group. Panel B has been previously published in Thibaut
et al, J Cachexia Sarcopenia Muscle 2021,% these data points are therefore indicated with empty symbols.
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Figure 4. Gut microbiota composition (at the family level) according to the different stages in the progression of cachexia in cachectic
(26 mice. (a) Principal component analysis at the family level (PERMANOVA, R*=65%, p = 0.001). (b) Barplots representing the
relative abundance of families in sham-injected mice (CT groups) and mice receiving an injection of C26 cancer cells (C26 groups) on
days 8, 9 and 10. (c) Relative abundance of families that were significantly changed in the C26 groups on days 8, 9 and 10. n =7-8
mice per group, data are presented as mean + SEM, *q < 0.05 and **q < 0.01 vs CT groups.

tested standards (Supplementary Table 5).
Moreover, d4-7-0xoDCA, d4-12-0x0oCDCA and
peak 411.3039, but not ds-3-0x0CA, were detected
when the C. scindens culture was incubated with d,
-CA (Supplementary Figures S6B and 7), in accor-
dance with previous works reporting 7a-
hydroxysteroid dehydrogenase (7a-HSDH) and
12a-hydroxysteroid dehydrogenase (12a-HSDH)
activities in C. scindens strains.”*’® Intriguingly,
only d4-7-oxoDCA and d,;-12-0xoCDCA levels
were affected over time, with levels increased after
2 and 15 min of incubation and then decreased
after 2 and 23 h, while substrate levels were still
sufficient, suggesting that peak 411.3039 is not an
intermediate nor a product of d4-CA epimerization

(Supplementary Figure S7). Of note, using LC-MS
IMS, 3-0x0CA, 7-0x0DCA, and 12-0xoCDCA were
not detected in the liver of C26 mice, nor were
3-ECA, 7-ECA, and 12-ECA.

TDCA protected mouse myotubes from atrophy

Next, we aimed to determine the potential con-
tribution of this reduced microbial production
of DCA to cancer cachexia. As we evidenced in
the past that bile acid modulation was asso-
ciated to changes in muscle atrophic state’®*’
and TDCA levels were reduced early, before the
occurrence of muscle weight loss, we speculated
that reduced TDCA levels may contribute to
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muscle atrophy in the C26 model. To test this
hypothesis, we incubated murine C,C;, myo-
tubes with 50 uM of TDCA. TDCA increased
myotube diameter after 48h of treatment
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(Figure 6a). As TDCA is a potent agonist of
TGRS5, we wondered whether the TGR5 agonist
INT-777°%77"7% could exert a similar effect.
However, no change in myotube diameter was
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Figure 6. TDCA protected C,C;, myotubes against atrophy caused by dexamethasone. (a) Comparison of myotube diameter (um)
between the control myotubes (CT) and myotubes incubated with 50 pm of taurodeoxycholic acid (TDCA). (b) Comparison of myotube
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myotube diameter between the 1 um dexamethasone (DEXA) and vehicle-treated myotubes, myotubes incubated with 1 pM of DEXA
and 50 um of TDCA, and myotubes incubated with 1 pM of DEXA and 100 um of TDCA. (d) Phase contrast microscopy pictures of
myotubes treated with the vehicle (CT), treated with 1 um DEXA, incubated with 1 uM of DEXA and 50 um of TDCA, or incubated with
1uM of DEXA and 100 um of TDCA. Scale bar =200 um. Data are presented as mean = SEM, representative of 3 independent
experiments performed in triplicates (N =3, n =3). **p < 0.01, ***p < 0.001 vs CT or vs DEXA.
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observed after 48 h of treatment with INT-777,
suggesting that the pro-atrophic effect of TDCA
is not mediated by TGR5 (Figure 6b). Then, we
co-incubated C,C;, myotubes with 1 uM of dex-
amethasone, a pro-atrophying agent, and 50 or
100 uM of TDCA. As expected, dexamethasone
reduced myotube diameter, an effect that was
totally prevented by both doses of TDCA
(Figure 6c¢,d, Supplementary Figure S8).
Altogether, these results indicate that TDCA
exerts a hypertrophic action, likely independent
of TGR5, and prevents dexamethasone-induced
atrophy in murine myotube cultures.

TDCA administration did not prevent muscle
atrophy but reduced liver weight in C26 mice

Next, we investigated the effects of TDCA admin-
istration on cachectic features in vivo using the C26
mouse model. We compared sham-injected mice
(CT), mice injected with C26 cells (C26) and mice
injected with C26 cells and daily treated with

TDCA (10 mg/kg i.p., C26-TDCA). TDCA admin-
istration did not affect body weight evolution and
food intake evolution compared to C26 mice
(Figure 7a). Treatment with TDCA had no effect
on tumor weight, and no impact on muscle weight
(gastrocnemius and tibialis anterior, Figure 7b).
Interestingly, treatment with TDCA counteracted
the increase in liver weight observed in C26 mice
(Figure 7b), without inducing liver toxicity, as evi-
denced by the lack of increase in serum alanine
aminotransferase (ALAT) levels (C26: 6.1 +1.0
IU/L; C26-TDCA: 4.3 +0.2 IU/L, p=0.13). Taken
together, the administration of TDCA had no
impact on muscle atrophy but prevented liver
weight increase in C26 mice.

TDCA administration improved hepatic cholesterol
homeostasis in C26 mice

To understand the cause of the liver weight
reduction induced by TDCA, a whole transcrip-
tome analysis was performed on the liver of these
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Figure 7. TDCA reduced liver weight in cachectic C26 mice. (a) Body weight and food intake evolution in sham-injected mice (CT), mice
injected with C26 cells (C26), and mice injected with C26 cells and treated with 10 mg/kg/day of TDCA (C26-TDCA), expressed in % of
initial body weight (% iBW) or % of initial food intake (% iFl). Two-way anova with Tukey’s posttests. (b) Tumor, gastrocnemius (GAS),
tibialis anterior (TIB) and liver weights in CT, C26 and C26-TDCA mice. One-way Anova with Dunnett’s posttests, C26 group as the
reference group. n =7-8 mice per group, data are presented as mean + SEM, *p < 0.05, **p < 0.01 and ***p < 0.001 vs C26 group.



mice. Univariate analyses highlighted 1696 upre-
gulated genes and 1207 downregulated genes in
C26 mice compared to CT mice (padj < 0.05,
absolute log,(fold-change) > 1). A gene set
enrichment analysis revealed a down-regulation
of genes involved in oxidative phosphorylation,
fatty acid metabolism, bile acid metabolism, and
xenobiotic metabolism (Figure 8Ai). Conversely,
the main up-regulated pathways were IL-6/JAK/
STAT-3 signaling, epithelial mesenchymal transi-
tion, coagulation, complement, TNFa signaling
via NFkB, inflammatory response, and unfolded
protein response (UPR) (Figure 8Aiii). The same
pathways were found to be similarly affected in
a previous transcriptomics analysis.26 Treatment
with TDCA significantly affected 533 genes (padj
<0.05), with 48 genes induced (including Osbpl6)
and 2 genes repressed with an absolute log,(fold-
change) > 1 (Figure 8b, Supplementary Table 6).
Compared to the impact of C26 inoculation,
TDCA reinforced the downregulation of oxida-
tive phosphorylation, fatty acid metabolism and
xenobiotic metabolism (Figure 8Ai) while coun-
teracting the changes in the UPR and cholesterol
homeostasis pathways (Figure 8Aiii). TDCA-
specific responses were also noted, such as
a downregulation of the DNA repair and Myc
targets pathways (Figure 8Aii). To confirm that
TDCA impacts cholesterol homeostasis, we quan-
tified hepatic cholesterol levels. Hepatic choles-
terol levels tended to be increased in C26 mice
and were reduced by the treatment with TDCA
(Figure 8c).

Discussion

This work highlights the functional role of the gut
microbiota in metabolizing bile acids, which may
act as signaling molecules impinging on hallmarks
of cancer-associated cachexia. We first showed that
alterations in the bile acid pathways, that we initi-
ally evidenced in the C26 model,>**” were also
found in two other mouse models of cancer
cachexia, namely the MC38 and HCT116 models.
Furthermore, in C26 mice, the reduction in TDCA
levels was associated with changes in the gut micro-
biota, both features occurring before the appear-
ance of cachectic symptoms. Coherently, we found
a reduction in microbial 7a-DH activity in

GUT MICROBES (&) 17

cachectic C26 mice. Finally, we established that
daily administration of TDCA lowered cholesterol
levels in the liver of C26 mice.

By comparing several cachectic models, we
observed an increase in total hepatic bile acid
levels, mainly due to an increase in TCA levels in
C26 and MC38 mice, but not in HCT116 mice. The
expression of genes involved in bile acid synthesis
was consistently reduced in all models, excluding
the hypothesis that the increase in total bile acids
arises from an incre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>