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Abstract

Background Cancer cachexia is a multifactorial syndrome characterized by multiple metabolic dysfunctions. Besides the
muscle, other organs such as the liver and the gut microbiota may also contribute to this syndrome. Indeed, the gut microbi-
ota, an important regulator of the host metabolism, is altered in the C26 preclinical model of cancer cachexia. Interventions
targeting the gut microbiota have shown benefits, but mechanisms underlying the host—microbiota crosstalk in this context
are still poorly understood.

Methods To explore this crosstalk, we combined proton nuclear magnetic resonance (*H-NMR) metabolomics in multiple
compartments with 16S rDNA sequencing. These analyses were complemented by molecular and biochemical analyses, as well
as hepatic transcriptomics.

Results 'H-NMR revealed major changes between control (CT) and cachectic (C26) mice in the four analysed compartments
(i.e. caecal content, portal vein, liver, and vena cava). More specifically, glucose metabolism pathways in the C26 model were
altered with a reduction in glycolysis and gluconeogenesis and an activation of the hexosamine pathway, arguing against the
existence of a Cori cycle in this model. In parallel, amino acid uptake by the liver, with an up to four-fold accumulation of nine
amino acids (g-value <0.05), was mainly used for acute phase response proteins synthesis rather than to fuel the tricarboxylic
acid cycle and gluconeogenesis. We also identified a 35% reduction in hepatic carnitine levels (g-value <0.05) and a lower ac-
tivation of the phosphatidylcholine pathway as potential contributors to the hepatic steatosis present in this model. Our work
also reveals a reduction of different beneficial intestinal bacterial activities in cancer cachexia. We found decreased levels of
two short-chain fatty acids, acetate and butyrate (72% and 88% reduction in C26 caecal content; g-value <0.001), and a re-
duction in aromatic amino acid metabolites, which may contribute to the altered intestinal homeostasis in these mice. A mem-
ber of the Ruminococcaceae family (ASV 2) was identified as the main bacterium responsible for the drop in butyrate. Finally,
we report a two-fold intestinal transit acceleration (P-value <0.001) as a key factor shaping the gut microbiota composition
and activity in cancer cachexia, which together lead to a faecal loss of proteins and amino acids.

Conclusions Our work highlights new metabolic pathways potentially involved in cancer cachexia and further supports the
interest of exploring the gut microbiota composition and activity, as well as intestinal transit, in cancer patients with and with-
out cachexia.
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Introduction

Cancer cachexia is a multifactorial syndrome characterized by
body weight loss, weakness, muscle atrophy, and fat
depletion.’™ The observed metabolic alterations are thought
to be driven by an extreme inflammatory status resulting
from the tumour and the tumour-immune system
crosstalk.™? Cachexia affects up to 70% of cancer patients,
depending on the cancer type. It worsens prognosis and qual-
ity of life and reduces tolerance and response to anticancer
treatments. Therefore, cachexia could be the cause of 20%
of cancer-related deaths.*

Although the muscle is often considered as the key organ
in cancer cachexia, other organs may be participating to the
pathogenesis of this systemic syndrome.>* The liver is a key
organ in metabolism and energy regulation. In cancer
cachexia, hepatic alterations are suggested to contribute to
the increased energy dissipation. An example of these futile
cycles occurring in the liver is the Cori cycle. It refers to the
hepatic conversion of tumour-derived lactate to glucose.>”
The glucose produced could fuel tumour growth. A major ac-
tivation of the liver acute phase response (APR) is also ob-
served and was shown to correlate with increased resting
energy expenditure in pancreatic cancer patients.® Preclinical
studies have reported a few changes in liver metabolism such
as alterations in mitochondrial function and decreased oxida-
tive phosphorylation,” increased hepatic triglyceride levels
leading to hepatic steatosis,®° confirming the interest of
studying liver metabolism in the cachexia syndrome. Another
important regulator of host metabolism and immunity is the
gut microbiota.’®*? Its potential implication in cancer has
been investigated for years.**** A common gut microbial sig-
nature has been shown in preclinical models of cancer
cachexia and nutritional interventions targeting the microbi-
ota impact, in a positive way, cancer progression, morbidity,
fat mass loss, and survival of cachectic mice with
leukaemia. >’

Even though interventions targeting the gut microbiota
have shown benefits, the mechanisms underlying the host—
microbiota crosstalk in this context are still poorly under-
stood. To explore this crosstalk, we combined 16S rDNA
sequencing, an approach to assess the gut microbiota compo-
sition, with proton nuclear magnetic resonance (*H-NMR)
metabolomics. *H-NMR metabolomics is a robust technique
to identify small metabolites, including those from glycolysis,
tricarboxylic acid (TCA) cycle, and amino acid metabolism,
present in biological fluids or tissues extracts.'® Combining
those analyses is of particular interest because bacteria con-
tribute to approximately 70% of faecal and 15% of serum
metabolites.’® The importance of combined -omics
approaches for studying such relationships has in fact been
highlighted by recent works in other (patho)physiological
contexts. For instance, Hoyles et al. have recently demon-
strated the implication of phenylacetic acid, a microbial

product of aromatic amino acid metabolism, in triggering
steatosis and branched-chain amino acid metabolism by
using a multi-omics approach.?® The interest in using -omics
technologies has also been expressed to help understanding
metabolic alterations associated with cancer cachexia.?*?>

A pioneer metabolomics study of cachexia in the mouse
colon carcinoma 26 (C26) model revealed distinct alterations
in glucose and lipid metabolism.>®> The same team showed,
through a serum metabolomics study, a specific effect of can-
cer cachexia (C26 model) compared with starvation.?* More
recently, a combined approach using *H-NMR and mass spec-
trometry metabolomics in plasma, muscle, and liver extracts
of C26 mice has pinpointed different metabolic alterations
of cancer-induced and chemotherapy-induced cachexia.>? An-
other team showed, in the same model using mass spectrom-
etry metabolomics analyses, that experimental cancer affects
muscle and blood metabolomes.?®> They also identified free
phenylalanine as a promising biomarker of muscle atrophy
and cachexia.

In our study, we did not only apply multi-compartment
metabolomics analyses in the C26 model, but we also inte-
grated our data with a hepatic whole transcriptome dataset
and with caecal metagenomics. Using such molecular system
biology approach, we uncovered new pathways potentially in-
volved in metabolic alterations characteristics of the cachexia
syndrome, including changes in gut microbial activity.

Materials and methods
Cell culture

Colon carcinoma 26 (C26) cells were maintained in high-
glucose Dulbecco’s modified Eagle’s medium supplemented
with 10% foetal bovine serum (PAA clone, PAA, Austria),
100 pg/mL streptomycin, and 100 1U/mL penicillin (Gibco,
Belgium) at 37°C with 5% CO,.

Mouse experiments

Male CD2F1 mice (6—7 weeks old, Charles River Laboratories,
Italy) were housed in individually ventilated cages with a 12 h
light/dark cycle and fed with an irradiated chow diet (AO4-10,
2.9 kcal/g, SAFE, France). After an acclimatization period of 7
to 10 days, either a saline solution or C26 cells (1 x 10° cells in
0.1 mL saline) were injected subcutaneously in these 8-week-
old animals. All C26-injected mice displayed a tumour mass
observable after 7 days. Food intake and body weight were
recorded. Eight mice were randomly assigned in each group
based on their body weight on the day of cell injection. Ten
days after cancer cell injection, mice were fasted for 5 h prior
necropsy. Blood samples were harvested following anaesthe-
sia (isoflurane gas, Abbot, Belgium). Tissues were collected,
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weighed, and frozen in liquid nitrogen. All of the samples
were stored at —80°C until further analyses.

Intestinal transit time was evaluated through a 100 plL ga-
vage of an Evans Blue (50 mg/mL) and microcrystalline cellu-
lose (0.5%) saline solution (NaCl 0.9%), 10 min before mouse
anaesthesia.?® The ratio between the coloured section of the
intestine and the total intestinal length (from duodenum to
caecum) was calculated. For all NMR metabolomics analyses
but one, two independent mouse experiments were used to
ensure robustness in our findings. Specific details about each
of the mouse experiments presented in this article are re-
ported in the Supporting Information.

For the BaF model, mice were housed in the same environ-
ment than the C26 model. Either a saline solution or BaF cells
(pro-B lymphocyte cell line transfected with Ber-Abl, 1 x 10°
cells in 0.1 mL saline) were injected into the tail vein of
anaesthetized female Balb/c mice (6 weeks old) as previously
described.?”

The experiments were approved by and performed in ac-
cordance with the guidelines of the local ethics committee
from the Université catholique de Louvain. Housing condi-
tions were as specified by the Belgian Law of 29 May 2013,
regarding the protection of laboratory animals (Agreement
No. LA1230314).

For the Lewis lung carcinoma (LLC) model, C57BI/6J mice
(local husbandry, Turin, Italy) were kept in specific patho-
gen-free conditions and housed in individually ventilated
cages with a 12 h light/dark cycle and fed with an irradiated
standard chow diet. LLC cells were injected in the right bot-
tom flank at 1 x 10° cells in 0.1 mL saline, and mice were
necropsied 21 days after cell injection. The experiment was
performed in accordance with local and national committees
based on Italian Law DL 26/2014.

IH-NMR metabolomics analyses

Sample preparation

Liver samples (n = 32) were prepared according to the meth-
anol/chloroform water procedure described by Beckonert
et al.?® Briefly, 100 mg of tissue was mixed with a TissueLyser
(Qiagen, Germany) with 1 mL of a cold water—-methanol
solution (1:1). The mixture was then mixed with chloroform
(600 pL) before being centrifuged (15 min, 1000 g, 4°C).
The upper polar phase was then evaporated at 37°C under
vacuum (CentriVap Labconco) before being diluted into the
NMR buffer [H,0-D,0 (1:1), pH = 7, trimethylsilylpropanoic
acid (TSP) 1 mM as standard] and transferred into 5-mm-
diameter NMR tubes.

Caecal content (CC) samples (n = 16) were prepared as fol-
lows: 35 mg of CC was diluted into 525 pL NMR buffer and
homogenized in a TissuelLyser. The homogenate was centri-
fuged (10 min, 13 000 g, 4°C). The supernatant was then
transferred into 5-mm-diameter NMR tubes.

Serum samples (n = 32) for both portal vein (PV) and vena
cava (VC) were prepared as follows: 40 uL of serum was
mixed with 20 pL of NMR buffer (H,0-D,0 (1:1), pH = 7,
TSP 0.1 M). The mixture was then centrifuged (5 min,
12 000 g, 4°C) and transferred into 1.7-mm-diameter NMR
tubes.

Data collection

Nuclear magnetic resonance data were acquired on a Bruker
Avance 600 MHz NMR spectrometer equipped with a cryo-
probe. During acquisition, sample temperature was main-
tained at 300 K. Spectra were collected with a 1D NOESY
pulse sequence for the liver extract samples and with a 1D
CPMG pulse sequence for the serum and CC. The 1D NOESY
pulse sequence covered 21 ppm. Spectra were digitized in
65 K data points during a 2.6 s acquisition time. The mixing
time was set to 10 ms, and the relaxation delay between
scans was set to 4 s. The 1D CPMG pulse sequence covered
20 ppm. Spectra were digitized in 65 K data points during a
2.7 s acquisition time. The relaxation delay between scans
was set to 4 s. Spectra were acquired using 516 scans for se-
rum samples, 256 scans for CC samples, and 128 scans for
liver samples. To confirm metabolite identification, 2D
'H-H NMR spectra, such as J-RES and TOCSY, as well as
"H-13C HSQC, were acquired for selected samples.

Data processing
The data were processed using MestReNova (v14.1). The
spectra were zero filled with a factor of 2, except for liver
spectra for which a factor of 4 was used. They were apodized
using a 0.3 Hz decaying exponential function and fast Fourier
transformed. Automated phase correction and second-order
polynomial baseline correction were applied to all samples.
All spectra were aligned on the lactate doublet. Spectral qual-
ity control was performed, and a few spectra were excluded.
Only the region from 0.12 to 10 ppm was conserved. Water
signal was removed from all spectra before statistical analy-
ses. Normalization was performed on total peak area. Intelli-
gent bucketing was realized using the MATLAB software
(v9.2).%°

Metabolites were assigned using the Chenomx NMR Suite
(v8.43), the Bruker B-BIOREFCODE database (Amix software
v3.9.15), the Human Metabolome Database,*® and additional
2D NMR experiments on selected representative samples.
The Chenomx NMR Suite was used to perform a relative
quantification of the identified metabolite concentrations.
TSP was used as a chemical shift and quantification reference
for all spectra. Quantitative fitting of each spectrum was car-
ried out in batch mode, followed by manual adjustment. The
mixture of bile acids as well as glycogen was quantified using
spectral integration and not with the Chenomx NMR Suite.
The peaks used for quantification are given in Table S1.
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Tissue mRNA analyses

Total RNA was isolated from tissue by TriPure reagent
(Roche, Basel, Switzerland). cDNA was prepared by reverse
transcription of 1 pg total RNA using the Reverse Transcrip-
tion System or the Goscript RT Mix OligoDT kit (Promega,
Leiden, the Netherlands). Real-time polymerase chain reac-
tions (PCRs) were performed with a QuantStudio Real-Time
PCR System and software or a CFX96 TouchTM instrument
and software using SYBR Green (Applied Biosystems,
Promega, or Eurogentec, Seraing, Belgium) for detection. All
samples were run in duplicate in a single 96-well reaction
plate, and data were analysed according to the 272ACT
method. The purity of the amplified product was verified by
analysing the melt curve performed at the end of amplifica-
tion. The ribosomal protein L19 (Rp/Z19) and the ribosomal
protein L6 (Rpl6) genes were chosen as reference genes for
all tissues. The primer sequences for the targeted mouse
genes are detailed in Table S2.

Hepatic whole transcriptome

The hepatic whole transcriptome dataset was previously gen-
erated in our lab.3! Hepatic RNA samples were sequenced af-
ter polyA selection using a 2 x 150 paired-end configuration
on an lllumina HiSeq 4000 instrument (Genewiz, Germany).
Raw sequence data generated from lllumina HiSeq were
processed using Illumina’s bcl2fastq 2.17 software. Raw fastq
files were analysed in-house using FastQC, Trimmomatic,>?
STAR,* and the R package GenomicAlignments.>* Data were
tested for differential expression and normalized using the
R package DESeq2.®

Gut microbiota analyses

Genomic DNA was extracted from the CC (n = 8, CT and C26
groups) using a QlAamp DNA Stool Mini Kit (Qiagen), includ-
ing a bead-beating step. 16S rDNA sequencing and ensuing
bioinformatics and biostatistics analyses [including amplicon
sequence variants (ASVs) identification®®] were performed
as previously described.?” Raw sequences can be found in
the SRA database (project ID: PRINA636939). Full details are
provided in the Supporting Information.

Lipid and triglyceride quantification

Triglycerides were measured in the liver tissue after extrac-
tion with chloroform—methanol according to the Folch
method, as previously described.>®

Western blot analyses

Liver samples were homogenized and diluted (1/10). Protein
concentration was measured using the Lowry method (DC
Protein Assay, Bio-Rad, Hercules, CA, USA). Liver protein
(40 pg) was separated by 15% SDS-PAGE and transferred to
nitrocellulose membrane using the Trans-Blot Turbo Transfer
System (Bio-Rad) before blocking in Tris-buffered saline—
Tween 20 containing 5% non-fat dry milk (Bio-Rad) for 1 h
at room temperature. Membranes were incubated overnight
at 4°C with primary antibodies (dilution 1/10 000 in 1% non-
fat milk in TBS-T; Cell Signaling Technology, Danvers, MA,
USA) detecting B-actin (ab6276; Abcam, Wathan, MA, USA),
phospho-AMP-activated protein kinase (AMPK) (Thr 172,
07.681; Millipore, Burlington, MA, USA), and AMPK (Cell
Signaling Technology: 2603). After membrane washing,
horseradish peroxidase-linked secondary antibodies [Goat
Anti-Rabbit IgG (AP 132; Millipore); 1/10 000 in 1% non-fat
milk in TBS-T; Cell Signalling Technology] were incubated for
1 h at room temperature. Signals were revealed using the
SuperSignal West Pico and Femto Chemiluminescent sub-
strates (Thermo Fisher Scientific, Watham, Massachusetts,
USA) and analysed with the ImageQuant TL instrument and
software (v.8.1).

Protein and water quantification in faeces

Faeces were homogenized through sonication in phosphate-
buffered saline and centrifuged; 1 mL of saturated
ammonium sulfate solution was added to the supernatant
to precipitate the proteins. After 15 min, the mixture was
centrifuged, and the pellet was suspended in 0.5 mL of
sodium acetate buffer (50 mM). Protein concentration was
then determined using the Pierce method (Pierce”
Prestained Protein MW Marker, Thermo Scientific”). Faeces
produced over 24 h were collected and freeze-dried for
another 24 h. Water content was determined by weighting
samples before and after freeze-drying.

Urea and f-hydroxybutyrate quantification

Urea was quantified in the plasma by spectrophotometry
(Urea FS*, DiaSys) according to manufacturer’s instructions.
B-Hydroxybutyrate was quantified in the plasma by spectro-
photometry (B-hydroxybutyrate 21 FS*, DiaSys) according to
the manufacturer’s instructions. For liver samples, a similar
extraction than for *H-NMR measurements was performed.
Briefly, 100 mg of tissue was mixed with a Tissuelyser
(Qiagen) with 1 mL of a cold water—-methanol solution (1:1).
The mixture was then mixed with chloroform (600 pL) before
being centrifuged (15 min, 1000 g, 4°C). The upper polar
phase was then evaporated at 37°C under vacuum (CentriVap
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Labconco) before being diluted into 200 pL of water; 12 pL of
this extract was then used for further quantification by
spectrophotometry.

Statistical analyses

Biochemical and molecular analyses

Outliers were removed using the Grubbs test. Normality was
assessed using d’Agostino and Pearson omnibus normality
test. If normality was not respected in one group, the non-
parametric Mann-Whitney U test was used. In pair-feeding
experiment, paired comparisons were performed (CT vs.
C26 and PF-CT vs. PF-C26). Fisher’s exact test was used to
check for variance equality between groups. Student’s t-test
was used when variances were not statistically different. In
case of variance inequality, Welch’s t-test was used. Statistical
analyses were performed using GraphPad Prism 5.0 and R.>°
P < 0.05 was considered statistically significant.

Gut microbiota data analyses

Significantly affected ASVs (with an average relative abun-
dance superior to 0.1% in at least one group), phyla, families,
and pathways were identified using a Mann—Whitney U test
in R because normality was not respected for every ASV/phy-
lum/family/pathway. The P-value was adjusted to control the
false discovery rate for multiple testing according to the
Benjamini and Hochberg procedure.*°

Metabolomics data analyses

The matrix resulting from the intelligent bucketing was
imported in R. A principal component analysis (PCA) with
scaling to unit variance was performed using the pca function
of the mixOmics package.** Overlay of CT and C26 average
spectra was generated using an in-house script using the
plotrix,** colorRamps,*® and autoimage** R packages.

The table of metabolite concentration was also analysed
in R. A PCA with scaling to unit variance was performed.
Significantly affected metabolites were identified by a
Mann—-Whitney U test. The P-value was adjusted to control
for the false discovery rate. Changes were visualized for each
metabolite using the ggplot function in the tidyverse
package.* The bubbleplot was generated using an in-house
script including the tidyverse R package.

Integration analyses

Amplicon sequence variants with an average relative abun-
dance superior to 0.1% in at least one group were selected
for further integration analyses. A partial least squares analy-
sis in canonical mode was used to maximize the correlations
between the gut microbiota (after centred log-ratio transfor-
mation) and the CC metabolomics datasets.*® This function is
implemented in the mixOmics package. Results were visual-
ized through a clustered image map.%’

Results and discussion

IH-NMR metabolomics reveals major changes in
the caecal, hepatic, portal, and systemic blood
metabolomes of cachectic mice

The presence of cachexia in C26 mice was confirmed based
on a reduction in body weight, food intake, and muscle mass
in these mice (Figure S1). Liver, CC, portal blood, and systemic
blood were harvested, and *H-NMR spectra were acquired
from these samples. Spectra were first analysed using multi-
variate statistical tools. PCA performed both on the spectral
intelligent bucketing (Figure S2a—S2d) and on the metabolite
relative concentration tables (Figure 1A-1D) highlighted a
clear distinction between CT and C26 samples in the four
compartments. This separation, occurring mainly along the
first principal component (PC1), shows that cachexia is the
major source of variation in these datasets. This clear distinc-
tion between CT and C26 metabolomics profiles was also vis-
ible on the superposition of each group average spectrum
(Figure S2e-S2h). A maximum number of metabolites were
identified with certainty in the four compartments (Table
S1). A relative quantification was applied, and Figure 2 de-
picts the observed fold changes for each metabolite in the
four compartments. A descriptive table presenting the nu-
meric fold changes and statistics is available (Table S3). At
first glance, most identified metabolites seemed to be in-
creased in cachectic liver and CC while decreased in the
portal and systemic circulation (Figures 1E-1H and 2). Metab-
olites were manually grouped into five categories to facilitate
interpretation and discussion: metabolites related to glucose
metabolism, energy status, amino acids, lipid metabolism,
and gut microbiota.

Cachectic mice display altered glucose metabolism
pathways and present an energy deficiency

Changes in identified metabolites related to glucose metabo-
lism in the liver and portal and systemic circulation suggest a
general depletion of glucose related metabolites. Figure 3A
summarizes the observed changes in the liver. Glycogen,
glucose, and lactate were decreased, whereas UDP-glucose
was increased in C26 liver. The other identified metabolites
were unchanged between CT and C26 mice. In C26 PV and
VC, glucose, lactate, pyruvate, and citrate were decreased.
These changes mainly confirm the results of a previous meta-
bolomics study in the serum and liver of C26 mice.?> We also
found a decrease of glucose storage in the form of glycogen
as well as a decrease of glucose itself. This can be explained
by the starvation status and the reduced food intake of these
mice (Figure S1a and S1b). Identified TCA cycle intermediates
were unchanged.
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Figure 1 Principal component analyses (PCAs) on identified metabolites in control (CT) and cachectic (C26) mice in the four compartments. (A-D) Nor-
malized PCA realized on the metabolite relative concentration matrices in the caecal content (CC), portal vein (PV), liver, and vena cava (VC) in CT (blue
dots) and C26 (red diamonds) mice. (E-H) Correlation circle plots of the PCA analyses in the CC, PV, liver, and VC. The identity of the metabolites can be
found in Table S3. Caecal content: n = 8 per group. Portal vein, liver, and vena cava: n = 16 per group.
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These data were analysed in light of the results from a he-
patic whole transcriptome analysis performed on a similar in-
dependent mouse experiment. The expression of the
glucokinase (Gk), a key glycolysis enzyme regulated at the
transcription level, was decreased in C26 mice reflecting a re-
duction in hepatic glycolysis (Figure 3B). We cannot exclude
that the reduction in glycogen and in hepatic and systemic
glucose could also be the result of an increased glucose de-
mand and consumption by extrahepatic tissues (i.e. skeletal
muscles and tumour). More surprisingly, two gluconeogenic
enzymes Pckl and Gépc, the phosphoenolpyruvate kinase
and the glucose-6-phosphatase, also regulated at the

transcription level, were respectively unchanged and de-
creased in C26 mice (Figure 3B). The G6Pase is also catalyzing
the final step of the glycogenolysis. Factors explaining the re-
duced expression of the catalytic subunit Gépc include a re-
duction in hepatic glucose and high plasma IL-6 levels.*®
The absence of gluconeogenesis activation in the liver of
cachectic mice goes against the Cori cycle hypothesis com-
monly mentioned as a futile cycle taking place in cancer
cachexia.> The decrease in lactate, both in systemic circula-
tion and in the liver, probably reflects a decreased muscular
and hepatic glycolysis rather than an increased hepatic lac-
tate—glucose conversion through gluconeogenesis.
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The expression of the enzymes forming the pyruvate dehy-
drogenase complex: Pdhali, Dlat, and Pdhx, was reduced
(Figure 3C). This complex is responsible for pyruvate conver-
sion into acetyl-CoA and subsequent entry in the TCA cycle.
The decreased expression of these enzymes suggests a re-
duced entry of glucose derived pyruvate in the TCA cycle. A
recent liver proteomics study in the C26 model also showed
a decrease in PDHX.?° In all, this reflects the decreased oxida-
tive pathways providing ATP in the liver of C26 mice, which is
consistent with previous studies reporting a decreased effi-
ciency of oxidative phosphorylation in liver mitochondria in
cancer cachexia.” The increased levels of AMP, GMP, and
UMP in the liver of C26 mice (Figure 2) and the activation
of the AMPK (Figure 3D) further support this idea.

Glucuronidation is decreased while the hexosamine
pathway is activated in cachectic mice

We also observed hepatic accumulation of UDP-glucose and
UDP-N-acetylglucosamine (Figure 2). UDP-glucose is the
precursor of glucuronic acid, the cofactor needed for
glucuronidation. Its accumulation, in parallel with the lower
expression of Ugdh (Figure 3E), encoding the UDP-glucose-
6-dehydrogenase, a key enzyme regulated at the mRNA
level,>® suggests a decreased glucuronidation. This hypothesis
is further strengthened by the lower mRNA levels of
Ugt2b5, Ugt2bl, and Ugt2b36, coding for the main murine
UDP-glucuronosyltransferases (Figure 3E).>*

The increase in UDP-N-acetylglucosamine can be explained
by the lower glycolysis rate and the up-regulation of the
hexosamine synthesis pathway (Figures 2 and S3a). The in-
crease in the latter most probably results from endoplasmic
reticulum stress, which involvement in cancer cachexia has
already been suggested, although the exact mechanisms are
still unknown.>*>® Indeed, the spliced X-box binding protein
1 (XbpIs), the most conserved signal transducer of the un-
folded protein response, was increased in C26 liver (Figure
S3b) and has been shown to activate the hexosamine path-
way through the induction of Gfpt1.>* The latter encodes
the rate-limiting enzyme of the hexosamine pathway and is
regulated at the transcription level.>® In accordance with
our hypothesis, GfptI expression was significantly increased
in C26 liver (Figure S3a). UDP-N-acetylglucosamine plays an
important role in the reversible post-translational modifica-
tion of proteins (O-GlcNAcylation), which can impact signal
transduction.>® Interestingly, an increase in GlycA, an aggre-
gate signal of N-acetyl glycan groups attached to APR pro-
teins, is considered as a novel biomarker of systemic
inflammation®® and has been observed in a previous serum
metabolomics study in the C26 model.?? This observation fur-
ther supports the idea of an activation of the hexosamine
pathway by the UPR, leading to increased O-GIcNAcylation
and possibly thereby influencing signal transduction.

Amino acids are captured by the liver of cachectic
mice mainly for acute phase response protein
synthesis

Almost all identified amino acids present in the liver were in-
creased in C26 mice, whereas they were mostly diminished in
the portal and systemic circulation (Figure 2). These essential
and non-essential amino acids are of various structures and
uses: branched-chain amino acids, aromatic amino acids,
charged amino acids, and ketogenic and glucogenic amino
acids. Significant reduction in the plasma levels of branched
chain amino acids has already been reported in cachectic pre-
clinical models.?> Noticeably, phenylalanine, which serum
concentration was recently proposed as a biomarker for can-
cer cachexia,?® was increased in systemic circulation of C26
mice. The increase in amino acids observed in the liver results
from an important uptake of amino acids, mostly coming
from muscle proteolysis, as previously reported.>>’ Indeed,
as shown in Table 1, the transcription of a large number of
hepatic amino acid transporters is up-regulated. This occurs
independently of the preferred transported substrate(s).
Amino acid uptake by the liver is commonly seen as fuel-
ling hepatic gluconeogenesis.>*® However, as mentioned ear-
lier, this does not seem to be the case in the C26 model. The
decreased expression of two key gluconeogenic enzymes,
that is, PckZ and Gépc (Figure 3C), of the alanine aminotrans-
ferase (Gpt, L2FC: —0.52, g-value <0.001; Gpt2, L2FC: —0.69,

Table 1 Most liver AA transporters are increased at the mRNA level in
cachectic mice (C26)

Gene AA transporter  Predominant substrate(s) Log, FC
Slc1a2 EAAT2/GLT1 L-Glu and p/L-Asp -0.79
Slc3a1 rBAT Neutral and basic AAs 4.02
Slc3a2 CD98hc/4F2hc  L-type AAs 0.70
Slc6a9 GlyT1 L-Gly 0.63
Slc7a2 CAT-2 CAAs (L-Arg) —0.60
Slc7a4 CAT4 CAAs —-0.99
Slc7a5 LAT1 LNAAs 2.06
Slc7a6 y+LAT2 CAAs and LNAAs 1.42
Slc7a7 y+LAT1 CAAs and NAAs 1.76
Slc7a8 LAT2 LNAAs 1.23
Slc7at11 xCT L-Glu and L-Cys 1.33
Slc15a3 PHT2 L-His 0.79
Slc25a12  AGC-1/Aralar1  L-Glu and p/L-Asp 0.60
Slc25a13  AGC-2/Aralar2  L-Asp and L-Glu —1.05
Slc25a15  ORNT1/ORC1 1-Om and -Cit 0.75
Slc36ai PAT1 Small AAs and GABA 0.44
Slc36a4 PAT4 L-Pro, L-Trp, and L-Ala 0.89
Slc38a1 SNAT1 L-GIn 0.90
Slc38a2 SNAT2 L-Gln 0.88
Slc38a4 SNAT4 L-GIn and L-Arg -1.10
Slc43a1 LAT3 BCAAs 2.08

AA, amino acid; BCAAs, branched chain amino acids; CAAs, cat-
ionic amino acids; LNAAs, large neutral amino acids.

Selected AA transporters from RNAseq data are presented with the
log, fold change (FC) between C26 and control (CT) mice (n = 8 per
group). Predominant substrates are presented according to
Kandasamy et al. ™ classification. All changes are significant with
a g-value <0.01.
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g-value <0.001), of a key enzyme involved in the production
of urea (Cps1, L2FC: —1.31, g-value <0.001), and of systemic
urea levels (CT: 38.56 + 2.04 mg/dL vs. C26: 27.52 + 2.85 mg/
dL, P-value <0.01) argues against the use of amino acids to
fuel gluconeogenesis as well as the TCA cycle. In this model,
imported amino acids seem to be mainly used for APR pro-
tein synthesis. Indeed, we observed a huge increase in the ex-
pression of Apcs, Saal, and SaaZ2 expression, three main
murine positive APR protein-coding genes,*® and a decrease
of Alb (albumin), the main negative APR protein-coding tran-
script (Figure 4).

The important increase in positive APR proteins has been
observed in both clinical and preclinical models of cachexia.?
Although the use of amino acids for gluconeogenesis in
the liver of cachectic individuals is generally mentioned, a
study performed in cachectic rats similarly observed an
up-regulation of APR protein synthesis at the expense of
glucose production.®® They showed that despite an increase
in liver uptake of essential and glucogenic amino acids,
glucose and urea production remained unchanged. They
concluded that the liver was, in this context, an efficient
nitrogen-sparing and active protein-synthesizing organ. Simi-
larly, the increase in protein synthesis was reported to be
targeted towards export proteins rather than structural pro-
teins in cachectic patients with colon cancer.?* To balance
the increased protein synthesis, the liver can spare nitrogen
through a reduction of structural protein turnover.®?

In the C26 model, a functional test confirmed an increased
hepatic protein synthesis.®® In addition, we observed a reduc-
tion in the expression of Atg7 (L2FC: —0.53, g-value <0.001),
a key regulator of autophagy,®* and Smurfz (L2FC: —0.42, g-
value <0.001), an important E3 ubiquitin protein ligase in
the liver,®® suggesting a reduction in protein degradation for
nitrogen sparing. Atg7 was also decreased in another preclin-
ical model of cachexia (LLC model) in which the authors
reported a decrease in autophagy machinery with cancer
progression.®® This might be surprising considering that the
hepatic level of autophagic function is significantly increased
in response to starvation. However, amino acid levels,

Apcs Saat

==

100000

especially leucine and glutamine, can exert a suppressive ef-
fect on autophagy when their levels reach 2-4 times than
usual ones.®*®” The important increase of these two amino
acids in C26 liver (Figure 2 and Table S3) could explain and
support the reduction in liver protein breakdown despite
the starvation status. Our observations, combined with
others,®® suggest that these aberrations in autophagy might
influence hepatic function in cancer cachexia and deserve fur-
ther investigations.

Changes in carnitine and choline metabolism may
participate in the hepatic steatosis observed in
cachexia

Carnitine, an amino acid derivative essential for fatty acid
catabolism, was significantly decreased in the serum and liver
of C26 mice (Figure 2). Such alterations in serum carnitine
levels have already been reported in cancer patients with
cachexia and in preclinical models of cancer cachexia.®®®°
The hepatic carnitine drop reflects a reduction in hepatic
mitochondrial B-oxidation further participating to the energy
deficiency status. The lower expression of the enzymes
responsible for the first and last steps of mitochondrial
B-oxidation, respectively, Acadm (L2FC: —0.51, g-value
<0.001) and Acaa?2 (L2FC: —1.22, g-value <0.001), further
supports this idea. Yet the expression levels of Ppargcia, a
transcriptional coactivator regulating, among others, the
genes involved in mitochondrial fatty acid oxidation, and
Cptla, responsible for acyl mitochondrial entry, were un-
changed. Changes in CPT1 activity have already been men-
tioned in preclinical cachectic models despite none or
negligible changes at the mRNA level.*7° Studies also re-
ported that carnitine supplementation restored CPT1 activity
in tumour-bearing mice and rats, which led to improvements
in the cancer cachexia syndrome and a reduction in hepatic
steatosis in these animals.®%7%72

Depending on mammalian diets, exogenous carnitine
intake and endogenous carnitine biosynthesis vary.”> Mice
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receiving classic rodent diets synthesize carnitine endoge-
nously from lysine and methionine. In our experiment, the
carnitine biosynthesis pathway was decreased, fitting the

decreased hepatic carnitine concentration (Figure 5A). In-
deed, the expressions of all enzymes, including the key and
rate-limiting enzyme BboxZ (y-butyrobetaine hydroxylase 1),
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were significantly decreased. We thus concluded that re-
duced carnitine levels, likely ensuing from a reduced biosyn-
thesis, may contribute to the hepatic steatosis found in
these mice (Figure 5B) by limiting mitochondrial B-oxidation.

Our metabolomics analysis pinpointed another pathway
that may contribute to hepatic steatosis, mainly the
phosphatidylcholine pathway. The levels of choline and O-
phosphocholine were increased, while the phosphatidylcho-
line biosynthesis appeared to be reduced in the liver of
cachectic mice (Figures 2 and 5c). Indeed, we found lower
expression of the phosphatidylcholine biosynthetic enzymes,
especially PcytIa, the limiting one. Another pathway leads to
phosphatidylcholine synthesis in the liver, with Pemt as a key
enzyme,74 and was also decreased in C26 mice (Pemt, L2FC:
—0.42, g-value <0.001). Because phosphatidylcholine enters
in the composition of VLDL, lower biosynthesis could affect
triglyceride export through VLDL and thereby contribute to
the accumulation of triglycerides observed in C26 mice
(Figure 5B). In accordance with our hypothesis, a previous
study documented a reduction in hepatic VLDL secretion in
the C26 model.®

Prolonged fasting and undernutrition were previously as-
sociated with hepatic steatosis.”® To evaluate whether the re-
duced food intake observed in the late stage of the disease
contributes to the steatosis found in cachectic mice, an inde-
pendent experiment including pair-fed animals was per-
formed where two groups of healthy mice were pair-fed
either to the CT group or to the C26 group. The increase in
hepatic lipids and triglycerides in healthy mice enduring food
restriction (PF-C26) was much more modest than the one ob-
served in C26 mice (Figure 5D). Coherently, the pair-feeding
experiment did not recapitulate the reduction in the expres-
sion of Pcytla and Chptl, the two enzymes responsible for
the conversion of O-phosphocholine into phosphatidylcholine
(Figure 5E). This experiment establishes that anorexia does
not drive hepatic steatosis and the reduction in the phospha-
tidylcholine pathway.

Altogether, we concluded that a deficit in carnitine and a
reduced transformation of choline and O-phosphocholine in
phosphatidylcholine may contribute to the hepatic steatosis
found in C26 mice.

Kidney ketogenesis is substantially increased in
cachectic mice and counterbalances hepatic
ketogenesis deficiency

The ketone body B-hydroxybutyrate was substantially in-
creased in the liver as well as in the portal and systemic circu-
lation of C26 mice (Figure 2). Considering the decreased food
intake in cachectic mice, these changes could be expected.
However, other works have reported a reduced ketogenic re-
sponse in cachectic mice compared with healthy
food-restricted or starved mice.”®”” Consistent with the latter

observations, we noticed a reduced hepatic expression of
Ppara (L2FC: —1.67, g-value <0.001), a transcription factor
regulating ketogenesis in the liver, and Hmgcs2 (L2FC:
—0.89, g-value <0.001), a target of Ppara and the ketogene-
sis rate-limiting enzyme. According to Flint et al., the impor-
tant inflammation observed in cancer cachexia and the
subsequent increase in IL-6 reduce PPARa activation and
ketogenesis.”® Changes in hepatic fatty acid metabolism, with
a decreased PB-oxidation, and a potential alteration in autoph-
agy could also participate to a reduced hepatic ketogenic re-
sponse in C26 mice.’®’® The alteration in the ketogenic
response in C26 mice was confirmed by the measurement
of B-hydroxybutyrate and Hmgcs2 in the pair-feeding
experiment. Indeed, we observed similar increase in
B-hydroxybutyrate levels in the liver and systemic circulation
of food-restricted animals (PF-C26) (Figure S4a and S4b),
which could, in this case, be explained by hepatic ketogenesis
(Figure S4c). The contradiction between the metabolomics
and transcriptomic results, namely, increased levels of
B-hydroxybutyrate and reduction in ketogenesis transcripts,
led us to explore alternative pathways for ketone body pro-
duction. Renal ketogenesis is also possible, especially during
starvation.”® Hmgcs2 in the kidney of C26 mice was increased
by 14-fold (Figure S4d). This result provides an explanation
for the increased B-hydroxybutyrate levels observed in C26
mice.

Similar hepatic alterations are observed in the
Lewis lung carcinoma model

To evaluate the relevance of our findings, we investigated
whether similar hepatic alterations were found in another
model of cancer cachexia, the LLC model. Similar changes
were observed regarding the expression of Gépc, whereas,
as in C26 mice, no significant change in PckZ expression was
identified (Figure S5a) suggesting a reduction in gluconeogen-
esis in this model too. We observed a significant increase in
the expression of hepatic amino acid transporters (Figure
S5b). Together with the more than five-fold increase in the
major murine positive APR in those mice (Figure S5c), those
results suggest an important amino acid uptake by the liver
and further use for APR protein synthesis. As for the C26
model, reduction in the expression of CpsZ (Figure S5d) goes
against the potential use of AA in fuelling the TCA cycle.
Despite the absence of hepatic steatosis, alterations related
to lipid metabolism were observed, confirming Rosa-
Caldwell’s work.®® We indeed noticed a reduction in the ex-
pression of Bbox1, Pcytia, and Chptl (Figure S5e and S5f),
which reflect a reduction in carnitine and phosphatidylcho-
line synthesis. Finally, although Hmgcs2 expression tended
to be reduced (30% reduction, P-value = 0.13), we observed
an increase in hepatic f-hydroxybutyrate levels in LLC mice
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(Figure S5g). Altogether, these results extend our findings to
another preclinical model of cancer cachexia.

Several gut microbial activities are decreased in
cancer cachexia

The composition of the gut microbiota was altered in C26
mice as shown by two different B-diversity indexes (Figure
S6a and S6b). The observed changes, mainly a decrease in
the Firmicutes phylum and an increase in the Proteobacteria
phylum, confirm our previous reports (Figure S6c).*>% To
identify the bacteria responsible for the production of spe-
cific metabolites, we performed correlations between metab-
olites and bacterial ASVs (which refer to inferred individual

DNA sequences of the 165 gene®!) using a canonical partial
least squares regression. Canonical partial least squares re-
gression is a method particularly recommended to maximize
the correlation between two datasets when the number of
variables outnumbers the number of samples. It revealed
some strong correlations between specific couples of ASVs
and metabolites (Figure 6) from which we have targeted
the strongest ones for further investigations. The ASV identi-
fication is indicated in Table S5.

Acetate and butyrate, two short-chain fatty acids, are re-
duced in cachectic mice

Short-chain fatty acids (SCFAs) are produced mainly through
the fermentation of complex carbohydrates by the gut micro-
biota and are linked to various host health conditions.®? We
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show that acetate and butyrate, two SCFAs, were decreased
in the CC of cachectic mice, whereas propionate and
2-methylbutyrate remained unchanged (Figure 2). Succinate
was decreased by 34% (g-value = 0.051). SCFAs are known,
among others, to impact colonocyte energy status, gut pep-
tide synthesis, glycaemic response, blood and hepatic
lipid content, satiety, and systemic inflammation.®® As
cross-feeding between bacteria occurs mainly from acetate
to butyrate,®* such cross-feeding may justify the concomitant
decrease of these two metabolites. The decrease in
butyrate and acetate strongly correlated with the decrease
of ASVs corresponding to members of the Ruminococcaceae
and Lachnospiraceae families, both known as butyrate
producers.®* Of note, one particularly abundant ASV (ASV 2,
identified as a member of the Ruminococcaceae family and
representing in average 20% of the gut microbiota of control
mice) exhibited a four-fold decrease in cachectic mice. Inter-
estingly, two ASVs, ASV 10 and ASV 16, identified as members
of the Enterobacteriaceae family, were negatively correlated
with this drop in butyrate and acetate. These results
strongly reinforce a mechanism we proposed in 2018 by
which a reduction in butyrate production, ensuing from a
reduced abundance of butyrate producer families (mainly
Lachnospiraceae and Ruminococcaceae), can contribute to
the expansion of Enterobacteriaceae in C26 mice through
an intestinal glycolytic switch.2° Butyrate is considered to
have various beneficial effects on intestinal health and host
metabolism. Among others, it is known to favour intestinal
barrier integrity, lower intestinal inflammation, and stimulate
glucagon-like peptide 1 production.®®> The changes in the
composition of gut microbiota and the subsequent drop in
butyrate could participate in the altered intestinal barrier

function we reported in C26 mice.®® The reduced expression
of two genes regulated by butyrate in the caecal tissue of C26
mice, namely, Gcg coding for the proglucagon, the precursor
of glucagon-like peptide 1, and Zfp148, a butyrate-inducible
zinc finger transcription factor,®” strongly suggests an impact
of butyrate drop on host metabolism (Figure S7a and S7b). To
overcome the limitation of an ectopic tumour inherent to the
C26 model, we also investigated these markers in a mouse
model of leukaemia with cachexia, in which we reported an
alteration of the gut microbiota composition.® Interestingly,
the expression of these two genes was also reduced in the
proximal colon of leukaemic mice (Figure S8a and S8b).

An accelerated intestinal transit contributes to a reduced
bacterial metabolism of amino acids and leads to faecal
amino acid loss

Amino acids were also significantly altered in C26 CC. Most
amino acids displayed a considerable increase in C26 mice
(Figure 2). Out of the 14 identified amino acids in this com-
partment, 11 were significantly increased, asparagine showed
a trend to increase, aspartate was unchanged, and glutamate
was significantly decreased in C26 CC. This increase in most
amino acids is surprising considering the reduced food intake
and thereby reduced amino acid intake in cachectic mice. We
hypothesized that this change could result from an acceler-
ated gastrointestinal transit. Indeed, previous work has re-
ported an inverse correlation between faecal amino acids
levels and transit time in healthy humans.®® In accordance
with this hypothesis, we observed that the weight of the cae-
cal and stomach content was significantly reduced in cachec-
tic mice (Figure 7A and 7B). A functional test using the Evans
Blue dye revealed a two-fold increase in intestinal transit

A Caecal content B Stomach content C Transit
0.5 0.20- 3 150+
— o Y
2041 ° = 0.154 oo < § Kk
£ o 8 ° 24 1004 .
- fowl —— w23 it
8 o 0.10 I ] 2m T
— 0.2 5 ] s 5 o ]
§ oo *kk E ° § g 50 _I.é_
——= O " 3
0.0 r r 0.00 T r S o T T
cT c26 cT c26 cT c26
D Average faeces weight E Faeces water content F Protein in faeces
9- 10.5- 254
E *k%k
=3 I - ]
o g4 *k < 10.04 =0 2 -
: £ . Eg
g5 —sand— g . D9 157 —=
jo c J = (L}
$E7 £ o5 —ai— £ _eger
$° : == 3" .
g o —r— ® 9.0 ° am S E
] o 54
> L] ;
<
5 T T 85 T T 0 T T
cT c26 cT c26 cT c26

Figure 7 Cachectic (C26) mice present an accelerated transit. (A) Caecal content weight in control (CT) and C26 mice (n = 8 per group). (B) Stomach
content (n = 8 per group). (C) Transit time evaluation using Evans Blue (n = 12 per group). (D) Average faeces weight before freeze-drying (n = 6 per
group). (E) Faeces water content (n = 6 per group). (F) Faecal protein concentration (n = 8 per group). **P-value <0.01; ***P-value <0.001.
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(Figure 7C). Finally, we also found an increased average fae-
ces weight that could not be explained by a water content
variation but rather by an increased faecal protein concentra-
tion (Figure 7D—7F). A recent study performed in cachectic
rats showed that cachexia accelerated gastric emptying.®®
This study corroborates our finding that gut motility is af-
fected in C26 mice and likely impacts protein and amino acid
catabolism in the gastrointestinal tract. Faecal protein con-
tent is not commonly reported in cancer cachexia. One paper
referred to protein loss in faeces of patients with severe
forms of chronic heart failure and cardiac cachexia,*®
whereas another one reported that no protein loss through
faeces occurred in elderly patients with cardiac cachexia.®*
Further clinical studies should therefore assess whether pro-
tein loss occurs in cancer cachexia.

Changes in transit time were associated to changes in gut
microbiota composition.®® Roager et al. reported positive cor-
relations between protein-derived and amino acid-derived
bacterial metabolites and Clostridiales member.®8 Coherently,
we observed a drastic decrease in the Clostridiales order
in C26 mice. In addition, all ASVs showing a strong
negative correlation with increased amino acids were mem-
bers of the Clostridiales order, mainly Lachnospiraceae and
Ruminococcaceae members (Figure 6). Using Picrust2, a

A Amino acid uptake

—

A APR synthesis
/ N\ gluconeogenesis

7 hexosamine pathway,

N glycolysis

Nifphosphatidylcholine
SESS

Nicannitine
biosynthesis

‘_

tool for predicting the functional potential of bacterial
metagenomes,®? we observed the activation of the bacterial
degradation pathways of glutamate, the sole amino acid to
be decreased in C26 CC (Table S4). We found out that four
ASVs with a relative abundance between 1% and 6% in C26
mice were negatively correlated to caecal glutamate levels
(Figure 6) (ASV 8, belonging to the Lachnospiraceae family;
ASVs 12 and 20 identified as Flavonifractor sp.; and ASV 23
belonging to the Enterobacteriaceae family) and were part
of the top 10 of the ASVs contributing to the glutamate deg-
radation pathways in C26 mice (PWY-5188 and PWY-5918).
Considering the accelerated transit and the changes in the
gut microbiota composition, we speculated that most amino
acids (with the exception of glutamate) were less metabo-
lized by the cachectic gut microbiota and that this could af-
fect intestinal health. Indeed, metabolites derived from
aromatic amino acids (i.e. indole derivatives, p-cresol, and
phenylacetate) can exert positive or negative impacts on
the host. A recent work identified 4-cresol, a gut microbi-
ota-derived metabolite of tyrosine and phenylalanine, as an
effective regulator of B-cell function.’® Indole derivatives
are tryptophan-derived metabolites and exert many benefi-
cial effects on the host through the activation of the AhR
pathway.?* Concordantly, CypZaZ expression, which reflects

NRUminococcaceae,
NJllachnospiraceae:

Accelerateditransit

[/ketogenesis)

Figure 8 Summary of the main altered pathways identified in cachectic (C26) mice. Significantly increased and decreased metabolites are marked re-
spectively in orange and green. Pathways are presented in white. Dotted lines present the contribution of carnitine and phosphatidylcholine synthesis
reductions to lipid accumulation. The figure was produced using Servier Medical ART (www.servier.com).
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AhR activity, displayed a seven-fold reduction in the caecal
tissue of C26 mice (Figure S7c). This reduction in CypZal ex-
pression was also found in leukaemic mice (Figure S8c). This
result suggests that tryptophan increase in C26 CC is accom-
panied by a drop in tryptophan-derived bacterial
metabolites and thereby in AhR activity, which importance
in intestinal homeostasis maintenance has recently been
demonstrated.®*

Of note, the relationship between bacteria and metabo-
lites is bidirectional. Bacteria can metabolize and produce a
various range of metabolites, but these can in turn modulate
bacterial growth.9®> Targeted experiments have shown that
members of the Firmicutes were generally sensitive to
amino acids, reflected by a reduction in their growth
in vitro when supplemented with amino acids. Members of
the Bacteroidetes phylum were mainly insensitive to amino
acids supplementation but grew better in media depleted in
SCFAs.%® The results of these in vitro experiments correspond
to the changes we observed in C26 mice, namely, a decrease
in Firmicutes and a trend to an increase in Bacteroidetes with
an increase in amino acids and a reduction in SCFAs, showing
the mutual impact of altered gut microbiota composition and
metabolites in this context.

Changes in bile acids and a reduction in the trimethylamine
N-oxide pathway characterize C26 mice

Metabolomics analyses in the CC have also pinpointed other
changes. Although *H-NMR is not able to differentiate indi-
vidual bile acids, we observed an increase in one bile acid
subset in C26 CC. A four-fold increase in taurine, the main
amino acid conjugated to bile acids in mice, was also ob-
served (Figure 2). This increase in taurine could be explained
by accelerated transit and/or reduced bacterial metabolism
but may also result from a lower hepatic need for bile acid
conjugation. Follow-up work revealed that bile acid pathways
are deeply altered in cancer cachexia and contribute to he-
patic inflammation.?*

Methylamines (i.e. choline, carnitine, and phosphatidyl-
choline) are degraded by the gut microbiota and further con-
verted in trimethylamine N-oxide (TMAO) by the liver.%®
TMAO has been mainly implicated in cardiovascular diseases.
As we observed in C26 mice an increase in caecal choline to-
gether with a reduction in PV and VC TMAO (Figure 2), we
concluded that the TMAO pathway is reduced in these
mice, excluding a potential contribution of TMAO to
cardio-metabolic alterations. Again, such reduction may en-
sue from a decreased bacterial metabolism and/or acceler-
ated transit.

Conclusions

Integration of an original multi-compartment metabolomics
dataset with host transcriptomics data, bacterial

metagenomics, and the current literature allowed us to high-
light new pathways potentially involved in hepatic alterations
associated with cancer cachexia (Figure 8). Specifically, we pin-
point that glucose metabolism-related pathways are altered in
the C26 model with a reduction in glycolysis and gluconeogen-
esis and an activation of the hexosamine pathway. We show
that amino acids are mainly used for APR protein synthesis
by the liver rather than to fuel the TCA cycle and gluconeogen-
esis. Importantly, reductions in carnitine levels and phosphati-
dylcholine hepatic formation were identified as new potential
contributors to the hepatic steatosis. Another key finding of
this work is the major induction of renal ketogenesis leading
to B-hydroxybutyrate increase despite the lack of hepatic ke-
togenic response. By highlighting alterations in liver metabo-
lism that lead to an energy misuse, we strengthen the need
to study the liver, an organ often disregarded in cancer
cachexia clinical studies. For instance, it becomes of utmost
importance to assess hepatic steatosis, alongside carnitine
levels, in large cohorts of cachectic patients. Because a drop
in carnitine levels has already been reported in patients with
cancer cachexia,®® carnitine supplementation could take part
to the multimodal approach to tackle cancer cachexia, not
only to increase muscle mass (which has been shown with var-
iable success®”8) but also to target hepatic alterations.

This work also brings new insight into the gut microbial ac-
tivity in cancer cachexia. Many beneficial functions are de-
creased such as the production of SCFAs and aromatic
amino acid metabolites, which may contribute to the altered
intestinal homeostasis in these mice (Figure 8). One of our
most striking findings is undoubtedly the identification of
the increased gastrointestinal transit as a key factor shaping
the gut microbiota composition in cancer cachexia, which to-
gether lead to a faecal loss of proteins and amino acids. The
current study paves the way for future mechanistic preclinical
studies aiming at determining the contribution of this in-
creased gastrointestinal transit to cachectic features such as
muscle atrophy and body weight loss. Finally, our work sup-
ports the interest of exploring the gut microbiota composi-
tion and activity, in association with the intestinal transit, in
cancer patients with and without cachexia. Appropriate
stool collection requires a costly logistic organization, and
microbiota-centred studies need to be carefully designed to
avoid classical bias. However, such efforts will undeniably re-
sult in the acquisition of important knowledge on the role
played by the gut microbiota in cancer cachexia.
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Figure S1. Cachectic (C26) mice show reduced food intake,
body weight loss and muscle atrophy. (a): Body weight evolu-
tion (%) in CT and C26 mice. (b): Food intake evolution (%) in
control (CT) and C26 mice. (c): Tibialis anterior (TA) and gas-
trocnemius (GC) muscle weights (% of initial body weight)
in CT and C26 mice 10 days after injection. n = 8 per group.
*p-value < 0.05.

Figure S2. Principal Component Analyses (PCA) and average
control (CT) and cachectic (C26) overlaid *H-NMR spectra in
the four compartments. (a-d): Normalized PCA realised on
the intelligent bucketing matrices in the cecal content (CC),
portal vein (PV), liver and vena cava (VC) in CT (blue dots)
and C26 (red diamonds) mice. (e-h): Average CT (blue) and
C26 (red) 1H-NMR spectra in the CC, PV, liver and VC. TSP
and water regions were removed. Cecal content: n = 8 per
group. Portal vein, liver and vena cava: n = 16 per group.
Figure S3. The hexosamine pathway is activated in the liver of
cachectic (C26) mice. (a): Schematic view of the hexosamine
pathway in the liver of control (CT) and C26 mice. The metab-
olite in green is significantly decreased in C26 mice; the me-
tabolite in orange is significantly increased in C26 mice
(n = 16 per group). The relative expression of the enzymes
of the pathway are expressed in counts (n = 8 per group).
All changes, including the rate limiting enzyme Gfpt1, are sig-
nificant (g-value < 0.01). (b): Expression level of Xbp1s, cod-
ing for the spliced X-Box Binding Protein 1, in the liver of CT
and C26 mice (n = 8 per group). *p-value < 0.05; ***g-value
< 0.001.

Figure S4. Hepatic ketogenic response is activated in healthy
mice enduring food restriction and kidney ketogenic re-
sponse is activated in cachectic (C26) mice. (a):
B-hydroxybutyrate levels in the systemic circulation of control
(CT), C26, pair-fed to CT (PF-CT) and pair-fed to C26 (PF-C26)
mice. (b): B-hydroxybutyrate levels in the liver of CT, C26,
PF-CT and PF-C26 mice. (c): Relative expression of Hmgcs2
in the liver of CT, C26, PF-CT and PF-C26 mice. (d): Relative
expression of Hmgcs2 in the kidney of CT and C26. n = 7-8
per group. * comparison between CT and C26 groups; # com-
parison between PF-CT and PF-C26 groups. *p-value < 0.05;
***p-value < 0.001; ##p-value < 0.01; ###tp-value < 0.001.
Figure S5. LLC mice display similar alterations in hepatic me-
tabolism to C26 mice. (a): Pck1 and G6pc relative expression,
two key gluconeogenic enzymes. (b): Slc3a1, Sic7a5, Slc43al
relative expression, three amino acid transporters. (c): Saal,
Saa2 and Apcs relative expression, the three main acute
phase response proteins in mice. (d): Cpsl relative
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expression, the key enzyme of urea synthesis. (e): Bbox1 rel-
ative expression, the key enzyme of carnitine biosynthesis.
(f): Pcytla and Chptl relative expression, two enzymes in-
volved in O-phosphocholine to phosphatidylcholine transfor-
mation. (g): Hmgcs2 relative expression, the key enzyme of
ketogenesis and -hydroxybutyrate concentration in the liver.
n = 6 per group. *p-value < 0.05; **p-value < 0.01.

Figure S6. Gut microbiota composition is altered in cachectic
(C26) mice. (a-b): Principal coordinate analysis of the (a)
Bray-Curtis and (b) Morisita-Horn B-diversity indexes com-
puted based on the ASV table. (c): Stacked plot displaying
the mean of the relative abundance of each phylum in CT
and C26 mice. (d) Stacked plot displaying the mean of the rel-
ative abundance of each family in CT and C26 mice. n = 8 per
group. *g-value < 0.05.

Figure S7. Gcg, Zfp148 and Cyplal expressions are decreased
in cachectic (C26) cecal tissue. n = 8 per group. ***p-value <
0.001.

Figure S8. Gcg, Zfp148 and Cyplal expressions are decreased
in leukaemic BaF mice. (a): Gcg relative expression in the
proximal colon of CT and BaF mice. (b): Zfp148 relative ex-
pression in the proximal colon of CT and BaF mice. (c):
Cyplal relative expression in the ileum of CT and BaF mice.
n = 8 per group. *p-value < 0.05; **p-value < 0.01; ***p-
value < 0.001.
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