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ABSTRACT: Cancer cachexia is an involuntary loss of body weight, mostly of skeletal muscle. Previous
research favors the existence of a microbiota-muscle crosstalk, so the aim of the study was to evaluate the
impact of microbiota alterations induced by antibiotics on skeletal muscle proteins expression. Skeletal
muscle proteome changes were investigated in control (CT) or C26 cachectic mice (C26) with or :
without antibiotic treatment (CT-ATB or C26-ATB, n = 8 per group). Muscle protein extracts were ’
divided into a sarcoplasmic and myofibrillar fraction and then underwent label-free liquid chromatography
separation, mass spectrometry analysis, Mascot protein identification, and METASCAPE platform data — exract
analysis. In C26 mice, the atrogen mafbx expression was 353% higher than CT mice and 42.3% higher
than C26-ATB mice. No effect on the muscle protein synthesis was observed. Proteomic analyses revealed
a strong effect of antibiotics on skeletal muscle proteome outside of cachexia, with adaptative processes
involved in protein folding, growth, energy metabolism, and muscle contraction. In C26-ATB mice,
proteome adaptations observed in CT-ATB mice were blunted. Differentially expressed proteins were
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involved in other processes like glucose metabolism, oxidative stress response, and proteolysis. This study
confirms the existence of a microbiota-muscle axis, with a muscle response after antibiotics that varies depending on whether

cachexia is present.
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B INTRODUCTION

Cancer cachexia is a multifactorial disorder characterized by the
involuntary loss of body weight that results predominantly from
loss of skeletal muscle and fat mass." In this situation, skeletal
muscle atrophy is recognized as an independent risk factor for
the impairment of quality of life” and poor survival in cancer
patients,” because it contributes to reduced chemotherapy
treatment tolerance® and increased surgical complications.”
The loss of skeletal muscle mass results, in part, from an
imbalance between muscle protein breakdown and synthesis.®
Indeed, increased inflammation related to the disease together
with circulating tumoral factors contribute to the activation of
signaling pathways controlling skeletal muscle proteolysis
systems, in particular the autophagy lysosome’ and ubiquitin
proteasome system.” One of the main signaling pathways
involved in the dysregulation of protein metabolism in cancer
cachexia is the Akt-FoxO signaling axis, which directly regulates
the expression of the main upregulated genes in catabolic
conditions, the atrophy-related genes, muscle ring finger 1
(murfl) and muscle atrophy f-box gene (mafbx).” Anabolic
signaling pathways implicating Insulin Growth Factor 1'°
(IGF1) and mammalian Target of Rapamycin (mTOR)'" are
also impaired, leading to a decrease in the skeletal muscle
protein synthesis rate.'* In addition to the global investigation of
skeletal muscle protein metabolism regulation, some studies
based on the exploration of skeletal muscle protein expressions
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through a proteomic approach have highlighted metabolic
pathways that could be affected during cancer cachexia.” For
instance, proteomic analyses in the quadriceps of mice with
severe cachexia revealed that two-thirds of the proteins
identified were downregulated and involved in muscle energy
metabolism, more specifically mitochondrial function (the
tricarboxylic acid or TCA cycle, mitochondrial respiratory
chain, glycolysis, and fatty acid beta oxidation).'* In a rodent
model of cancer cachexia, the Colon-26 Carcinoma Tumor-
bearing mouse (the C26 mouse),”” proteomic analyses of
skeletal muscle showed an upregulation of acute phase reaction
proteins and complement responses, and a downregulation of
proteins involved in mitochondria oxidative phosphorylation as
well as ribosomal proteins.'® Finally, skeletal muscle proteomic
analyses in C26 mice with moderate (10% weight loss) and
severe (20% weight loss) cachexia revealed altered pathways
such as extracellular matrix regulation and fibrin formation,
Mitogen activated protein kinase (MAPK) signaling, inflamma-
tory response (via Toll Like Receptor or TLR regulation and

Received: February 27, 2024
Revised:  June 2, 2024
Accepted: June 2, 2024
Published: June 19, 2024

https://doi.org/10.1021/acs jproteome.4c00143
J. Proteome Res. 2024, 23, 2452—-2473


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathilde+Simonson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gwendal+Cueff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Morgane+M.+Thibaut"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christophe+Giraudet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Je%CC%81ro%CC%82me+Salles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christophe+Chambon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christophe+Chambon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yves+Boirie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laure+B.+Bindels"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marine+Gueugneau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christelle+Guillet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jproteome.4c00143&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00143?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00143?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00143?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00143?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00143?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jprobs/23/7?ref=pdf
https://pubs.acs.org/toc/jprobs/23/7?ref=pdf
https://pubs.acs.org/toc/jprobs/23/7?ref=pdf
https://pubs.acs.org/toc/jprobs/23/7?ref=pdf
pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jproteome.4c00143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org/jpr?ref=pdf

Journal of Proteome Research

pubs.acs.org/jpr

complement signaling), and ribosome and translation path-
ways.'? Several pathways were identified in severe cachexia,
including mitochondrial metabolic alterations (TCA cycle,
mitochondrial electron transport, and pyruvate metabolism).
Overall, these proteomic studies in rodent models of cancer
cachexia show major disrupted pathways regulating skeletal
muscle energy metabolism, muscle structure, and immune and
inflammation responses.

Among the mechanisms involved in the regulation of skeletal
muscle protein metabolism, such as a disruption in the balance
of protein synthesis and breakdown or changes in protein
expression, emerging evidence in the literature suggests that gut
microbiota play a role in the setup of skeletal muscle alterations
during cancer cachexia. Indeed, gut microbiota dysbiosis in the
BaF3 mice model of leukemia is correlated with cachectic
characteristics such as skeletal muscle mass loss and
upregulation of atrophy markers genes.'” In this mouse model,
administration of L. reuteri improved the loss of muscle mass and
reduced mRNA expression of muscle atrophy markers.'” In the
C26 mouse model, impairments in gut microbiota composition
lead to increased gut barrier permeability.'® Metabolically,
microbial dysbiosis in cachectic mice might be linked with
decreased intestinal de novo protein synthesis'> and amino acid
uptake,'” which might contribute to alter muscle protein
metabolism downstream."" Even if key findings strongly suggest
a gut-muscle axis in cancer cachexia, current research has not
fully uncovered the mechanisms leading to the involvement of
microbial dysbiosis in skeletal muscle atrophy and the
dysregulation of muscle protein metabolism and expression
during cachexia.

The aim of this study is, therefore, to explore the effect of
microbiota modulation using broad-spectrum antibiotic treat-
ment on skeletal muscle protein metabolism and protein
expression in the C26 mouse cancer cachexia model.

H EXPERIMENTAL SECTION
Cell Culture

Before in vivo implantation, colon carcinoma 26 (C26) cells
were maintained in high-glucose Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (Capricorn,
South America), 100 ug/mL streptomycin, and 100 IU/mL
penicillin (Gibco, Belgium) at 37 °C with 5% CO,.

Mouse Experiments

Ethical Aspects. The experiments were approved by the
local Ethical Committee of the Universite Catholique de
Louvain and performed in accordance with ethical guidelines.
Housing conditions were as specified by the Belgian Law of 29
May 3, 2013, regarding the protection of laboratory animals
(Agreement No. LA1230314).

Experimental Procedure. Male CD2F1 mice (7 weeks old,
Charles River Laboratories, Italy) were housed in a specific
pathogen-free environment in individually ventilated cages (2
mice/cage) with a 12 h light/dark cycle and fed ad libitum with
an irradiated chow diet (AO4—10, 2.9 kcal/g, SAFE, France).
After a one-week acclimatization, mice were allocated into two
groups (n = 16/group): one group with antibiotics (vancomycin
0.29 mM; neomycin 0.95 mM, Meropenem 0.206 mM) added
to the drinking water (ATB) and one group without antibiotics.
After 7 days of antibiotic treatment, half of the mice in each
group received a subcutaneous injection (intrascapular) of saline
(sham) or C26 cells (1 X 10° cells in 0.1 mL saline). All C26-
implanted mice displayed a visible tumor mass after 7 days. In
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total, 4 groups of mice were studied: CT control mice, CT-ATB
control mice treated with antibiotics treatment, C26 mice
implanted with C26 cells, and C26-ATB mice implanted with
implant C26 cells and treated with antibiotics (n = 8 per group).
Nine days after cancer cell implantation and 16 days after the
beginning of antibiotic treatment, mice were fasted for S h prior
to necropsy. S0 min before necropsy, mice were injected
intraperitoneally with a flooding dose of L-['*C]-Valine
(Eurisotop, Saint-Aubin, France) at 300 ymol/100 g of body
weight (n = 7 per group).

Sampling. Feces were collected before the initiation of the
antibiotic treatment, the day of the saline or C26 cell injection,
and the day of necropsy and stored at —80 °C. Blood samples
were collected from the vena cava and portal vein following
anesthesia (isoflurane gas, Abbot, Belgium), centrifuged, and
snap frozen in liquid nitrogen. Gastrocnemius and tibialis
muscles were collected, weighed, snap frozen in liquid nitrogen,
and then stored at —80 °C until further analyses.

Fecal Microbiome Analyses. DNA was extracted from
stools following the protocol Q,”’ which uses the QlAamp 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 instrument (Thermo Fisher Scientific, USA).
Absolute quantification of the total bacterial load was performed
by qPCR using the primers Bacteria Universal P338F
(ACTCCTACGGGAGGCAGCAG) and P5S18r (AT-
TACCGCGGCTGCTGG)*' as described in Supporting
Information 1. Universal bacterial DNA was then quantified as
previously described using L. acidophilus (DSM 20079 04—14)
as the standard bacteria.”” Samples were diluted to 0.10 g/uL or
used pure when nanodrop concentration was less than 10 ng/
uL. All samples (0.1 ng/uL) were run in duplicate in a single 96-
well reaction plate. Final concentrations were as follows: cDNA
2 uL/25 pL, primers 300 nM, and SyberGreen mix 1X
(MeteorTaqg DNA polymerase, dNTP, RT buffer, MgCI2 4
mM, SYBR Green I, ROX passive reference, and stabilizers, as
provided by the manufacturer). Thermocycling conditions were
as follows: initiation step at 95 °C for 2 min; cycling stage at 95
°C for 30's, 60 °C for 30's, 72 °C for 30 s, 40 cycles; melt curve
stage at 95 °Cfor 1 s, 65 °C for 205, 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 determined 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 (S-fold
serial dilution). Cell counts were determined by plating and
expressed as the “colony-forming unit” (CFU) before DNA
isolation. Taxonomic composition was assessed using 16S rRNA
gene sequencing of the cecal content DNA V4 and VS regions as
previously described.”> Sequencing procedures, as well as
bioinformatics and biostatistics analyses, are detailed in
Supporting Information 1. Raw sequences can be found in the
SRA database (project ID: PRJINA881269).

Immunohistochemistry Analyses. Gastrocnemius
muscle was mounted with tissue freezing medium (OCT)
before being snap frozen using isopentane and then stored at
—80 °C. Cross sections (10 ym thick) were performed using a
cryostat at —20 °C, and were labeled as previously described.”*
Briefly, sections were labeled with antilaminin-al (L9393,
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Table 1. Primer List
gene name forward reverse

igfbpS*® AGAGCTACGGCGAGCAAA TCTGCGGTCCTTCTTCACA

igf1 GCTCTTCAGTTCGTGTGTGG CACAATGCCTGTCTGAGGTG

irsl CTCAACAGCAGTCCCTACCAC GAGGATTTGCTGAGGTCATTT

kif1s CAAGAACCCAGCAGCAGAAC AACTCATCTGAGCGGGAAAA

mafbx ATGCACACTGGTGCAGAGAG TGTAAGCACACAGGCAGGTC

murfl ACGAGAAGAAGAGCGAGC CTTGGCACTTGAGAGGAA

reddl GTCTGCAGCCAGAGAAGAGG CCCATCCAGGTATGAGGAG

“IgfbpS: Insulin Growth Factor Binding Protein S. Irsl: Insulin Receptor Substrate 1. KIf15: Kriippel-like factor 15. reddl: Regulated in

Development and DNA Damage 1.

Sigma-Aldrich) to outline the fibers and resolved with
corresponding secondary antibodies conjugated to Alexa-Fluor
488 (Invitrogen, Cergy-Pontoise, France). Imaging was
performed at 10X (Zeiss, Okerkochen, Germany) and processed
using Image] (1.53c, java version 1.8 0_265) to obtain the fibers’
cross-sectional area. Five fields, each containing more than 100
fibers, were analyzed per muscle.

Fractional Synthesis Muscle Protein Rate (FSR).
Gastrocnemius muscle free amino acids and total proteins
were extracted as previously described.”® Briefly, muscle
proteins were hydrolyzed using 6M-HC], and the constituent
amino acids were purified by cation exchange chromatography
(Dowex 50W 8X; Bio-Rad Laboratories, Hercules, CA, USA).
Amino acids were eluted in 4M-NH4OH, dried in a SpeedVac
(Savant Instruments, Inc. Holbrook, NY, USA), and derivatized
as their N-acetyl-propylderivative. L-['*C]-Valine enrichment
(Ei) was measured using a gas-chromatography-combustion-
isotope ratio mass spectrometer system (GC-C-IRMS, uGas
System; Fisons Instruments,VG Isotech, Middlewich, UK). One
animal from each group was not injected with stable isotope
tracers to determine the natural Ei in L-['3C]-Valine. The
following formula was used to calculate the fractional synthesis
rate:

FSR (%.h7') = ((Ei of [13C] derived from Valine in total
muscle proteins — natural Ei of [13C] derived from Valine) X
100)/(Ei of [13C] derived from Valine in free amino acid pool X
incorporation time in hour)

Gastrocnemius mRNA Analyses. RNA isolation, cDNA
generation, and real-time qPCR were executed as described
previously.'” The ribosomal protein L6 (Rpl6) gene was chosen
as the reference gene for all tissues. The primer sequences for the
targeted mouse genes are detailed in Table 1.

Gastrocnemius Proteomic Analyses. Proteomic Sample
Preparation. Skeletal muscles (CT, C26, CT-ATB and C26-
ATB, n = 8 per group) were prepared for proteomic analyses as
previously described.”® Briefly, 50 mg of gastrocnemius was
homogenized on ice using an Ultra-Turrax homogenizer (IKA
Labortechnik, Staufen, Germany) and extraction buffer (40 mM
Tris-HCL, Sigma #T3253; 2 mM EDTA 0.5 M, Sigma #03659;
protease inhibitor solution, Sigma #P8340). Muscle homoge-
nate was divided into two fractions: the sarcoplasmic protein-
enriched extract and the myofibrillar protein-enriched extract.
Samples were centrifuged at 10000g at 4 °C, and the supernatant
or sarcoplasmic protein-enrichment extract was obtained. The
myofibrillar protein-enriched extract was obtained after the
pellet was resolubilized (S0 mM Tris-HCL; 8 mM urea), then
incubated for 2 h on ice and centrifuged for 5 min at 5000g at 4
°C. Both fractions were conserved at —80 °C. Protein samples
were then migrated on a 1D-SDS PAGE gel to obtain a protein
band as described previously.”” After excision and processing of

each band, the proteins were digested with trypsin at a ratio of
1:75 and the peptides obtained were dried then resolubilized in
20 uL of a 0.1% TFA solution containing standard QC peptides
(1 pmol, Isotopologues, PROMEGA).

Label-Free LC—MS/MS Analyses. The myofibrillar and
sarcoplasmic fractions of each mouse were subjected once to
the mass spectrometry analysis, with eight biological replicates
per group and a randomized sample order. 6 yL of hydrolysate
was separated by an acetonitrile gradient (ACN/FA 99.9/0.1)
ranging from 4 to 25% for S0 min in a Nano HPLC. Then the
samples were electrosprayed in a Q-ORBITRAP HEFX mass
spectrometer (ThermoScientific).

Protein Identification and Quantification. The separated
peptides were analyzed in the MS/MS DDA mode, top N20 for
identification, and quantification by Progenesis LCProQI
(Nonlinear, Waters) using Mascot (V251) and Peaks (X)
identification software. The search and identification parameters
in the mouse database (55408 seq, unip 202102) were 10 ppm
and 0.05 Da for parent and fragment ions, respectively. A protein
was validated when at least 2 unique peptides from the protein
had a significant score with a false positive rate (FPR) below 1%.
Protein quantification by LCProQI was based on the average
abundance of the 4 most intense peptides of each protein (3 or 2
for proteins identified with only 2 or 3 peptides). This step
resulted in the elimination of outliers (1 mouse) and samples
with insufficient alignment scores between soluble and
myofibrillar extracts of the same mouse. CT: sham-implanted
mice (n = 8), CT-ATB: sham-implanted mice treated by
antibiotics (n = 6), C26: C26-implanted mice (n = 8), C26-
ATB: C26-implanted mice treated with antibiotics (n = 7). The
mass-spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner reposi-
tory”® with the data set identifier PXD043918. Potential
contaminants such as casein, keratin, or trypsin were excluded.
Then statistical analysis was performed using the “combined
analyzed mode” option, which combines the myofibrillar and
sarcoplasmic protein quantifications, enabling statistics to be
calculated for the whole proteomic experiment. One-way
ANOVA were performed on the abundances of each protein
quantified in this way, between the CT and C26, CT and CT-
ATB, or C26 and C26-ATB groups. A protein was considered
differentially accumulated if its g-value was below 0.05 (name
given to the adjusted p-values found using an optimized false
discovery rate approach with a rate <0.05).

Proteomic Analysis Workflow. Principal component analysis
(PCA) was conducted on the identified, differentially
accumulated proteins using Factominer on R (R software,
version 4.2.3). Using the Mus musculus database, the selected
proteins were biologically analyzed using METASCAPE online
tools (Current version v3.5.20230501) for enrichment pathway
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Figure 1. Impact of antibiotic treatment on cecal content weight and total bacterial load. (A) Cecal content on the day of necropsy. (B,C) Total
bacteria count evolution expressed as the logarithmic charge, before antibiotic treatment (Day —7), at the time of C26 injection (Day 0), and on the
day of necropsy (Day 9) for CT-ATB (B) and C26-ATB mice (C). N = 8 per group. CT: sham-implanted mice, CT-ATB: sham-implanted mice
treated by antibiotics, C26: C26-implanted mice, C26-ATB: C26-implanted mice treated with antibiotics. Statistically significant differences between
groups are shown with $ when Kruskal—Wallis and Dunn’s post-test was used or * when a two-way ANOVA followed by Bonferroni post-test was used.

One symbol: p < 0.05; 2 symbols: p < 0.01.

and protein network analyses. METASCAPE’ recognizes genes
without the necessity of user specification using their gene name
and annotates their Gene Ontology30 (GO) biological processes
(BP) by curating them automatically from databases like
UniProt.”” Enrichment analyses in METASCAPE narrow
down the redundant GO BP processes using Kappa similarities
and classify the processes according to their p-value.”” We used a
custom background consisting of our identified proteins, a
minimum overlap of 3, a p-value cut off of 0.05, and a minimum
enrichment of 1.5 for the pathway and process enrichment.

Then, protein network analyses were performed using the
Molecular Complex Detection (MCODE) algorithm,”" which
extracts the most densely connected proteins in the protein
interaction network graph and generates a cluster for these
proteins. This approach is combined in METASCAPE with the
biological processes curated, in order to derive a putative role for
the cluster.”” We used a minimum network size of 3 for the
protein—protein interaction study.

Finally, Cytoscape (Java 11.06, version 3.9.1) with the
WikiPathway application (3.3.10) was used to illustrate which
pathways contained differentially expressed proteins in the C26
and C26-ATB mice.

Statistical Analyses Outside of Proteomics. Results are
expressed as mean =+ sem. Statistical analyses were performed
using GraphPad Prism 5.0, except for microbiome data analyses.
p < 0.05 was considered to be significant. Outliers were removed
using the Grubbs test. Normality was assessed using D’Agostino
and Pearson omnibus normality test.

Analyses over time among CT, CT-ATB, and C26 and C16-
ATB groups were performed using repeated measures mixed-
model ANOVA, with Bonferroni-post-tests.

Analyses at a given time point were analyzed with a two-way
ANOVA followed by Bonferroni post-tests when results
followed a normal distribution; when it was not the case, a
Kruskal—Wallis test was used with a Dunn’s post-test. Except
otherwise indicated, stars were used when a two-way ANOVA
followed by Bonferroni post-tests was performed and dollar
symbol was when the Kruskal-Wallis test was used with a
Dunn’s post-test, with 1 symbol for a p value below 0.05; 2 fora p
value below 0.01, and 3 for a p value below 0.001.
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B RESULTS AND DISCUSSION

Antibiotics Treatment and C26 Implantation Affect the Gut
Microbiota Composition

Cecal content was significantly increased in mice treated with
antibiotics and significantly decreased in animals with cachexia,
with a significant difference between C26 and C26-ATB mice
(Figure 1A). The total bacterial load over time was reduced as
early as 7 days after beginning the antibiotic treatment (day 0)
both for the CT-ATB and C26-ATB groups, but with
heterogeneous responses within the groups (Figure 1B,C).
These data together with the lack of difference in water intake
between groups during the experiment (Figure S1) are strong
elements indicating that antibiotics were adequately consumed
throughout the experiment.

Looking at these results, the increase in cecal content is a
classical feature of microbial disturbances outside of cachexia, in
mice treated with broad-spectrum antibiotic cocktails as early as
10 days after beginning treatment.”>** During cachexia, there is
a significant decrease in cecal content in C26 mice compared to
the control mice,” regardless of anorexia,”* which is the
dominant effect here in the cachectic mice. Other studies using
broad-spectrum antibiotics, including vancomycin and neo-
mycin, up to three or 4 weeks have shown insufficient lowering
of the total bacterial load, with only certain families of bacteria
being gepleted‘?’2 and others persisting such as Enterobacter-
iaceae.”

To explore the heterogeneous results in total bacteria content,
gut microbiota composition was assessed on the days of
injection and necropsy using 16S rRNA gene sequencing. Alpha
diversity evenness indexes were significantly decreased in groups
treated by antibiotics compared to the untreated mice (Figure
S2). PCA at the family level showed that the major variance in
the samples was due to the antibiotic treatment (Figure S3).
Analyses focusing on CT and C26 mice revealed an increased
relative abundance of Enterobacteriaceae in the C26 group, which
is a classical feature of this model** (Figure S3 and Table S1).
Overall, mice without antibiotic treatment presented the
Firmicutes and Bacteroides phyla and the Lachnospiraceae,
Lactobacillaceae, and Ruminococcaceae families at day 0 and day
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Figure 2. Impact of antibiotic treatment and cachexia on body and tumor weight and muscle characteristics. (A) Body weight evolution. Statistically
significant comparisons over time between C26 and C26-ATB are shown by # and between CT-ATB and C26-ATB by $. (B) Tumor weight on the day
of necropsy. (C) Gastrocnemius weight expressed as percentage of body weight on the day of necropsy, n = 8 mice per group. (D) Fractional synthesis
rate across groups at day nine, # = 7 mice per group. Mafbx (E) and murfl (F) mRNA expressions in gastrocnemius muscle, n = 8 mice per group. CT:
sham-implanted mice, CT-ATB: sham-implanted mice treated by antibiotics, C26: C26-implanted mice, C26-ATB: C26-implanted mice treated with
antibiotics. Statistically significant differences between groups of figures (B)—(F) are shown with $ when Kruskal—Wallis and Dunn’s post-test was
used or *when a 2-way ANOVA followed by Bonferroni post-test was used. One symbol: p < 0.05; 2 symbols: p < 0.01; 3 symbols: p < 0.001.

9 (Figure S3) while mice treated by antibiotics presented
different phyla and mouse-specific increases in different families
(Enterobacteriaceae and Porphyromonadaceae). The lack of a
decreased bacterial load in some mice was explained by the
bloom of specific bacterial families (Figure S3), which can be
due to the emergence of bacterial resistance or fungal
overgrowth caused by the prolonged antibiotic treatment.*®
This confirms that despite the heterogeneous response in
treated mice, gut microbiota disturbances were obtained in mice

following broad-spectrum antibiotic treatment.
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Effect of Cachexia and Antibiotics on Body Weight and
Skeletal Muscle Mass

Initial body weight on the day of sham or C26 cell implantation
(day 0) was similar across groups. There was a significant decline
in body weight in C26-ATB mice, 9.5% compared to C26 mice
and 13.1% compared to CT-ATB mice on day 9. Food intake
was significantly decreased by 42% on day 9 between CT-ATB
and C26-ATB mice (Figures 2A and S1). The tumor weight did
not significantly differ between C26 and C26-ATB (p = 0.07,
Figure 2B). Gastrocnemius and tibialis muscle weights and fiber
area were similar across groups (Figures 2C and S1). In the
present study, protein fractional synthesis rate in gastrocnemius
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Figure 3. mRNA expressions in gastrocnemius. KIf1S (A), redd1 (B), igfl (C), igfbpS (D), and irs] (E) mRNA expressions in gastrocnemius muscle, n
= 8 mice per group. CT: sham-implanted mice, CT-ATB: sham-implanted mice treated by antibiotics. C26: C26-implanted mice, C26-ATB: C26-
implanted mice treated with antibiotics. Statistically significant differences between groups are with $ when Kruskal—Wallis and Dunn’s post-test was
used or * when a two-way ANOVA followed by Bonferroni post-test was used. One symbol: p < 0.05; 2 symbols: p < 0.01; 3 symbols: p < 0.001.

muscle was significantly decreased in C26-ATB mice compared
with CT-ATB (CT-ATB: 0.19 + 0.02%.h-1; C26-ATB: 0.14 +
0.01), but there was no additional difference between C26 and
C26-ATB mice (Figure 2D). In our experiment, murfl and
mafbx gene expressions increase in mice implanted with C26
cells, by 242% versus CT mice for murfl and 353% for mafbx1
compared with CT mice. Additionally, mafbx mRNA expression
is 42.3% higher in C26-ATB mice than in C26 mice, implying an
effect of both cachexia and antibiotics-induced microbial
disturbances (Figures 2E,F).

mRNA expressions of the Kriippel-like factor 15 (kIf1S) and
Regulated in Development and DNA Damage 1 (redd1) genes
(Figure 3A,B) were increased in cachectic mice and more
specifically in the C26-ATB group. In addition, Insulin Growth
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Factor 1 (igfl), IGF Binding Protein S (igfbp$), and Insulin
receptor substrate 1 (irsl) gene expressions were decreased in
C26 mice (Figures 3C—E). However, microbial disturbances
did not induce any additional change in these mRNA
expressions.

Concerning the state of cachexia, only the C26-ATB group
presented a weight loss above 10%. However, the gastrocnemius
relative weight was decreased as well as the muscle fractional
synthesis rate in cachectic mice. Several studies have observed a
decrease in gastrocnemius protein synthesis rate in C26 mice
and an increase in protein degradation.'"”” Reduced muscle
protein synthesis is a known hallmark of cachexia in other
preclinical models as the adenomatous polypose colon® mice or
hepatocarcinoma mice’” and in human patients with can-
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Figure 4. Principal component analyses (PCA) showing muscle proteome changes in mice with or without cachexia and with or without antibiotic
treatment. PCA of all four groups showing the first two most important dimensions (A) and the first and third most important dimensions (B). CT:
sham-implanted mice (n = 8), CT-ATB: sham-implanted mice treated by antibiotics (n = 6), C26: C26-implanted mice (n = 8), C26-ATB: C26-
implanted mice treated with antibiotics (n = 7).

Table 2. Differentially Expressed Proteins Between the CT and C26 Groups

unique confidence
accession gene regulation qvalue peptides score description main biological process (GO)
P01027 C3 upregulated 0.001 15 1490.75187 Complement C3 G0:0045087 innate immune
response
Q61646 Hp upregulated 0.003 4 469.136376  Haptoglobin GO:0006953 acute-phase response
Q91 x 72 Hpx upregulated 0.005 24 2771.85141 Hemopexin GO:0045087 innate immune
response
F8VQEO Cacnals upregulated 0.006 20 1888.62835  Voltage-dependent L-type calcium G0:0030001 metal ion transport
channel subunit alpha
P12246 Apcs upregulated 0.010 3 288.060334  Serum amyloid P-component GO:0045087 innate immune
response
Q8K3 X 6  Anks4b upregulated 0.010 2 199.853556  Ankyrin repeat and SAM domain- G0:0034976 response to
containing protein 4B endoplasmic reticulum stress
008532 Cacna2dl  upregulated 0.010 19 2672.2766 Voltage-dependent calcium channel GO0:0030001 metal ion transport
subunit alpha-2/delta-1
Q8COM9 Asrgll upregulated 0.011 2 234.617686  Isoaspartyl peptidase/L-asparaginase ~ GO:0006530 asparagine catabolic
process
D37271 Clipl upregulated 0.025 10 1428.45394 CAP-Gly domain-containing linker GO:0044861 protein transport into
protein 1 plasma membrane raft
P19536 CoxSb upregulated 0.035 S 560.789481  Cytochrome c oxidase subunit SB, GO0:0030001 metal ion transport
mitochondrial
Q60994 Adipoq downregulated ~ 0.006 3 380.32829  Adiponectin GO:0010875 positive regulation of
cholesterol efflux
B2RPUS Zbeds downregulated  0.010 2 163.703767  SCAN domain containing 3 No known biological process
referenced

0—42 . . .
cer.**~* In animal models of cancer cachexia, an upregulation of

genes of the catabolic* ™" (kif1S, redd1) and a downregulation
of anabolic pathways***® (igf1, igfbp$ and irs1) have also been
demonstrated. Overall, in this study, characteristics of a
moderate state of cachexia was obtained, with a moderate
body weight and skeletal muscle mass losses.

Antibiotic treatment in C26 mice induced a higher total
weight loss at the end of the experiment compared with all the
other groups, 9.5% compared to C26 mice, 13.1% compared to
CT-ATB, and 11.5% compared to CT mice. This body weight
loss was not due to a more severe disease since the tumor weight
tended to decrease in the C26-ATB group. This finding of a
smaller tumor has been previously described in literature, where
five different models of cancer-implanted mice treated by
antibiotics for 12 weeks presented a lower tumor weight than
their untreated counterparts.”’ The impact of antibiotics on
muscle mass in the literature is inconsistent. One study showed
antibiotic treatment led to a significant decrease in rodents’
skeletal muscle mass.*® However, Nay et al.®* obtained a lower
muscle mass/total weight mass ratio in antibiotic-treated mice
compared to controls, but this difference disappeared when
factoring in the cecum weight change due to the antibiotic
treatment.
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Mafbx and murfl mRNA expressions are increased during
cachexia preceding muscle mass loss.”” In previous studies with
microbiota interference, without cachexia, authors did not reveal
changes in atrogen mRNA expression in antibiotic-treated
mice.”*® However, the existence of different antibiotic
regimes—ampicillin, streptomycin, colistin, and vancomy-
cin—on one hand and metronidazole, on the other, makes it
difficult to compare our findings. In this study, synergic effect of
both microbial disturbances secondary to antibiotics and
cachexia was found on the mRNA expression of mafbx but
not murfl.

To conclude, our results suggest that a 14-day antibiotic
treatment administered 7 days after tumor implantation to
induce cachexia plays a role in altering skeletal muscle by
impacting protein breakdown but not its synthesis. The
significant increase of mafbx mRINA expression in cachectic,
antibiotic-treated mice implies that microbiota influences
atrogens expression.

Muscle Proteome Changes Induced by Microbial
Disturbances and Cachexia

Several studies have described muscle proteome alterations
induced by cancer cachexia,">'*'® but our study is the first to
explore the proteome profile changes induced by antibiotics-
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Table 3. Differentially Upregulated Proteins Between CT and CT-ATB Mice

accession

Q99P72
D37271
Q02053
GSESJ6

Q8K010
P28665
FSVPN4

A2ABU4
P31001
G3 X 8QS
QI4BIS
Q91VA7

Q3U1J4
Q61941

F6RPJ9

Q6P1BI
Q9JMH6
P47911
F8VPN4
Q8COM9
P09411
F6ZHDS
QI4BIS

Q64727
Q8K3 X 6
P11499
E9QIT9

QU2G2
QY9KIO

P07724

Q3TXNI
E9QIKS

Q8R146

Q8BGQ7
F8VQEO

P48036
QI1ZJ5

Q62Q73
008532

QUSIK4
P52480
A2AMMO
P63260

P03921

gene name

Rtn4
Clipl
Ubal
Hrc

Oplah
Mugl
Agl

Myom3
Des

Cp
Myom?2
1dh3b

Ddbl
Nnt

Ide

Xpnpl
Txnrdl
Rpl6
Agl
Asrgll
Pgkl
Gbel
Myom?2

Vel
Anks4b
Hsp90abl
Csell

Hspa4
Aco2

Alb

Ptgr2
Trdn

Ah

Aars

Cacnals

Anxa$
Ugp2

Cand2
Cacna2dl

Apool
Pkm
Cavin4
Actgl

MtndS

q value

0.000
0.000
0.001
0.001

0.001
0.001
0.001

0.002
0.003
0.003
0.007
0.008

0.008
0.009

0.009

0.009
0.009
0.009
0.009
0.010
0.010
0.010
0.010

0.010
0.010
0.011
0.011

0.011
0.012

0.013

0.013
0.014

0.014

0.018
0.018

0.018
0.019

0.020
0.022

0.023
0.025
0.026
0.029

0.031

unique
peptides
S
10
29

29

12
21
20

36

64

30

10
106

154

20

26

19

125

confidence
score

998.59

1428.45

4088.10

3482.93

1148.62
2135.57
11485.74

498.26
6970.73
497.79
21851.75
2843.00

622.25
245.78

421.23

195.05
859.34
566.52
9633.14
234.62
11823.18
1833.55
15863.10

2696.52

199.85

5050.36

363.61

1804.65
17504.94

19813.85

143.35
915.80

300.59

SS1.18
1888.63

787.36
3819.27

362.98

2672.28

399.02
18102.54
194.61
28499.43

494.56

description

reticulon-4

CAP-Gly domain-containing linker
protein 1

ubiquitin-like modifier-activating
enzyme 1

histidine-rich calcium-binding protein

S-oxoprolinase
murinoglobulin-1

amylo-1,6-glucidase, 4-alpha-
glucanotransferase

myomesin-3

desmin

ceruloplasmin

myomesin-2

isocitrate dehydrogenase [NAD]
subunit, mitochondrial

DNA damage-binding protein 1

NAD(P) transhydrogenase,
mitochondrial

insulin-degrading enzyme (fragment)

Xaa-Pro aminopeptidase 1
thioredoxin reductase 1, cytoplasmic
60S ribomal protein L6
4-alpha-glucanotransferase
isoaspartyl peptidase/L-asparaginase
phphoglycerate kinase 1
1,4-alpha-glucan-branching enzyme

myomesin-2
vinculin

ankyrin repeat and SAM domain-
containing protein 4B

heat shock protein HSP 90-beta

exportin-2
heat shock 70 kDa protein 4

aconitate hydratase, mitochondrial
serum albumin

prostaglandin reductase 2

triadin

acylamino-acid-releasing enzyme
(Fragment)

alanine-tRNA ligase, cytoplasmic

voltage-dependent L-type calcium
channel subunit alpha

annexin AS

UTP-gluce-1-phphate
uridylyltransferase

cullin-associated NEDD8-dissociated
protein 2

voltage-dependent calcium channel
subunit alpha-2/delta-1

MIC complex subunit Mic27
pyruvate kinase PKM
caveolae-associated protein 4

actin, cytoplasmic 2

NADH-ubiquinone oxidoreductase
chain §
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main biological process (GO)
GO0:0040007 growth; GO:0046626 regulation of insulin receptor;
G0:0044861 protein transport into plasma membrane raft

GO:0044861 protein transport into plasma membrane raft;
GO:0061024 membrane organization

GO:0006511 ubiquitin-dependent protein catabolic process

G0:1902081 negative regulation of calcium ion import into
sarcoplasmic reticulum

GO:0006749 glutathione metabolic process
G0:0044703 multiorganism reproductive process
G0:0005980 glycogen catabolic process

GO:0045214 sarcomere organization

GO:0045104 intermediate filament cytoskeleton organization
GO:0006825 copper ion transport; GO:0006826 iron ion transport
GO:0045214 sarcomere organization

G0:0072350 tricarboxylic acid metabolic process

GO:0046719 regulation by virus of viral protein levels in host cell
G0:0042744 hydrogen peroxide catabolic process

GO0:0046626 regulation of insulin receptor; GO:0032092 positive
regulation of protein binding

GO:0043069 negative regulation of programmed cell death
G0:0042744 hydrogen peroxide catabolic process
GO0:0000027 ribosomal large subunit assembly
GO:0006530 asparagine catabolic process

GO0:0036294 cellular response to decreased oxygen levels
G0:0005978 glycogen biosynthetic process

G0:0040007 growth

GO:1904106 protein localization to microvillus; GO:0034976
response to endoplasmic reticulum stress

GO0:0040007 growth; GO:0032092 positive regulation of protein
binding
G0:0006886 intracellular protein transport

GO:0044861 protein transport into plasma membrane raft;
G0:0032092 positive regulation of protein binding; GO:0061024
membrane organization

G0:0072350 tricarboxylic acid metabolic process
GO0:0045938 positive regulation of circadian sleep/wake cycle, sleep

G0:0006693 prostaglandin metabolic process;GO:0033559
unsaturated fatty acid metabolic process

G0:0007029 endoplasmic reticulum organization; GO:0061024
membrane organization

G0:0040007 growth; GO:0046626 regulation of insulin receptor

G0:0051402 neuron apoptotic process; GO:0006417 regulation of
translation

G0:0007029 endoplasmic reticulum organization

G0:0097211 cellular response to gonadotropin-releasing hormone

GO0:0005978 glycogen biosynthetic process

G0:0016567 protein ubiquitination
G0:0007029 endoplasmic reticulum organization

GO0:0061024 membrane organization
GO0:0040007 growth; GO:0006417 regulation of translation

G0:0030239 myofibril assembly
GO0:0040007 growth
GO:0010468 regulation of gene expression

GO:0040007 growth; GO:0046626 regulation of insulin receptor;
GO:0051402 neuron apoptotic process

GO0:0032092 positive regulation of protein binding; GO:0007029
endoplasmic reticulum organization; GO:0061024 membrane
organization
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Table 3. continued

unique  confidence

accession gene name  q value peptides score description

Q11011 Npps 0.031 12 1613.62  puromycin-sensitive aminopeptidase

055143 Atp2a2 0.033 2 9063.80 sarcoplasmic/endoplasmic reticulum
calcium ATPase 2

P63017 Hspa8 0.033 S5 8771.97  heat shock cognate 71 kDa protein

P38647 Hspa9 0.034 22 2638.03  stress-70 protein, mitochondrial

P70670 Naca 0.038 23 2394.89  nascent polypeptide-associated
complex subunit alpha, muscle-
specific form

P51885 Lum 0.039 3 970.27  lumican

Q8CGC7 Eprs 0.040 8 964.19  bifunctional glutamate/proline—tRNA
ligase

P48678 Lmna 0.040 16 2099.26  prelamin-A/C

P17182 Enol 0.041 15 9259.44  enolase 1, alpha non-neuron

P29699 Ahsg 0.042 3 34148  alpha-2-HS-glycoprotein

P05063 Aldoc 0.044 S 4163.72  aldolase C, fructose-bisphosphate

P48758 Cbrl 0.044 3 631.17  carbonyl reductase 1

Q6PB66 Lrpprc 0.046 7 583.86  leucine-rich PPR-motif containing

Q8CGK3 Lonpl 0.046 3 287.65  lon peptidase 1, mitochondrial

QOEPLS8 Ipo7 0.049 2 145.55  importin 7

Q60864 Stipl 0.050 S 51922 stress-induced phosphoprotein 1

Q8BWT1 Acaa2 0.050 25 322526  acetyl-coenzyme A acyltransferase 2
(mitochondrial 3-oxoacyl-coenzyme
A thiolase)

A2AQE4 Cops2 0.050 2 17891  COP9 signalosome subunit 2

main biological process (GO)

GO:0044861 protein transport into plasma membrane raft
GO:0044861 protein transport into plasma membrane raft

GO0:0040007 growth; GO:0046626 regulation of insulin receptor;
GO:0044861 protein transport into plasma membrane raft

GO0:0032914 positive regulation of transforming growth factor
betal production

GO:0006417 regulation of translation

GO:0044861 protein transport into plasma membrane raft;
GO0:0061024 membrane organization

GO:0046626 regulation of insulin receptor; GO:0032092 positive
regulation of protein binding

GO:0046626 regulation of insulin receptor
GO0:0046626 regulation of insulin receptor

GO:0046626 regulation of insulin receptor; GO:0032092 positive
regulation of protein binding

GO:0006096 glycolytic process

GO0:0008211 glucocorticoid metabolic process
GO0:0006417 regulation of translation

GO0:0046626 regulation of insulin receptor

GO:0044861 protein transport into plasma membrane raft
G0:0098760 response to interleukin-7

G0:0061024 membrane organization; GO:0036294 cellular
response to decreased oxygen levels

G0:0040007 growth

induced microbial disturbances outside and in the C26 mouse
model. To better understand how microbial disturbance affects
muscle metabolism in cancer cachexia, a shotgun protein
analysis was performed on the gastrocnemius muscle of the CT,
C26, CT-ATB, and C26-ATB mice groups. Given the wide
dynamic range of protein expression in skeletal muscle, a two-
step solubilization of proteins, generating a sarcoplasmic and a
myofibrillar protein-enriched extract, was used from each
sample. Protein quantification for each mouse was then
performed by combining the myofibrillar and sarcoplasmic
quantification data for each muscle.

Using this proteomic workflow, and after analyzing CT vs
C26, CT vs CT-ATB, and C26 vs C26-ATB groups, 572
nonredundant proteins were identified with at least two single
peptides, of which 237 proteins were differentially accumulated
between groups (adjusted p value for false discovery rates below
0.05) and 209 were found to be unique.

PCA analysis uncovered a clear separation in the proteomic
profile of CT-ATB and C26-ATB groups compared with those
of CT and C26 groups, demonstrating a major effect of the
antibiotic treatment on muscle proteome regulation (Figure
4A). Although PCA analysis showed a separation in the
proteomic profile between cachectic mice (C26) and non-
cachectic mice (CT), independent of the antibiotic treatment,
cacaxia had a much less impact on the muscle proteome
compared with the antibiotic treatment (Figure 4B).

Effect of Cachexia on the Skeletal Muscle Proteome

Regarding the effect of cachexia, we quantified only 12
differentially accumulated proteins between the CT and C26
groups (Table 2). Several studies have described skeletal muscle
proteome changes induced by cancer cachexia in different
models presenting a subcutaneous implantation of colon
carcinoma cell lines (C26 cells), afflicted with various profiles
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of cachexia severity,'>'*'® Some proteins identified in our study,
such as haptoglobin, hemopexin, C3, and serum amyloid P-
component, are involved in the innate immune response and are
biomarkers identified in previous works.'”'® We also found a
biomarker named CACNAILS (voltage-dependent L-type
calcium channel subunit alpha) that has been identified in a
moderate form of cachexia.'” This protein, expressed in skeletal
muscle, is the pore-forming subunit of the dihydropyridine
receptor (DHPR) and is coupled to the Ryanodine receptor
Ca2+-release channel-1 (RYR1) during muscle excitation and
contraction.” It is recognized as the cause of Dihydropyridine
Receptor Congenital Myopathy.

Opverall, the profile of differentially proteins that have been
identified between CT and C26 mice is similar to the muscle
proteome in mice with moderate cachexia and minor muscle
mass weight losses.' !¢

Effect of Microbial Disturbances—Induced by Antibiotic
Treatment on the Skeletal Muscle Proteome

We focused on the effect of microbial disturbances induced by
antibiotics on the skeletal muscle proteome, independent of
cachexia, since antibiotic treatment induced a major effect on the
muscle proteome expression. First, looking at the differentially
accumulated proteins between the CT and CT-ATB groups, 143
differentially proteins were found, with 62 upregulated and 81
downregulated proteins (Tables 3 and 4). Then we focused on
the pathways involved in the proteome changes.

Impact on Skeletal Muscle Metabolism. To identify the
relevant biological processes (BP) involved in the muscle
proteome changes observed in the CT-ATB group, a Gene
Ontology (GO) analysis was performed on the proteins with an
increased differential expression and a lowered differential
expression in the gastrocnemius muscle. The most over-
represented GO_BP terms for the proteins with increased

https://doi.org/10.1021/acs jproteome.4c00143
J. Proteome Res. 2024, 23, 2452—-2473
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Table 4. continued

confidence

unique
peptides

main biological process

GO:0016071 mRNA metabolic process

description

score
10424.46

q value

gene Name
Tnnt3

accession
E9PVN9
Q8BGOS

troponin T, fast skeletal muscle

2
3
S

0.039
0.040
0.040

GO:0042776 proton motive force-driven mitochondrial ATP synthesis

heterogeneous nuclear ribonucleoprotein A3

219.17

Hnrnpa3
Ndufb8

GO0:0042776 proton motive force-driven mitochondrial ATP synthesis: GO:0043243 positive

regulation of protein-containing complex disassembly

NADH dehydrogenase [ubiquinone] 1 beta subcomplex

424.12

QIDEJ5

subunit 8, mitochondrial

GO0:0043161 proteasome-mediated ubiquitin-dependent protein catabolic process

GO:0042776 proton motive force-driven mitochondrial ATP synthesis

voltage-dependent anion-selective channel protein 1

4953.16

8
2

0.043
0.044
0.044

Vdacl

Q60932

proteasome subunit beta type-5

217.57
2178.83

Psmb$S

055234

GO0:0043243 positive regulation of protein-containing complex disassembly

NADH dehydrogenase [ubiquinone] 1 alpha

17

Ndufa9

Q9DC69

subcomplex subunit 9, mitochondrial

GO:0007015 actin filament organization

profilin-2

313.04

3

0.044

Pfn2

QJv2

GO:0030099 myeloid cell differentiation

PDZ and LIM domain protein 3

myoglobin

807.22
10193.13

Pdlim3
Mb

070209
P04247

GO:0003009 skeletal muscle contraction

70

GO:0042776 proton motive force-driven mitochondrial ATP synthesis

ATP synthase F(0) complex subunit B, mitochondrial G0:0042776 proton motive force-driven mitochondrial ATP synthesis

junctional sarcoplasmic reticulum protein 1

401.67
1974.33
1076.13

Jsrpl

Q3MI48

AtpSpb
Nampt

QCQY?
QUIKQ4

GO0:0042776 proton motive force-driven mitochondrial ATP synthesis

nicotinamide phosphoribosyltransferase
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expression were “growth”, “regulation of insulin receptor
pathway”, and “intracellular protein transport” (Figure SA).
Previous papers interested in the muscle of germ-free mice™ and
mice treated with antibiotics then reseeded”” have also identified
modifications on these biological processes, notably growth via
the insulin growth factor pathways that imply the expression of
IGF1,”* IGFBP3, and IGFBP5*. Speaking of the insulin
receptor pathway, bacterial extracellular vesicles extracted from
the stools of mice fed a high fat diet have been administered to
mice and can induce insulin resistance in mice as well as be
traced back to the skeletal muscle.’’ Thus, the increased
differentially expressed proteins implicated in the regulation of
growth and insulin receptor pathway of our CT-ATB mice could
reflect that glucose metabolism alterations are induced by
microbial disturbances in our model.

The most overrepresented GO-BP terms for the proteins that
displayed a lower expression in CT-ATB mice compared with
CT mice were “mitochondrial ATP synthesis”, “myeloid cell
differentiation”, and “regulation of lipid localization” (Figure
SA). Protein—protein interactions also identified a cluster
implicated in “oxidative phosphorylation” (Figure SD,E).
Some authors have also observed that germ-free mice,
whichpresent a lower fat mass than conventionalized mice,*”
display increased activity of proteins responsible for fatty acid
oxidation, such as AMPK,"> ACACA or AcetylCoA carboxylase
and CPTI, carnitine:palmitoyl transferase-1,> as well as
reduced gene expression of the components of the mitochon-
drial respiratory chain.*’ In animal models with antibiotic
treatments, piglets fed antibiotics long-term by tylosin
phosphate also develop an increased expression of genes
involved in lipid accumulation in muscle: acetylcoa carboxylase
and lipoprotein lipase.54 In mice, low doses of penicillin also lead
to downplayed gene expression of mitochondrial electron
transport components.*® Finally, directly administering micro-
bial byproducts such as short chain fatty acids to germ-free mice
also improves skeletal muscle weight, mRNA mafbx1 expression
and grip strength.”” This suggests a link between the microbiota
and energy metabolism at the lipid and mitochondrial level that
might affect skeletal muscle performances.

Overall, our results and previous literature suggest an
upstream impact of microbiota on mitochondrial muscle energy
metabolism and lipid localization.

Impact on Skeletal Muscle Function. Interestingly, the
GO-BP term “skeletal muscle contraction” was downregulated
(Figure SA). In addition, protein—protein interaction analyses
(Figure SD,E) highlighted that clusters involved “muscle
contraction” and “actin cytoskeleton organization”. Although
mechanisms are not clearly described, several studies have
demonstrated a link between gut microbiota and skeletal muscle
regulation. Indeed, in mice treated with antibiotics, the relative
muscle weight and ex vivo muscle fatigue alterations were
reversed by reseeding.”’ Moreover, supplementing mice with
Lactobacillus plantarum leads to increased muscle function in a
dose-dependent way.>> In humans, supplementing triathlon
sportsmen over two months with Lactobacillus plantarum
improved the fatigue index and maximum O, volume after a
triathlon performance.’® Our results revealed a cluster of four
proteins involved in the actin filament composition: FHL3 (four
and a half LIM domains protein 3), PDLIM 3, 6, and 7 (PDZ
and LIM domain proteins 3, 6 and 7). These proteins are
interesting targets in skeletal muscle because their mutations can
lead to myopathies. They contribute to satellite cell differ-
entiation, muscle fiber stress response, and are at the center of

https://doi.org/10.1021/acs jproteome.4c00143
J. Proteome Res. 2024, 23, 2452—-2473
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Figure S. Proteome changes in the gastrocnemius of mice without cachexia, treated by antibiotics. (A) Biological processes differentially expressed
with a higher expression (green) or alower expression (blue) of proteins for CT-ATB mice compared with the CT group. Protein—protein interactions
between CT and CT-ATB groups within the positively differentially expressed proteins (B) with a focus on one protein cluster (C). Protein—protein
interactions between CT and CT-ATB groups within the negatively expressed proteins (D) with a focus on three protein clusters (E). Red nodes
correspond to proteins involved in protein folding in figure C, and oxidative phosphorylation corresponds to proteins involved in muscle contractions,
and green nodes correspond to proteins involved in actin cytoskeleton organization. CT: sham-implanted mice (n = 8), CT-ATB: sham-implanted

mice treated by antibiotics (1 = 6).

the Z disc—actin—cytoskeleton interaction.”” In particular,
PDLIM6 KO mice display cardiomyopathy with lowered
survival and altered skeletal muscle sarcomere organization at
the Z line after birth.*” Altogether, these proteins with LIM
domains and PDZ domains seem specifically expressed during
muscle remodeling in response to microbial disturbances and,
thus, represent potential biomarkers.

Impact on Protein Folding. Protein—protein interaction
analyses also revealed a cluster of positively, differentially
expressed proteins involved in “protein folding” (Figure SB,C),
with the identification of STIP1 (stress-induced phosphoprotein
1) and HSPs (Heat shock proteins) of the HSP70/HSP family:
a4, a8, a9, and the HSP90/C family: 90ab1.°° HSPs are major
players of efficient protein folding, or if not attained, autophagy
of misfolded proteins.’’ Their mutations lead to myopathies in

2464

human patients.”” Heat stress will lead to the induction of
anabolic pathways such as the Akt/mTOR pathway,*® while
HSP70 overexpression can revert the mRNA overexpression of
murfl and mafbx via foxo3.°* Among the HSPs identified in our
study, HSPa4 is part of the HSP70 family, and HSPa4 knockout
mice present significant skeletal muscle mass loss, a higher
muscle inflammatory cell presence, greater fiber degeneration,
and impaired autophagy and apoptosis processes.”" This family
of proteins thus seems an interesting choice to explore the link
between skeletal muscle and microbiota outside of cachexia.
This is the first analysis, to our knowledge, investigating the
impact of microbiota modulation by antibiotics on the skeletal
muscle proteome. Overall, the changes in the muscle proteome
of mice due to microbial disturbances secondary to antibiotic
treatment explained the majority of the proteome variation seen

https://doi.org/10.1021/acs jproteome.4c00143
J. Proteome Res. 2024, 23, 2452—-2473
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Figure 6. Proteome changes in the gastrocnemius of mice with cachexia and/or antibiotic treatment. (A) Biological processes upregulated between the
C26 and C26-ATB groups. Protein—protein interactions between C26 and C26-ATB groups within the positively differentially expressed proteins (B)
with a focus on three protein clusters (C). Red nodes correspond to proteins involved in protein serine threonine kinase activity, blue nodes
correspond to proteins involved in pyrimidine nucleotide metabolic processes, and purple nodes to proteins involved in ubiquitin dependent protein
catabolic process. C26: C26-implanted mice (n = 8), C26-ATB: C26-implanted mice treated with antibiotics (n = 7).

in our experiment. There was a strong effect of antibiotics on the
muscle gastrocnemius proteome through the differential
expression of growth processes—via IGF and insulin receptor
pathways—and intracellular protein transport. This is coupled
with a shift in the expression of proteins responsible for
mitochondrial ATP synthesis, skeletal muscle contraction, and
cytoskeleton organization. These alterations of the muscle
proteome of mice treated with a broad spectrum of antibiotics
for 2 weeks are similar to the adaptative processes put into place
during alging.26’27’65‘66 HSPs, proteins involved in growth,
mitochondrial energy metabolism, and sarcomere proteins
such as LIM domain proteins identified here would be
interesting prospects for biomarker research in the gut-muscle
axis outside of cancer. Lastly, antibiotics have been widely used
to replace germ-free mice in gut microbiota depletion studies.
However, a study comparing antibiotic treatment (by ampicillin,
neomycin, vancomycin, and metronidazole) in conventional
mice and germ-free mice found that only 1/3 gene expressions
were similar in the gut of the mice.”’ Treating germ-free mice
and conventional mice with antibiotics led to gut gene
expression changes directly caused by the drugs and not by
the microbial disturbances that they generated. Thus, future
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results must separate the effects of the antibiotic drugs used from
gut microbiota disruptions.

Effect of Microbial Dysbiosis Induced by Antibiotic
Treatment on Gastrocnemius Muscle Proteomics for Mice
with Cachexia

There were 80 differentially expressed proteins between C26
and C26-ATB groups, with only 4 negatively expressed and 76
positively expressed proteins (Table S), which is less than the
143 differentially accumulated proteins obtained when micro-
bial dysbiosis was compared in mice without cachexia. Among
these proteins, only 19 common proteins were differentially
accumulated in both the CT versus CT-ATB and the C26 versus
C26-ATB analyses (Table S2). This first result suggests a
blunted response of the muscle proteome to microbial dysbiosis
induced by antibiotic treatment when cachexia is present and
adaptative processes without unnecessary overlapping.

Impact on Glucose Metabolism and Oxidative Stress.
Overall, among the 4 negatively, differentially expressed proteins
identified in C26-ATB mice, 3 were involved with mitochondrial
electron transport: ATP synthase subunits ATPSC1, ATPSPF;
and COXSB (Cytochrome c¢ oxidase subunit SB, mitochon-
drial). Although the HSPs were of particular interest in the CT
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groups, modification of expression of HSPs was not found in the
muscles of our C26-implanted groups.

The most overrepresented GO_BP terms for the differentially
accumulated proteins (Figure 6A) were responsible for muscle
development (“gastrulation”; “tissue morphogenesis”; “cell
morphogenesis”), and metabolic pathways, which were glucose
metabolism (“glucose metabolic process”; “response to
carbohydrate”) and oxidative stress response (lactate metabolic
process”; “NADP metabolic process”; “hydrogen peroxide
catabolic process”; “organic hydroxy compound metabolic
process”).

This is the first study of muscle proteomics in mice with both
antibiotic treatment and C26-implantation. Other proteome
analyses in C26 mice without antibiotic treatment have also
shown differential expression of proteins involved in glucose
metabolism and oxidative stress response, mainly in mice with a
more severe weight and muscle mass loss,">'*'® Metabolomic
analyses® in C26 mice without antibiotic treatment have also
found that the muscle of cachectic mice have increased oxidative
stress, in particular nitrogen stress, and an increase in
glycolysis.””~”" In the tibialis anterior of germ-free mice, the
expression of genes involved in glycolysis such as pyruvate
kinase and pyruvate dehydrogenase is decreased, and this is
reversed by reseeding.*’ Altogether, the pathways of oxidative
stress and glucose metabolism seem to be the most promising to
further explore the link between microbiota and muscle in
cachexia at a moderate cachexia stage (Figure S4).

Protein—protein interaction analyses of upregulated proteins
(Figures 6B,C) revealed a major cluster linked to a “cellular
response to hormone stimulus”. The proteins involved in the
cellular response to hormone stimulus are of mainly three types.
The first are Mitogen-activated protein kinases (MAP2K1,
MAPK12), which are part of a pathway already modified in a
proteomics study of moderate cachexia."’

In colon cancer MAPK12, also known as p38y, is of particular
interest, because its knockout in a mouse model of colon cancer
induced by colitis lessens the tumor volume.”> Targeting
MAPKI12 in vitro using pirfenidone, an antifibrotic drug, leads
to a decrease in colon cancer cell proliferation due to proteolysis
of K-RAS (V-K;ras2 Kirstenrat sarcoma viral oncogene
homolo§ue), one of the main oncogenes responsible for colon
cancer.”” A transcriptomic study in mice with pancreatic cancer
has also found MAPK12 mediates anaerobic glycolysis induced
by KRAS.”* Since diabetic mice treated with pirfenidone (a
MAPKI2 blocker) display gut microbiota resembling that of
control mice rather than that of their diabetic, untreated
counterparts; > and muscle biopsies of patients with diabetes
display lower gene expression of mapkl2, this suggests a link
between microbiota and muscle through glycolysis via the
KRAS/p38 MAPK pathway’® (Figure S5).

Other enzymes involved in glutathione metabolism (alcohol
dehydrogenases ADH1 and ADHS; GSTPI, glutathione S-
transferase P11), glycolysis, and the TCA cycle (GPI1, glucose-
6-phosphate isomerase; PKM, pyruvate kinase; PDHAI,
pyruvate dehydrogenase E1 component subunit alpha; ENOI,
alpha-enolase). This reinforces the idea that glucose metabolism
and oxidative stress are important pathways in the context of
cachexia and microbial dysbiosis.

Impact on Catabolic Process. The protein—protein
interaction analysis also revealed a cluster implicated in the
“ubiquitin-dependent protein catabolic process” (Figure 6B,C).
The proteins involved in this catabolic process are members of
the proteasome complex’’ (Figure 7): PSMC4 (26S protea-
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some regulatory subunit 6B), PSMA1 (20S proteasome subunits
alpha), PSMB3 and PSMBS (20S proteasome subunits).
Proteasome inhibition by Velcade, an antineoplasic drug
approved for myeloma, can rescue the dystrophic phenotype
and decrease intramuscular inflammation in mice.”* Among the
proteins identified here, psmal gene expression is upregulated in
the immobilized hindlimbs of mice knocked out for ZEB1, a
protein involved in tumor suppression, which present steeper
muscle weight loss and lower muscle fiber area.”” PSMC4
muscle-specific knocked out mice exhibit muscle atrophy,”” with
higher SERCA, MURF1, and MAFBXI1 protein expressions and
ultimately higher ubiquitinylated proteins in the muscle of adult
mice. Altered proteolysis thus seems to be of particular interest
in the double context of cancer and microbiota disruption.

Altered proteolysis thus seems of particular interest in the
double context of cancer and microbiota disruption. Proteasome
inhibition of PSMBS by bortezomib, an antineoplasic drug
approved for myeloma, can rescue the dystrophic phenotype
and decrease intramuscular inflammation in mice.”® This is also
the case in mice treated with cisplatin, where bortezomib rescues
the decrease in muscle mass and myofiber diameter.
Interestingly, gut microbiota participates in bortezomib drug
resistance in myeloma,”’ as humans and mice with higher
Citrobacter freundii levels, a nitrogen recycling bacteria, display
larger tumors after bortezomib treatment. Moreover, after this
treatment, mice undergoing fecal microbiota transplantation of
humans with relapsing myeloma presented larger tumors than
mice transplanted with patients with an initial diagnosis of
myeloma. Finally, administering a probiotic containing
Citrobacter butyricum reduces C. freundii abundance in mice,
and they have smaller tumors following bortezomib treatment
than mice without probiotic gavage. Thus, in the future,
modulating gut microbiota may be able to reverse bortezomib
resistance and, as a result, muscle alterations.

Overall, a different response of the muscle proteome to
microbiota disruption when cachexia is present was observed,
suggesting that the adaptation of skeletal muscle to this catabolic
condition is impaired. Only 24% proteins were commonly
identified regardless of the C26 implantation status. This
suggests that the muscle proteome is modified differently in
control animals versus cachectic in the context of antibiotics
treatment, with adaptative processes that do not completely
overlap. For C26 mice with moderate cachexia submitted to
antibiotic treatment, the main altered processes are glucose
metabolism, oxidative stress, and proteolysis.

B CONCLUSION

In this study, C26 mice presented a moderate cachexia
characterized by a lowered muscle protein synthesis and an
increase in the mRNA expressions of murfl, mafbx, and kif15
together with microbial dysbiosis with an increase in Enter-
obacteriaceae. Drastically impacting microbiota with broad-
spectrum antibiotics treatment did not induce additional muscle
protein synthesis decline in cachectic mice. However, antibiotic
treatment under cancer conditions induced a greater total
weight loss compared to antibiotic-treated control mice and
untreated cachectic mice, with the activation of gene expressions
involved in muscle atrophy such as mafbx. Muscle proteomic
analyses revealed a strong effect of microbial disturbances
secondary to antibiotics on the muscle gastrocnemius proteome
outside of cancer, with adaptative processes observed here like
the ones in the context of aging. Differentially accumulated
proteins were involved in BP processes, such as protein folding,
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growth, and intracellular protein transport, especially HSPs.
Negatively, differentially expressed proteins were involved in BP
processes, such as mitochondrial ATP synthesis and electron
transport, muscle contraction, and cytoskeleton organization,
especially proteins with LIM domains. The adaptation of the
muscle proteome secondary to microbial dysbiosis was impaired
for cachectic mice compared with the control mice, with few
shared proteins shifting aside from muscle metabolism.
Differentially accumulated proteins were mostly involved with
BP terms such as glucose and oxidative stress metabolism,
muscle development, and response to xenobiotic stimulus, and
clusters linked to the cellular response to hormone stimulus
involving MAPK proteins, or ubiquitin-dependent protein
catabolic processes. These data reveal a major effect of antibiotic
treatment-induced microbial disturbances on skeletal muscle
proteins regulation.

Our study is the first to explore the skeletal muscle proteome
profile changes induced by antibiotic-induced microbial
disturbances in the C26 mouse model and outside of cachexia.
It enables the identification of potential biomarkers of an
alteration of muscle—microbiota interactions at an early stage of
cachexia. We find that antibiotic-mediated microbiota modu-
lation might reduce the muscle’s adaptative capacity to respond
to cachexia. While we have studied the effects of antibiotics
immediately after their administration, we do not know how the
muscle proteome reacts in the long-term after the antibiotic
treatment, and future research should explore this as well as
validate our results in other models of cancer cachexia. Future
nutritional strategies should consider targeting microbiota with
prebiotics to minimize muscle loss both during and after
cachexia.
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