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Background and aims: Aging is characterized, at the systemic level, by
the development of low-grade inflammation, which has been identified
as determining sarcopenia by blunting postprandial muscle anabolism. The
causes of this “inflammageing” is still not clearly defined. An increased intestinal
permeability, a microbiota dysbiosis and subsequent generation of intestinal
then generalized inflammation have been hypothesized. The objective of this
study was to test in vivo during aging if (1) a chronic low-grade intestinal
inflammation can lead to anabolic resistance and muscle loss and (2) if a
bacterial strain presenting anti-inflammatory properties could prevent these
adverse effects.

Methods: Young adult (6 m) and elderly rats (18 m) received Dextran Sodium
Sulfate (DSS) for 28 days to generate low-grade intestinal inflammation,
and received (PB1 or PB2 groups) or not (DSS group) one of the two
S. Thermophilus strains (5 x 10° CFU/day) previously shown to present
an anti-inflammatory potential in vitro. They were compared to pair fed
control (PF). Muscle and colon weights and protein synthesis (using 13¢
Valine) were measured at slaughter. Muscle proteolysis, gut permeability and
inflammatory markers were assessed only in old animals by RT-PCR or proteins
quantifications (ELISA).

Results: In both adult and old rats, DSS reduced absolute protein synthesis
(ASR) in gastrocnemius muscle [—12.4% (PB1) and —9.5% (PB2) vs. PF, P <
0.05] and increased ASR in colon (+86% and +30.5%, respectively vs. PF, P <
0.05). PB1 (CNRZ160 strain) but not PB2 resulted in a higher muscle ASR as
compared to DSS in adults (+18%, P < 0.05), a trend also observed for PB1 in
old animals (+12%, P = 0.10). This was associated with a blunted increase in
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colon ASR. In old rats, PB1 also significantly decreased expression of markers of
autophagy and ubiquitin-proteasome pathways vs. DSS groups and improved
gut permeability (assessed by Occludin, Zonula Occludens 1 and Claudin 1
expression, P < 0.05) and alleviated systemic inflammation (A2M: —48% vs. DSS,
P < 0.05).

Conclusion: The loss of muscle anabolism associated with low-grade
intestinal inflammation can be prevented by supplementation with
anti-inflammatory CNRZ160 strain. We propose that the moderated gut
inflammation by CNRZ160 may result in curtailed amino acids (AA) utilization
by the gut, and subsequent restored AA systemic availability to support muscle
protein accretion. Therefore, CNRZ160 could be considered as an efficient

probiotic to modulate muscle mass loss and limit sarcopenia during aging.

aging, gut, Streptococcus thermophilus, muscle, inflammation, DSS

Introduction

While life expectancy continues to increase, life expectancy
without limited functional capacities has stagnated in most
European countries and generates a state of frailty in the older
adult population. Frailty is a complex clinical state characterized
by the loss of physiological homeostasis and capability to handle
modifications of its environment (1, 2). One of the main
determinants of frailty is the development of sarcopenia that
can appear well before the first clinical signs of mobility loss
and dependency. Sarcopenia can represent up to nearly 20% of
the general population >60 years of age in the world (3). The
causes underlying sarcopenia development are multifactorial,
including, in among others, decreased physical activity, lower
appetite and malnutrition, an impairment/decline of endocrine
factors and neuromuscular control, as well as the development
of skeletal muscle resistance to the post prandial anabolic effects
of nutrients like amino acids (AA) and hormones like insulin (4).

In the elderly population, the presence of a low-grade
inflammation, so called “inflammageing”, has been considered
to be one of the major determinants of health status in old
individuals (5) and suspected of being a favorable environment
for the development of sarcopenia (6). Of note, an increased
inflammatory status in the elderly population, and particularly
higher levels of Interleukin 6 (IL-6) and Tumor Necrosis Factor
Alpha (TNF-a) as well as Interleukin 1 (IL-1) and C-reactive
protein (CRP) are considered as markers of frailty or predictors
of mortality (7). Even if the increase is moderate, higher levels of
cytokines and CRP increase the risk of muscle strength loss, of
lower aerobic fitness (8), correlated with lower muscle mass in
older individuals (9).

The concern with the setting of this low-grade inflammation
is that even though it arises gradually with age and remains
clinically silent, it can have a significant impact on muscle
protein metabolism which controls muscle mass and function.
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Indeed, we have shown previously in old rats that a slight
increased IL6 level as well as an elevation of plasma fibrinogen
and alpha-2 macroglobulin (A2M; two positive acute phase
proteins) were already associated with a blunted anabolic effect
of meal intake on muscle protein synthesis. It has been shown
that when it was chronically prevented with non-steroidal anti-
inflammatory drugs, muscle protein synthesis response to food
intake was maintained in older adult rats with an increased
muscle mass status (10). In different acute inflammation
situations (11), cytokines have been shown to be also involved
in the increase of muscle proteolysis, particularly the ubiquitin
proteasome system (UPS) and autophagy and consequently
also involved in the acceleration of muscle mass loss in old
population (6). All together, these results suggest that anti-
inflammatory strategies could participate in the protection of
muscle mass and function during aging.

The causes of the development of this systemic low-grade
inflammation in the elderly population are still not clearly
known. Among the potential causes, is now well established
that gut microbiota composition shifts with aging, with both
a decreased diversity and an increased ratio of “pathogenic”
vs. “beneficial” microbes (12). In this context, there are reports
of associations between the inflammatory status of the elderly
population, the microbiota composition (13) and the level
of dependence of older adults (14). A combination of gut
morphologic alteration of the gut (“gut leaking”) along with
an altered microbiota composition has been suspected to
be one of the causes of inflammageing development (15),
including some direct/indirect effects on peripheral tissues,
including muscle metabolism (16). However, the causal role of
microbiota dysbiosis in low-grade inflammation development
at the peripheral levels in elderly remains to be strengthened.
However, it could be strongly suspected by the study of Fransen
et al. (17) who showed that microbiota transfer from elderly
mice to axenic young mice stimulated immune pathways in the
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gut with bacterial components found in systemic circulation of
the recipient mice capable to generate low-grade inflammation
(NFkB pathway). Hence, we can speculate the existence of a gut-
microbiota-muscle axis that could be also one of the determinant
responsible for sarcopenia development during aging (18, 19).

So far, strategies have been proposed including adapted
physical activity programs and/or nutritional intervention
but have been shown to be non-optimal over time when
prescribed alone or even in combination (20). Consequently,
strategies capable to down-regulate gut low-grade inflammation
could be of relevance in the prevention of sarcopenia in
older adults. Hence, the aim of the present work was to
determine, in an aged rodent model, if a chronic gut low-
grade inflammation could exacerbate sarcopenia and what could
be the mechanisms involved in the initiation of this gut-
muscle axis. We also aimed at deciphering if ingestion of
Streptococcus thermophilus, previously selected in vitro for their
anti-inflammatory properties (21), could limit muscle mass loss
in case of slight gut inflammation.

Materials and methods

Animal’s experiments

The studies were approved by the Animal Care and Use
Committee of Auvergne (CEMEA Auvergne; Permit Number:
C2EA-02) and the Ministere de 'Enseignement Supérieur et de
la Recherche (no. 2016112815417443).

Bacteria preparation

Streptococcus thermophilus CNRZ160 or PB5M]J were grown
in M17+ 2% lactose overnight at 42°C. Cultures were
centrifuged 10 min, 5,000 g and pellet was washed in Phosphate-
Buffered Saline (PBS). Resuspended bacteria were centrifuged
again 10 min, 5,000 g. Pellet was then resuspended in PBS + 20%
glycerol (5 x 10° CFU/ml final concentration).

DSS-induced low grade inflammation.
Doses consideration

Experimental colitis caused by dextran sodium sulfate
(DSS) in rodents is a recognized model of human intestinal
inflammatory disease. This colitis occurs within the first days
of treatment with DSS in the drinking water with the following
main clinical manifestations: diarrhea, bloody stools, weight
loss, bleeding and anemia. The type of DSS chains and the
diet of rats is known to influence the severity of symptoms.
Thus, we tested, using our regular rat chow (SAFE A04, SAFE
SAS, France), a DSS batch used in all the experiments described
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below (MPbio; 160110; M.W. = 36,000-50,000) at different
concentrations (from 2 to 4%) in order to obtain sub clinical
colitis symptoms (weight loss but without acute diarrhea or
bleeding). We performed this study on fifteen old rats and
determined the adequate dose of DSS to generate inflammation
at a low-grade level (data not shown, see results and discussion
sections for details).

Selection of a probiotic strain capable to
counteract DSS-induced muscle mass
loss: A study in adult rats

This study aimed at testing whether low-grade intestinal
inflammation could be accompanied by significant muscle loss
and, if this first assumption was proven true, whether a strategy
based on anti-inflammatory probiotics could counteract muscle
wasting. We tested two strains of S. thermophilus preliminary
characterized for their anti-inflammatory properties based on
the modulation of IL-10 and IL-12 secretion by mononuclear
cells in vitro (21).

Wistar adult male rats (6 month-old, n = 48; Janvier, Le
Genest Saint Isle, France) were housed individually and kept in a
controlled environment (temperature maintained at 22°C; 12:12
light: dark cycle). After an adaptation period fed the regular
chow (SAFE A04, SAFE SAS), animals were assigned to one of
the 4 following groups [#n = 12 or 13 per group; PF (pair fed
controls), DSS (DSS treated), PB1 (DSS + probiotic #1) and PB2
(DSS + probiotic #2)] and homogenized for body weights and
lean masses.

According to our preliminary tests, and within the
living conditions described above, chronic low-grade intestinal
inflammation was then induced by 4% (w/v) DSS in the drinking
water supplied in three groups of rats (DSS, PB1 and PB2
groups) for 4 weeks. PB1 and PB2 groups were given orally 5 x
10° CFU of one of the bacterial strains S. thermophilus CNRZ160
(PB1) or PB5MJ (PB2) per day. As previous experiments (22)
had shown a reduction of food intake in DSS treated animals,
the control group was pair-fed (PF) to the DSS treated groups
(DSS, PB1 and PB2) to avoid any confounding effect associated
with the quantity of food ingested.

Food and drinking intakes were daily monitored in
order to adjust the pair feeding and the dose of DSS.
Animals were weighted daily and body composition assessed
longitudinally using Magnetic Resonance Imaging (MRI; Echo
MRI International) before treatment (for groups assignment)
and at the end of the experiment (i.e 2 days before sacrifice).
Along the experiment, impact of DSS on gut health was assessed
via the calculation of the disease activity index (DAI) based on
body weight, gross rectal bleeding and stool consistency.

At the end of the experiment (28 days), animals were
sacrificed in the fed state (i.e., 150 min after the intake of
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a 6g meal) using isoflurane gas anesthesia. For protein
synthesis measurement, and 40min before the sacrifice,
animals were injected intravenously with L-valine (150
pmol per 100g body weight) containing 100% of L-[1-13C]
valine (Euriso-Top, Saint Aubin, France). As anesthetic
could alter glucose plasma levels, a blood sample was
withdrawn from the tail vein to measure plasma glucose
and insulin just before the tracer injection in the waking
state. Plasma and insulin levels were then measured 110 min
post prandially.

At sacrifice (i.e., 150min), blood was withdrawn from
the abdominal aorta using EDTA as anticoagulant. Blood
samples were centrifuged at 2,000 x g for 10 min at 4°C and
plasma was frozen in different aliquots for further analysis.
Gastrocnemius muscle was rapidly removed, weighed, freeze-
clamped into liquid nitrogen and stored at —80°C for further
analysis. Colon was removed and the colonic damage was scored
on the 0-10 Wallace scale. All the colons of the rats given
DSS obtained a score of 0 (No damage) or 1 (Hyperemia -
No ulcers) which confirmed that the induced inflammation
remained low and subtle even after a month of daily treatment.
A 10mm section of the proximal part of the colon was used
for histopathological examination. The rest of the colon tissue
was weighed, freeze-clamped into liquid nitrogen and stored at
—80°C for further analysis.

Impact of CRNZ160 to limit muscle mass
loss following low-grade gut
inflammation: A study in old rats

Twenty months (n = 45; old) Wistar male rats (Janvier, Le
Genest Saint Isle, France) were housed individually and kept
in a controlled environment (temperature maintained at 22°C;
12:12 light: dark cycle). After an adaptation period during fed
the regular chow, animals were divided into three groups [n
= 16 per group: PF (control pair fed), DSS (DSS treated), PB1
(DSS + probiotic CNRZ160)] and homogenized for body weight
and lean mass as described above for adult rats. In the same
manner as in the study carried out with adult animals, low
grade gut inflammation was induced by adding 4% (w/v) of the
same batch of DSS to the drinking water for four weeks (DSS
and PB1 group). PB1 group received daily 5 x 10° CFU of the
bacterial strains S. thermophilus CNRZ160. Control of food and
water intake, weight and body composition were carried out as
previously described in adult animals.

All samplings and injections (}3C valine for protein
synthesis assessment) were carried out as previously described
in adult animals. However, additional measurements were
performed in old animals. In particular, thorough analyses have
been done on plasma and tissue samples for a better evaluation
of inflammatory and metabolic status at local and systemic.
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Plasma glucose insulin and inflammatory
markers

Plasma glucose level was measured enzymatically using
a commercial kit (Horiba, France). Plasma insulin level was
assessed using a rat ELISA kit (Mercodia, Sweden). Glucose
homeostasis was further estimated using the homeostasis
(HOMA-
IR) using the HOMA2-IR model to calculate an insulin
résistance index in our fed state. Plasma concentrations
of A2M, Lipopolysaccharide (LPS)-binding protein (LBP),
soluble Cluster of Differentiation 14 (sCD14) and alpha-1-acid
Glycoprotein (AGP) were measured using commercially
ELISA Kits
performed according to the manufacturer’s instructions. Plasma
concentrations of the cytokines Interleukine 1 beta (IL1p), IL6,
IL10, Interleukine 12 p70 (IL12) and Interleukine 17 (IL17)
were determined simultaneously by multiplex immunoassay on
a Bio-Plex 200 (BioRad, Hercules, CA, USA), using the Bio-Plex
Pro™ Rat Cytokine Th1/Th2 Assay (BioRad).

model assessment-estimated insulin resistance

available (Clinisciences, Nanterre, France)

Gut inflammatory status

A 10 mm section of the proximal part of the colon was cut,
collected and fixed in PBS containing 10% paraformaldehyde
in a 1.5-ml tube for the histological analysis. Samples
were dehydrated and embedded in Paraffin. Paraffin-embeded
sections (5 um) were then stained with haematoxylin and eosin
(H&E) using appropriate procedures and examined under a light
microcope. A blind-scoring of the H&E-stained colonic tissue
sections using a method applied in previous publications (23)
as follows: (i) inflammation (0, none; 1, slight; 2, moderate;
3, severe; and 4, accumulation of inflammatory cells in the
gut lumen); (ii) extent (0, none; 1, mucosa only; 2, mucosa
and submucosa; 3, limited transmural involvement; and 4,
transmural); and (iii) percent involvement (0, none; 1, 1%—25%;
2, 26%—50%; 3, 51%—75%; and 4, 76%—100%). The overall
histological score was the sum of the three variables, and the
maximum score was 12.

Myeloperoxidase (MPO) activity in the colon was
assessed by a colorimetric assay and used as an index of
inflammation. Briefly, 50 mg of colon were homogenized in
1 ml of hexadecyltrimethylammonium bromide (HTAB) buffer
[5g of HTAB in 1L of Potassium Phosphate buffer (50 mM, pH
= 6.0)] with a tissue lyser (MM400, Retsch GmbH, Germany)
for 6min at 30 Hz at 4°C. The solution was centrifuged for
6 min (13,000 x g, 4°C), the supernatant was collected and 7 pl
were added in triplicate into a 96-wells plate. Fifty microliter of
diluted HyO, (4 nl of 30% H, O, diluted in 96 1 of dH,O) to
a o-dianisidine mixture (16.7 mg o-dianisidine dihydrochloride,
90ml of dH,O, 10ml of potassium phosphate buffer). Two
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hundred microliter of this o-dianisidine mixture containing
H, O, were added to each of the wells and absorbance at 450 nm
was measured using a spectrometer, three readings were taken
at 30s intervals. MPO activity is measured in units (U) of
MPO/mg tissue.

Protein synthesis in tissues

A 200mg aliquot of muscle or colon tissues were
homogenized in 2ml of 10% trichloroacetic acid (TCA).
Homogenates were centrifuged (5,000 x g, 15min, 4°C). TCA
insoluble materials were washed four times in four volumes
of cold 10% TCA. Resultant pellets were resuspended in 0.3 N
NaOH and incubated at 37°C for 1h. Protein concentration
was determined using biccinchoninic acid assay (BCA, Pierce).
Proteins were hydrolyzed in 6N HCI at 110°C for 48h. HCI
was removed by evaporation and amino acids purified by cation
exchange chromatography (AG 50 X 8, 100-200 mesh, H+
form, Biorad, Richmond, CA, USA). Enrichment of [1—13C]
valine into tissue proteins was measured as its N-acetyl-propyl
derivatives by gas chromatography-combustion-isotope ratio
mass spectrometry (GC-C-IRMS).

The plasma '3C enrichment of valine was measured
by gas chromatography—mass spectrometry (GC-MS, model
HP5975C/7890A, Agilent, Santa Clara, USA) using tertiary-
buthyldimethylsilyl derivatives. Briefly, 500 pl of plasma were
homogenized in 8 volumes of ice-cold 10% TCA and then
centrifuged at 5,000 x g for 15min at 4°C. The supernatants,
which contain free amino acids, were purified by cation
exchange chromatography (AG 50 X 8, 100-200 mesh, H form,
Biorad, Richmond, CA, USA) in minidisposal columns. Valine
and other amino acids were eluted with 4M NH4OH. After
evaporation of NH4OH under vacuum, free amino acids were
resuspended in 0.01 M HCI for subsequent derivatization.

The absolute synthesis rate (ASR: total muscle proteins
synthetized) was calculated from the product of the protein
fractional synthesis rate (FSR) and the protein content of the
tissue and expressed in mg/day. FSR (in %/day) was calculated
from the formula: FSR = Sb x 100/Sa x t, were Sb is
the enrichment at time t (minus natural basal enrichment of
protein) of the protein-bound valine, t is the incorporation time
in day, and Sa is the mean enrichment of plasma valine between
the time of injection and t. The mean Sa enrichment was the
Sa (t1/2) value calculated from the linear regression obtained in
tissue between the time of injection and time t.

Genes expression in tissues

RT-PCR  were
the expression of cytokines in gut, proteolysis actors in

Quantitative performed to measure

gastrocnemius muscle and colon permeability markers. A 100
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mg-aliquot of gut or muscle tissues was homogenized in 1 ml of
RNAzol (Sigma-Aldrich, France). Homogenate was centrifuged
(10,000 x g, 5min, 4°C). The supernatant was collected and
mixed 15s with 200 pl of chloroform (Sigma-Aldrich). After
a 3min incubation at room temperature, the homogenate
was centrifugated (12,000 x g, 10 min, 4°C) and the aqueous
phase was collected and mixed with 600 |l of 70% ethanol.
RNA were then purified with a RNeasy kit (Qiagen). A reverse
transcription was performed with the High-Capacity cDNA
reverse transcription kit (Applied Biosystem). qRT-PCR was
performed using the SYBR Power PCR Master Mix (Applied
Biosystems) according to the manufacturer’s instructions using
a cFX96 thermocycler (BioRad). Calculations were made using
the comparative A ACt method with YWHAZ, HPRT1 and 36B4
reporter genes (see Table 1).

Statistical analyses

All data were expressed as means == SEM. The differences
between PE, DSS, PB1 and PB2 groups were analyzed using one-
way ANOVA followed by post hoc analysis using the Tuckey test
(R Studio, Version 1.2.5001, R Studio Inc). When normality of
data failed (following a Shapiro Wilk normality test), difference
between groups was assessed using a Kruskal-Wallis multiple
comparison (P-values adjusted with the Bonferroni method)
followed by a post hoc analysis using Dunn’s test (R Studio,
Version 1.2.5001, R Studio Inc). Differences were considered
significant if P < 0.05 and as a tendency (¢) for 0.05 < P < 0.10.

Results

Preliminary study on adult rats (6 month
old)

The aim of this first study on adult animals was (1)
to determine if a slight gut inflammation, by impacting
on gut metabolism, could also lead to a significant muscle
loss on a long term basis and, if proven true, (2) to test in
vivo on gut and muscle metabolisms, the beneficial effect
of two probiotics from streptococcus genus previously
screened in vitro for their potential anti-inflammatory
properties (21).

Food intake and body weight changes

DSS treatment led to a decreased food intake of the
animals (34% decrease in average food consumption for all
groups vs. ad libitum intake measured before the beginning
of the experimental period). Consequently, the control group
was pair fed (PF) to the DSS treated groups (DSS, PBI

and PB2). The animals from PE DSS, PB1 and PB2
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TABLE 1 Primers sequences used for qRT-PCR in the colon and the muscle.

10.3389/fnut.2022.986542

Gene Forward primer Reverse primer

IL10 5-GTTGCCAAGCCTTGTCAGAA-3' 5'-GGGAGAAATCGATGACAGCG-3'
IL12-a 5'-CCCAAAACCTGCTGAAGACC-3 5'-AGGCACAGGGTCATCATCAA-3'
IFNG 5-CGTCTTGGTTTTGCAGCTCT-3 5-TCGTGTTACCGTCCTTTTGC-3'
TNFA 5'-CGTCGTAGCAAACCACCAAG-3 5-GAGGCTGACTTTCTCCTGGT-3'
ILIB 5 -TTTGAAGAAGAGCCCGTCCT-3' 5-TGTCGTTGCTTGTCTCTCCT-3'
IL6 5'-CCACTGCCTTCCCTACTTCA-3 5'-CCATTGCACAACTCTTTTCTCA-3'
IL17 5'-TTGCTGCTACTGAACCTGGA-3' 5-TCCTCATTGCGGCTCAGAG-3'
IL18 5'-CTCTTGGCCCAGGAACAATG-3' 5'-CAGGCGGGTTTCTTTTGTCA-3'
OCLN 5'-CGCCTCTGGTACCTGAAGTA-3' 5'-ACCTGTCGTGTAGTCGGTTT-3
Z0-1 5'-TCCTCCTCGACCTCCCTAAA-3' 5'-ACTGCTCGGCTCTGTTCTTA-3
CLDN1 5'-AAAGACTACGTGTGACAGCG-3' 5'-AGCAGCAGTTCAAAGGCAAA-3'
CLDN15 5-CTGTGCCACCGACTCCCTGG-3' 5'-CTAGGCATGGTGGGGCTC-3
CLDN2 5'-GCCTCACAGAGAACCATCCT-3' 5'-CACTGCCAAGGTGTTCTGG-3
CLDN3 5'-ATGGGAACTGGGTTGTACGT-3' 5'-AGTCCTTACGGTCATAGGCG-3'
CLDN4 5'-CATCAGCATCATCGTGGGTG-3' 5'-TGTGATCATGACCTTGGCCT-3'
MUC2 5'-GAGTTGTATGTGCTCGCCTG-3' 5-TTTCTTGGGGCAGAGAGAGG-3'
ATGI6L 5'-AGGAAGAGGCACGCGACTTG-3' 5'-GCCCTCTCTCTACGCTCGTT-3'
CTSL 5-GGTGGGGCCTATTTCTGTTG-3' 5'-TCGAGGTCCTTGCTGCTACA-3'
LC3b 5'-CCGGAGCTTCGAACAAAGAG-3' 5'-CAGCTGCTTCTCACCCTTGT-3'
Fbx030 5'-TGGCACAAGTCAGAATGCTC-3' 5'-CAGCTTCCACACAGTCTCCA-3'
MAFbx 5'-ATGCACACTGGTGCAGAGAG-3' 5'-TGTAAGCACACAGGCAGGTC-3'
MuRF1 5'-GTCCATGTCTGGAGGTCGTT-3' 5 -GTCTTCGTGTTCCTTGCACA-3
HPRT1 5'-GCAGACTTTGCTTTCCTTGG-3' 5'-TCCACTTTCGCTGATGACAC-3'
36B4 5-TTCCTAGAGGGTGTCCGCAAT-3' 5'-GCAACAGTCGGGTAGCCAAT-3
YWHAZ 5-TTGAGCAGAAGACGGAAGGT-3' 5'-CCTCAGCCAAGTAGCGGTAG-3'

IL10, Interleukin 10; IL12-a, Interleukin 12A, IFNG, Interferon Gamma; TNFA, Tumor Necrosis Factor Alpha; IL1B, Interleukin 1 Beta; IL6, Interleukin 6; IL17, Interleukin 17;IL18,
Interleukin 18; OCLN, Occludin; ZO-1, Zonula Occludens 1; CLDNI, Claudin 1; CLDN15, Claudin 15; CLDN2, Claudin 2; CLDN3, Claudin 3; CLDN4, Claudin 4; MUC2, Mucin 2;
ATGI6L, Autophagy Related 16; CTSL, Cathepsin L, LC3b, Microtubule-associated protein 1 light chain 3 beta; FbxO30, F-Box Protein 30; MAFbx, Muscle Atrophy F-Box Protein; MuRFI,
Muscle-Specific RING Finger Protein 1; HPRT1, Hypoxanthine Phosphoribosyltransferase 1; 36B4, Acidic ribosomal phosphoprotein P0; YWHAZ,14-3-3 protein zeta/delta.

groups ate, respectively 193 £ 0.2, 18.7 =+ 0.5, 184
+ 07 and 188 £ 03g of food overall the 27 days
of treatment. The food consumption was similar between
groups, implying that any difference observed further between
groups cannot be attributed to a difference in protein or
energy intake.

In the PF group, a decrease of body weight was recorded
(i.e., 7.7 + 0.4% at d27 vs. the mass of the animals at the
beginning of the experiment d0). This decreased mass (in %)
was significantly exacerbated in DSS treated rats [11.7 £ 1.5,
12.2 4 0.7 and 11.6 =+ 0.6% for DSS, PB1 and PB2, respectively,
(P < 0.05, Figure 1A)] with no difference between all the DSS
groups. The weight loss of the animals was explained by both
lean mass and fat mass losses (Figure 1A). Whereas lean mass
loss over the experimental period was similar between PF, DSS,
PB1 and PB2, fat mass loss was significantly more important
in DSS treated animals (DSS, PB1 and PB2 groups) vs. PF
(Figure 1A, P < 0.05) but not significantly different between the
DSS treated groups.
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Tissue weight and protein synthesis

The hindlimb muscle mass was obtained with the sum of the
masses of the 4 main rear leg muscles: Gastrocnemius, Tibialis
anterior, Extensor Digitorum Longum and Soleus (Figure 1B).
DSS treatment led to a significant muscle atrophy (—10.3%
vs. PF; P < 0.05). However, when probiotics were given
simultaneously with DSS, muscle atrophy was less pronounced
and was intermediate between DSS and PF animals. Indeed it
was no more different from PF animals (—3.0 and —5.0%, P >
0.05 for PB1 and PB2 vs. PF, respectively) and was not different
from DSS group (Figure 1B).

On the contrary, colon mass was significantly increased
following DSS treatment (+28% for DSS vs. PE, P < 0.05;
Figure 1B). Probiotics supplementation limited the impact of
DSS treatment with a lower but still significant increase in colon
mass (+14.4 and +18.4 % for PB1 and PB2, respectively vs. PF,
P < 0.01; Figure 1B).

ASR measured in gastrocnemius muscle was not decreased
significantly in DSS vs. PF groups (P = 0.16; Figure 1C). On
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FIGURE 1 (Continued)

and gastrocnemius absolute synthesis rats (mg protein/ day). Values are means + SEM different letters indicate significant differences between
groups (P < 0.05) and were obtained by one way Anova or Wilcoxon rank sum test. Number of samples are 13, 13, 11 and 13 in PF, DSS, PB1 and
PB2 groups, respectively for (A) and 12, 13, 12, 13 in PF, DSS, PB1 and PB2 groups, respectively for (B) and (C).

the contrary, ASR was higher in PB1 than DSS (4+18%, P <
0.05) suggesting that PB1 was able to improve muscle protein
synthesis during the DSS treatment. Interestingly, this was not
the case for PB2 that presented a muscle ASR equivalent to the
DSS values (24.03 vs. 24.31 mg proteins synthetized/day for PB2
and DSS groups, respectively) and which remained significantly
below muscle protein synthesis recorded with PBI1 treatment
(P < 0.05). At the colon level, alteration of protein synthesis
is in line with what observed for evolution of its mass. An
increased (486%, DSS vs. PF P < 0.05) colon ASR following
DSS treatment was not blunted by the two probiotics without
any differential effects between the two probiotics studied.

Because our main aim was to evaluate the impact of low-
grade gut inflammation on sarcopenia development in elderly,
we focused the second study in older adults with the probiotic
that showed both potential beneficial effect on muscle mass and
muscle protein metabolism in adults. This is why our choice fell
on PB1 which, unlike PB2, presented a clear beneficial effect on
muscle ASR.

Study on older adult rats (18 months)

Food intake and body weight
changes/pathology index

As for adult rats, DSS treatment led to a decreased voluntary
food intake (—26%) in all groups of animals, so a pair-feeding
was also conducted in older adult rats. During the 27 days of
the experimental period, animals ate 18.1 £ 0.2, 17.5 4 0.5 and
17.8 £ 0.4 g in control PE, DSS and PB1 groups, respectively.
Intake was not different between groups, consequently any
difference observed in the parameters discussed further cannot
be attributed to a difference of food intake. A decreased
body weight, lean and fat masses were observed in the PF
group (—86 £ 4, —38 £ 3, and —48 £ 3g, respectively;
Figure 2A). However, DSS treatment led to a significant further
decreased in body weight and lean masses compared to PF
(427 and 435, respectively, DSS vs. PE P < 0.05; Figure 2A).
Probiotics supplementations in DSS treated animals allowed the
maintenance of the lean mass at the level of pair fed (PB and PF
not significantly different) and limited the body weight loss (PB1
not significantly different from both PF and DSS groups).

To evaluate the severity of alteration of gut physiology
following DSS treatment, the score of pathology (DAI) was used.
A significant increased DAI index was observed in DSS treated
animals vs. PF from d10 until the end of the experimental period
(Figure 3A). This was also the case for PB1 animals. Of note,
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the absolute value for DAI found in DSS treated animals (score
below 6) is lower than what is generally reported in chronic or
acute inflammation generated by DSS in the literature (scores
between 8 and 10). Furthermore, because of the pair feeding,
the PF group also showed an increased DAI score during the
experimental period because of the body weight loss (score
around 2, Figure 3A). So, the DAI score recorded in the DSS
groups due directly to the treatment is then only around 4.
Because we aimed at reproducing a low/moderate grade but not
acute inflammation at the gut level, these results suggest that we
succeed at the clinical level and it has been comforted by the
measurement of the inflammatory markers at the gut and plasma
level (see below).

Gut and systemic inflammation/Insulin
sensitivity parameters

All the colons of the rats given DSS obtained a Wallace score
of 0 (No damage) or 1 (Hyperemia — No ulcers) which confirmed
that the induced inflammation remained low and subtle even
after a month of daily treatment. The occurrence of a mild gut
inflammation following DSS treatment was confirmed by the
blind-scoring of the H&E stained colon sections. Indeed, scoring
level was significantly but only slightly increased (from 0 in PF
to 1.5 in DSS) following DSS treatment in our study whereas it
reaches the levels of 5 to 25 after 10 days of increasing doses
of DSS using the same scoring (23) or multiplied by 6 to 10
vs. control using other scorings methods (24) in other studies.
Concerning colonic MPO activity, our data are consistent with
results previously obtained by Chassaing et al. (25) following
administration of DSS in drinking water (i.e., 5.2 U/mg colon
tissue in DSS vs. 1.7 U/mg in control group). MPO activity levels
remained similar following PB1 supplementation (5.3 U/mg
colon tissue).

At whole body level, DSS treatment was not associated with
a modification of the systemic levels of IL6, IL10 IL12a or
IL17 (nor the IL10/IL12a ratio) and probiotic supplementation
had no effect either with values not significantly different from
those of the PF (Figure 4A). However, IL1B showed a significant
increase (+243%, DSS vs. PE, P < 0.05) which tended to be
prevented by the probiotic treatment (Figure 4A). Similarly,
A2M was increased after DSS treatment (4+257%, P < 0.05 vs.
PF) and the probiotic limited this increase (only +86%, P < 0.05
vs. PE even if not different from DSS; Figure 4B). No significant
effects of the DSS treatment nor the probiotic ingestion was
recorded on LBP, LBP/sCD14 ratio and AGP levels (Figure 4B).
Metabolically, DSS led to the development of a marked insulin
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PB1 groups.

colon and gastrocnemius absolute synthesis rats (mg protein/ day), (D) Evolution of mRNA levels of muscle proteins involved in autophagy and
Ubiquitin-proteasome pathways or regulation of these pathways. Values are means + SEM different letters indicate significant differences
between groups (P < 0.05) and were obtained by one way Anova or Wilkoxon rank sum test. Number of samples are 14, 14, 12 in PF, DSS and

resistance, as shown by the increased glucose, insulin plasma
concentrations (and insulin resistance index) in DSS group vs.
control (P < 0.05). However, the probiotic supplementation did
not mitigate insulin resistance (PB1 showing values similar to
DSS; Figure 4C).

In the colon, we observed an increased expression of pro-
inflammatory IL17 (4+87% DSS vs. PE P < 0.05) but no
effect on IL6, Interferon gamma (IFNy), TNFo, IL18 and IL1f
(Figure 3B). The probiotic ingestion led to an increase in ILI0
gene expression (+199%, PB1 vs. DSS, P = 0.005) and in
IL 10/IL12a genes expression ratio (+327%, PB vs. DSS, P
= 0.0046), as also shown previously in vitro (22), confirming
the anti-inflammatory properties of PB1. Levels of expression
of IFNy were significantly decreased following PB1 ingestion
(=59% vs. DSS, P = 0.0006) whereas for TNFa and IL6
(Figure 3B), an increase was recorded (+72%, P = 0.008 and +
60%, P = 0.048, respectively).

Colon tight junction parameters

Dextran sodium sulfate treatment increased the expression
of Zonula Occludens 1 (ZO-1) and Claudin 1 (CLDN1; +79%, P
= 0.003 and +67%, P = 0.03 vs. PE, respectively). No significant
effects were found for all the other proteins involved in intestinal
permeability regulation [such as Occludin (OCLN), CLDN 2,
3, and 4]. On the contrary, the expression of nearly all these
parameters were significantly further increased following PB1
ingestion i.e +127%, +145%, +340%, +42%, +25%, PB1 vs. PF
for OCLN, ZO-1, CLDN1, CLDN15 and CLDNS3, respectively, P
< 0.05) suggesting a potential decreased intestinal permeability
in PB1 group vs. both PF and DSS groups (Figure 3C).
Only CLDN4 followed an opposite trend following probiotic
supplementation (P < 0.1 vs. PF and DSS, Figure 3C).

Muscle mass, protein synthesis and breakdown
As observed in the adult rats, DSS treatment in older adult
rats led to a significant decreased hindlimb muscle mass (—9.5%,
P < 0.05) vs. PF that can be explained by a significant decreased
protein synthesis (ASR —13.4%, P < 0.05; Figures 2B,C). Genes
expression of molecules involved in autophagy or ubiquitin-
proteasome dependent pathways i.e., Autophagy Related 16
(Atgl6L), Cathepsin L, Microtubule-associated protein 1 light
chain 3 beta (LC3b), F-Box Protein 30 (FbxO30) and Muscle-
Specific RING Finger Protein 1 (MuRFI), were not significantly
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modified by the DSS treatment, excepted for Muscle Atrophy F-
Box Protein (MAFbx) expression (P = 0.042, Figure 2D). PB1
ingestion limited DSS induced muscle mass loss (—4.5% vs. PF,
not significant) which could be explained by the maintenance
of muscle protein synthesis at the level of PF and a significant
decrease in the expression of genes involved in autophagy
pathway like ATG16, Cathepsin L, LC3b that were blunted (—81,
—54, —47, —59% in PB1 vs. DSS groups, respectively). This is
also the case for FbxO30 and Murfl gene expression (—59 and
—45% in PB1 vs. DSS, P < 0.05 and P = 0.08, respectively;
Figure 2D).

Colon mass and protein synthesis

As already observed in adult rats’ experiment, DSS treatment
in older adult rats increased both colon mass and protein
synthesis (4-16.8% and +30.5% vs. PE, respectively, P < 0.05;
Figures 2C,D). PBI treatment reversed the DSS effect and the
value for colon mass and protein synthesis were maintained at
the level of PF animals, suggesting that the impact of DSS on
colon mass and ASR was entirely blunted by the PB1 ingestion.

Discussion
Sarcopenia development in elderly population have
been shown to be linked to the presence of chronic low-
grade inflammation (4). However, because the origin of the
inflammageing remained hypothetic, the first aim of the present
work was to validate the hypothesis that a slight increased
inflammation located at the gut/colon level could be one of
the causes involved in sarcopenia development during aging.
As our data confirmed this preliminary hypothesis in older
rodent, our second aim was to prevent the development of
this local inflammation and to evaluate if this was sufficient
to limit muscle mass loss in aging organisms. Among the
possible strategies capable to limit inflammatory processes
in the gut, we chose the probiotic approach and selected
two strains among candidates screened previously in vitro
for their anti-inflammatory properties (21). This choice was
driven by the recent rich literature suggesting that microbiota
dysbiosis observed during aging could be responsible for the
development of low-grade inflammation (17). Consequently,
anti-inflammatory probiotics could complement already
existing nutritional strategies to limit sarcopenia, particularly
within the frail population (with low appetite and reduced
physical activity). Our data showed that S. thermophilus
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(C) Evolution of rats colon permeability and Mucin 2 mRNA levels (AU). Values are means + SEM different letters indicate significant differences
between groups (P < 0.05) and were obtained by one way Anova or Wilkoxon rank sum test. Number of samples are 16, 16 16 in PF, DSS and
PB1 groups for (A), 14, 14, 13 in PF, DSS and PB1 groups for (B) and (C). /L10, Interleukin 10; IL12-a, Interleukin 12A, IFNG, Interferon Gamma;
TNFA, Tumor Necrosis Factor Alpha; IL1B, Interleukin 1 Beta; /L6, Interleukin 6; IL17, Interleukin 17; IL18, Interleukin 18; OCLN, Occludin; ZO-1,
Zonula Occludens 1; CLDN1, Claudin 1; CLDN15, Claudin 15; CLDN2, Claudin 2; CLDN3, Claudin 3; CLDN4, Claudin 4; MUC2, Mucin 2.

CNRZ160 (26) is capable to limit inflammation and associated
muscle loss and thus could be a promising preventive or
therapeutic strategy to sustain muscle mass in old population
subjected to low-grade gut inflammation.

Low grade gut inflammation and
consequences on muscle protein
metabolism

To generate gut-located inflammation, we used DSS diluted
in the drinking water. DSS treatment is generally used to
mimic intestinal bowel disease (IBD) characterized by an acute
but intense gut inflammation, a reduction of colon length,
DATI values above 10 and significant increased plasma levels
of pro-inflammatory cytokines (TNFa, IL1f, IFNy) (27). We
adapted the dose of DSS to generate a chronic low-grade
inflammation with subtle clinical outcomes. The DAI values
after DSS remained low, colon length unchanged and minor
alterations of colon histologic score or gut cytokine expression
and plasma cytokine levels were observed. But the three times
increase in plasma level of acute phase protein A2M shows that
the treatment did generate a low-grade systemic inflammation.
We previously characterized in rats the changes in plasma A2M
levels during aging and the present values are in the low range of
what it is naturally observed when old adult rodents developed a
low-grade systemic inflammation (10).

Among the mechanisms that could be responsible for the
loss of muscle mass, two of them could operate. We and others
have clearly established that peripheral AA availability is a
major determinants of post-prandial muscle protein synthesis
stimulation (3, 20). This is a key issue in old population that
presents an anabolic resistance due to an impaired response of
muscle to post-prandial anabolic signals [dietary AA for the
stimulation of protein synthesis or insulin for the inhibition
of proteolysis (28)]. Additionally, an increased splanchnic
extraction of dietary AA has been demonstrated during aging
(29) could limit the peripheral availability of AA (28). Our data
suggest that during aging, an increased splanchnic extraction of
dietary AA could occur following a gut low-grade inflammation
as we showed that colon protein synthesis was dramatically
increased, which could represent a significant amount of dietary
AA taken up by the colon and therefore not available for the
other tissues. This is in accordance with the results obtained in
IBD in whom increased distal gut protein synthesis has been
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shown to compensate the increased losses of amino nitrogen
in the gut lumen (30). This is generally accompanied with a
blunted growth in young growing IBD patients (30) that could
arise from this gut-muscle competition for AA utilization. The
second mechanism involves the onset of a systemic low-grade
inflammation. We have previously shown in old rats presenting
similar increased in plasma A2M levels, an inhibition of post
prandial muscle protein synthesis (10) whereas it is normally
stimulated in adult rodents (31) or not inflamed old animals
(32). In animal models and humans, this blunted muscle protein
synthesis was also observed in sepsis that is, however, a much
more intense systemic inflammatory situation (22, 33). Muscle
mass is also dependent on the rate of proteolysis frequently
observed in various pathologies in which systemic inflammation
is increased (34) such as burn, cancer, sepsis or IBS model in
mice. In all these metabolic situations, ubiquitin proteasome
system and/or autophagy/lysosomal proteolysis (35) were up-
regulated. The low grade of inflammation induced in our animal
model resulted in a trend for a stimulation of MAFbx gene
expression but not for the other genes tested, suggesting that
muscle proteolysis, as inflammation, was, at the most, only
slightly stimulated in our study. This is in line with recent data
obtained on mice where a 14 days DSS treatment also increased
muscle mRNA expression of MuRFI and MAFbx genes (36).

An anti-inflammatory bacteria capable to
limit muscle mass loss

Because we demonstrated that the low-grade inflammation
initiated in the gut had deleterious effects on skeletal muscle in
older adult rats, we hypothesized that an oral probiotic treatment
could limit its impact on the development of sarcopenia during
aging. Two strains from S. thermophilus species (CNRZ160 and
PB5M]J) have been chosen in the study carried out in adult
rats subjected to low-grade gut inflammation. This preliminary
in vivo study aimed at screening the bacteria that was the
most efficient to limit muscle mass loss. Both strains limited
the stimulation of colon protein synthesis induced by low
grade gut inflammation but only S. thermophilus CNRZ160
was able to prevent the decrease of muscle protein synthesis.
This confirms the strain-specific impact of probiotics on gut
health parameters in chemically induced gut inflammation,
some strains from Lactobacillus genera being already proven
either beneficial, neutral or detrimental in DSS induced colitis
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IL12, Interleukine 12 p70; and IL17, Interleukine 17.

alpha 2 macroglobulin (ng/ml), LBP (ng/ml), LBP/sCD14 ratio (UA), and AGP (ng/ml), (C) Evolution of rats glucose (mmol/L), insulin (wmol/L) and
Insulin resistance index (AU). Values are means + SEM different letters indicate significant differences between groups (P < 0.05) and were
obtained by one way Anova or Wilkoxon rank sum test. Number of samples are 7, 11,11 in PF, DSS and PB1 groups for (A), 14, 14, 13 in PF, DSS
and PB1 groups for (B) and 14, 14, 12 in PF, DSS and PB1 groups for (C). A2M, Alpha 2 Macroglobulin; LBP, Lipopolysaccharide Binding Protein;
sCD14, soluble Cluster of Differentiation 14; AGP, alpha-1-acid Glycoprotein, IL1B, Interleukine 1 beta; IL6, Interleukine 6; IL 10, Interleukine 10;

model (37). Because it was proven more efficient to alleviate
DSS-induced muscle loss, CNRZ160 strain only was tested in
older adult animals.

As observed in adults, CNRZ160 supplementation in older
rats limited DSS-induced muscle mass loss and additionally
limited whole-body lean mass loss resulting in a better
preservation of body composition during the development of
low-grade gut inflammation. As for adults, we showed that
this could be well explained by a maintenance of muscle
protein synthesis during the post prandial phase to the level
of PF controls. In parallel, we also demonstrated an inhibition
of muscle proteolysis pathways via a down regulation of
autophagy (Atgl6L, Cathepsin L and LC3b) and key regulatory
elements of Ub-Proteasome pathways (FbxO30 and MurRFI)
in probiotic treated animals. These combined effects may
have concurred to maintain a better anabolic effect during
the fed period and then limited muscle mass loss. This
suggests that S. thermophilus CNRZ160, selected in vitro for
its anti-inflammatory potential, has been able to handle gut
DSS-induced inflammation. We have previously shown that
inhibition of the natural low-grade inflammation development
in older adult rats (10) was associated with an improvement of
post-prandial muscle anabolism, especially on protein synthesis.
This was confirmed in our study as CNRZ160 strain allowed
a normalization of the acute phase protein A2M secreted by
the liver. In contrast, because of the inflammatory condition
is a low-grade inflammation, it remains difficult to evidence
any effect of probiotic treatment on systemic cytokines as
they were not significantly modified beforehand. Still, at the
gut level, our probiotic led to an increased expression of
anti-inflammatory cytokines genes expression in colon (ILI0,
IL10/IL12a ratio), in accordance with what was evidenced in
vitro during its selection, along with a decreased expression
of IFNy.

Systemic inflammation can arise from an increased
permeability of colon and an entry of bacteria in systemic
circulation (37). CNRZ160 has probably improved the
colon permeability as judged by the increased expression
of several tight junction proteins like OCLN, ZO I, CLDN
1,3 and 15. This effect was also reported with other

bifidobacteria,
mixture-VSL#3)
in models of acute colitis characterized by an acute high

probiotics  (essentially some lactobacilli,

Akkermansia  muciniphila or probiotics

grade systemic inflammation (37). Taken all together, we
propose that in old adult rodents presenting a low-grade gut
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inflammation, CNRZ160 strain has ameliorated the colon
anatomical integrity by enhancing gut wall permeability and
improved the inflammation status at both the colon and the
systemic levels.

As discussed above, we have shown that the inflammation,
even if it is of low-grade, caused an increase in the mass of the
colon associated with a strong increase in the protein synthesis
in this organ. The administration of CNRZ160 prevented this
increase, with protein synthesis being similar to control values
as well as the mass of the colon. This was closely associated
with the improvement in colon integrity and the protective
effect of CNRZ160 on the inflammatory colonic condition. As a
result, the AA sequestration by the gut could be reduced and the
nutritional AA bioavailability better maintained for the muscle
in order to optimize muscle protein accretion. As the capacity of
muscle and splanchnic area to exchange nutrients depending on
gut/liver AA requirements remains efficient during aging (38),
an increased supply of AA from muscle to sustain gut protein
synthesis was not required anymore and may then explain
the decreased proteolysis we recorded in skeletal muscle with
CNRZ160 supplementation.

Conclusion

We have clearly shown that a dietary strategy with
probiotics can be considered as an efficient way to prevent
muscle mass loss occurring during low-grade inflammation
in a context of aging. Our data consolidate the concept of
the existence of a gut-muscle cross-talk (18, 39) and pave
the way to probiotic strategies that could limit sarcopenia
development by targeting both gut and systemic inflammation.
Such strategies could be even more valuable in the human frail
population that can be reluctant to current recommendations
of physical exercise or protein-energy supplements. By limiting
inflammation, CNRZ160 can act as an optimizer of the effect
of dietary proteins-whose supply is sometimes insufficient
in old population - that are known to stimulate muscle
anabolism. This anti-inflammatory probiotic strategy should
then be considered as an ancillary strategy capable to enhance
efficiently the dietary effect of proteins on muscle in low-
grade inflamed old population. Consequently, on a long-
term basis, the combination of already existing strategies
(protein or AA supplements) with probiotic supplementation
as CNRZ160 could be considered, and particularly via the
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production of fermented dairy products that contain both
proteins and probiotic bacteria. As S. thermophilus is already
present in yogurt, the optimization of such products is indeed
a possible option.
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