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Stratégie nutritionnelle de réduction de la sarcopénie chez les personnes âgées en sous nutrition : 
enrichissement d’un aliment en probiotique « energy saver » – Le vieillissement s’accompagne d’une diminution 
de masse et de force musculaires appelée sarcopénie. Ce phénomène peut altérer les performances physiques et 
favoriser la fragilité, voire la dépendance chez les personnes âgées, d’autant plus lorsqu’il est associé à la dénutrition. 
Les supplémentations protéiques et les programmes d’exercice physique sont des stratégies connues de lutte contre la 
sarcopénie mais peu efficaces chez des patients de faible appétit ou ayant des difficultés à se déplacer. De nouvelles 
approches complémentaires et plus appropriées à ces populations spécifiques doivent donc être développées. Le 
microbiote intestinal, dont l’implication dans la régulation de la physiologie de l’hôte n’est plus à démontrer, jouerait 
un rôle déterminant dans le métabolisme et la fonctionnalité des muscles squelettiques. Des études portant sur des 
rongeurs âgés ont ainsi montré les effets bénéfiques de traitements probiotiques sur la masse musculaire, la force ou 
la performance physique. C’est dans ce contexte que s’inscrit mon projet de thèse dont l’objectif est de mettre au point 
un aliment fonctionnel enrichi en probiotiques capable de limiter la fonte musculaire chez l’âgé fragile. Comme réservoir 
de bactéries probiotiques potentielles, nous nous sommes intéressés au microbiote fécal originaire d’un patient atteint 
du syndrome de grêle court. Ce microbiote particulier est composé quasi-exclusivement de bactéries lactiques 
(Lactobacilles) et permettrait d’optimiser l’absorption et l’utilisation des nutriments chez ces patients dont la surface 
d’échange intestinale a été réduite par la résection. Des isolats bactériens ont été obtenus, identifiés, puis criblés sur le 
nématode Caenorhabditis elegans pour leur effet pro-longévité. Deux souches ont été retenues puis testées chez le rat 
âgé en restriction alimentaire modérée (modèle de fragilité) pendant 1 à 2 mois. Une des souches, Lacticaseibacillus 
casei CNCM I-5663, a permis de limiter la perte de masses maigre et musculaire chez les animaux sous-alimentés. Cet 
effet peut s’expliquer par une sensibilisation des muscles squelettiques aux signaux anaboliques (activation de la voie 
Akt/mTOR/S6K) via une modulation de signaux du microbiote intestinal et de la sensibilité de l’hôte à certains signaux 
microbiens (récepteurs GPRs au niveau de l’iléon, acides gras à chaîne ramifiée caecaux). La dernière partie de mon 
travail a consisté en la caractérisation des propriétés probiotiques de la souche bactérienne (capacité à résister à 
l’environnement gastro-intestinal, sécurité), à sa protection (par ma participation à la rédaction d’un brevet) et à valider 
la possibilité d’intégrer cette bactérie dans un fromage. En perspective, les effets prometteurs de cet aliment enrichi en 
probiotique « energy saver » devront être validés chez l’humain âgé fragile.  

Mots clés : muscle squelettique, sarcopénie, probiotique, bactéries lactiques, sensibilité à l’insuline, synthèse protéique, 
Caenorhabditis elegans, fromage          

                    

Nutritional strategy for reducing sarcopenia in undernourished elderly people: enrichment of a food with a 
probiotic “energy saver” – Ageing is associated with a reduction in muscle mass and strength, called sarcopenia. This 
phenomenon can impair physical performance and lead to frailty or even dependence in the elderly, especially when it 
is associated with undernutrition. Protein supplementation and exercise can be effective strategies but difficult to 
implement in patients with poor appetite or physical disability. New complementary approaches more suitable to this 
specific population need therefore to be developed. The gut microbiota, whose involvement in host physiology is well 
known, plays a determining role in the optimal metabolism and function of skeletal muscles. Studies, mainly done in old 
rodents, have proven beneficial effects of probiotic treatments on muscle mass, strength or physical performance. The 
objective of my thesis project is to develop a probiotic-enriched functional food capable of limiting muscle wasting in 
the frail elderly.  As a reservoir of potential probiotic bacteria, we focused on the faecal microbiota arising from a patient 
suffering from short bowel syndrome. This specific microbiota is composed almost exclusively of lactic acid bacteria 
(Lactobacilli) and could optimise the absorption and use of nutrients in these patients whose intestinal exchange surface 
has been reduced by resection. The bacterial isolates were identified and then screened on the nematode 
Caenorhabditis elegans for their pro-longevity effects. Two strains were selected and tested in aged rats under 
moderate food restriction (frailty model) for 1 to 2 months. One of the strains, Lacticaseibacillus casei CNCM I-5663, 
limited the loss of lean and muscle mass in undernourished animals. This effect can be explained by a sensitisation of 
skeletal muscles to anabolic signals (activation of the Akt/mTOR/S6K pathway) and by a modulation of microbial signals 
and host sensitivity to gut microbial signals (GPRs receptors in the ileum, caecal branched chain fatty acids). The last 
part of this work consisted in characterising the probiotic properties of the bacterial strain (capacity to resist the 
gastrointestinal environment, safety), protecting the strain (involved in patent drafting) and ensuring that the bacteria 
can be integrated into a cheese. In the future, the promising effects of this probiotic “energy saver” -enriched food  will 
require to be validated in old frail humans.                                                                                               
 
Keywords: skeletal muscle, sarcopenia, probiotic, lactic acid bacteria, insulin sensitivity, protein synthesis, Caenorhabditis elegans, 
cheese 
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Figure 1. Organisation générale du travail de thèse.
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Chapitre 1. Caractéristiques du vieillissement 

 

I- Personnes âgées : vue d’ensemble  

 

A) Épidémiologie de la population âgée 
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Figure 2. Pourcentage des personnes âgées de 65 ans et plus en 2020 dans le Monde.                                                                                                                     
Données United Nations, DESA, Population Division, World Population Prospects 2019. 
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https://i-technology.net/stats-covid-france/
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Figure 3. Proportion et projections du pourcentage des personnes âgées                                                  
de 60 ans et plus (figure du haut) et de 80 et plus (figure du bas) en France de 1950 à 2100.                                                    

Données United Nations, DESA, Population Division, World Population Prospects 2019. 
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B) Conséquences socio-économiques du vieillissement 

 

II- Modifications physiologiques du vieillissement 
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Figure 4. Modifications physiologiques majeures associées au vieillissement sur les principaux 
organes du corps. D’après Soto-Perez-de-Celis et al., 2018 et Milenkovic et al., 2022 [9,10]. 
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A) Effets de l’âge sur la composition corporelle 

 

B) Effets de l’âge sur le système musculaire  
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Tableau 1. Changements physiologiques fonctionnels liés à l’âge et pouvant être associés à la 
diminution de la mobilité des personnes âgées. D’après Izquierdo et al., 2017 [23].  

Variables Changements avec l’âge 

Fréquence cardiaque et débit cardiaque ↓ 

Pression artérielle (au repos et à l’exercice) ↑ 

Capacité respiratoire vitale ↓ 

Masse musculaire ↓ 

Force et puissance musculaire ↓ 

Pourcentage de masse grasse corporelle ↑ 

Masse osseuse ↓ 

Souplesse musculo-articulaire ↓ 

Tolérance au glucose ↓ 

C) Effets de l’âge sur l’aire splanchnique et ses fonctions  
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1- Modifications structurelles et fonctionnelles du tractus digestif 

 

2- Modifications de l’absorption et du métabolisme des nutriments  
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3- Modifications de la fonction endocrine de l’aire splanchnique 
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Tableau 2. Principales hormones produites dans l’intestin et le pancréas, leur structure biochimique et leurs actions. [24,74,75] 

Hormones Lieux de production Signaux stimulateurs Structures Actions sur l’organisme 

CCK 
Duodénum et jéjunum 

(cellules I) 

Sécrétion en réponse à 
l’arrivée dans le duodénum 
de lipides et de protéines 

essentiellement 

Polypeptide de 4, 8 ou 33 AA 
(CCK4, CCK8 ou CCK33) ; CCK8 
contient l’activité biologique 

↑ Sécrétions enzymatiques du pancréas 
↑ Contraction de la vésicule biliaire 

↓ Vidange gastrique 
Action anorexigène 

 
 
 Ghréline 

Fundus de l’estomac        
(et intestin grêle proximal) 

Augmentation de la 
sécrétion avec le jeûne 

Polypeptide de 28 AA 
(groupement acyl sur la sérine 3 

pour la forme active) 

↑ Sécrétion d’acide gastrique et vidange gastrique 
↑ Sécrétion de glucagon 

↓ Sécrétion d’insuline 
Action orexigène 

 
 

GLP-1 
Iléon principalement 

(cellules L) 

Sécrétion en réponse à 
l’arrivée de nutriments dans 

l’intestin 

Polypeptide de 29 AA dérivant 
du proglucagon (gène GCG) 

↓ Sécrétion d’acide gastrique et vidange gastrique 
↑ Sécrétion d’insuline 

↑ Prolifération des cellules β pancréatiques 
↓ Sécrétion de glucagon 

Action anorexigène 

GLP-2 
Iléon principalement 

(cellules L) 

Sécrétion en réponse à 
l’arrivée de nutriments dans 

l’intestin 

Polypeptide de 32 AA dérivant 
du proglucagon 

↓ Sécrétion d’acide gastrique 
↑ Prolifération cellules intestinales et mucus 

↓ Perméabilité intestinale 
Action anorexigène 

PYY Iléon et côlon (cellules L) 
Sécrétion en réponse à un 
repas, proportionnelle aux 

calories ingérés 

Polypeptide de 36 AA ; deux 
formes endogènes 

↑ Sécrétions enzymatiques du pancréas 
↓ Sécrétion d’acide gastrique et vidange gastrique 

↑ Sécrétion d’insuline 
Action anorexigène 

Insuline 
Cellules β des Îlots de 

Langerhans (pancréas) 

Sécrétion en réponse à une 
hyperglycémie et à des 
hormones (GLP-1, PYY) 

Polypeptide de 51 AA ; chaine A : 
21 AA et chaine B : 30 AA reliées 

par 2 ponts S-S 

↑ Transport du glucose et glycogénogenèse 
↑ Synthèse protéique 

↑ Lipogenèse 

Glucagon 
Cellules α des Îlots de 
Langerhans (pancréas) 

Sécrétion en réponse à une 
hypoglycémie, au stress et 

aux protéines 

Polypeptide de 28 AA dérivant 
du proglucagon 

↑Lipolyse, gluconéogenèse et glycogénolyse 
Action anorexigène 
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β 

4- Modifications de la barrière intestinale et de la composition du microbiote avec l’âge 
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5- Modifications des organes du goût et de l’odorat  
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III- Altération de la fonction musculaire avec l’âge : la sarcopénie 

A) Définitions de la sarcopénie 
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Figure 5. Forest plots de (A) la masse musculaire ou de (B) la force musculaire associées au risque 
de déclin des capacités fonctionnelles et démontrant que la force est davantage corrélée à ce 

déclin que la masse. D’après Schaap et al., 2013 [111]. 
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1- Prévalence de la sarcopénie 

 

2- Diagnostic clinique des patients  
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Figure 6. Adaptation de l’algorithme de dépistage de la sarcopénie chez les personnes âgées 
proposé par le groupe de travail EWGSOP en 2019. [115] Acronymes :  ASM, appendicular skeletal mass ; DXA, 

dual-energy-X-ray absorptiometry ; SPPB, short physical performance battery ; TUG, timed up and go test.
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Tableau 3. Principaux outils et valeurs seuils (retenues par l’EWGSOP2) utilisés pour diagnostiquer un patient à risque de sarcopénie et évaluer le degré 
de sévérité de la maladie. D’après Ackermans et al., 2022 et Cruz-Jentoft et al., 2019. 

Tests/outils Principes et valeurs seuils Avantages Inconvénients 
Suspicion d’une sarcopénie 

Questionnaire SARC-F             
(5 questions) 

1.Difficultés pour lever/transporter des charges de 4,5 kg ; 
2. Traverser une pièce ; 

3. Se lever d’une chaise ; 
4. Monter 10 marches ; 

5. Nombre de chute dans les 12 derniers mois 
Un score > 4 : patient à risque de sarcopénie 

Rapide et facile à utiliser en clinique 
Spécificité élevée pour la sarcopénie 

Sensibilité faible pour la sarcopénie 
(risque de sous-diagnostic) 

Examen clinique Mesures anthropométriques (circonférence du mollet < 31 cm) voir Tableau 4 

Mesure de la force musculaire 

Force de préhension 
(grip strength) 

Mesure au dynamomètre (Newton) la force des membres supérieurs 
Méthode de référence retenue par l’EWGSOP2 

♀ < 16 kg ou ♂ < 27 kg : sarcopénie probable 

Marqueur prédictif de la morbidité et 
mortalité d’un patient âgé 
Facile à utiliser en clinique 

Membres supérieurs uniquement et 
calibration du dynamomètre 

(taille de la main) 

Test du lever de chaise 
(chair stand) 

Mesure du temps nécessaire à un patient pour se lever cinq fois d'une 
position assise sans utiliser ses bras (force des jambes) 

> 15 secondes pour 5 levers : sarcopénie probable 

Alternative à la force de préhension 
qui mesure aussi l’endurance et 

l’équilibre 

Manque de standardisation (hauteur 
de la chaise, position de départ) et 

difficultés d’interprétation des 
résultats 

Mesure de la masse/qualité des muscles 

Masse squelettique 
appendiculaire (ASM) 

Masse des membres supérieurs et inférieurs 

♀ < 15 kg ou ♂ < 20 kg : sarcopénie confirmée Voir Tableau 4 pour les différentes techniques de mesure de la masse/qualité 
musculaire, leurs avantages et leurs limites Indice de masse 

squelettique (SMI) 

Rapport ASM / taille2 

♀ < 5,5 kg ou ♂ < 7,0 kg : sarcopénie confirmée 

Mesure de la performance physique 

Vitesse de marche 
(gait speed) 

Vitesse de marche ≤ 0,8 m/seconde 
Ou ≥ 6 minutes (ou inachèvement) pour parcourir 400 mètres 

Suggère que la sarcopénie est sévère 

Bon indicateur de l’état de santé 
général 

Mesure standard en clinique et en 
recherche, simple à mettre en œuvre 

N’est pas très spécifique à la 
sarcopénie puisque d’autres systèmes 

sont impliqués (cardio-vasculaires, 
nerveux…) 

Test TUG 
(Timed Up and Go) 

Mesure du temps nécessaire à un patient pour se lever d’une chaise, 
marcher sur 3 mètres, se retourner, marcher vers la chaise et se rassoir 

≥ 20 secondes : sarcopénie sévère 
Simple à mettre en œuvre 

Spécificité et sensibilité de la 
sarcopénie plutôt basses, manque de 

standardisation, à compléter avec 
d’autres tests 

SPPB (Short Physical 
Performance Battery) 

Somme de 3 tests : équilibre, vitesse de marche (sur 2,5 m) et lever de 
chaise (force des jambes). Score ≤ 8 points : sarcopénie sévère 

Mesure standard en clinique et en 
recherche, simple à mettre en œuvre 

Combine plusieurs tests 
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Tableau 4. Principales techniques utilisées pour mesurer la masse et la qualité des muscles du patient âgé.                                                                          
D’après Tosato et al., 2017 et Ackermans et al., 2022.  

Techniques Avantages Inconvénients 

Techniques d’imagerie médicale 

Imagerie par résonance 
magnétique (IRM) 

Grande précision quantitative/qualitative d’analyse des muscles 
Pas d’exposition à des radiations 

Très bonne reproductibilité 

Coût de l’appareil et manque de portabilité 
Nécessité de personnel qualifié 

Temps nécessaire pour l’acquisition/traitement des scans 
Absence de protocole standardisé 

Contre-indications (implants) 
 
 Tomodensitométrie (TDM) ou 

tomographie ou scanner X 

Grande précision quantitative/qualitative d’analyse des muscles 
Rapidité de la mesure 

Très bonne reproductibilité même avec différents logiciels 
 

Exposition à des radiations (rayons X) 
Coût de l’appareil et manque de portabilité 

Nécessité de personnel qualifié 
 

Absorptiométrie biphotonique à 
rayons X (DXA) ou 

ostéodensitométrie 

Méthode de référence / bonne alternative pour l’étude de la composition 
corporelle (masse grasse, masse maigre et contenu minéral osseux) 
Faible exposition aux radiations (rayons X) relativement au scanner 

Coût abordable de l’appareil (par rapport autres techniques d’imagerie) 
Rapidité de la mesure 

Manque de portabilité 
Résultats compromis (masse maigre) par l’état hydrique du sujet 

La masse musculaire est « approximée » avec la masse maigre 
Ne mesure pas l’adiposité intramusculaire (qualité musculaire) 

Résultats parfois incohérents entre les marques/logiciels 

Ultrasonographie ou échographie  

Pas d’exposition à des radiations 
Appareil portable avec un prix très abordable 

Mesure simple et relativement rapide de l’épaisseur et de la structure des 
muscles 

 

Nécessité de personnel qualifié pour obtenir des résultats fiables 
Impédance acoustique des muscles similaire au tissu adipeux 

Compression du muscle par le transducteur nécessaire 
Manque de standardisation limitant l’interprétation des résultats 

 
Analyse par impédance 

bioélectrique 

Appareil portable et à coût très abordable 
Mesure simple et relativement rapide de la composition corporelle 

Pas d’exposition à des radiations 

Résultats fortement compromis par l’état hydrique et général du sujet 
(obèse, cachectique) 

Manque de standardisation limitant l’interprétation des résultats 

Paramètres anthropométriques et marqueurs biochimiques 

Circonférence du mollet ou du 
muscle du milieu du bras 

Méthode la plus facilement applicable (portable, coût, matériel) pour 
évaluer l’état nutritionnel d’un sujet 

Alternative ou complément des techniques plus coûteuses 

Manque de standardisation (valeurs seuils) chez la personne âgée 
Nécessité d’un personnel bien entraîné pour limiter la variabilité 

Albumine, Potassium, Créatinine Dosage de « routine » Non standardisé et peu adapté pour l’étude de la sarcopénie  

Dilution de créatine deutérée Résultats cohérents avec les données IRM Équipement de laboratoire sophistiqué et personnel qualifié 

Biopsie musculaire 
Excellent typage des fibres musculaires (histologie, activités 

enzymatiques) 
Méthode très invasive nécessitant une structure et du personnel qualifié 

Investigation de la qualité musculaire seulement 
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B) Mécanismes physiopathologiques de la sarcopénie 
 

Figure 7. Facteurs et mécanismes contribuant au développement de la sarcopénie. [16,21,124,125]  
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1- Altérations physiologiques et structurelles du muscle liées à l’âge 

 

Figure 8. Organisation générale d’un muscle squelettique et structure du sarcomère.                 
Images de Smart.sevier.com et Biorender.com.  

o 
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Tableau 5. Les trois principaux types de fibres musculaires des muscles squelettiques. [126] 

Caractéristiques 
Type I (lentes, 

oxydatives) 
Type IIB (rapides, 

glycolytiques) 
Type IIA 

(intermédiaires) 

Couleur de la fibre Rouge Blanche Rosée 

Diamètre de la fibre Petit Grand Grand 

Vascularisation Très vascularisée Peu vascularisée Bien vascularisée 

Teneur en myoglobine (stockage de 
l’oxygène) 

Élevée Faible Moyenne 

Abondance des mitochondries Élevée Faible Moyenne 

Quantité de glycogène (fourni 
rapidement de l’ATP nécessaire à la 

contraction via la glycolyse) 
Faible Élevée Élevée 

Vitesse de contraction 
Lente (100 

millisecondes) 
Rapide (25 

millisecondes) 
Rapide (50 

millisecondes) 

Résistance à la fatigue 
Élevée (plusieurs 

heures) 
Faible (plusieurs 

minutes) 
Moyenne 

Capacité aérobie (effort peu intense, 
endurance) 

Élevée Faible Moyenne 

Capacité anaérobie (effort intense 
mais bref) 

Faible Moyenne Élevée 
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Figure 9. Scans (tomodensitométrie) du haut de la jambe (A) d’un adulte de 23 ans et (B) d’une 
personne de 70 ans et (C) coupes transversales suivies d’une coloration immunohistochimique de 
biopsie musculaire du jeune adulte et (D) de la personne âgée. Les fibres de type I sont en rouges, 

les fibres de types II en noir et la lame basale en gris. Images de Nilwik et al., 2013 [130]. 

o 
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Figure 10. Représentation schématique d’une unité motrice et d’une jonction neuromusculaire.  
Image de Biorender.com. 
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2- Environnement biologique favorable au développement de la sarcopénie 

a) Résistance anabolique  
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b) Inflammation chronique  

α α 
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c) Dysfonction mitochondriale et stress oxydatif 

α γ α
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3- Conséquence du vieillissement sur le turnover protéique musculaire 
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a) La synthèse protéique musculaire 
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Figure 11. Voies cellulaires impliquées dans la synthèse protéique (voie Akt/mTOR) et dans la dégradation des protéines. D’après Nunes et al., 2022 [227]. 

Acronymes : 4EBP-1, eukaryotic translation initiation factor 4E-binding protein 1; Akt (PKB), protein kinase B; AA, amino acids; BCAA, branched-chain amino acids, BCKA, branched-chain 
keto-acids; eEF2, eukaryotic elongation factor 2; eIF4B, eukaryotic translation initiation factor 4B; ERK 1/2, extracellular signal-related kinase1/2; FoxO, Forkhead box transcription factors; 

GSK3β, Glycogen synthase kinase-3 β; IGF-1, insulin-like growth factor 1; IL, interleukin; IRS, insulin receptor substrate; JAK, Janus kinase; mTORC1, mechanistic (mammalian) target of 
rapamycin complex 1; MEK, mitogen-activated protein kinase; MuRF-1, muscle RING-finger protein-1; NF-κB, nuclear factor-κ-B; p70S6K, p70 S6 kinase 1; PI3K, phosphoinositide 3-kinase; 

PRAS40, proline-rich AKT substrate 40 kDa; Raptor, regulatory-associated protein of mTOR; Rheb, Ras homolog enriched in brain; rpS6, ribosomal Protein S6; SMAD, Small Mothers Against 
Decapentaplegic; STAT, signal transducers and activators of transcription; TNFα, tumor necrosis factor-α; TSC, tuberous sclerosis complex; UPS, Ubiquitin Proteasome System.
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b) La dégradation protéique musculaire 

 

Figure 12. Représentation schématique du système ubiquitine-protéasome dépendant.                   
Image de Biorender.com [232]. 
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Figure 13. Représentation schématique des trois principaux types d’autophagie.                             
Image de Biorender.com  [241,242].
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4- Inactivité physique et sédentarité  
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Chapitre 2. La fragilité chez les sujets âgés 

 

I- Inégalités au cours du vieillissement 
 

A) Comment expliquer la grande hétérogénéité de la population âgée ? 
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B) Dénutrition chez la personne âgée 

 

1- Définition et prévalence de la dénutrition chez l’âgé 

 

2- Diagnostic clinique d’une personne dénutrie 
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Tableau 6. Critères diagnostiques de la dénutrition recommandés par la Haute Autorités de Santé 
(HAS) en fonction de l’âge du patient. [292,293] 

3- Causes de la dénutrition chez la personne âgée 

 

Personnes de < 70 ans Personnes de ≥ 70 ans 

Critères phénotypiques 

Perte de poids ≥ 5 % en 1 mois 
Ou ≥ 10 % en 6 mois, ou 10 % par rapport au poids habituel avant le début de la maladie 

IMC < 18,5 kg/m2 : dénutrition diagnostiquée 
17 kg/m2 < IMC < 18,5 kg/m2 : dénutrition modérée 

IMC ≤ 17  kg/m2 : dénutrition sévère 

IMC < 22 kg/m2 : dénutrition diagnostiquée 
20 kg/m2 ≤ IMC ≤ 22 kg/m2 : dénutrition modérée 

IMC < 20  kg/m2 : dénutrition sévère 

Réduction quantifiée de la masse et/ou de la fonction 
musculaire (force de préhension ou vitesse de marche 
sur 4 mètres ou indice de masse musculaire ou masse 

musculaire appendiculaire) 

Sarcopénie confirmée 
(critères EWGSOP2 : voir chapitre 1-III) 

35 g/L ≥ Albuminémie ≥ 30 g/L : dénutrition modérée 
Albuminémie < 30 g/L : dénutrition sévère 

Critères étiologiques 

Réduction de la prise alimentaire > 50 % pendant plus d’une semaine ou toute réduction des apports pendant 
plus de 2 semaines, par rapport à la consommation habituelle quantifiée ou aux besoins protéino-

énergétiques estimés 

Absorption réduite par maldigestion ou malabsorption 

Hypercatabolisme protéique avec ou sans syndrome inflammatoire (pathologies aiguë ou chronique) 

Dénutrition si au moins 1 critère phénotypique et 1 critère étiologique 
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Figure 14. Causes et facteurs de risque de dénutrition chez la personne âgée. [291,295]
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4- Conséquences de la dénutrition chez la personne âgée 

 

II- Concept du syndrome de fragilité 
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Figure 15. Modèle de la fragilité physique comme un état dynamique et réversible.                       
Inspiré de Buchner et al., 1996 et Dent et al., 2019 [313].
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A) Deux grands modèles de fragilité 

Figure 16. Cycle de la fragilité selon la conception phénotypique de Fried et Walston. [314] 
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B) Les outils actuellement utilisés pour évaluer la fragilité 

 



69 
 

Tableau 7. Caractéristiques des principaux outils de diagnostic clinique de la fragilité. Inspiré du Livre Blanc de la Fragilité, Gérontopôle de Toulouse [316]. 

Outils Domaines explorés Descriptions 

Échelles basées sur les critères de Fried 

FRAIL scale 
[323,324] 

Questionnaire évaluant 5 paramètres de la fragilité physique :  
 Fatigue ; 
 Résistance (force) ; 
 Mobilité (vitesse de marche) ; 
 Présence de maladies ; 
 Statut nutritionnel (perte de poids). 

Fragilité ≥ 3 critères ; 
Pré-fragilité 1-2 critères ; 
Robuste 0 critère. 
 

Gérontopôle de Toulouse 
Frailty Screening Tool (GFST) 

[325,326] 

Grille de repérage associant : 
 Critères de Fried (perte de poids, fatigue, mobilité) ; 
 Composantes sociale et mnésique.  

Si 1 critère et en fonction de l’avis subjectif du médecin : patient 
fragile 
 

Échelles d’évaluation multidimensionnelles 

Groningen Frailty Indicator 
[327] 

15 items d'auto-évaluation relatifs à : 
 Mobilité ; 
 Dépendance ; 
 Statut nutritionnel (perte de poids) ; 
 Vision et audition ; 
 Composantes sociale et mnésique ; 
 Comorbidités. 

Fragilité ≥ 4 items 

Clinical Frailty Score (échelle 
de fragilité de Rockwood) 

[328] 

Jugement clinique du niveau d’autonomie d’un sujet âgé dans la réalisation 
des ADL (Activities of Daily Living). 

7 étapes allant du score « 1- Très en forme » au score « 7- 
Sévèrement fragile » 

Edmonton Frailty Scale [329] 

Grille de neuf composantes : 
 Dépendance ; 
 État de santé (autoévalué et hospitalisation) et continence ; 
 Composantes sociale et mnésique ; 
 Performance fonctionnelle (test Time Up and Go) ; 
 Polymédication. 

Sévèrement fragile 9-17 items ; 
Modérément fragile 6-8 items ; 
Légèrement fragile 4-5 items ; 
Non fragile 0-3 critères. 



70 

 

III- Prise en charge des patients fragiles 
 

A) L’activité physique comme stratégie de lutte contre la fragilité 
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Tableau 8. Exemples d’essais cliniques attestant de l’efficacité de la pratique physique pour réduire la fragilité chez la personne âgée.           
Acronymes : BBS, Berg Balance Score ; SPPB, Short Physical Performance Battery ; TUG, Timed Up and Go. 

 Références Types d’étude Sujets Interventions Durées Résultats Compliances 

Manor et al., 
2014 [340] 

Étude clinique en simple 
aveugle, contrôlée et 

randomisée 
Cross-over 

Cohorte américaine 

Personnes âgées vivant dans 
un logement supervisé 

(87 ± 5 ans) 
N = 29 

Tai Chi 
Séances supervisées 

1h 
2 x fois par 

semaine pendant 
12 semaines 

↑ performances physiques (SPPB, TUG) 
↑ vitesse de marche 

↑ équilibre (BBS) 

6/35 des sujets n’ont pas 
terminé l’intervention (2x plus 
que le groupe témoin) à cause 
d’une diminution de l’intérêt 

porté à l’intervention 

Fairhall et al., 
2008 et 2014 

[341,342] 

Étude clinique en parallèle, en 
simple aveugle, randomisée et 

contrôlée 
« The Frailty Intervention 

Trial » 
Cohorte australienne 

Personnes âgées fragiles 
vivant à domicile 
(83,4 ± 5,8 ans) 

N = 120 

Activité physique 
programme WEBB, et un 
programme nutritionnel, 
un suivi psychologique… 

20-30 min 
3 à 5 x par 

semaine pendant 
12 mois 

↓ facteurs de risque de chute 
↑ performances physiques (SPPB) 

↑ vitesse de marche 
 

Mais n’a pas réduit les chutes 

Niveau d’adhésion entre 29 et 
45 % , en sachant que 13 % 
des sujets n’ont totalement 

pas adhéré 

Cesari et al., 
2015 [343] 

Étude clinique à 2 bras, en 
simple aveugle, contrôlée et 

randomisée 
« LIFE-P Study » 

Cohorte américaine 

Personnes âgées sédentaires 
vivant à domicile et à risque 
de développer des troubles 
de mobilité (pré-fragiles et 

fragiles) 
(76,5 ± 4,2 ans) 

N = 211 

Activité physique 
régulière et multi-

composante (aérobie, 
résistance, équilibre, 

souplesse) 

40-60 min 
Au moins 3 x par 
semaine pendant 

12 mois 
 

↓ prévalence et sévérité de la fragilité 
(critères un peu différents de Fried) des 

personnes âgées sédentaires. 
L’intervention a été davantage 

bénéfique aux sujets les plus fragiles au 
départ 

Taux d’assiduité de 70,7 % 
après 6 mois et 60,9 % après 

12 mois (contre 70,0 % et 73,0 
% pour les témoins) 

Tarazona-
Santabalbina 
et al., 2016 

[339] 
 

Étude clinique en simple 
aveugle, contrôlée et 

randomisée 
Cohorte espagnole 

Personnes âgées fragiles, 
sédentaires et vivant à 

domicile 
(79,5 ± 3,9 ans) 

N= 51 

Activité physique 
régulière, supervisée et 

multi-composante 
(aérobie, résistance, 
équilibre, souplesse) 
Programme Vivifrail 

65-70 min 
5 x par semaines 

pendant 24 
semaines 

↓ sévérité de la fragilité (critères de 
Fried et Edmonton) 

↑ performances physiques (SPPB, 
échelle d’autonomie de Lawton…) 

↓ aspect social (dépression) 
Mais pas d’effet sur les chutes ou le 

risque de chutes 

9/51 sujets n’ont pas souhaité 
poursuivre l’étude (contre 

9/49  pour le groupe témoin) 

Martinez-
Velilla et al., 
2019 [344] 

Étude clinique en simple 
aveugle 

Cohorte espagnole 
 

Patients âgés hospitalisés 
(87,6 ± 4,6 ans) 

N= 185 

Activité physique dans 
l’hôpital et individualisée 

multi-composante 
(résistance, équilibre, 

marche) 

20 min 
2 x par jour 

pendant 5 à 7 
jours 

↑ performances physiques (SPPB, index 
d’autonomie de Barthel) 

Les sujets étaient des patients 
hospitalisés donc les raisons 
de non suivi sont différentes 

(décès, transfert…) 

Sadjapong et 
al., 2020 [345] 

Étude clinique contrôlée et 
randomisée 

Cohorte thaïlandaise 

Personnes âgées fragiles 
(Fried) 

(78,9 ± 1,3 ans) 
N = 32 

Activité physique multi-
composante (aérobie, 
résistance et équilibre) 

supervisée 

45-60 min 
3 x par semaine 

pendant 12 
semaines 

↓ sévérité de la fragilité quelques ↑ 
performances physiques (TUG, BBS) 

Sauf 1 pour des raisons 
médicales, tous les sujets ont 

suivi le programme 
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B) Supplémentations et interventions nutritionnelles 

1- Enrichissement de l’alimentation en protéines  

 

2- Compléments nutritionnels oraux (CNO) pour les personnes dénutries 
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3- Nature et forme d’apport des protéines  
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Tableau 9. Exemples d’études interventionnelles investiguant les effets de la supplémentation en protéines       
sur la fonction musculaire des personnes âgées. Acronymes : ADL, Activities of Daily Living ; IMC, Indice de Masse Corporelle ; 

MNA, Mini Nutritional Assessment ; SPPB, Short Physical Performance Battery ; TUG, Timed Up. 

 

 

Références Sujets Interventions Durées Résultats Compliances 

Bunout et al., 
2001 [363] 

Âgés sains                
(70-77 ans) 

N = 98 

Supplémentation (porridge/soupe 
6,5 g protéines 2x par jour) 

Exercice de résistance 
Supplémentation + Exercice 

18 mois 

Supplémentation nutritionnelle : 
↑ ADL 

Combinée à l’exercice : 
↑ marche 

↑ force musculaire 

48 % pour le 
programme de 

supplémentation et 
56 % pour le 
programme 

d’entraînement 

Bonnefoy et 
al., 2003 

[364] 

Âgés fragiles (82-
85 ans) 
N = 57 

Supplémentation (boisson 
énergisante 15 g protéines 2x par 

jour) 
+ Exercice (multicomposant) 

 

9 mois 

Supplémentation nutritionnelle par 
rapport au placébo: 
↑ force musculaire 

↑ IMC 

54 % pour le 
programme de 

supplémentation et 
63 % pour le 
programme 

d’entraînement 

Tieland et al., 
2012 [365] 

Âgés fragiles (77-
82 ans) 
N = 65 

Supplémentation (15 g de 
protéines 2x par jour) pour 

atteindre ~1,4 g/kg/jour 
 

6 mois 

Pas d’effet de la supplémentation 
sur la masse musculaire et la force 

musculaire 
↑ performance physique (SPPB) par 

rapport au placébo 

92 % 

Chalé et al., 
2013 [366] 

Âgés fragiles (70-
85 ans) 
N = 80 

Supplémentation (concentré de 
protéines de lactosérum 40 g/jour) 

+ exercice de résistance 
6 mois 

Supplémentation : aucun effet sur la 
masse maigre, la force musculaire et 

la performance physique par 
rapport au placébo 

>70 % 

Bauer et al., 
2015 [367] 

Âgés 
sarcopéniques 

(70-85 ans)         
N = 196 

Supplémentation (20 g protéine 
de lactosérum enrichie en leucine 

(3 g) / jour) + vitamine D (800 
UI/jour) 

13 sem. 

Supplémentation par rapport au 
placébo : 

↑ masse musculaire 
↑ lever de chaise 

Pas d’effet sur la performance 
physique (SPPB) et la force 

musculaire 

79 % 

Park et al., 
2018 [368] 

Âgés pré-fragiles 
et fragiles 

dénutris (70-85 
ans)                      

N = 120 

Groupes : 0,8 ; 1,2 et 1,5 g de 
protéines/kg/jour (protéines de 

lactosérum en poudre) 
3 mois 

Groupe 1,5 g/kg/jour : 
↑ masse musculaire 
↑ vitesse de marche 

Pas d’effet sur la performance 
physique (SPPB, TUG…) et le MNA 
par rapport aux groupes 0,8 et 1,2 

g/kg/jour 

100 % ? 

Yamada et 
al., 2018 

[369] 

Âgés 
sarcopéniques 

(80-90 ans)        
 N = 112 

Supplémentation (10 g de 
lactosérum /jour) + vitamine D 

(800 UI/jour) + exercice de 
résistance 

3 mois 

Supplémentation combinée à 
l’exercice : 

↑ vitesse de marche 
↑ masse musculaire 

>75 % 

Kang et al., 
2019 [370] 

Âgés fragiles (70-
85 ans)                
N = 115 

Supplémentation (32,4 g de 
protéines de lactosérum /jour) 

Et exercice de résistance pour les 
groupes placébo et supplémentés 

3 mois 

Supplémentation : 
↑ force musculaire 

↑ performance physique (lever de 
chaise) 

Par rapport au placébo 

? 

Amasene et 
al., 2019 

[371] 

Âgés qui sortent 
d’hospitalisation 

(75-88 ans)    
N = 28 

Supplémentation (20 g protéine 
de lactosérum enrichie en leucine 

(3 g) / jour) 
Et exercice de résistance pour les 
groupes placébo et supplémentés 

3 mois 

Supplémentation par rapport au 
placébo : 

↑ marche (6 minutes) 
↑ (tendance) force musculaire 

Pas d’effet sur la masse musculaire 
et la performance physique par 

rapport à l’exercice seul 

85 % 

Björkman et 
al., 2020 

[372] 

Âgés 
sarcopéniques 

(75-96 ans) 
N = 218 

Supplémentation (20 g de 
protéines de lactosérum 2x par 

jour) 
Et exercice de résistance + 

vitamine D pour les groupes 
placébo et supplémentés 

12 mois 

Supplémentation: aucun effet sur la 
force musculaire et la performance 

physique (SPPB) par rapport au 
placébo 

>50 % 



76 

 

4- Supplémentation en micronutriments  

 

a) La vitamine D 
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b) Les acides gras polyinsaturés oméga-3   

α
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c) Les minéraux  
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Chapitre 3. Lien entre microbiote intestinal et 

muscle squelettique 

 

I- Le microbiote intestinal  
 

A) Quelques généralités sur le microbiote de l’intestin 
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Figure 17. Organisation dynamique de l’écosystème microbien bactérien le long du tractus 
intestinal humain. [409,411,412] 

                                                      

B) Principaux déterminants du microbiote 
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Figure 18. Ensemble des facteurs influençant la composition du microbiote intestinal.                                                    
D’après Schmidt et al., 2018 [413].                                                                    

1- Comment le microbiote évolue avec l’âge ? 
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Figure 19. Évolution du microbiote intestinal au cours de la vie. D’après  Ling et al., 2022 [418].                                                               
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2- Comment le microbiote évolue avec l’alimentation ? 



86 

 

3- Peut-on définir un microbiote « en bonne santé » ?  

 



87 

 

C) Principales fonctions du microbiote intestinal 

 

1- Fonctions digestives et métaboliques 
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Figure 20. Chaîne trophique de dégradation des fibres alimentaires et différentes voies 
métaboliques impliquées dans la production des acides gras à chaîne courte. [456,457] 
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2- Fonctions barrière et rôle dans l’immunité 

 

3- Interaction du microbiote avec le cerveau 
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D) Microbiote et impact sur l’hôte âgé 

1- Microbiote et altérations des grandes fonctions avec l’âge 
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2- Microbiote, muscles et sarcopénie 

a) Existe-il un lien causal entre le microbiote et la fonction musculaire ? 
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Figure 21 : Effets du microbiote intestinal sur la physiopathologie de l’hôte. Inspirée de Hill and Round, 2021 [483]. Acronymes : AGCC, acides gras à chaîne courte ;  IBD, 

Inflammatory Bowel Disease ; SIBO, Small Intestinal Bacterial Overgrowth ; TMA, trimethylamine.
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b) Comment le microbiote est-il impliqué dans la fonte musculaire ? 

 

Les lipopolysaccharides 

 

α
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Les AA et leurs métabolites 

 

α
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κ α

Figure 22. Conséquences d’une inflammation intestinale sur le métabolisme musculaire de l’hôte. 
Acronymes : Akt (PKB), protein kinase B ; FoxO, Forkhead box transcription factors ; IKK, IκB kinase ; IL, interleukin ; IRS, 

insulin receptor substrate ;  JAK, Janus kinase ; LPS, lipopolysaccharides ; mTOR, mechanistic (mammalian) target of 
rapamycin ; NF-κB, nuclear factor-κ-B ; ROS, reactive oxygen species ; STAT, signal transducers and activators of 

transcription ; TMAO, trimethyl-amine oxide ; TNF-α, tumor necrosis factor-α. 
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Les acides gras à chaîne courte – AGCC  

 

α α

κ
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Figure 23. Effets des acides gras à chaîne courte sur le métabolisme musculaire de l’hôte.        

Acronymes : AGCC, acides gras courte chaîne; Akt (PKB), protein kinase B ; FoxO, Forkhead box transcription factors ; GLP-
1, glucagon-like-protein 1 ; GPR, G-protein-coupled receptor ; HDAC, histone désacétylase ; IKK, IκB kinase ; IL, 

interleukin ; IRS, insulin receptor substrate ; mTOR, mechanistic (mammalian) target of rapamycin ; PGC-1α, PPAR 
coactivator 1α ; PPAR α/δ, peroxisome proliferator-activated receptor α/δ ; , p-S6, phosphorylated S6 ; p-eIF4E, 

phosphorylated eukaryotic translation initiation factor 4E ; NF-κB, nuclear factor-κ-B. 

Les acides biliaires 
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α

α

E) Stratégies pour moduler le microbiote intestinal chez l’âgé 
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Figure 24. Frise chronologique présentant les faits marquants autour de la question des probiotiques. [527,528] 
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II- Stratégie probiotique 
 

A) Un peu d’histoire et définitions  
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B) Sélection et évaluation des probiotiques 
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Figure 25. Lignes directrices pour l’évaluation des probiotiques destinés à l’alimentation humaine. 
[533,537]  

1- Identification et innocuité : critères de sécurité 
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2- Critères fonctionnels et technologiques 
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3- Bénéfice santé : critères physiologiques 
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C) Les probiotiques, une stratégie de lutte contre la sarcopénie (Annexe 1) 

 

α

β
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1- Études chez le rongeur âgé 
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κ
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Tableau 10. Études investiguant les effets de souches probiotiques sur la masse et la fonction musculaires de modèles rongeurs de sarcopénie. 

Références Modèles et âges Souches probiotiques Dosages Résultats 

Varian et al., 
2016 [556] 

Souris CD-1 (de 8 
semaines à 10 

mois) 

Limosilactobacillus reuteri    
ATCC-PTA-6475 

10 mois 
(105 CFU/jour) 

↑ masse musculaire et taille des fibres 
↑ hormone de croissance 
↑ taux de survie 

Hor et al., 
2019 [561] 

Rats Sprague-
Dawley 

+ D-galactose 

Limosilactobacillus fermentum 
DR9 OU Lacticaseibacillus 

paracasei OFS 0291 

12 semaines 
(1010 CFU/jour) 

↑ running time, speed, work and power (treadmill exhaustion test) 
↑ expression de p53 dans le muscle (gastrocnémien) 

Chen et al., 
2019 [558] 

Souris SAMP8          
(7 mois) 

Lacticaseibacillus paracasei PS23 
12 semaines 

(109 CFU/jour) 

↑ masse maigre 
↑ force de préhension 
↑ digestibilité des protéines 
↓ stress oxydatif (protéines carbonylées) 
↑ SOD and GPx (muscles) 

Ni et al., 2019 
[473] 

Souris C57BL/6 
(10 mois) 

/!\ souris adultes 
et non âgées 

Lacticaseibacillus casei LC122 
OU 

Bifidobacterium longum BL986 

12 semaines 
(109 CFU/jour) 

↑ masse musculaire (quadriceps et gastrocnémien) 
↑ force de préhension 
↑ barrière intestinale (production de mucus, claudin-1 et ZO-1) 
↓ inflammation dans le muscle (↓TNF-α, IL-6, IL-1β) Bifidobacterium ++ 
↑ capacités antioxydantes dans le muscle (SOD et GPx) Lactobacillus ++ 

Chen et al., 
2021 [559] 

Souris SAMP8 
(7 mois) 

Lactobacillus casei Shirota 
12 semaines 

(108 or 109 CFU/jour) 

↑ masse musculaire (DEXA) 
↓ score de sénescence 
↑ force musculaire 
↑ fonction mitochondriale (gènes de biogenèse mitochondrial, contenu en ADNmt) 
↑ capacités antioxydantes dans le muscle (↓ protéines carbonylées) 
↓ inflammation dans le muscle (↓ TNF-α, ↑ IL-10) 
↑ AGCC vs. témoins âgés (acétate, butyrate et isobutyrate) 

Lin et al., 2021  
[560] 

Souris SAMP8 
(âge?) 

Lactobacillus paracasei GKS6 
OU Bifidobacterium lactis GKK2 

14 semaine (5.0 ×109 
CFU/kg/jour) 

Masse musculaire non précisée, pas d’effet ? (Aucun effet sur tous les autres organes) 
↓ score de sénescence 
↑ force musculaire (pour les mâles seulement) 
↑ nombre de fibres musculaires, Bifidobacterium seulement 
↑ capacités antioxydantes dans le muscle (SOD et catalase) 

Lee et al., 
2021 [557] 

Souris Balb/c   
(20 mois) 

Lactobacillus plantarum HY7715 
5 semaines 

(108 CFU/kg/jour) 

↑ masse musculaire (gastrocnémien et soléus) 
↑ force musculaire 
↓ paramètres relatifs à la fatigue musculaire : BUN plasmatique, créatinine et lactate 
↑ expression dans le muscle de MyoD et MYH1 
↓ expression dans le muscle de Atrogin-1 et MuRF-1 
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2- Études chez l’humain âgé 

 



113 

 

D) Autres stratégies ciblant le microbiote pour lutter contre la sarcopénie 

 

1- Descriptions des pré-, syn- et postbiotiques 

 

β
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Figure 26. Conception et mécanismes d'action des synbiotiques complémentaires et synergiques. 
D’après Swanson et al., 2020 [573]. 
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2- Études de la supplémentation sur le maintien de la fonction musculaire  

 

https://www.efsa.europa.eu/en/efsajournal/pub/6780
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Tableau 11. Études investiguant les effets de pré-, syn- et postbiotiques sur la fonction musculaire et les performances physiques. 

 Modèles Interventions Effets majeurs des interventions  Références 

Prébiotiques 

Souris BALB/c âgées de 8 semaines 
N = 12 

Acide hyaluronique (gavage, 50 mg/kg/j) pendant 
15 jours 

↓ fatigue (↑ durée et ↓ chutes sur rotarod) 
↑ activité SOD (muscle) 

Huang et al., 2022 
[578] 

Souris Kunming âgées de 7 semaines  
N = 88 

Konjac glucomannane (eau de boisson, 2 g/kg/j) 
pendant 35 jours 

↑ AGCC caecaux 
↓ fatigue, ↑ durée de nage 

↑ activité SOD et GSH-Px 

Zeng  et al., 2018 
[577] 

Personnes âgées fragiles 
(75 ± 7 ans) 

N = 50 

FOS (3488 mg/j) + inuline (3375 mg/j) pendant 13 
sem. 

↑ force musculaire 
↓ fatigue 

↓ indices de fragilité 

Buigues  et al., 
2016 [580] Theou  
et al., 2019 [581] 

Personnes âgées sarcopéniques  
(90 ± 5 ans) N = 6 

1-kétose 
10 g/jour pendant 12 sem. 

↑ index de masse musculaire (SMI) 
Tominaga  et al., 

2021 [582] 

Adultes IMC > 30 + ostéo-arthrite  
(30-75 ans) N = 60 

Inuline (16 g/j) pendant 6 mois 
Étude en cours : effet du prébiotique sur la qualité de 
vie, la compo. corporelle, la performance physique et 

le statut inflammatoire ? 

Fortuna  et al., 
2022 [588] 

Synbiotiques 

Souris BALB/c + carcinome du côlon 
(C26) âgées de 6 semaines 

N = 30 

Kimchi + 
L. mesenteroides CJ LM119 et L. plantarum CJ 

LP133 pendant 3 sem. 
Témoins : kimchi « normal » 

↑ masse musculaire des pattes 
↓ taille des tumeurs 

↓ expression Atrogin-1 et MuRF-1 
↓ inflammation (IL-6 plasmatique, NF-κB musculaire) 

An  et al., 2019 
[579] 

Personnes âgées avec une faible force 
musculaire (68 ± 4 ans) 

N =17 

FOS (6 g/j) 
+ 108-9 CFU/j L. paracasei, L. rhamnosus,                  
L. acidophilus, B. lactis pendant 3 mois 

Pas d’effet sur la composition corporelle, ni sur le 
profil inflammatoire (IL-6, TNF-α) 

Valentini Neto  et 
al., 2013 [585] 

Femmes adultes IMC ≥ 25 
(40-55 ans) 

N = 88 

FOS (38,5 mg/j) + 108-9 CFU/j B. longum, B. breve, L. 
casei, L. bulgaricus, L. acidophilus, S. thermophilus 

pendant 8 sem. 

Étude en cours : effet du synbiotique sur la sarcopénie 
(force musculaire, compo. corporelle, performance 

physique) ? 

Jamshidi  et al., 
2022 [589] 

Patients en soins intensifs (18-65 ans)  
N = 40 

FOS + 109-10 CFU/j B. longum, B. breve, L. casei, L. 
bulgaricus, L. acidophilus, S. thermophilus  

pendant 14 jours 

Étude en cours : effet du synbiotique sur l’homéostasie 
énergétique, la fonte musculaire et la cachexie ? 

Seifi  et al., 2020 
[590] 

Postbiotiques  

Souris C57BL/6J âgées de 8 semaines 
+ Rats Sprague-Dawley N = 50 

Heat-killed B. breve B-3 (109 CFU/j) pendant 4 sem. 
↑ masse et force musculaires 

↑ p-Akt, p-S6K, p-AMPK, PGC-1α (muscle) 
Toda  et al., 2020 

[586] 

Adultes sédentaires en surpoids  
(50-60 ans) N = 253 

Urolithine A (500 ou 1 000 mg/j) pendant 4 mois 
↑ performance physique (VO2 max, 6 min walk test) 
↑ fonction mitochondriale et ↓ inflammation (CRP) 

Singh  et al., 2022 
[587] 
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Chapitre 1. Contexte, objectifs et stratégies 

expérimentales du travail de recherche 

 

I- Contexte et objectif généraux du projet  
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II- Stratégies expérimentales 

 

A) Pourquoi utiliser le microbiote intestinal des patients ayant subi une 

résection intestinale ? 
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Figure 27. Schéma général représentant les différents mécanismes adaptatifs mis en place dans le 
syndrome du grêle court afin d’optimiser le métabolisme énergético-azoté des patients. [600,602–

605]  
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Figure 28. Démarche expérimentale globale du projet de recherche.
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B) Démarche expérimentale globale (Figure 28) 

 

 

 

 

 

 

 

 

 

 

 

 

 



128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



129 

 

Chapitre 2. Présentation des travaux de thèse 

 

I- Isolement des bactéries lactiques 
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Figure 29. Organigramme représentant les différentes étapes de manipulation réalisées sur 
l’échantillon fécal de rat n°0, collecté 25 jours après inoculation, dans le but d’isoler et de 

caractériser des bactéries lactiques. Acronymes : BHI-S, brain heart infusion ; MRS, de Man Rogosa Sharpe ; CHL, 

Carbohydrates, Lactobacillus et apparentés. 
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Tableau 12. Proportion des genres et espèces bactériens parmi les 60 isolats de l’échantillon 
fécal de rat, représentants sélectionnés et leurs principales caractéristiques morphologiques. 

Genres et espèces isolés 
Proportions 

parmi les 
isolats  

Représentants Caractéristiques morphologiques 

Lacticaseibacillus rhamnosus 55 % LRh-36 

Colonies blanches opaques, 1 mm de diamètre, 
brillantes, lisses et bords nets (milieu MRS, 48h 37° C) 
Bacilles plutôt fins (2 µm de long et 0,5 µm de large) 
regroupés en chaînettes 
 
 

Limosilactobacillus mucosae 10 % LM-5661 

Petites colonies translucides, parfois entourées d’un 
halo irrégulier (milieu MRS, > 48h 37° C) 
Bacilles courts, trapus et polymorphes (1 à 1,5 µm de 
long) plutôt isolés 

Lacticaseibacillus camelliae 10 % LCam-05 

Colonies blanches/translucides, ≤ 1 mm de diamètre, 
lisses et bords nets (milieu MRS, 48h 37° C) 
Bacilles courts (1 µm de long) et trapus regroupés en 
chainettes ou en amas 

Lacticaseibacillus casei 5 % 
LC-5662 et 

LC-5663 

Colonies blanches opaques, entre 1 et 1,5 mm de 
diamètre, lisses et brillantes (milieu MRS, 48h 37° C) 
Bacilles courts (1 µm de long) et trapus généralement 
regroupés en chaînettes ou par deux 

Limosilactobacillus reuteri 5 % LR-3a 

Colonies blanches/translucides, ≤ 1 mm de diamètre, 
lisses et bords nets (milieu MRS, 48h 37° C) 
Bacilles très courts et trapus (1 µm de long et 0,8 µm 
de large) regroupés en amas 

Ligilactobacillus salivarius 5 % LS-10 
Colonies blanches/translucides, 1 mm de diamètre, 
lisses et bords nets (milieu MRS, 48h 37° C) 
Bacilles trapus (1 à 2 µm de long) généralement isolés 

Autres (Escherichia) 10 % X 
Ne rentrent pas dans le cadre de mon travail de thèse 
car nous recherchions des bactéries reconnues pour 
leur innocuité 
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II- Stratégie de criblage n°1 : criblage in vivo sur Caenorhabditis 

elegans et validation de deux souches sélectionnées sur un modèle 

rongeur de fragilité   

 

A) Caenorhabditis elegans 

1- Généralités sur le modèle 
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Figure 30. Cycle de vie hermaphrodite de Caenorhabditis elegans à 20 °C. [614] 
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2- Anatomie et physiologie 

 

Figure 31. Principales caractéristiques anatomiques de Caenorhabditis elegans (hermaphrodite) vu 
latéralement et en coupe transversale (région antérieure). [615] 

a) L’intestin, la digestion des aliments et le microbiote 
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Figure 32. Organisation schématique de l’intestin de Caenorhabditis elegans. (A) structure de base 
de l'intestin comme un ensemble d'anneaux. (B) Le cytoplasme des entérocytes. Acronymes : AJ, 

jonction adhérente ; ER, réticulum endoplasmique ; LRO, organite lié au lysosome ou granule intestinal. [616] 

 

β
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b) Les muscles 
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Figure 33. Altération de la structure des fibres musculaires avec l’âge du ver. (A) Perte de la 
structure des réseaux mitochondriaux associée à l'âge chez des animaux élevés à 20°C. Les réseaux 

sont conservés jusqu'à 4 jours, moment où une fragmentation mineure est visible avant une 
fragmentation modérée (6 jours) et sévère (8 jours). (B) En revanche, les sarcomères conservent 

leur structure jusqu'à la 6ème journée où l'on observe une perte d'architecture. Images de Gaffney et 

al., 2018 [637]. 
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3- Criblage de probiotiques « pro-longévité » sur C. elegans 
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4- Limites du modèle nématode 
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B) Modèles rongeurs de la fragilité 

 

1- Les différents modèles retrouvés dans la littérature 
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Tableau 13. Quelques modèles rongeurs pour l’étude du vieillissement et de la sarcopénie. [660–664] 

Modèles Descriptions, phénotypes (+) Avantages et (-) limites  

Rats et souris 
âgés 

La durée de vie moyenne est propre à 
chaque souche. Cette durée est à 

connaître pour évaluer le caractère 
âgé ou non des individus. 

(+) Modèle le plus proche de la réalité du vieillissement chez 
l’Homme 
(+) Respect éthique/bien-être animal (pas d’intervention pour 
induire le vieillissement) 
(-) Coût (prix, place, temps) : ~ 2 ans pour obtenir un rat âgé 

Modèles génétiques 

Souris SAMP 
(senescence-
accelerated 

mouse prone) 

Développement de nombreuses 
pathologies liées à l'âge et associées 
au stress oxydatif et à la dysfonction 

mitochondriale 

(+) Durée de vie courte (9 mois) 
(+) Développement déficiences musculo-squelettiques à partir de 
6 mois pour SAMP-8, dès 3 mois pour SAMP-6 et SAMP-3 
(-) Les mutations spécifiques contribuant à la sénescence sont mal 
définies 

Wrn −/−  
Terc −/− 

Vieillissement prématuré de quelques 
tissus (peau, ostéoporose) associés à 
des défauts de réplication de l’ADN et 

à la maintenance des télomères 

(+) Durée de vie courte (24 semaines) 
(-) Développement de symptômes non liés à l’âge (spectre 
tumoral) 
(-) Ne développent pas tous les symptômes liés à l’âge 

Souris Klotho 
KO  

Développement de multiples troubles 
liés à l’âge (infertilité, ostéoporose…) à 

partir de 3-4 semaines (déficits 
hormonaux) 

(+) Durée de vie courte (8 semaines) 
(-) Développement de symptômes non liés à l’âge  
(-) Ne développent pas tous les symptômes liés à l’âge 
(-) La régulation de l’hypervitaminose D réduit le phénotype de 
vieillissement 

Interventions chimique, diététique ou autre 

D-galactose  

Le D-galactose a forte concentration 
entraîne la génération de radicaux 
libres et induit le vieillissement des 
principaux organes (cerveau, foie, 

cœur, reins…) 

(+) Relativement simple à mettre en place 
(+) Mime plutôt bien les phénotypes du vieillissement 
(-) Variabilité entre les rongeurs (espèces, âges) avec un protocole 
d’administration similaire 

Irradiation du 
corps entier 

(TBI) ou 
radiothérapie 

L’irradiation (ionisation et radicaux 
libres) sublétale induit une fragilité 

prématurée et progressive et 
endommage divers tissus et organes 

(cerveau, muscles, appareil 
reproducteur…) 

(+) Développement d’une fragilité 2 fois plus précoce  
(+) Phénotypes similaires entre les souris irradiées et des souris 
non irradiées à un âge plus élevé 
(-) Relativement difficile à mettre en place (matériel, personnel, 
réglementation) 
(-) Méthode peu utilisée (peu d’études) 
 

Dexaméthasone 

Glucocorticoïde (à forte dose et 
traitement prolongé) qui sur-active le 

système protéolytique ubiquitine-
protéasome dans le muscle 

(+) Accélère l’atrophie musculaire  
(+) Approche communément utilisée et relativement simple à 
mettre en place 
(-/+) Induit de l’inflammation au niveau des muscles (voie NF-κB) 
 Modèles d’hypoactivité 

Suspension par 
la queue 
(hindlimb 

suspension) 

Reproduit la fonte musculaire associée 
à la vie en apesanteur, la sarcopénie, 

l’inactivité et l’immobilisation 

(+) Relativement simple à mettre en place  
(-) Appuis sur les pattes antérieures 
(-) Troubles de la miction 
(-) Respect éthique/bien-être animal 

Immobilisation 
d’une patte 

arrière (plâtre 
ou velcro) 

Reproduit la fonte musculaire causée 
par l’immobilisation 

(+) Proche d’une situation clinique 
(+) Patte controlatérale : référence pour le membre immobilisé 
(-) Appuis sur les pattes antérieures 
(-) Coût (temps, compétences techniques) 

Dénervation 
(nerf tibial) 

Reproduit (excessivement) la 
dénervation des jonctions 

neuromusculaires observée avec l’âge 

(+) Très efficace pour induire de l’atrophie musculaire 
(+) Patte controlatérale : référence pour le membre immobilisé 
(-) Opération chirurgicale  
(-) Modèle trop drastique  
(-) Respect éthique/bien-être animal 
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2- Le modèle que nous avons développé 
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Introduction 
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Méthodes 

 

Figure 34. Schéma expérimental des deux études réalisées sur les rats âgés au cours de la thèse. 
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Principaux résultats  

 

α
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III- Suite de la stratégie de criblage n°1 : étude de la faisabilité 

technologique d’une incorporation du probiotique dans un 

produit laitier fermenté 

 

A) Introduction 

 

1- Dans quel aliment intégrer la souche LC-5663 ? 
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2- État des lieux de la consommation de fromage en France 
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B) Matériel et méthodes 

 

1- Fabrication des fromages 

 

Figure 35. Mode opératoire utilisé pour la fabrication des fromages lactiques.  
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2- Dénombrement des bactéries lactiques 

 

3- Analyses sensorielles 

 

C) Résultats et discussion 

 

1- Impact de la souche sur le processus de fabrication 
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2- Dénombrement des bactéries lactiques 

 

Tableau 14. Quantités de bactéries lactiques (Lacticaseibacillus) inoculées dans le lait et quantité 
vivante dans les fromages après 12 jours d’affinage. 

3- Impact de la souche sur les propriétés organoleptiques 

 

Conditions Dénombrements dans le lait (inoculum) Dénombrements dans les fromages 

Témoin 1 X X 

Témoin 2 X X 

Essai 1 1.106 CFU/mL 2.107 CFU/g 

Essai 2 5.105 CFU/mL 2.107 CFU/g 

Essai 3 1.105 CFU/mL 3.106 CFU/g 

Essai 4 5.104 CFU/mL 1.106 CFU/g 
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Figure 36. Paramètres organoleptiques des fromages lactiques Témoins et Essais (E1, E2, E3 et E4) 
après 12 jours d’affinage, scorés par des dégustateurs non experts. 
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IV- Stratégie de criblage n°2 : les études in vitro 

A) Introduction 
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Figure 37. Le syndrome du grêle court, le microbiote intestinal et le GLP-1. (A) Concentration 
plasmatique de GLP-1 après un repas chez un patient SGC par rapport à un témoin sain. (B) 

Concentration plasmatique de GLP-1 à jeun et niveau de l’ARNm de Gcg au niveau du côlon en 
fonction du type de résection intestinale subi par les rats. (C) Concentration plasmatique de GLP-1 
à jeun chez des rats axéniques ayant reçu le microbiote fécal d’un patient atteint du syndrome de 

grêle court. Graphiques de Jeppesen et al., 2000 et de Gillard et al., 2016 et 2017 [604,605,670]. 
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B) Matériel et méthodes 
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C) Résultats et discussion 
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Figure 38. Concentrations moyennes de GLP-1 sécrétées en pg/mL par les cellules STC-1 (105-106) 
après contact avec les sept souches de bactéries lactiques (1.109 à 2.1010 CFU) pendant 4 heures. 
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Figure 39. Concentrations moyennes de GLP-1 sécrétées en pg/mL par les cellules STC-1 (106) après 
contact avec quatre souches de Limosilactobacillus mucosae (1.109 CFU) pendant 3 heures. 
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V- Caractérisation des propriétés probiotiques pour leur utilisation 

future chez l’Homme 

 

A) Résistance à l’acidité gastrique et aux sels biliaires 

1- Principes et méthodes 
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�̅�𝑈𝐹𝐶𝑡

�̅�𝑈𝐹𝐶𝑡0
× 100

�̅�𝑈𝐹𝐶𝑏𝑖𝑙𝑒

�̅�𝑈𝐹𝐶𝑡é𝑚𝑜𝑖𝑛
× 100

2- Résultats et discussion 

 

Tableau 15. Résistance en pourcentage des trois souches d’intérêt à l’acidité gastrique après 45 et 
90 minutes d’incubation à 37°C.  

 Milieu gastrique à pH=2,5 Milieu gastrique à pH=3 

 45 minutes 90 minutes 45 minutes 90 minutes 

LC-5663 99,23 ± 0,68% 99,92 ± 0,41% 100,45 ± 0,45% 101,00 ± 0,69% 

LC-5662 99,82 ± 0,54% 99,73 ± 0,50% 100,31 ± 0,59% 100,35 ± 0,25% 

LM-5661 101,54 ± 0,97% 102,92 ± 1,43% 103,67 ± 1,29% 104,27 ± 2,07% 
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Tableau 16. Résistance en pourcentage des trois souches d’intérêt aux sels biliaires après 1h, 2h, 3h 
et 4 heures d’incubation à 37°C.  

 1 heure 2 heures 3 heures 4 heures 

LC-5663 88,29 ± 5,43% 87,10 ± 2,91% 85,45 ± 3,86% 83,53 ± 4,52% 

LC-5662 88,10 ± 8,01% 89,36 ± 5,05% 88,17 ± 5,27% 86,77 ± 5,29% 

LM-5661 90,85 ± 2,28% 88,74 ± 2,44% 87,75 ± 1,46% 82,67 ± 1,77% 

 

B) Adhérence aux cellules intestinales 

1- Principes et méthodes 
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2- Résultats et discussion 

 

 

Tableau 17. Résultats en pourcentage de l’adhérence des cellules des souches probiotiques aux 
cellules intestinales Caco-2 après 3 heures d’incubation en fonction de la MOI.  

 Multiplicité d’infection (MOI) 

 100 10 1 0,1 

LC-5663 5,60 ± 1,82% 7,74 ± 2,31% 9,24 ± 0,71% 9,60 ± 2,81% 

LC-5662 5,95 ± 0,29% 7,22 ± 0,82% 7,31 ± 0,41% 6,87 ± 0,82% 

LM-5661 4,18 ± 0,65% 3,90 ± 0,30% 3,32 ± 0,07% 4,84 ± 0,24% 
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C) Critères d’innocuité des souches 
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Figure 40. Production de lactate par six souches lactiques pré-sélectionnées. (A) Concentrations 
moyennes de D- et L-lactates en mmol.L-1 produit par ~ 109 bactéries. (B) Répartitions en 

pourcentage de la production de D- et L-lactates. 
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Résultats majeurs (Figure 41) 
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Figure 41. Synthèse des principaux résultats obtenus au cours du projet de thèse. 

Mécanismes d’action possibles de la souche LC-5663 sur la physiologie et le 

métabolisme de l’hôte  

 

1- Quels médiateurs et mécanismes permettent à la souche LC-5663 de limiter la 

sarcopénie chez le rat fragile ? 

 

α
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Rôle des AGCC et des récepteurs GPR 
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Figure 42. Mécanismes moléculaires reliant le microbiote intestinal et la santé de l’hôte en 
situation saine et pathologique.  D’après de Vos et al., 2022 [701]. Acronymes : Ahr, Aryl hydrocarbon receptor ; 

GPCRs, ; G protein-coupled receptors ; iNOS, oxyde nitrique synthase ; NO, monoxyde d’azote ; PPARγ, peroxisome 
proliferator-activated receptor γ ; SCFA, short-chain fatty acids.
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Figure 43. Peptides intestinaux mesurés chez les rats après 2 mois de restriction alimentaire (R) 
± supplémentation en LC-5663 (R+63). (A) Concentration plasmatique de GLP-1 mesurée dans la 
veine porte 1 h post-prandiale. (B) Concentration plasmatique de GLP-1 mesurée dans la veine 

caudale à jeun. Les données sont présentées sous forme de moyenne ± SEM (n = 42 rats). Aucune 
différence significative entre AL, R et R+63 p ≤ 0,05 (ANOVA). 

 
 

 

α

α

α β

(A) (B) 



199 

 

0

0,5

1

1,5

2

0

0,4

0,8

1,2

Ex
p

re
ss

io
n

 r
e

la
ti

ve
 (

A
U

) 

Ex
p

re
ss

io
n

 r
e

la
ti

ve
 (

A
U

) 

Occludine TNF-α 

 

       

Figure 44. Expression des paramètres d’inflammation chez les rats après 1 mois de restriction 
alimentaire (R) ± supplémentation en LC-5663 (R+63). (A) Niveaux d’ARNm de TNF-α et IL-10 dans 

l’iléon. (B) Niveaux d’ARNm de TNF-α dans le muscle gastrocnémien. (C) Niveau d’ARNm de 
l’occludine dans l’iléon. Les données sont présentées sous forme de moyenne ± SEM (n = 61 rats). 

Aucune différence significative entre AL, R et R+63 p ≤ 0,05 (ANOVA). 
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2- Éléments de réflexion sur le métabolisme énergétique de l’hôte 

Dépenses énergétiques totales 
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Figure 45. Dépense énergétique des rats ad libitum (AL), après 2 mois de restriction 
alimentaire (R) ± supplémentation en LC-5663 (R+63). (A) Dépense énergétique totale (kcal), (B) 

dépense énergétique reportée à la masse corporelle et (C) dépense énergétique reportée à la masse 
maigre des animaux (kcal/g MM) à la fin de l’étude.  Les données sont présentées sous forme de 

moyenne ± SEM (n = 34 rats). Un changement de lettre indique une différence significative p ≤ 0,05 
(ANOVA et test post-hoc de Student). 
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Figure 46. Shift dans l’utilisation des nutriments au niveau de l’iléon et du foie. Niveaux des 
ARNm de l’hexokinase-2 et de l’Acox-1 (acyl-coenzyme peroxysomale A oxydase 1) dans l’iléon. 

ARNm de la glucokinase et de l’Acox-1 dans le foie. Mesures après 1 mois de restriction alimentaire 
(R) ± supplémentation en LC-5663 (R+63). Les données sont présentées sous forme de moyenne ± 
SEM (n = 61 rats). Un changement de lettre indique une différence significative p ≤ 0,05 (ANOVA et 

test post-hoc de Dunn) ; (t) indique une tendance 0,1 > p > 0,05. 
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Figure 47. Paramètres relatifs au métabolisme lipidique dans le muscle squelettique. (A) 
Mesures du contenu en triglycérides (mg/g de muscle) et (B) niveaux ARNm de Fatp1 (long-chain 
fatty acid transport protein 1), (C) Srebp-1c (sterol regulatory element-binding protein 1), Scd1 

(stearoyl-coenzyme 1 desaturase 1) et Fasn (acide gras synthase) après 1 mois de restriction 
alimentaire (R) ± supplémentation en LC-5663 (R+63). Les données sont présentées sous forme de 

moyenne ± SEM (n = 61 rats). Un changement de lettre indique une différence significative p ≤ 0,05 
(ANOVA et test post-hoc de Dunn). 
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3- Quel effet du probiotique LC-5663 sur l’appétit ? 
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Figure 48. Hormones gastro-intestinales mesurées chez les rats après 2 mois de restriction 
alimentaire (R) ± supplémentation en LC-5663 (R+63). (A) Concentration plasmatique de ghréline 

mesurée dans à jeun dans la veine causale et dans la veine porte 1 h post-prandiale. (B) 
Concentrations plasmatiques de PYY mesurée dans la veine porte 1 h post-prandiale et de la leptine 
mesurée dans l’artère abdominale 1 h post-prandiale. Les données sont présentées sous forme de 
moyenne ± SEM (n = 42 rats). Un changement de lettre indique une différence significative p ≤ 0,05 

(ANOVA et test post-hoc de Student). 
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Autres questions soulevées par les résultats de ma thèse concernant LC-5663 et 

qui mériteraient d’être approfondies : Quid du microbiote ? 

 

α



207 

 

α

Deuxième approche de criblage : la souche LM-5661 

 

 



208 

 

Perspectives du projet de thèse 

 

Perspectives propres à LC-5663  

 

Approfondir les mécanismes d’action 

 

 



209 

 

Tester des approches nutritionnelles intégrées :  intérêt du fromage 

 

Transposer nos données à l’Homme 

 



210 

 

Perspectives propres à LM-5661  

 



211 

 

 

Conclusion générale 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



212 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



213 

 

 

 

 



214 

 

 



215 

 



216 

 



217 

 



218 

 

β



219 

 

‐



220 

 

 



221 

 



222 

 

‐



223 

 

κ κ κ κ



224 

 



225 

 

κ



226 

 



227 

 



228 

 

 



229 

 



230 

 

 



231 

 

 



232 

 

   

 



233 

 



234 

 

 



235 

 



236 

 

 



237 

 



238 

 



239 

 

 



240 

 

γ



241 

 

‐ ‐ ‐



242 

 



243 

 



244 

 



245 

 

 

 



246 

 

 



247 

 



248 

 

 



249 

 



250 

 



251 

 



252 

 



253 

 

 



254 

 

α



255 

 

β



256 

 



257 

 

 

 



258 

 



Annexe 1 : Revue de synthèse 

  



Gut microbes and muscle function: can probiotics
make our muscles stronger?
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Abstract

Evidence suggests that gut microbiota composition and diversity can be a determinant of skeletal muscle metabolism
and functionality. This is true in catabolic (sarcopenia and cachexia) or anabolic (exercise or in athletes) situations.
As gut microbiota is known to be causal in the development and worsening of metabolic dysregulation phenotypes such
as obesity or insulin resistance, it can regulate, at least partially, skeletal muscle mass and function. Skeletal muscles are
physiologically far from the gut. Signals generated by the gut due to its interaction with the gut microbiome (microbial
metabolites, gut peptides, lipopolysaccharides, and interleukins) constitute links between gut microbiota activity and
skeletal muscle and regulate muscle functionality via modulation of systemic/tissue inflammation as well as insulin
sensitivity. The probiotics able to limit sarcopenia and cachexia or promote health performances in rodents are mainly
lactic acid bacteria and bifidobacteria. In humans, the same bacteria have been tested, but the scarcity of the studies,
the variability of the populations, and the difficulty to measure accurately and with high reproducibility muscle mass
and function have not allowed to highlight specific strains able to optimize muscle mass and function. Further studies
are required on more defined population, in order to design personalized nutrition. For elderly, testing the efficiency
of probiotics according to the degree of frailty, nutritional state, or degree of sarcopenia before supplementation is
essential. For exercise, selection of probiotics capable to be efficient in recreational and/or elite athletes, resistance,
and/or endurance exercise would also require further attention. Ultimately, a combination of strategies capable to
optimize muscle functionality, including bacteria (new microbes, bacterial ecosystems, or mix, more prone to colonize
a specific gut ecosystem) associated with prebiotics and other ‘traditional’ supplements known to stimulate muscle
anabolism (e.g. proteins), could be the best way to preserve muscle functionality in healthy individuals at all ages
or patients.
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Introduction

Skeletal muscles represent 40% of the total mass in human
beings and are involved in various fundamental functions
such as mobility (locomotion and posture) and the mainte-
nance of thermoregulation and glucose/amino acid
metabolism.S1 These tissues, accounting for 50–75% of all
body proteins, can also be considered as the protein reservoir

that can be solicited in catabolic situations.S1 Muscle protein
status is the consequence of a tight regulation between pro-
tein synthesis and degradation leading to protein anabolism
after meal intake that counterbalances the catabolism in
the fasted state. The daily meal-related cycles of
anabolism/catabolism can be modified on a longer-term basis
by age, physiological state, and/or lifestyle and/or fitness,
and either leads to muscle mass loss (sarcopenia and
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cachexia) or gain (recovery after stress and resistance exer-
cise). These factors are known to impact significantly on mus-
cle mass within days, weeks, or months. Nutritional strategies
have already been developed to improve muscle mass or
limit loss.1 This includes protein supplementation and
micronutrients capable to increase insulin sensitivity or limit
low-grade inflammation and oxidative stress.1,S2 These strate-
gies, implemented alone or in association, have been proven
to stimulate muscle mass and function, but their efficiency
is not optimal and depends greatly on the targeted
population.2,S2 In the case of the elderly population, muscle
mass loss (sarcopenia) has been shown to be multifactorial3

and potentiated by a loss of appetite and less physical activ-
ity. On the other hand, in the athletic population, muscles
are highly solicited by effort, subjected to repeated (micro)
damages and always along the ridgeline of the optimum ana-
bolic condition necessary to recover from injuries.S3

In these diverse populations, there is an increasing interest
to develop more specific or novel strategies capable to opti-
mize muscle anabolism complementary to the ones currently
used. Some are based on gut microbiota, which is suspected
to be causal in the development of several metabolic disor-
ders. Indeed, microbiota changes have been shown to be
correlated to and sometimes related to the development of
obesity, diabetes, and cardiovascular diseases, all these pa-
thologies being generally associated with the establishment
of an insulin-resistant state and low-grade inflammation.S4 In
parallel, it has been repeatedly demonstrated that muscle ca-
tabolism is frequently associated, in many physiological states,
with inflammation and insulin resistance.

The coincidence between alteration of gut microbiota
composition, physiological state impairment, and muscle cat-
abolic states suggests that microbiota, directly or indirectly,
could influence muscle mass status and regulation. The hy-
pothesis of the ‘gut–muscle axis’ (i.e. the impact of gut micro-
biota and its interaction with the host gut on skeletal muscle
metabolism and function) has therefore been proposed by
several authors, particularly in sarcopenic older people.4–6,S5

Among potential mechanisms, gut microbiota could inter-
vene in the regulation of the sensitivity of skeletal muscle
to anabolic stimuli.4,7 This explains why recent research
projects have developed nutritional strategies including
probiotics to target muscle mass and function. Probiotics
are living microorganisms that have positive effects on health
when ingested in adequate quantities. For a long time,
marketed probiotics were mainly lactic acid bacteria (LAB)
and bifidobacteria strains from a human or food origin, but
current strategies are focusing more and more on the use
of bacteria already present in the gut. The mechanisms of
probiotics action are complex and often poorly understood,
but one of their aims is to modulate the composition of an
altered gut microbiota.

The aim of the present review is first to report the recent
data on the interaction and underlying mechanisms that have

been demonstrated or hypothesized explaining the link be-
tween microbiota and muscle. Then, we will focus on probi-
otic strategies that have been developed so far to limit
muscle mass loss or favour muscle mass gain in populations
in catabolic or anabolic states.

Shift in microbiota composition and
alteration of muscle mass and function:
what can be the link between
microbiota, gut, and muscle?

Sarcopenia

Sarcopenia is defined as the progressive and generalized loss
of skeletal muscle mass and strength8 and has recently been
classified as a disease by the World Health Organization. This
disease is still often associated with old age and can also oc-
cur earlier in life (inflammatory diseases and organ failure
with cachexia). Its diagnosis requires the presence of low
levels for three parameters: muscle strength, muscle quan-
tity/quality, and physical performance as an indicator of
severity.8 As the number of elderly people and life expec-
tancy increase, the proportion of sarcopenic elderly, although
difficult to determine, could reach 20% of people over
60 years old.S6 Moreover, sarcopenia is recognized as a
central factor in the pathophysiology of the frailty syndrome
considered to be a major public health problem due to the
numerous consequences it entails (e.g. risk of falls, hospitali-
zations, and dependency).9 The frailty syndrome is multidi-
mensional and characterized by a cumulative decline in
several systems and functions of the body that include phys-
ical aspects (i.e. phenotype of frailty described by Fried et al.)
and also cognitive and social aspects.S7 Consequently, part of
frailty phenotype includes some characteristics of sarcopenia
(significant weight loss, low handgrip strength, and gait
speed).9

Several groups have studied microbiota composition in
sarcopenic, frail, or more frequently elderly population over
the last decade (Figure 1). It is now well established that
the gut microbiota composition evolves with age and is char-
acterized by a reduction of microbiota diversity with an im-
portant inter-individual variation.10,11,S8 The analysis of gut
microbiota composition in cohorts of elderly people showed
a shift in microbiota composition in function of their age with
the health status playing an important part.12,13 The gut mi-
crobiota composition of frail elderly people is more altered
compared with people of the same age who are in a better
health.10,14,15 In accordance with this, individuals with high
frailty scores (determined with Groningen Frailty Indicator
or Rockwood Clinical Frailty Scale) showed a significant re-
duction in relative abundance of lactobacilli, Bacteroides/

2 M. Giron et al.

Journal of Cachexia, Sarcopenia and Muscle 2022
DOI: 10.1002/jcsm.12964



Prevotella, and Faecalibacterium prausnitzii and increased
Enterobacteriaceae compared with people with low frailty
scores.14,16,S9 Note that F. prausnitzii particularly is recog-
nized as an indicator of good intestine health as metabolites
produced by F. prausnitzii (e.g. butyrate) present
anti-inflammatory properties.S10 In parallel, studies using
cohorts have shown that sarcopenia is associated with
decreased short-chain fatty acid (SCFA—including acetate,
propionate, and butyrate derive from fermentation of
non-digestible food)-producing bacteria (Roseburia,
Eubacterium for instance) relatively to non-sarcopenic
controls.13,15

Experimental design/models such as germ-free mice have
added valuable evidences on the potential causal role of mi-
crobiota on the control of muscle mass and function. Axenic
and antibiotic-treated mice present a decreased muscle
mass and strength compared with their conventional
counterparts.17–19 Interestingly, these alterations in muscle
mass and function can be restored by the transplantation of
a microbiota or after a natural reseeding.17,18 Objectifying
the causal role of the microbiota is complex in old individuals
due to the numerous confounding factors that are known to
modify microbiota composition: medication, lower appetite,
and nutritional status or associated chronic pathologies.20,S11

However, increasing evidences suggest that the gut microbi-
ota may play among other factors, a causal role in the devel-

opment of muscle mass loss and function in elderly.4,5,7 Fecal
microbial transplantation (FMT) from elderly volunteers in
either good (HF) or bad (LF) physical function to germ-free
animals showed that HF mice presented greater muscle
strength compared with LF group.21 HF microbiota was
enriched in Prevotella and Barnesiella compared with LF.
These bacterial genera contain genes coding for enzymes that
produce SCFAs (i.e. acetate, propionate, and butyrate), which
is the opposite of what was described earlier in the old
sarcopenic population. These promising results should be
confirmed in the diverse elderly population.

Undernutrition

Partially connected with the issue of frailty described earlier,
undernutrition (i.e. inadequate intake of dietary nutrients rel-
atively to requirement) and its impact on microbiota have
been investigated in two extreme populations in terms of
age: children and elderly. In developed countries, the elderly
population can suffer from undernutrition, particularly in frail
and hospitalized people. The anorexia of ageing (i.e. decrease
in appetite and/or food intake in old age) can worsen the
age-related loss of muscle mass and precipitate the entry of
elderly people into a phase of dependence.22

Figure 1 Major phyla and genera of the gut microbiota of healthy adult humans and impacts of physical exercise and sarcopenia/undernutrition and
cachexia. The major phyla of the healthy intestinal microbiota are Firmicutes, Bacteroidetes, Actinobacteria, and to a lesser extent Verrucomicrobia
and Proteobacteria. Exercise increases the proportion of Faecalibacterium, Roseburia, and Akkermansia genera. Studies in rodents have clearly shown
an increase in Bifidobacterium and Lactobacillus spp. with exercise practice, a result more mitigated in humans. Frailty (and its major components:
sarcopenia and undernutrition) and cachexia are associated with a decrease in these beneficial genera and an increase in opportunistic pathogens from
Enterobacteriaceae family. Undernutrition (in both elderly and children) has the particularity to be associated with a strong increase in different
pathogens.

Gut microbes and muscle function 3

Journal of Cachexia, Sarcopenia and Muscle 2022
DOI: 10.1002/jcsm.12964



One study showed similarities between the microbiome of
high frail nursing home residents (≥65 years) and malnour-
ished population.23 These two populations both showed an
increase in Ruminococcus gnavus, a species recently associ-
ated with inflammatory joint disease,S12 as well as a decrease
in butyrate producers (Roseburia intestinalis) (Figure 1). A
particularity of people at risk of malnutrition or malnourished
is the significant increase of specific opportunistic pathogens,
which can cause serious infections.23 In severely mal-
nourished children compared with healthy children from
the same country and at the same age, the microbiota is
enriched in Proteobacteria phylum (Enterobacteriaceae or
Campylobacteriaceae and Helicobacteraceae families).24–26

This colonization can be responsible for the development
of intestinal inflammation leading to an alteration of small
intestine morphology (decreased surface area, increased per-
meability, and apoptosis of epithelial cells) and ultimately
resulting in intestinal malabsorption.24

Smith et al. were the first to suggest a causal relationship
between the gut microbiome in a state of extreme undernu-
trition, the kwashiorkor syndrome.27,S13 FMT from Malawian
twin patients with or without a kwashiorkor syndrome to
germ-free mice was performed. The combination of Mala-
wian diet (plant-based diet deficient in proteins and in
micronutrients, and usual diet of the targeted population)
and microbiome from the kwashiorkor twin led to a pheno-
type of the undernourished children in the recipient mice
(i.e. weight loss). Same conclusions were obtained by Blanton
et al.28 Refeeding kwashiorkor microbiota-transferred ani-
mals with ready-to-use therapeutic food did not help to im-
prove significantly the rodent’s health,27 but the growth of
these mice was restored when co-housed with mice having
healthy microbiota.28 Two taxa (R. gnavus and Clostridium
symbiosis) have been highlighted as potential key determi-
nants in the regulation of weight gain and growth in such
nutritional situations, by promoting protein synthesis (and
lean mass growth) rather than altering protein oxidation.28

The role of these specific bacteria on growth rate and muscle
mass as well as translation to humans requires further
investigation.S14,S15

Cachexia

A rapid muscle mass loss and a shift in gut microbiota compo-
sition also occur in cachectic population. Cachexia is a multi-
factorial syndrome characterized by a generalized fatigue,
loss of body weight, skeletal muscle, and adipose mass, as
well as reduced food intake; this term is being frequently
used in context of cancer.29,30,S16 This syndrome is also asso-
ciated with a systemic inflammatory state, characterized by
high rates of pro-inflammatory markers such as C-reactive
protein (CRP).30 An altered microbiota is observed in cancer
cachexia (Figure 1), and several hypothesized mechanisms

(systemic inflammation or gut barrier dysfunction) suggest a
causal role of microbiota in cachexia development.29 In
cancer patients (colorectal, breast, and lung cancers), a
decreased abundance of Bifidobacterium, Lactobacillus, and
Faecalibacterium genera is observed concomitantly with
an increase of Enterobacteriaceae and Enterococcus.31–33

Similar microbial colonic patterns are also found in other
non-cancerous cachectic patients presenting chronic kidney,
heart, or liver diseases.29,34,35 The associated increase in
circulating pro-inflammatory cytokines is then able to induce
muscle atrophy by different mechanisms (insulin resistance,
inflammation, and associated oxidative stress), which are
detailed in the succeeding text.

Physical activity

Physical activity and exercise are known to be strong determi-
nants of health status. Even if a lack of physical activity is cor-
related to a poor health status and imbalanced microbiota,
the causal role of microbiota to promote health in such a con-
text remains to be studied in detail. Few studies, particularly
in humans, have investigated the effects of exercise on gut
microbiota composition and/or functions (Supporting Infor-
mation, Table S1). But, as nutritional status and physical activ-
ity are generally tightly intertwined, the exact role of exercise
per se on health outcomes remains complex to evaluate.36 In
rodent studies where exercise and nutrition are more con-
trolled (Table S2), regular physical activity is associated with
an elevated bacterial diversity and richness in the gut/faecal
microbiota.37,38

Generally, a decrease of the Firmicutes/Bacteroidetes ratio
is observed,37–40 and basically, microorganisms altered in cat-
abolic situations are changed the other way round with exer-
cise or in athlete population (Figure 1). Still, the nature and/
or intensity of exercises may alter differentially microbiota
composition (voluntary exercise vs. forced exercised41,42).
For instance, in rodents subjected to voluntary access
wheel exercise, the bacterial diversity and main phyla
abundance were not strongly altered, but forced exercise
(treadmill) led to increased proportion of harmful and
pro-inflammatory bacteria vs. free-exercised animals and sed-
entary controls.43,S17 A study demonstrated that forced
treadmill exercise exacerbates inflammation and causes mor-
tality while voluntary wheel training is protective in a mouse
model of colitis.44

As said earlier, people exercising tend to have more
‘healthy’ diets, including a higher dietary fibre intake.36 This
can explain why some bacteria associated with good immu-
nological and metabolic health such as F. prausnitzii,
Roseburia hominis (i.e. butyrate producers) and Akkermansia
muciniphila (i.e. acetate and propionate producer) tend to be
more abundant with physical activity.45–47 Likewise, exercise
has been shown to be associated with the abundance of
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other butyrate producers40,45 or lactate producers,37,43 and it
is known that lactate is converted into butyrate by
butyrate-producing bacteria in the gut.S18 This suggests that
the combination of exercise and microbiota-targeted nutri-
tion should be more closely investigated.

In this sense, and similarly to what was already performed
in catabolic situations to assess the causal role of microbiota
on muscle mass and function, studies have used FMT from
exercised mice to axenic rodents. In high-fat-fed mice, the im-
pact of FMT from normal-fed or exercised animals on recipi-
ent’s phenotype has been studied.48 Even if diet is more pow-
erful than exercise to shape the gut microbiota, FMT from
exercised animals (fed with normal or high-fat diet) led to a
reduced fat mass and inflammation (TNF-α and IL-1 expres-
sion in liver), to an increased glucose tolerance, and to a de-
creased serum low-density lipoprotein (LDL) compared with
sedentary animals fed with the high-fat diet.48 The
anti-inflammatory properties of the microbiota from
exercised mice have been further proven by Allen et al. In-
deed, FMT from mice having free access to running wheel
during 6 weeks in germ-free mice subjected to inflamed colon
(colitis)49 allowed a higher microbiota diversity, limited colitis,
and improved body mass compared with same animals
transplanted with microbiota from sedentary mice.49

Regular mechanisms of muscle
function that could be recruited to
explain microbiota–muscle axis

Many reviews summarize how microbiota can modulate
health status in various physiological/pathological states.
These covered metabolism regulation (e.g. energy ex-
penditure, lipogenesis/lipolysis, and insulin secretion),
appetite control, and cognitive function.50,S10 Among these
functions, some of them concern muscle (inflammation,
energy/nutrients metabolism, insulin resistance, and oxida-
tive stress). A recent review also details how molecules
synthesized by the microbiota could be considered as
links between microbiota and regulation of whole-body
metabolism.51 We will focus on major microbiota-related reg-
ulatory mechanisms involved in muscle mass and functional-
ity: insulin sensitivity and inflammation, both mechanisms
being tightly connected with the presence of an oxidative
stress and alterations of nutrients metabolism at the muscle
level.

Insulin sensitivity—role of short-chain fatty acids

Insulin is key in the regulation of skeletal muscle homeostasis
as it stimulates the entry and use of glucose in muscle cells in
the postprandial state and preserves musclemass by inhibiting

protein breakdown.S19 It is known for decades that elderly
people develop insulin resistance associated with a loss of
muscle mass and strength.S20 The installation of a local/sys-
temic inflammation and oxidative environment in a context
of increased lipotoxicity are the most documented causes of
decreased muscle insulin sensitivity in elderly or obese
populations.S19 On the contrary, the practice of moderate
physical activity improves insulin sensitivity and increases glu-
cose uptake, glycogen synthesis, and protein anabolism in
muscle.52 Because of this, exercise training can be therefore
considered to be a therapeutic strategy against insulin
resistance and sarcopenia.S21 Many nutritional strategies have
also been tested in that field such as micronutrients/anti-
inflammatory/antioxidant substances (e.g. vitamins A and E,
and polyphenols) and amino acid supplementation (leucine
or leucine-rich proteins). A new paradigm arises from princeps
studies from Bäckhed et al.S22 and Turnbaugh et al.,S23 in nutri-
tionally induced insulin resistance rodent models that have
shed light on the causal role of gut microbiota in tissue insulin
sensitivity.53,54 These data have been confirmed in humans
with fecal microbial transplantation (FMT) from healthy
patients to individuals with metabolic syndrome where
peripheral insulin sensitivity was improved (using rate of glu-
cose disappearance under hyperinsulinaemic–euglycaemic
clamp).55 However, the beneficial effect of FMT on insulin sen-
sitivity parameters was not always observed.56 The role of nu-
trition itself remains considered as the major driver of insulin
sensitivity and entails the development of complementary
studies on FMT implementation (donor effect).

Among the numerous metabolites produced by microbiota
within the gut lumen and that could constitute links between
microbiota, gut, and muscle insulin sensitivity, SCFAs have
been extensively studied.57,S24,S25 SCFA-producing bacteria
have repeatedly been shown to be increased by exercise by
contrast with individuals with sarcopenia and cachexia. Most
of the SCFAs found in the gut lumen are terminal products of
anaerobic fermentation of non-digestible dietary fibres by
microbes and are mainly produced in the distal ileum and
colon.S24 Molar ratios in the colon for acetate, propionate,
and butyrate are approximately 3:1:1, and they account for
≥95% of the total SCFAs.S24 Then, SCFAs are absorbed by in-
testinal cells, and butyrate enters into the TCA cycle as
acetyl-CoA to provide 60–70% of the colonocyte energy
needs.57 The remaining SCFAs are then found in the portal
vein and reach the liver (~80% of propionates are taken up
by the liver and ~40% for acetate), propionate being used
as a substrate in gluconeogenesis pathways.57,58,S24

Ultimately, a small proportion of SCFAs (mainly acetate) reach
skeletal musclesS24 (Figure 2).

Short-chain fatty acids are involved in glucose/lipid
homeostasis, in the regulation of inflammation, and in the
connection of gut with other distance tissues.57,59,S24,S25 SCFA
supplementation restored/improved muscle mass and/or
strength, previously decreased in germ-free and
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antibiotic-treated rodents.17–19,60 Supplementation with ace-
tate (in the diet or subcutaneous injection) promotes glucose
uptake and glycogen content in skeletal muscles of rats and
shown to decrease lipid intramuscular accumulation through
increased fatty acid uptake and oxidation in rabbits.61 Simi-
larly, oral butyrate supplementation in mice prevents oxida-
tive stress and muscle mass loss by increasing mitochondrial
function and biogenesis as well as the number of type I (oxi-
dative) fibres in skeletal muscles.60,62 These metabolic effects

of SCFAs could be direct on skeletal muscles, for acetate as it is
present in peripheral blood, but probably not for butyrate and
propionate as they only marginally reach the peripheral blood
stream. However, these effects could be also indirect via a
stimulation of glucagon-like peptide 1 (GLP-1) secretion, a
gut hormone that is responsible for a stimulation of insulin
secretion, glucose storage in the liver, and glucose uptake
in skeletal muscles.63 Other indirect effects of SCFAs on
muscle include increased blood flow and anti-inflammatory

Figure 2 How probiotic can be involved in maintaining skeletal muscle health: regulatory signals and metabolites. Probiotics can promote the produc-
tion of metabolites such as short-chain fatty acids (SCFAs), secondary bile acids (BAs), and some amino acids that can ultimately modulate muscle func-
tion. SCFAs, via their interaction with G protein-coupled receptor (GPR) 41/13 receptors in the ileum and colon, promote the secretion of glucagon-like
peptide-1 (GLP-1) and peptide YY (PYY) by intestinal L cells, which in turn stimulate insulin secretion by the pancreas and improve insulin sensitivity in
peripheral organs. At the muscle level, actetate uptake and oxidation as well as its and interaction with GPR receptors leads to phophorylation of
AMPK as well as activation of peroxisome proliferator-activated receptor δ and α. In parallel, insulin, IGF-1, and amino acids stimulate the phospho-
inositide 3-kinase (PI3K)/protein kinase B (AKT)/mTOR pathway, which increases glucose uptake [via glucose transporter type 4 (GLUT4)], promotes
protein synthesis (via activation of S6K), and reduces muscle proteolysis via inhibition of forkhead box O (FOXO) and Unc-51 like autophagy activating
kinase (ULK1) factors. SCFAs can also inhibit HDACs that participated in regulation of expression of various genes in the nucleus, including the expres-
sion of nuclear factor-κB (NF-κB) pathway-related genes. Secondary BAs also promote GLP-1 secretion via activation of G protein-coupled bile acid
receptor, Gpbar1 (TGR5), and play a role in muscle trophicity by mechanisms that still require to be further investigated. 4E-BP1, eukaryotic translation
initiation factor 4E-binding protein 1; CPT1, carnitine palmitoyltransferase I; eIF-4E, eukaryotic translation initiation factor 4E; IGF1-R, insulin-like
growth factor receptor; IRS1, insulin receptor substrate 1; MCT, monocarboxylate transporter; mTORC1, mechanistic target of rapamycin complex
1; P70S6K, p70S6 kinase; PGC-1α, Pparg coactivator 1 alpha; PPARα, peroxisome proliferator-activated receptor-α; Raptor, regulatory-associated pro-
tein of mTOR. Green arrow: activation; red arrow: inhibition.
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properties via epigenetic mechanisms.64 Succinate is like
propionate, a substrate for gluconeogenesis, and De Vadder
et al. suggested that glucose produced from succinate by
intestinal cells, when detected in the portal vein (portal
signal), may increase satiety, energy expenditure, glucose
tolerance, and insulin sensitivity.65,66

Inflammation

It has been postulated that an altered microbial ecosystem
composition could be associated with an imbalance between
intestinal anti-inflammatory and pro-inflammatory responses
leading to a chronic systemic low-grade inflammation, also
named ‘inflammageing’ in the elderly population.67 One
possible cause of inflammageing is the age-related deregula-
tion of the immune system (immunosenescence) leading to a
decrease in the ability to counteract intestinal colonization by
pathogenic bacteria as well as by ‘gut leaking’, which gener-
ates a systemic inflammation68 by enhancing circulating en-
dotoxin levels (e.g. LPS). LPS is transported in the blood by
the LPS binding protein and then recognized by the ‘pattern
recognition receptors’ [including toll-like receptor 4 (TLR4)]
localized on innate immune cells. The binding of LPS on
TLR4 results in the recruitment of various intracellular moie-
ties (e.g. MAPK) triggering cellular signalling cascades like the
pro-inflammatory pathway NF-κB.69 Of note, NF-κB pathway
can be also activated by pro-inflammatory cytokines and
ROS, molecules whose production is increased in cachexia, in-
tense exercise training, or even sarcopenia. NF-κB has been
shown to be involved in muscle atrophy by participating in
muscle protein degradation (ubiquitin–proteasome path-
way), inducing inflammation, and blocking muscle fibre
regeneration70 (Figure 3).

Ageing is associated with a progressive increase in inflam-
mation markers including tumour necrosis factor-α (TNF-α),
CRP, and interleukin 6 (IL-6).S28 Plasma levels of TNF-α and
IL-6 are also elevated in rodent models of cancer cachexia71

or cancer cachectic patients.72 The elevation of these cyto-
kines is known to be involved in weight and muscle loss
and poorer outcomes in patients with cancer.71 Likewise,
obesity and diabetes induced by high-fat diet are associated
with increased inflammatory markers levels, leading to dele-
terious impact on skeletal muscles anabolism.53,S29 By con-
trast, exercise can have either a positive or negative impact
on the inflammatory status and points out that the balance
between the different inflammatory markers has also to be
taken into account.73 Nevertheless, increased evidence
suggests that regular physical exercise has an overall
anti-inflammatory impact on sedentary and obese people.74

However, when exercise is more intense, as for athletes, this
could lead to an acute inflammatory response in skeletal
muscle with release of pro-inflammatory cytokines.73

High circulating LPS is known to induce increased expres-
sion and production of pro-inflammatory cytokines by the im-
mune cells and lead to muscle atrophy by regulating several
metabolic pathways including protein homeostasis and
mitochondrial function.S30 In animal models of acute inflam-
mation, a stimulation of muscle proteolysis (ubiquitin–-
proteasome pathway), a decreased protein synthesis (via
mTOR-regulated initiation of translation), but also induction
of cell apoptosis and, or inhibition the differentiation of satel-
lite stem cells are observed.75,S31 Such similar mechanisms
may also occur even in a situation of low-grade inflammation
as we have shown in rats presenting modest increased
alpha-2 macroglobulin plasma levels (marker of systemic
inflammation in rats) without any diagnosed or induced intes-
tinal inflammation, an inhibition of muscle postprandial pro-
tein synthesis, whereas it is normally stimulated in adult or
not inflamed old animals.76 Interestingly, ibuprofen treat-
ment of the same rats restored the blunted protein synthesis,
suggesting that inflammatory status was the cause of the lack
of response of protein synthesis to dietary anabolic stimuli.76

Accordingly, in humans, IL-6 is also correlated to muscle atro-
phy when it is related to low-grade chronic inflammation as
observed in elderly or certain cancerous patients with a
down-regulation of protein synthesis.4,77 Gut leaking and as-
sociated circulating LPS can also, during prolonged practice
of intense exercise, promote an important ROS production
responsible for oxidative stress that can generate insulin
resistance within skeletal muscles with mitochondrial dys-
function, apoptosis, or autophagy.53,S32 In this sense, it is ex-
tremely complex to separate inflammation from oxidative
stress and consequences on muscle insulin sensitivity. For in-
stance, IL-6 effect can impact on insulin signalling pathways
in muscle that is associated with an increased risk of T2D in
humans.69 However, the role of IL-6 is paradoxical and
depends on the dose and the manner of administration in
rodents and the presence of other cytokines.77 IL-6 could
have an anti-inflammatory effect and play a key role in mus-
cle growth (effect on satellite cells) as a myokine when it is
secreted by the muscle itself during physical exercise.

How probiotics can modulate muscle
mass and function in catabolic and
anabolic states?

As we have developed earlier that microbiota activity and
diversity could be a determinant in muscle mass and function
in various physiological/pathological situations, strategies
capable to target gut microbiota can then be considered as a
lever of action to fight against muscle mass loss and function
(sarcopenia and cachexia) or optimize muscle performance
(athletes, sarcopenia, and recovery after a pathology). In such,
probiotics could complement already existing strategies, and
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they have been repeatedly demonstrating capability to limit
the occurrence of insulin resistance, modulatemetabolic path-
ways in various tissues, or limit inflammation and oxidative
stress.78,S33 Additionally, some probiotics seem to be capable
to target specifically some of these metabolic functions or reg-
ulatory mechanisms even in non-catabolic or anabolic situa-
tions. As an example, two different types of probiotics
(Lacticaseibacillus casei LC122 or Bifidobacterium longum
BL986) have been tested in 10-month-old (i.e. adult, not old)
mice for a 12 week period.79 The two probiotic strains in-
creased skeletal muscle mass and grip strength in these rats

compared with age-matched controls.79 Interestingly, the
two bacterial species seemed to act on different cellular path-
ways because Lactobacillus casei showed an antioxidant po-
tential (increased SOD and GPx activities in muscle and intes-
tines) while B. longum presented anti-inflammatory
properties (decreased TNF-α, IL-6, and IL-1β levels in the mus-
cle and colon).79 The remaining question is to highlight
whether or not these probiotics are capable to be also efficient
onmuscle when challenged, that is, in situations of muscle loss
(sarcopenia and cachexia) or gain (following exercise) in ani-
mal models and humans.

Figure 3 Interaction between microbiota and skeletal muscle in a context on increased inflammation. An altered composition of the gut microbiota
ecosystem can lead to gut leaking and entry of bacterial endotoxins such as lipopolysaccharide (LPS) in peripheral blood. This is also associated with a
decreased production of beneficial metabolites [e.g. short-chain fatty acids (SCFAs)] in the gut lumen. LPS can trigger the production of inflammatory
cytokines and reactive oxygen species (ROS) by macrophages via toll-like receptor 4 (TLR4) receptors. In skeletal muscle, tumour necrosis factor-α (TNF-
α) activates the expression of nuclear factor-κB (NF-κB) pathway-related genes that decrease cell differentiation and proliferation (via inhibition of
myogenin and myoD). Interleukin (IL)-6 and IκB kinase (IKK) can inhibit insulin receptor substrate 1 (IRS1), which, associated with an induction of in-
sulin resistance, limits the activation of mechanistic target of rapamycin complex 1 (mTORC1) and thus protein synthesis. In addition, because protein
kinase B (AKT) is no longer activated, it can no longer exert its inhibitory role on forkhead box O (FOXO), which leads to an increased expression of the
ubiquitin E3 ligases Atrogin-1 and MuRF1 and promotes muscle proteolysis. Similarly, Unc-51 like autophagy activating kinase (ULK1) that is not
inhibited by mTORC1 cannot inhibit autophagy. When these regulatory mechanisms become chronic, an imbalance between protein breakdown/syn-
thesis occurs and causes muscle atrophy. 4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1; eIF-4E, eukaryotic translation initiation
factor 4E; GLUT4, glucose transporter type 4; GPR, G protein-coupled receptor; IGF1-R, insulin-like growth factor receptor; IL-6 R, interleukin-6 recep-
tor; JAK, Janus kinase; P70S6K, p70S6 kinase; PI3K, phosphoinositide 3-kinase; Raptor, regulatory-associated protein of mTOR; STAT, signal transducer
and activator of transcription; TNF-α R, tumour necrosis factor-α receptor. Green arrow: activation; red arrow: inhibition.
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Probiotics in catabolic states

Muscle catabolic conditions in rodents
Cancer Lactic acid bacteria have been tested in two experi-
ments using rodents subjected to cancer-induced cachexia80,81

(Table 1). A first experiment used leukaemic mice supple-
mented with Limosilactobacillus reuteri 100-23 and Lactoba-
cillus gasseri 311476 for 2 weeks (in drinking water, 108 CFU/
day).80 The second experiment, in mice presenting intestinal
polyposis, consisted in a daily supplementation in L. reuteri
ATCC-PTA-6475 for 3 months at a lower dose (105 CFU) than
the previous study. Both experiments showed that probiotics
limited skeletal muscle mass loss,80,81 which could be associ-
ated with an increased fibre size.81 Here, an inhibition of pro-
teolysis was observed (the ubiquitin–proteasome pathway
with MuRF1 and Atrogin-1 decreased gene expression80).
MuRF1 and Atrogin-1 were also down-regulated in muscle
from mice presenting adenocarcinoma and supplemented
with lyophilized kimchi containing Leuconostoc mesenteroides
CJ LM119 and Lactiplantibacillus plantarum subsp. plantarum
CJ LP133 vs. cancerous non-supplemented animals.82 In all
these experiments, inflammation associated with cancer im-
plantation was down-regulated by probiotic supplementation.

Probiotics can also stimulate anabolism (protein synthesis) in
mice with colon carcinoma as in An et al. (2019), where a pos-
itive impact on AKT and mTOR phosphorylation and a de-
creased AMPK phosphorylation were also observed. Lastly,
Bindels et al. have also tested the effect of a symbiotic
(L. reuteri 100-23 in association with oligofructose) for 2 weeks
in leukaemic mice.83 This led to a restoration of Lactobacillus
population in the gut, maintenance of muscle mass, and ex-
pression of genes involved in permeability and immunity in
the gut to the level of control animals. All these data confirm
that some bacteria (mainly LAB)—associated or not with pre-
biotics—could preserve anabolism in skeletal muscle via both
an inhibition cancer-induced inflammation leading to de-
creased proteolysis and a potential stimulation of protein
synthesis.

Ageing In the field of sarcopenia (Table 1), attention should
be given to the age of rodents. Indeed, in rats, for instance,
ageing-related muscle loss generally occurs significantly from
18 months of age onwards.84 Any adult rat that is
non-growing in terms of fat free mass (i.e. 12 months) cannot
be considered as the equivalent of an elderly human individ-
ual but as a middle-aged adult. With these considerations

Table 1 Studies assessing the effect of probiotics in cachectic and old rodent models

Reference Model Probiotic Dosage Results

(Bindels et al.,
2012)

BALB/c BaF3 leukaemic
and cachectic mice
(6 weeks)

Limosilactobacillus
reuteri 100-23 and
Lactobacillus
gasseri 311476

2 weeks
(108 CFU/day
for each strain)

↑ tibialis mass
↓ systemic inflammation (IL-6)
↓ MuRF-1 and Atrogin-1

(Varian et al.,
2016)

C57BL/6 ApcMIN
leukaemic and
cachectic mice
(8 weeks)

Limosilactobacillus
reuteri ATCC-PTA-6475

3 months
(105 CFU/day)

↑ muscle mass and fibre size

(Varian et al.,
2016)

CD-1 mice (8 weeks
to 10 months)

Limosilactobacillus
reuteri ATCC-PTA-6475

10 months
(105 CFU/day)

↑ muscle mass and fibre size
↑ growth hormone
↑ survival rate

(An et al.,
2019)

Cachectic adenocarcinoma
Balb/c mice (6 weeks)

Freeze-dried kimchi +
Leuconostoc mesenteroides
CJ LM119 and Lactiplantibacillus
plantarum CJ LP133

3 weeks ↑ leg muscle mass
↓ Atrogin-1 and MuRF-1
↓ ubiquitin–proteasome ligase
↓ p-AMPK and ↑ pAKT and p-mTOR
↑ PGC-1α
↓ NF-κB

(Chen et al.,
2019)

SAMP8 mice (7 months) Lacticaseibacillus
paracasei PS23

12 weeks
(109 CFU/day)

↑ lean mass
↑ grip strength
↑ protein digestibility
↓ oxidative stress (protein carbonyl)
↑ SOD and GPx (muscles)

(Hor et al.,
2019)

Sprague–Dawley
rats + D-galactose

Limosilactobacillus
fermentum
DR9 or Lacticaseibacillus
paracasei OFS 0291

12 weeks
(1010 CFU/day)

↑ running time, speed, work,
and power (treadmill exhaustion test)
↑ p53 expression in gastrocnemius
muscle

(Ni et al.,
2019)

C57BL/6 mice
(10 months)

Lacticaseibacillus casei
LC122 or Bifidobacterium
longum BL986

12 weeks
(109 CFU/day)

↑ quadriceps and gastrocnemius mass
↑ grip strength
↑ intestinal barrier
(mucus production, claudin-1, and ZO-1)
↓ muscle inflammation
(TNF-α, IL-6, and IL-1β) Bifidobacterium
↑ muscle antioxidant capacities (SOD
and GPx) Lactobacillus
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kept in mind, several studies have investigated the impact of
probiotic supplementation of variable duration (from several
weeks to entire life) in rodents. Varian et al. have tested the
effect of a supplementation of the strain L. reuteri ATCC-PTA-
6475 on the muscle characteristics and life expectancy in nor-
mal mice. Muscle weight, fibre size, and animals’ survival
were increased following probiotic treatment when it was
ingested on a long time basis.81 Of note, mice strain used in
this study was CD1 that is characterized by a low life expec-
tancy or an accelerated ageing process compared with other
strains. Indeed, all CD1 animals were dead between 500 and
600 days of life. However, this effect has been found in other
less specific strains (C57/BL6 mice) with even shorter dura-
tion of probiotic supplementation.

Models of accelerated ageing have also been used to dem-
onstrate the impact of probiotic supplementations. This is the
case for senescence-accelerated mouse prone-8 (SAMP8) and
D-galactose-induced ageing rodents. A 12 week supplementa-
tion of Lacticaseibacillus paracasei PS23 was performed in 26-
week-old SAMP8mice85 and led to an increased leanmass and
restored muscle strength (grip force) to the same level as
16 week SAMP8 mice. This was associated with an improved
oxygen consumption rate in themuscle andmitochondrial bio-
genesis. In parallel, muscle protein carbonyl content, a marker
of oxidative stress, was lower, and the expression of the anti-
oxidant enzymes SOD and GPx in muscles increased in SAMP8
animals vs. controls. Inflammation state was also improved via
a decreased pro-inflammatory/anti-inflammatory balance in
both plasma andmuscle (increased IL-10 levels and expression
and decreased pro-inflammatory cytokines). In a model of D-
galactose-induced premature ageing Sprague–Dawley rats,
Hor et al. have shown that treatment with different LAB
strains (Limosilactobacillus fermentum DR9, L. paracasei OFS
0291, or Lactobacillus helveticus OFS 1515) for 12 weeks led
to an increased exercise performance following a treadmill ex-
haustion test compared with untreated rats.86 Strength and
physical endurance of the older rodents supplemented with
each probiotic was increased at a level relatively similar to that
of young rats without D-galactose treatment. This was ex-
plained by a decrease in senescence markers (p53 involved
in apoptosis induction), increase of anabolic factors (IGF-1
mRNA) in muscle and bone,86 and improved inflammatory sta-
tus. Interestingly, all strains tested did not target the same
muscle pathways: oxidation status, AMPKa2, and myogenic
factors (e.g. Myf5/MyoD), suggesting that in anabolic situa-
tions, probiotic strains effects could target different signalling
or metabolic pathways and tissues.

Taken together, data obtained after supplementation of
probiotics in animal models subjected to catabolic states
show that the effect is null or anabolic on muscle mass and
function. An anti-inflammatory effect is generally observed,
probably due to gut leaking, increased inflammation, and
up-regulation of the NF-κB pathway at the gut then
whole-body and muscle levels.87 The muscle targets are nu-

merous and could differ between strains: stimulation of ana-
bolic factors such as IGF-1, stimulation of myogenic factors or
mTOR pathway, regulation of energy status in the muscle (via
AMPK), and inhibition of proteolysis and oxidative status.

Muscle catabolic conditions in humans
As a prelude to this part, it should be said that studies inves-
tigating the impact of probiotics on muscle mass and function
in cancer patients or the elderly are scarce if non-existent. Yet
probiotics are beginning to be considered (alone or in associ-
ation with other strategies) as very promising new tools to
maintain muscle mass and function in both the elderly
population88 and cancer patients.89

Cancer In cancer patients, probiotic strategies most used are
lactobacilli genera and more specifically Lacticaseibacillus
rhamnosus CG. Even if a majority of studies are related to co-
lorectal cancer, the supplementation in probiotics was also
studied in many varieties of cancers.89 The most documented
impact of probiotics on gut health is the limitation of occur-
rence of diarrhoea and improved global gut health and micro-
bial composition that is compromised either by anticancer
treatment or by the cancer itself (for colorectal for
instance).90 In colorectal cancer, probiotics have been shown
to limit colonization of pathogenic bacteria, improve gut bar-
rier function, and reduce inflammation and oxidative stress in
humans.91,S34 A positive effect on muscle mass and function
has only been hypothesized but not effectively measured.

A protocol using probiotic supplementation (L. plantarum
299v) in cancer patients receiving enteral nutrition has re-
cently been published, but results are not yet available.92

Such protocols may add some valuable information on nutri-
tional status and life quality, indexes that can be linked to
muscle health status. Still, it should be kept in mind that in
cancer and immunosuppressed patients, care has to be taken
on the risk/benefit ratio you can expect from a supplementa-
tion of bacteria in these patients, even if probiotics.

Ageing The vast majority of studies using probiotic supple-
mentations in the elderly have targeted digestive health and
immunomodulation and concerned mainly bifidobacteria and
lactobacilli genera or a mix of different strains (VSL#3 mix).93

Overall, the probiotic supplementation in the elderly popula-
tion led, in some cases, to beneficial modifications of gut
microbiota with a decrease in pathogens but with relatively
minor effects on health status of the host.94,S35 The main ef-
fects were a slight increase in gut comfort and reduction in
constipation,95 but not always.S36 A few studies reported slight
positive effects on increased innate immunity (increased cyto-
toxicity of NK cells96 and improvement cytokine profile97).
Taken together, the overall small effects observed or the in-
consistency of the results observed in health parameters mea-
sured in the elderly population can lie on the large heteroge-
neity of this population in terms of health status,
dependency (frail concept9), and life habits (community
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dwellers vs. residential care), all these ‘basal’ parameters af-
fecting the response of the host to the probiotic supplementa-
tion and finally the validity of parameters used to evaluate im-
mune or health state. To our knowledge, as for cancer
patients, no study has directly measured muscle mass and
function in the elderly population supplemented with
probiotics. Still, the observed slight improvement of immune
status and microbiota composition are in line with a potential
beneficial effect on muscle via a reduction of inflammation.
Additionally, probiotic (fructooligosaccharides and inulin) sup-
plementation (that also targets gut microbiota) in frail old
adults resulted in a significant improvement in their state of
exhaustion and grip strength as well as a significant reduction
in frailty index after 13 weeks of daily supplementation.98,S37

These data suggest that a better assessment of the real impact
of probiotics on muscle functionality in the old population is
required.

Probiotics during exercise or in athletes

Rodent models
The supplementation in probiotics has been tested in healthy
animals (in interaction or not with exercise) (Table 2). The
aim of these studies was to determine if probiotics were capa-
ble to optimize muscle function and physical performance in

models that could mimic metabolic/physiological responses
of young athletes.

The probiotics used were generally, again, lactobacilli and
bifidobacteria.99–102 In all studies, muscle function and/or
physical performances were improved. L. plantarum TWK10
supplementation for 6 weeks increased muscle mass (gas-
trocnemius muscle) and improved forelimb grip strength
and swimming endurance vs. control mice. Ligilactobacillus
salivarius subsp. salicinius SA-03 and Bifidobacterium strain
(B. longum OLP-01) treatment for 3–4 weeks also improved
muscle mass and swimming endurance in young mice with-
out any training intervention.100,102 Lastly, heat-killed
Bifidobacterium breve B-3 supplemented for 4 weeks im-
proved muscle mass and grip strength in mice, the latter ef-
fect being already present after 2 weeks of treatment.101

Two other probiotics: Saccharomyces boulardii103 and
Veillonella atypica,104 have also been tested in rodents and
improved VO2max/aerobic performance and exhaustive
treadmill running time, respectively.

Metabolically, at the muscle level, the increased perfor-
mance can be explained by an increased number of oxidative
type I fibres,99 increased glycogen content,100,102 and de-
creased fatigue-associated variables (plasma lactate, ammo-
nia, creatine kinase, and blood urea).99,100,102 The observed
decreased plasma lactate levels and increased blood glucose
after exercise100,102 may be explained by an improved hepatic

Table 2 Studies investigating the effects of probiotics on muscle mass and function in young and healthy rodent models

Reference Model Probiotic Dosage Results

(Chen et al.,
2016)

ICR mice
(6 weeks)

Lactiplantibacillus
plantarum TWK10

6 weeks
(108 or 109 CFU/day)

↑ gastrocnemius mass
↑ type I fibres (gastrocnemius)
↑ grip strength
↑ swimming endurance
↓ markers of fatigue (plasmatic
lactate, ammonia, and creatine
kinase after exercise)

(Lee et al.,
2019)

ICR mice
(8 weeks)

Bifidobacterium
longum OLP-01

3 weeks
(108 or 109 CFU/day)

↑ grip strength
↑ swimming endurance
↑ glycogen in muscle
↓ markers of fatigue (plasmatic NH3,
creatine kinase, and blood urea nitrogen
after exercise)

(Lee et al.,
2020)

ICR mice
(6 weeks)

Ligilactobacillus
salivarius subsp.
salicinius SA-03

4 weeks (109 or
1010 CFU/day) of gavage

↑ grip strength
↑ swimming endurance
↑ glycogen in muscle
↓ markers of fatigue (plasmatic
lactate, ammonia, creatine kinase, and blood
urea nitrogen after exercise)

(Toda et al.,
2020)

Sprague–Dawley
rats and C57BL/6J
mice (8 weeks)

Heat-killed
Bifidobacterium
breve B-3

4 weeks (109 CFU/day) ↑ soleus mass
↑ grip strength (mice)
↑ mTOR pathway (pAKT and pS6K)
↑ p-AMPK and PGC-1α (rats)

(Soares
et al., 2019)

Wistar rats
(11 weeks)

Saccharomyces
boulardii

10 days (108 CFU/day) ↑ aerobic performance,
↑ time to fatigue,
↑ maximum speed attained, and
↑ external work

(Scheiman
et al., 2019)

C57BL/6 mice
(12 weeks)

Veillonella atypica 2 weeks (109 CFU/day) ↑ exhaustive treadmill runtime
↑ lactate utilization and Cori cycle efficiency
↑ circulating SCFAs
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Table 3 Studies investigating the effects of probiotics on physical performance and muscle recovery after training in humans

(A) Physical performance

Reference Model Probiotic Dosage Results

(Shing et al.,
2014)

Trained male runners
(27 ± 2 years)
N = 10

Lactobacillus acidophilus, Lacticaseibacillus
rhamnosus, L. casei, Lactiplantibacillus
plantarum, Limosilactobacillus
fermentum, Bifidobacterium lactis, B.
breve, B. bifidum, and Streptococcus
thermophilus

4 weeks
(109 CFU/day)

↑ runtime to fatigue in the heat

(Marshall
et al., 2017)

Male and female
endurance runners
(23–53 years)
N = 32

L. acidophilus CUL-60, L. acidophillus CUL-21,
B. bifidum CUL-20, B. animalis subsp.
lactis CUL-34, and
fructooligosaccharides + glutamine

12 weeks
(109 CFU/day
for each
strain)

No increase of exercise
performance during an
extreme marathon in the heat

(Huang
et al.,
2019a)

Amateur runners
N = 16

Lactiplantibacillus plantarum TWK10 6 weeks
(1010 CFU/day)

↑ muscle mass
↑ endurance performance

(Toohey
et al.,
2020)

Collegiate female
athletes
(20 ± 1 years)
N = 23

Bacillus subtilis DE111 10 weeks
(109 CFU/day)

No increase of exercise
performance (muscle strength
and power, and agility)
↓ body fat mass

(B) Muscle recovery

Reference Model Probiotic Dosage Results

(Gepner
et al., 2017)

Elite male
soldiers
(20 ± 0.7 years)
N = 17

Bacillus coagulans GBI-30,
6,086 + hydroxymethylbutyrate
calcium (CaHMB) 3 mg/day

40 days
(109 CFU/day)

↑ muscle integrity
[↓ apparent diffusion coefficient
(ADC) for the rectus femoris (RF)]
with the combination of probiotic
and CaHMB compared with CaHMB alone

(Komano
et al., 2018)

Male athletes
(19–21 years)
N = 51

Heat-killed Lactococcus lactis
JCM 5805

13 days
(1011 CFU/day)

↑ physical condition
↓ cumulative days of fatigue
↓ cumulative illness days
(common upper respiratory tract
infection)
↓ articular pain
No decrease of markers of muscle
damage

(C) Muscle recovery + physical performance

Reference Model Probiotic Dosage Results

(Lu et al.,
2006)

Untrained male
and female
students
(19–23 years)
N = 16

Spirulina platensis 3 weeks—
15 g soy or
spirulina/day

↑ time to exhaustion
↑ antioxidant capacities (blood glutathione
peroxidase, SOD, and malondialdehyde
lactate dehydrogenase)
↓ fatigue markers (serum lactic acid)

(Cox et al.,
2010)

Elite male distance
runners
(27 ± 6 years)
N = 20

Limosilactobacillus
fermentum VRI-033 (PCC)

4 months
(1010 CFU/day)

No increase of exercise performance
(VO2max and running time)
Tendency to ↓ systemic inflammation
(↓ IFN-γ)
↓ number of total illness days (common
upper respiratory tract infection)

(West
et al., 2011)

Competitive male
and female cyclists
(35 ± 9 years)
N = 99

Limosilactobacillus
fermentum VRI-033 (PCC)

11 weeks
(1010 CFU/day)

No increase of exercise performance
(VO2max and training performance)
↓ systemic inflammation (↓ IFN-γ,
TNF-α, IL-6, GM-CSF, and IL-1ra)

(Jäger
et al., 2016)

Recreationally
trained men
(21 ± 3 years)
N = 29

Bacillus coagulans GBI-30,
6086 + casein

2 weeks
(109 CFU/day)

Tendency to ↑ anaerobic power
(vintage peak power)
Tendency to ↓ muscle soreness
(72 h post-exercise)
↑ perceived recovery (24 h post-exercise)
Tendency to ↓ muscle damage markers
(creatine kinase)
With the combination of probiotic and
casein compared with casein alone

(Carbuhn
et al., 2018)

Collegiate female
swimmers (age?)
N = 16

Bifidobacterium
longum 35624

6 weeks
(109 CFU/day)

No increase of exercise performance
(swim time, force, and aerobic and
anaerobic performances)

(Continues)
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gluconeogenesis from lactate (Cori cycle) as well as an in-
creased lactate catabolism in oxidative muscle fibres (larger
number of type I fibres). In addition, Lee et al. showed that
animals’ physical performances and metabolic parameters
responded to the probiotic supplementation in a
dose-dependent manner and such a concept should require
further investigation.100,102

These metabolic adaptations are explained by a stimula-
tion of the AKT and AMPK phosphorylation and increased ex-
pression of PGC-1α, as shown following 4 weeks of supple-
mentation with heat-killed B. breve.101 As an increased
VO2max as well as muscle oxidative capacity and glycogen
content following exercise99,100,102,103 are observed, an in-
creased insulin sensitivity can be hypothesized in the
probiotic-supplemented animals that explain improved
performances.105 Other mechanisms of action of probiotics
are their anti-inflammatory role.99,103 However, such mecha-
nisms of action remain to be demonstrated in normal or
exercised animals. Indeed, in the field of muscle perfor-
mance, if studies exist on the impact of probiotics on muscle
mass and function/performance (i.e. the primary goal), the
mechanisms of action are less investigated.

Humans
The improvement of muscle mass and function in athletes
or soldiers via probiotic supplementation, in addition/
combination to already existing strategies, is more docu-
mented (Table 3). Initially, the studies were mainly focused
on the immunomodulatory and anti-inflammatory properties

of the probiotics to manage or prevent infections and
digestive discomfort in athlete populations.106 Recently, the
purposes of probiotic supplementations have drifted on
improvement of physical performance.107

Probiotic supplementation in athletes or soldiers was stud-
ied to address two distinct issues: (i) improvement of muscle
performance (run speed and time to exhaustion, and
muscle strength and power) and/or (ii) limitation of
exercise-induced muscle damage after the practice of intense
training. Supplementation of several probiotic strains (Spiru-
lina platensis or L. plantarum or Bacillus coagulans or a
multi-strain probiotic) a couple of weeks improved exhaustive
endurance compared with placebo group.108–111,S38 In paral-
lel, physical performance of elite soldiers determined by sev-
eral tests including the mean jump power (evaluation the
strength and velocity of each jump) and the simulated casualty
drag (consists of walking fast 50 m by dragging a bag of 48 kg)
was improved with B. coagulans supplementation for
2 weeks.110 However, the probiotic supplementation did not
improve performance following the other proposed exercises
(60 s pull-ups and 100 m shuttle run). Other authors investi-
gated the effects of L. fermentum, Bacillus subtilis, and
B. longum supplementations, but they did not mention any
significant effects on physical performance.112–118 This does
not allow us to conclude on a clear beneficial effect of probi-
otic supplementations in humanmuscle performance. This ap-
parent discrepancy in the results of the experiments can be
explained by various reasons. It is clear that the studies vary
greatly in terms of type of athletes (from amateur runners to

Table 3 (continued)

(C) Muscle recovery + physical performance

Reference Model Probiotic Dosage Results

No modulation of inflammation and
immunity

(Ibrahim
et al., 2018)

Healthy young
men with a sedentary
lifestyle (19–26 years)
N = 21

Lactobacillus
acidophilus BCMC 12130,
Lacticaseibacillus casei
BCMC 12313, Lactobacillus
delbrueckii subsp. lactis
BCMC 12451, Bifidobacterium
bifidum BCMC 02290,
B. infantis BCMC 02129,
and B. longum BCMC 02120

12 weeks
(1010 CFU/day)

No increase of muscle performance
(strength and power)
Tendency to ↓ systemic
inflammation (↑ IL-10)

(Townsend
et al., 2018)

Male baseball athletes
(20 ± 1 years)
N = 25

Bacillus subtilis DE111 12 weeks
(109 CFU/day)

No increase of exercise performance
(muscle strength and power, agility, and
anaerobic fitness) and body composition
↓ systemic inflammation (↓ TNF-α)

(Hoffman
et al., 2019)

Elite male soldiers
(19–21 years)
N = 16

Bacillus coagulans 2 weeks
(109 CFU/day)

↑ mean jump power
↑ simulated casualty drag
↓ systemic inflammation (↓ TNF-α and IFN-γ
and ↑ IL-10)

(Huang
et al.,
2019b)

Triathletes
N = 16

Lactiplantibacillus
plantarum PS128

3–4 weeks
(1010 CFU/day)

↑ peak anaerobic power and mean power
↑ VO2 max endurance
↓ systemic inflammation (↓ TNF-α and IL-6
and ↑ IL-10)
↓ fatigue index (bike)
↓ fatigue markers (creatine kinase index
and kidney injury after exercise)
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elite), gender, and sport practised (cycling, running, triathlon,
and soldiers) and also the strain of probiotic used, duration
of treatment (from 2 weeks to 4 months), and number of par-
ticipants selected in the study.108,117 Indeed, as said previ-
ously, the impact of exercise on microbiota could vary greatly
depending on the intensity of exercise. Consequently, the
beneficial effect of probiotics may also vary depending on
the population targeted and the intensity of the exercise they
practice.111,113,115–118

In the same studies discussed earlier, the report is
clearer concerning the anti-inflammatory properties of
probiotics.115,117 Supplementation with L. fermentum,
L. plantarum, B. coagulans, and B. subtilis reduces the produc-
tion of circulating pro-inflammatory cytokines (e.g. TNF-α, IL-6,
and IFN-γ) and/or increases the production of anti-inflamma-
tory cytokines such as IL-10.109,110,112,113 Finally, some
probiotic strains (Spirulina platensis, B. coagulans, and
L. plantarum) have been shown to decrease muscle fatigue
markers (e.g. creatine kinase and serum acid lactic) and thus
could promote muscle recovery after exercise.109,119,S38

Hence, a combination of targeted markers of muscle perfor-
mance and fatigue with muscle performance tests should be
systematically considered to better evaluate the potential
beneficial impact of probiotics in these populations.

Conclusions—perspectives

To date, probiotic strains (and mix of strains) have been
proven efficient to improve muscle mass and function in
rodents in both anabolic and catabolic situations. When trans-
lated to humans, the picture is less clear because of the scar-
city of studies, high variability of targeted populations, and/
or difficulties to measure accurately and repeatedly muscle
mass and function. A decreased efficiency of response of
humans to probiotics tested in animal models cannot be ex-
cluded. So far, many studies have used LAB and bifidobacteria,
but currently, it is possible, through a reverse engineering ap-
proach, to isolate bacterial strains from a particular humanmi-
crobiota (e.g. athletes) so that supplementation with these

probiotic strains reproduces some phenotypic characteristics
of the donor. Similarly, the use of strict anaerobic bacteria
such as Faecalibacterium or Roseburia strains, which are
under-represented in catabolic situations, could represent an
interesting alternative strategy in this context. A mixture of
probiotics or even FMT (transfer of a ‘complete’ microbiota)
should be also investigated in the near future as they could
settle more efficiently and durably the host microbial ecosys-
tem. Finally, to improve muscle and host microbiota functions,
probiotic strains could be combined with other nutritional fac-
tors that target microbiota (e.g. prebiotics and polyphenols)
and the muscle (e.g. proteins and energy) to optimize the ef-
fects. The gut microbiota–muscle axis thus offers a wide range
of research opportunities.
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Annexe 2 : Grilles couramment utilisées pour 

diagnostiquer la fragilité chez la personne âgée 

Activity limitation Ischaemic heart disease 

Anaemia and haematinic deficiency Memory and cognitive problems 

Arthritis Mobility and transfer problems 

Atrial fibrillation Osteoporosis 

Cerebrovascular disease Parkinsonism and tremor 

Chronic kidney disease Peptic ulcer 

Diabetes Peripheral vascular disease 

Dizziness Polypharmacy 

Dyspnoea Requirement for care 

Falls Respiratory disease 

Foot problems Skin ulcer 

Fragility fracture Sleep disturbance 

Hearing impairment Social vulnerability 

Heart failure Thyroid disease 

Heart valve disease Urinary incontinence 

Housebound Urinary system disease 

Hypertension Visual impairment 

Hypotension/syncope Weight loss and anorexia 











Annexe 3 : Principales méthodes d’analyse du 

microbiote 



Figure Annexe 3. Ensemble des techniques d'analyse microbienne et leurs applications. L'utilisation du séquençage de 
l'amplicon du gène de l'acide ribonucléique (ARNr) 16S donne une vue d'ensemble de la communauté microbienne et 
l'analyse est basée sur l'abondance relative. Le séquençage métagénomique, dans lequel l'ADN génomique total est 
analysé, permet de comprendre les fonctions potentielles codées par les microbes (par exemple, la dégradation du substrat 
et la production de métabolites). Ces fonctions microbiennes peuvent être mesurées plus directement à partir 
d'échantillons biologiques grâce à des techniques telles que la métabolomique et la protéomique. La quantification de 
l'abondance absolue des microbes peut être réalisée directement en évaluant le nombre de cellules (culture ou cytométrie 
en flux), ou par une analyse de substitution de l'ADN, par exemple par une réaction en chaîne par polymérase quantitative 
(qPCR). Bien que la culture de microbes individuels ait un faible débit, une renaissance de l'évaluation des microbes gastro-
intestinaux basée sur la culture est stimulée par l'identification de nouveaux organismes basée sur la séquence, et est 
essentielle pour caractériser complètement ces organismes et leurs propriétés métaboliques et fonctionnelles. Shanahan 
et al., 2021 [7]. 



 







 

 

 

 

 

 



Annexe 4. Liste des micro-organismes 

possédant le statut QPS  
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Microbiological 

Group

Microbiological 

Subgroup

Genus Species Synonyms commonly used in the feed 

and food industry/ anamorph (for 

yeasts)/ previous name

Qualification 1 Qualification 2

Bacteria Gram-negative 

bacteria

Cupriavidus Cupriavidus necator The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Bacteria Gram-negative 

bacteria

Gluconobacter Gluconobacter oxydans The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Bacteria Gram-negative 

bacteria

Komagataeibacter Komagataeibacter sucrofermentans Acetobacter xylinus subsp.

sucrofermentans, 

Gluconacetobacter

sucrofermentans

The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Bacteria Gram-negative 

bacteria

Xanthomonas Xanthomonas campestris The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass) .
Bacteria Gram-positive non-

sporulating bacteria

Bifidobacterium  Bifidobacterium adolescentis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Bifidobacterium  Bifidobacterium animalis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Bifidobacterium  Bifidobacterium bifidum The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Bifidobacterium  Bifidobacterium breve The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Bifidobacterium  Bifidobacterium longum The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Carnobacterium Carnobacterium divergens The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Companilactobacillus Companilactobacillus alimentarius Lactobacillus alimentarius The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Companilactobacillus Companilactobacillus farciminis Lactobacillus farciminis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Corynebacterium Corynebacterium ammoniagenes The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass) .



Microbiological 

Group

Microbiological 

Subgroup

Genus Species Synonyms commonly used in the feed 

and food industry/ anamorph (for 

yeasts)/ previous name

Qualification 1 Qualification 2

Bacteria Gram-positive non-

sporulating bacteria

Corynebacterium Corynebacterium glutamicum Brevibacterium lactofermentum The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass) .
Bacteria Gram-positive non-

sporulating bacteria

Fructilactobacillus Fructilactobacillus sanfranciscensis Lactobacillus sanfranciscensis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lacticaseibacillus Lacticaseibacillus casei Lactobacillus casei The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lacticaseibacillus Lacticaseibacillus paracasei Lactobacillus paracasei The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lacticaseibacillus Lacticaseibacillus rhamnosus Lactobacillus rhamnosus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactiplantibacillus Lactiplantibacillus paraplantarum Lactobacillus paraplantarum The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactiplantibacillus Lactiplantibacillus pentosus Lactobacillus pentosus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactiplantibacillus Lactiplantibacillus plantarum Lactobacillus plantarum The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus acidophilus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus amylolyticus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus amylovorus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus crispatus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus delbrueckii The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus gallinarum The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus gasseri The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus helveticus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus johnsonii The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.



Microbiological 

Group

Microbiological 

Subgroup

Genus Species Synonyms commonly used in the feed 

and food industry/ anamorph (for 

yeasts)/ previous name

Qualification 1 Qualification 2

Bacteria Gram-positive non-

sporulating bacteria

Lactobacillus Lactobacillus kefiranofaciens The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lactococcus Lactococcus lactis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Latilactobacillus Latilactobacillus curvatus Lactobacillus curvatus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Latilactobacillus Latilactobacillus sakei Lactobacillus sakei The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lentilactobacillus Lentilactobacillus buchneri Lactobacillus buchneri The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lentilactobacillus Lentilactobacillus diolivorans Lactobacillus diolivorans The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lentilactobacillus Lentilactobacillus hilgardii Lactobacillus hilgardii The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lentilactobacillus Lentilactobacillus kefiri  Lactobacillus kefiri The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lentilactobacillus Lentilactobacillus parafarraginis Lactobacillus parafarraginis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Leuconostoc Leuconostoc citreum The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Leuconostoc Leuconostoc lactis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Leuconostoc Leuconostoc mesenteroides The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Leuconostoc Leuconostoc pseudomesenteroides The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Levilactobacillus Levilactobacillus brevis Lactobacillus brevis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Ligilactobacillus Ligilactobacillus animalis Lactobacillus animalis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Ligilactobacillus Ligilactobacillus aviarius Lactobacillus aviarius The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Ligilactobacillus Ligilactobacillus salivarius Lactobacillus salivarius The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Limosilactobacillus Limosilactobacillus fermentum Lactobacillus fermentum The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.



Microbiological 

Group

Microbiological 

Subgroup

Genus Species Synonyms commonly used in the feed 

and food industry/ anamorph (for 

yeasts)/ previous name

Qualification 1 Qualification 2

Bacteria Gram-positive non-

sporulating bacteria

Limosilactobacillus Limosilactobacillus mucosae Lactobacillus mucosae The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Limosilactobacillus Limosilactobacillus panis Lactobacillus panis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Limosilactobacillus Limosilactobacillus pontis Lactobacillus pontis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Limosilactobacillus Limosilactobacillus reuteri Lactobacillus reuteri The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Loigolactobacillus Loigolactobacillus coryniformis Lactobacillus coryniformis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Lopidilactobacillus Lapidilactobacillus dextrinicus Lactobacillus dextrinicus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Microbacterium Microbacterium imperiale The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass) .
Bacteria Gram-positive non-

sporulating bacteria

Oenococcus Oenococcus oeni The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Pediococcus Pediococcus acidilactici The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Pediococcus Pediococcus parvulus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Pediococcus Pediococcus pentosaceus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Propionibacterium Propionibacterium acidipropionici Acidipropionibacterium acidipropionici The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Propionibacterium Propionibacterium freudenreichii The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Secundilactobacillus Secundilactobacillus collinoides Lactobacillus collinoides The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive non-

sporulating bacteria

Streptococcus Streptococcus thermophilus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Alkalihalobacillus Alkalihalobacillus clausii Bacillus clausii The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus amyloliquefaciens The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.



Microbiological 

Group

Microbiological 

Subgroup

Genus Species Synonyms commonly used in the feed 

and food industry/ anamorph (for 

yeasts)/ previous name

Qualification 1 Qualification 2

Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus atrophaeus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus licheniformis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus mojavensis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus paralicheniformis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

Absence of genetic information to synthesize 

bacitracin.

Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus pumilus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus smithii The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus subtilis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus vallismortis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Bacillus Bacillus velezensis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

Absence of aminoglycoside production ability.

Bacteria Gram-positive spore-

forming bacteria

Geobacillus Geobacillus stearothermophilus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Lederbergia Lederbergia lentus Bacillus lentus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Lysinibacillus Lysinibacillus fusiformis Bacillus fusiformis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Niallia Niallia circulans Bacillus circulans The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Bacteria Gram-positive spore-

forming bacteria

Paenibacillus Paenibacillus illinoisensis The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Bacteria Gram-positive spore-

forming bacteria

Parageobacillus Parageobacillus thermoglucosidasius The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).



Microbiological 

Group

Microbiological 

Subgroup

Genus Species Synonyms commonly used in the feed 

and food industry/ anamorph (for 

yeasts)/ previous name

Qualification 1 Qualification 2

Bacteria Gram-positive spore-

forming bacteria

Pasteuria Pasteuria nishizawae The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Priestia Priestia flexa Bacillus flexus The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Priestia Priestia megaterium Bacillus megaterium The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Bacteria Gram-positive spore-

forming bacteria

Weizmannia Weizmannia coagulans Bacillus coagulans The strains should not harbour any acquired 

antimicrobial resistance genes to clinically relevant 

antimicrobials.
Protists/ Algae Algae Tetraselmis Tetraselmis chuii QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Protists/ Algae Algae Euglena Euglena gracilis QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Protists/ Algae Algae Haematococcus Haematococcus lacustris Haematococcus pluvialis QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Protists/ Algae Protists Aurantiochytrium Aurantiochytrium limacinum Schizochytrium limacinum QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Viruses Insect viruses

Viruses Plant viruses

Viruses Plant viruses

Yeasts Yeasts Candida Limtongozyma cylindracea Candida cylindracea QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Yeasts Yeasts Cyberlindnera Cyberlindnera jadinii Lindnera jadinii, Pichia jadinii, Hansenula 

jadinii, Torulopsis utilis, Candida utilis

QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).



Microbiological 

Group

Microbiological 

Subgroup

Genus Species Synonyms commonly used in the feed 

and food industry/ anamorph (for 

yeasts)/ previous name

Qualification 1 Qualification 2

Yeasts Yeasts Debaryomyces Debaryomyces hansenii Candida famata Absence of resistance to antimycotics used for 

medical treatment of yeast infections in cases where 

viable cells are added to the food or feed chain.

Yeasts Yeasts Hanseniaspora Hanseniaspora uvarum Kloeckera apiculata Absence of resistance to antimycotics used for 

medical treatment of yeast infections in cases where 

viable cells are added to the food or feed chain.

Yeasts Yeasts Kluyveromyces Kluyveromyces lactis Candida spherica Absence of resistance to antimycotics used for 

medical treatment of yeast infections in cases where 

viable cells are added to the food or feed chain.

Yeasts Yeasts Kluyveromyces Kluyveromyces marxianus Candida kefyr Absence of resistance to antimycotics used for 

medical treatment of yeast infections in cases where 

viable cells are added to the food or feed chain.

Yeasts Yeasts Komagataella Komagataella phaffii QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Yeasts Yeasts Komagataella Komagataella pastoris Pichia pastoris QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Yeasts Yeasts Ogataea Ogataea angusta Pichia angusta QPS applies for 'production purposes only' (the 

qualification 'for production purpose only' implies 

the absence of viable cells of the production 

organism in the final product and can also be 

applied for food and feed products based on 

microbial biomass).
Yeasts Yeasts Saccharomyces Saccharomyces bayanus Absence of resistance to antimycotics used for 

medical treatment of yeast infections in cases where 

viable cells are added to the food or feed chain.

Yeasts Yeasts Saccharomyces Saccharomyces cerevisiae Saccharomyces boulardii Absence of resistance to antimycotics used for 

medical treatment of yeast infections in cases where 

viable cells are added to the food or feed chain.

Yeasts Yeasts Saccharomyces Saccharomyces pastorianus Saccharomyces carlsbergensis Absence of resistance to antimycotics used for 

medical treatment of yeast infections in cases where 

viable cells are added to the food or feed chain.

Yeasts Yeasts Schizosaccharomyces Schizosaccharomyces pombe Absence of resistance to antimycotics used for 

medical treatment of yeast infections in cases where 

viable cells are added to the food or feed chain.



Annexe 5. Fiche d’analyse sensorielle utilisée 

pour les dégustations des fromages  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



Remarques générales :  

FICHE D’ANALYSE SENSORIELLE – FROMAGE  

 

Date de dégustation et nombre de dégustateurs :  

Nom du produit : 

Type de produit et temps d’affinage : 

 

1/ PERCEPTIONS À L’ŒIL  

Apparence (couleur, intensité, uniformité, forme régulière, crayeux/coulant/ferme…) : 

 

 

2/ PERCEPTIONS AU NEZ 

Odeur(s) et intensité (délicate/persistante/champignon…) : 

Fromage frais/lactique (1= peu intense ; 10= très intense):   

Autre…  

 

3/ PERCEPTIONS EN BOUCHE 

Texture (crémeuse/dense/friable/coulante) : 

Fondant/onctueux 

Pâteux/plâtreux 

 

Autre… 

 

Saveur(s) et intensité  

Salée (5=équilibré) :  

Acide :  

Amère : 

 

Flaveur(s) (délicate/persistante…) (1= peu intense ; 10= très intense):   

Produit frais lactique 

Produit chimique 

Autre… 

 


