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Abstract  
Skeletal muscle deconditioning leads to a Disuse-mediated Muscle Atrophy (DMA). Exercise training 

(ET) as a treatment is often limited by persistent muscle weakness. A better understanding of processes 

underlying ET benefits is needed to develop pharmacological approaches. Molecules secreted by 

skeletal muscle (myokines) are involved in adaptations to ET. Adiponectin (ApN), an adipo/myokine, is 

an attractive therapeutic target for muscle disorders. Still, the effect of muscle disuse on ApN pathway 

components was poorly studied, as well as the therapeutic potential of ApN in this context.  

In the first part of our study, we optimized a murine model of Hindlimb Unloading and Immobilization 

(HLUI) mimicking DMA and limiting body weight loss and stress as confounding factors. In this model, 

we determine the role of fiber-type composition on the effect of muscle disuse (AIM#1) and 

concomitant variations of ApN pathway components (AIM #2). Comparing the slow-twitch Soleus and 

the fast-twitch TA muscles, we showed that HLUI induces a fibre-type-dependent atrophy whose 

severity is likely also influenced by muscle positioning during immobilization.  HLUI causes a type I/IIa 

myofiber switch characterized by a different kinetic according to muscle type. Concomitantly, an 

elevation of ApN plasmatic level, disturbances in oligomeric form proportion, and muscle-type 

dependent alterations in adiporeceptor expression were observed.  

In the second part of the study, we investigated whether the loss of ApN protective properties during 

muscle deconditioning may exacerbate DMA (AIM #3) or limit the benefits of muscle reconditioning 

(AIM#4). In ApN KO Soleus mouse muscle submitted to HLUI, we showed an enhanced DMA severity 

and an increased proportion of type IIa myofibres. The latter is likely involved in the global CSA increase 

shown in ApN KO animals. HLUI also has a “pre-conditioning-like effect” increasing, during ET, the type 

IIa/I myofibre transition. Importantly, this effect is impaired in the absence of ApN, suggesting that the 

loss of ApN protective properties impairs muscle plasticity during rehabilitation.  

Finally, since ApN is known for its antioxidant properties, the Soleus muscle redox status has been 

investigated. Globally, ApN KO does not exacerbate HLUI-mediated changes in pro-oxidant/ antioxidant 

indicators, suggesting that additional ApN properties may be involved in the increased DMA severity 

observed in these animals. However, in ApN KO mice, correlation analyses showed that myofibers of 

smaller diameters exhibited higher Nox expression, Sod1 protein levels, and lipid peroxidation, 

indicating that DMA occurring in the absence of ApN is associated with redox equilibrium 

perturbations. These modifications are, globally, no longer observed after ET, even in ApN KO mice, 

suggesting that additional ApN-independent processes underline ET effects.    

In conclusion, our study highlights that DMA is associated with fiber-type dependent perturbations of 

ApN pathway. A decrease in ApN protective properties aggravates atrophy and impairs compensatory 

mechanisms taken place during DMA, particularly fiber-type switches. This has persistent 

consequences in muscle plasticity during rehabilitation. However, ApN-independent mechanisms are 

likely involved in HLUI-mediated redox status perturbations and in ET benefits.  

 

 

 

 

 

 

 



 
 

Abbreviations table 
4EBP1 4E-Binding protein 1 

ACC Acetyl-CoA Carboxylase  

ACO Acetyl-CoA oxidase  

AIF Apoptosis Inducing Factor  

Akt Protein Kinase B (PKB) 

AMPK AMP-activated kinase 

ApN Adiponectin 

APPL1 Adaptor Protein Phospho-tyrosine with PH domain and Leucine zipper 1 

ATP Adenosine Triphosphate 

BDNF Brain derived neurotrophic factor 

Bnip3  BCL2 interacting protein 

CaCMK Ca++ Calmodulin Complex 

CaMKK β Ca++/Calmodulin-dependant protein kinase kinase Beta 

CaN Calcineurin 

CPT1 Carnitine Palmitoyl transferase  

CSA Cross-sectional Area 

CTRP C1q TNFα Related Proteins  

Cyt C Cytochrome C  

DGK ζ Diacylglycerol kinase ζ 

DMA Disuse-mediated muscle atrophy 

ECC Excitation-contraction coupling  

eEF2 Eukaryotic Elongation Factor 2 

eEF2K Eukaryotic Elongation Factor 2 kinase  

eIF2B Eukaryotic translation initiation Factor 2B 

eIF4E Eukaryotic translation initiation factor 4E 

EET Endurant exercise training  

ET Exercise training 

ERK1/2 Extracellular Signal-Related kinase 1/2 

FGF6 Fibroblast growth factor 6 

FGF21 Fibroblast growth factor 21 

FOXO Forkhead box O family transcription factor 

gAPN Globular ApN form 

GLUT4 Glucose Transporter 4  

GPI  Glycosylphosphatidylinositol  

GSK-β Glycogen Synthase Kinase 3β 

HGF Hepatocyte Growth Factor 

HLU  Hindlimb Unloading  

HLUI Hindlimb Unloading and Immobilization  

HMW High Molecular Weight ApN oligomers  

HRP Horse radish peroxidase  

ICU-AW Intensive Care Unit acquired weakness 

IGF-1 Insulin like Growth Factor  

IL-6 Interleukin-6 



 
 

IL-15 Interleukin-15 

IRS-1 Insulin Receptor Substrate 1 

IR  Insulin Resistance  

LAT1  L-type amino acid transporter 1  

LC3 Microtubule-associated proteins 1A/1B light Chain 3b 

LKB1 Liver kinase B1 

LMW Low Molecular Weight ApN trimers  

LPS Lipopolysaccharides  

MFD Minimum Feret’s Diameter  

MGF Mechano-Growth Factor  

MMW Medium Molecular Weight ApN hexamers  

MPB Muscle Protein breakdown  

MPS Muscle Protein synthesis 

mTOR Mammalian Target of Rapamycin 

MuRF1 Muscle Ring Finger potein 1 

Myf5 Myogenic factor 5  

MyHC Myosin Heavy Chain  

MyoD  Myoblast Determination protein  

NFAT Nuclear Factor of Activated T-cells 

NF-κB Nuclear Factor Kappa B  

PA Phosphatidic Acid  

Pax 7  Paired box protein 7 

PBS  Phosphate Buffer Saline  

PDK1 Pyruvate dehydrogenase kinase isoform 1  

PI3K Phosphoinositide 3-Kinase  

PGC1α Peroxisome proliferator activated receptor gamma coactivator 1-alpha 

PPAR Peroxisome proliferator-activated receptor alpha  

P38 MAPK  Mitogen-activated protein kinase 

P70 S6K1 Ribosomal protein S6 kinase  

RET Resistance exercise training 

Rheb Ras Homolog enriched in brain  

ROI  Region of Interest  

ROS Reactive Oxygen Species 

S6 Ribosomal Protein S6 

S6K1 Ribosomal S6 Kinase 1 protein 

SCs Satellite Cells 

SOD1 Superoxide Dismutase 1 

SOD2  Superoxide Dismutase 2  

Sirt 1  Sirtuin 1  

SR Sarcoplasmic Reticulum  

SRF Serum Response Factor  

TA  Tibialis Anterior  

TSC  Tuberous Sclerosis Complex 1/2 

Ub  Ubiquitin  

UPP Ubiquitin-Proteasome System  



 
 

 

 
 

 

 

 

 

 

 

INTRODUCTION 
 



1 
 

Introduction  

I. Overview of skeletal muscle structure 
Skeletal muscle cells, also called myofibres, extend from tendon to tendon and are surrounded 

by a plasma membrane, the sarcolemma, which is enveloped by a connective tissue named 

endomysium. Myofibres are grouped in muscle facias (or bundles) delimited by the 

perimysium. Finally, muscle facias are maintained together by a connective sheath called 

epimysium (Figure 1.a) (1).  

Myofibres are plurinucleate cells where nuclei are pushed to the periphery by the myofibrils, 

which consist of a succession of repetitive units allowing contraction, the sarcomeres. The 

sarcomere is composed of thin (actin, tropomyosin, and troponin) and thick (myosin) protein 

filaments (2). Sarcolemma depolarisation following motor neuron stimulation triggers Ca++ 

release by the sarcoplasmic reticulum (SR). In the cytosol, Ca++ binding to Troponin C shifts 

tropomyosin and permit contraction in the presence of Adenosine Triphosphate (ATP) (Figure 

1.a) (1, 2).  

Moreover, muscle progenitors (named Satellite Cells (SCs)) implicated in the muscle 

regeneration process are located in the niche between the sarcolemma and the basal lamina 

(Figure 1.b) (3, 4). SCs are maintained at a quiescent state via the expression of the 

transcription factor Pax 7 (Paired box protein 7) (3). Following muscle lesion and cytokines 

release, SCs are activated, proliferate, migrate, and differentiate to repair damaged myofibres 

(5, 6).  

 

 
Figure 1. Schematic representation of skeletal muscle structure. Modified from (6). 
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II. Skeletal muscle plasticity 
Skeletal muscle tissue has the remarkable ability to adapt to respond to various endogenous 

and exogenous stimuli, a property termed “muscle plasticity” (7, 8). Indeed, myofiber length, 

section, structure and metabolism are constantly influenced by external factors such as 

loading, neural stimulation or systemic hormones (1, 7, 9). Altogether, those factors are known 

to activate molecular pathways notably involved in myofiber hypo-/hyper- trophy and  

specialisation into myofiber subtypes (1, 7, 10). Furthermore, when injured, skeletal muscle 

tissue has the potential to initiate regeneration mechanisms that implicate SC.  

1. Skeletal muscle hypo- and hyper-trophy 

The principal component of muscle plasticity concerns changes in myofibre section ( hypo- or 

hypertrophy) (11) generally associated with hypoactivity or Exercise Training (ET), respectively. 

It is commonly accepted that muscle activity, particularly when associated with mechanical 

constraints and a sufficient nutritional supply, leads to an increased muscle mass characterized 

by myofibre hypertrophy. However, skeletal muscle hypertrophy is also hormonal- and 

neuronal-dependant (12, 13). 

Myofibre hypo- or hypertrophy are directly related to the balance between Muscle Protein 

Synthesis (MPS) and Muscle Protein Breakdown (MPB) which is highly regulated by internal 

and external factors (12). Although MPB in healthy muscle is rather stable and limited to 

protein turnover, variations in MPS are associated with muscle hypo- (in case of decreased 

MPS) and hypertrophy (in case of increased MPS) (12, 13).  

a) Muscle Protein Synthesis (MPS) 

In healthy skeletal muscle, MPS is mainly induced by the IGF-1/PI3K/Akt(PKB)/mTOR 

(Mammalian Target of Rapamycin) pathway that is activated by amino acids availability 

(indirectly via the Rag GTPases), Insulin-like Growth factor (IGF1)  and insulin (14, 15).  

In physiological conditions, the stimulation of the Insulin-like growth factor receptor (IGF1-R) 

induces PI3K (Phosphatidyl inositide-3 kinase) activation and subsequent phosphorylation and  

activation of Akt (also known as Protein kinase B, PKB) by PIP3 (Phosphatidylinositol 

Triphosphate) and PDK1 (pyruvate dehydrogenase kinase isoform 1) (12, 16). Fully activated 

Akt suppresses the inhibition of TSC (Tuberous Sclerosis Complex 1/2) on Rheb (Ras Homolog 

enriched in Brain), which activates in its turn the mTORC1 complex (12, 16). Once activated, 

the serine-threonine kinase activity of mTORC1 phosphorylates (Figure 2.):  

- the ribosomal S6 Kinase 1 protein (S6K1), which then phosphorylate a component of 

the 40S ribosomal subunit, the ribosomal protein S6 (S6) (16–18). This S6 

phosphorylation is partly implicated in the S6K1-mediated increase in ribosomal 

biogenesis (19, 20). 

- the eukaryotic translation initiation factor 4E-Binding protein 1 (4EBP1), then 

preventing its sequestering-binding to the eukaryotic translation initiation factor 4E 

(eIF4E) protein, which is required to form the eIF4E cap-binding complex during mRNA 

translation initiation (16, 21, 22).  
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- the eukaryotic Elongation Factor 2 kinase (eEF2K) resulting in a hypo-phosphorylated 

eukaryotic elongation Factor 2 (eEF2) which is then able to bind ribosomes for the 

elongation process (23).  

Altogether, those mTORC1-mediated phosphorylation cascades increase ribosomal biogenesis 

and mRNA translation (initiation and elongation) rates (12, 16). Additionally, the repression of 

the eukaryotic translation initiation Factor 2B (eIF2B) by the Glycogen Synthase Kinase 3β 

(GSK-3β) is also suppressed by an Akt-mediated GSK-3β phosphorylation, thus favouring the 

mRNA translation initiation step independently from mTORC1 (12, 24, 25).  

Furthermore, mechanical loading per se was also identified as a mTOR complex activator. 

Indeed, the mTORC1 complex is also regulated by mechanical stimuli which are mediated 

through the production of endogenous phosphatidic acid (PA) by the Diacylglycerol kinase ζ 

(DGK ζ) , (12, 13, 26–28).  

 

 

 
Figure 2. Schematic of the molecular pathways implicated in muscle protein synthesis activation by insulin, 
insulin-like growth factor (IGF1) and mechanical loading. Modified from (24).   
Akt/PKB : Protein Kinase B ; 4E-BP1 : eukaryotic initiation factor 4E-Binding Protein ; eEF2K : eukaryotic Elongation 

Factor 2 Kinase; eEF2 : eukaryotic Elongation Factor 2 ; eIF2α : eukaryotic translation Initiation Factor 2α ; eIF2B : 

eukaryotic translation Initiation Factor 2B ; eIF4E : eukaryotic translation Initiation Factor 4E ; DEPTOR : DEP 

containing mTOR-interacting protein ; DGKζ : Diacylglycerol kinase ζ ; FOXOs : Forkhead box O ; GFR : Growth 

Factor Receptor ; GSK3β : Glycogen Synthase Kinase-3 beta ; IRS : Insulin Receptor Substrate ; mLST8 :  mammalian 

lethal with sec-13 protein 8 ; mTORC1 : mammalian Target Of Rapamycin Complex 1 ; PDK1 : Pyruvate 

Dehydrogenase Kinase 1 ; PIP2 : PhosphatidylInositol bisphosphate ; PIP3 : PhosphatidylInositol trisphosphate ; 

PI3K : PhosphoInositide 3-Kinase ; PA : Phosphatidic acid ; PRAS40 : Prolin-rich Akt substrate of 40 kDa ; PTEN : 

Phosphatase and tensin homolog ; p70S6K : ribosomal protein S6 Kinase ; Raptor : Regulatory-associated protein 

of TOR ; Rheb : Ras Homolog Enriched in Brain ; S6 : ribosomal protein S6 ;  TSC1/2 : Tuberous Sclerosis Complex 

1/2 
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b) Muscle Protein Breakdown (MPB) 

In physiological conditions, MPB is essentially implicated in muscle protein turnover which 

consists in removing and recycling damaged and old proteins (29–31).  Several factors 

(hypercortisolaemia, prolonged fasting, inflammatory cytokines, etc.) induce muscle atrophy 

by over-activating MPB (32). In skeletal muscle, MPB results from the coordinated and 

consecutive actions of (1) caspase-3, (2) calpains, (3) autophagy, and (4)  ubiquitin-proteasome 

proteolytic (UPP) systems (Figure 3.) (29, 33, 34):  

- (1) Caspase-3 is a cysteine-aspartic protease whose activity is initiated by initiative 

caspases such as Caspase-9 and Caspase-12 (35). Indeed, pro-caspase 3 is activated in 

Caspase-3 which is in its turn implicated in myofilaments disassembling that occurs 

upstream of sarcomere protein degradation. Indeed, caspase-3 is an “executioner” 

caspase that can disrupt actomyosin complexes to make it available for the ubiquitin-

proteasome system (31, 34, 36–38).  Importantly, evidence has suggested that oxidized 

muscle contractile proteins are more susceptible to be targeted by caspase-3 and 

calpains (Figure 3.)   (30, 31, 37, 39).   

- (2) Calpains are calcium-dependant cysteine proteases that take part in the 

cytoskeleton (e.g. α-II-spectrin) and sarcomere  (e.g. titin and nebulin) protein 

fragmentation before further degradation by other proteolytic systems (36, 40, 41). In 

humans, calpain 1 (CAPN1) and calpain 2 (CAPN2) (previously referred as µ-calpain and 

m-calpain respectively) are the calpains that contribute the most to MPB. Calpain 

activation is mediated by cytosolic increases in Ca++ that may result from disturbances 

in its sarcoplasmic handling in cases of excessive oxidative stress (Figure 3.) (33, 34, 39).  

- (3) Autophagy is crucial for organelles (e.g. mitochondria) as well as for cytosolic protein 

turnover. Briefly, damaged and old organelles as well as cytosolic proteins and protein 

aggregates, are encircled in vesicles named autophagosome. The autophagosome 

content is then degraded by proteases (e.g. cathepsins) brought by the fusion with a 

lysosome (30, 34, 42). Similarly to calpains and caspases proteolytic systems, an excess 

in Reactive Oxygen Species (ROS) is known to enhance autophagy rates and expression 

of gene  such as those encoding Bnip3 (BCL2 interacting protein) and LC3 (microtubule-

associated proteins 1A/1B light chain 3b)  (Figure 3.) (34, 39, 43).  

- (4) Ubiquitin-proteasome system is widely implicated in MPB as the UPP takes place as 

a final step of proteolysis, occurring after myofilaments release by caspase-3 or calpains 

(36). The UPP system starts with 3 enzymatic complexes (E1 Ubiquitin (Ub) activating 

enzyme, E2 Ub-conjugating enzyme, and E3 ligase enzymes) which mediate 

subsequently the Ubiquitin (Ub) activation, conjugation and specific binding to the 

targeted protein (44). Poly-ubiquitylated proteins are then completely degraded in the 

26S proteasome complex (composed of the major 20S catalytic subunit associated with 

2 regulatory 19S subunits at each end) (Figure 3.) (45). Several E3 ligases have been 

described, notably the muscle specific atrogin-1/MAFbx (Atrogin-1) and the muscle ring 

finger protein 1 (MuRF1). Genes encoding those proteins (FBXO32 and TRIM63, 

respectively) have been named Atrogenes due to their overexpression in different 
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models of skeletal muscle atrophy  (15, 46).  Atrogin-1 and MURF1 were then found  to 

mediate light myosin isoforms and myosin heavy chain ubiquitination respectively (30, 

47). Importantly, FBXO32 and TRIM63 expression are under the regulation of the 

Forkhead box O (FOXO) family of transcription factors (FoxO1, FoxO3 and FoxO4) that 

are sequestered in the cytosol through a Akt-mediated phosphorylation (48–50). This 

highlight Akt as a major regulator of the MPS/MPB balance as its activation in 

physiological condition support MPS while inhibiting MPB (24, 51).  

 

 

 
Figure 3. Schematic representation of proteolytic systems.  Modified from (30). 
In conditions associated with proteolysis, sarcoplasmic Ca++ leaks activate (1) the initiative Caspase-12 (which 
activates the executioner Caspase-3 implicated in sarcomere disassembling) and (2) Ca++ -dependant calpains. (3) 
The autophagy system is involved in the degradation of cytosolic protein, protein aggregates and organelles 
through the fusion of autophagosomes with lysosomes. (4) The Ubiquitin proteasome system takes place in the 
final step of proteolysis and catalyse the degradation of sarcomeric proteins released by processes (1) and (2). 
AMP: Adenosine Monophosphate ; ATP: Adenosine Triphosphate ; Bnip3: BLC2 interacting protein ; E1: E1 

Ubiquitin-activating enzyme ; E2: E2 Ubiquitin-conjugating enzyme ; E3: E3 ubiquitin-ligase enzyme ;LC3 : 

microtubule-associated proteins 1A/1B light chain 3b ; PPi: Diphosphate ; Ub: Ubiquitin.  



6 
 

2. Myofibres types in skeletal muscle  

Human skeletal muscles present three main myofiber types (type I, IIa and IIx myofibers) 

whereas rodent skeletal muscles contain an additional type IIb myofiber type (7, 10). Each 

myofiber type can be identified by the Myosin Heavy Chain (MyHC) isoform expressed as 

follows:  

- Type I myofibres express the MYH7 myosin heavy chain isoform and are generally 

described as “slow” myofibres. Type I myofibres are highly fatigue-resistant as they 

contain important amounts of myoglobin and mitochondria that support aerobic-

oxidative metabolism. Those myofibres are generally described as smaller than other 

myofibre types, presumably allowing for efficient oxygen diffusion from the capillaries 

(6, 7, 52).  

- Type IIa myofibres express the MYH2 myosin heavy chain isoform and are intermediate 

fibres able to use both glycolytic and oxidative metabolism in humans (while rodent 

type IIa myofibres use preferentially aerobic-oxidative metabolism). Those fibres are 

considered as fast myofibres that contain less mitochondria and are then less fatigue-

resistant than type I myofibres (6, 7, 52, 53).  

- Type IIx (MYH1 isoform) and type IIb (MYH4 isoform) myofibres are the largest 

myofibres. Those myofibres are characterized by lower amounts of mitochondria, high 

glycogen contents, and an “ultra” fast speed of contraction supported by anaerobic 

glycolytic metabolism (6, 7, 52, 53).  

Skeletal muscle composition in myofibres types is directly related to the muscle position and 

physiological action. Indeed, postural muscles in hindlimbs that face gravitational constraints 

such as the Soleus muscle, are characterized by higher contents in endurant type I myofibres 

whereas forelimbs muscles used in motor tasks but not implicated in posture are mainly 

composed of fast IIa and IIx myofibres (7, 8, 54). However, adult skeletal muscles present 

heterogeneity in fibre types that allow for the selective recruitment of the most adapted 

myofibres populations to initiate a specific movement (11).  

Additionally to those “pure” myofibres types, skeletal muscle is also composed of hybrid 

myofibres that express two or more MyHC isoforms (I/IIa, IIa/IIx, IIa/IIb and IIx/IIb) (10, 53, 55). 

Since their discovery in 1999 by Pette et al., hybrid myofibres were suggested to fill the 

functional gap between pure fibres by providing a continuum of contractile functions and 

metabolism (8, 53, 56). Moreover, evidence demonstrated the hybrid myofiber role as 

intermediate during myofibre type transitions that occur in muscle development, ET, aging, or 

disuse (53). Depending on muscle activity, myofibres are able to optimize their metabolism 

and sarcomere macromolecules to specialize into sub-myofibre types characterized by distinct 

metabolic and contractile properties (13, 55).  

The proportion of each myofiber subtype within the skeletal muscle is highly dynamic and 

depends on internal and external signals. Indeed, motor neuron activity, mechanical loading, 

and systemic hormones influence muscle myofibres composition by inducing myofiber-type 
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switches (11). Those transitions  follow the rule of the “nearest neighbor” (I ↔ I/IIa ↔ IIa ↔ 

IIa/IIx ↔ IIx ↔ IIx/IIb ↔ IIb) and are generally described as “slow-to-fast switch” or “fast-to-

slow switch (11, 53, 55). 

Slow-to-fast switches are associated with muscle disuse (induced by microgravity in humans 

and hindlimb unloading in rodent models) and with hyperthyroidism (11, 24, 32, 57, 58). A 

slow-to-fast switch can also be induced experimentally with phasic high-frequency electrical 

stimulations that mimic the stimulation pattern of fast motor neurons (11).  

On the other hand, fast-to-slow myofibers switch are rather attributed to muscle activity, 

overloading, ET, and hypothyroidism (11, 57, 59). Such a switch can be reproduced with chronic 

low-frequency electrical stimulation. The developmental (MyHC-emb) to adult fast MyHC 

switch is followed by fast MyHC-related gene expression until the beginning of slow nerve 

stimulation, thus suggesting that fast phenotypes are first expressed by default (7, 11). 

At the molecular level, changes in myofiber type are mainly regulated by the increase in 

cytosolic Ca++ induced by the excitation-contraction coupling (ECC). Indeed, the Ca++ 

Calmodulin complex (CaCMK) activates the Calcineurin (CaN), a phosphatase that 

dephosphorylates the Nuclear Factor of Activated T-cells (NFAT) transcription factor which 

then translocates into the myonuclei to activate the transcription of type I related genes 

(Figure 4.) (54, 60–63). Furthermore, muscle contraction enhances Extracellular Signal-Related 

kinase 1/2 (ERK1/2) phosphorylation which in turn increases the phosphorylation of the 

transcriptional coactivator p300 and promotes myosin heavy chain I/ꟕ gene expression 

through NFAT (11, 64, 65). 

In addition, other cellular pathways promote and support slow myofibre phenotypes such as 

the AMP-activated kinase (AMPK) pathway. Indeed, phosphorylated (and thus activated) 

AMPK is known to phosphorylate the Peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC1α).  Phosphorylated PGC1α is also deacetylated by Sirtuin 1 (Sirt1), 

allowing for its translocation into the myonucleus where it co-activates transcription factors 

that mediate oxidative metabolism and mitochondrial biogenesis (Figure 4.) (59, 66–70).  

Interestingly, myofibre switches implicate an inversed regulation of fast- and slow-related 

genes. Schiaffino and Reggiani reported 3 possibles mechanisms involved in this simultaneous 

up- and down-regulation of fast or slow expression programs: 1) transcription factors that are 

both activators and repressors; 2)  bidirectional promoters responsible for sense and antisense 

transcripts; and 3) the presence of miRNAs genes hosted in MyHC genes (7, 71). 
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Figure 4. Schematic representation of the molecular pathways implicated in myofibres switch.  
AC : Acetylation ; AMPK : AMP Activated Protein Kinase ; CaMKKꟖ : Calmodulin/Ca++-dependant protein kinase 

kinase beta ; CaN : Calcineurin ; DHP : Dihydropyridine channel ; NFAT : Nuclear Factor of Activated T-cells ; P : 

Phosphorylation ; p300 : Transcriptional coactivator p300 ; PGC1α : Peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha ; RyR : Ryanodine receptors channel ; SIRT1 : Sirtuin 1 ; SR : Sarcoplasmic Reticulum ; 

TF : Transcription Factor. Original representation. Created with BioRender.  

 

 

 

 

 

 



9 
 

3. Muscle regeneration 

Skeletal muscle has the ability to regenerate following injury (4, 6). Muscle regeneration (also 

named adult myogenesis) is a complex and highly coordinated process requiring an 

orchestrated expression of myogenic factors in muscle progenitor SCs (72–74). In healthy 

muscle, SCs are maintained in a quiescent state and express PAX7. In response to muscle 

damage, SCs activate and proliferate to provide myoblasts.  Most of them down-regulate PAX7 

and induce MyoD and then Myogenin to fuse, differentiate and repair damaged myofibers 

(Figure 5.). Others maintain Pax7 and return to a quiescent-like state allowing for self-renewal.  

Similar mechanisms are involved in exercise training-mediated muscle plasticity. Indeed, some 

training modalities are associated with myofibre micro-lesions that trigger SC activation and 

fusion with myofibres (72, 75). Such mechanism is notably driven by the production of 

Mechano Growth Factor (MGF), a spliced IGF-1 isoform reported to activate SCs following 

myofibre micro-lesion while supporting MPS with its IGF receptor binding-domain (76). This 

mechanism may contribute to muscle hypertrophy mediated by resistance exercise training, 

notably by providing additional myonuclei to support myofibre hypertrophy (75). 

Importantly, growth factors such as IGF-1, fibroblast growth factor 6 (FGF6) or hepatocyte 

growth factor (HGF) are also implicated in muscle regeneration by promoting myoblasts 

mitosis, SCs number regulation and inflammation regulation respectively (77). 

 

 
Figure 5. Schematic of muscle regeneration processes in mild and severe damages. From (5). 
Following muscle lesion, quiescent satellites cells (SC, blue) are activated and differentiate into myoblasts 
(yellow). This highly coordinated process is mediated by the orchestrated expression of myogenic factors. PAX7 
and the Myf5 transcript are present at the quiescent state. Proliferating myoblast expressing MyoD and Myf5 
differentiate and then express specific makers such as Myogenin, to finally fuse with damaged myofibres.  In more 
severe lesions where myofibers are destroyed, myoblasts fuse together in new myofibres.  

 

 

 



10 
 

4. Muscle length adaptations.  

Skeletal muscle responds to passive stretching or eccentric training by longitudinal muscle 

growth involving sarcomerogenesis (78) and extracellular matrix remodelling (79). Indeed, the 

strain notably exerted on titin, integrin, and SC induces mechanosensor transduction signals 

regulating sarcomerogenesis (80), a process consisting of the serial addition of new 

sarcomeres. This process allows gradual muscle re-positioning to maintain muscle optimal 

length (78). Although not completely understood, the sarcomerogenesis process is reported 

to involve PI3K-Akt-mTOR,  IGF-1, Follistatin-Myostatin signalling pathways as well as the 

Serum response factor (SRF) that activates the transcription of genes encoding actin and actin-

binding proteins (80).  

III. Skeletal muscle deconditioning 

1. Generalities 

Skeletal muscle deconditioning concerns a wide range of patients as it can result directly from 

a pathological condition itself (cancer, metabolic disorders, trauma, muscular dystrophies, …) 

or be secondary to consecutive factors associated with hypo- or in-activity (bed rest, 

immobilization, wheelchair dependence, microgravity, …) (32, 81). Moreover, numerous 

pathological conditions are characterized by a systemic inflammation (such as traumas, 

cancers, sepsis or infections) that exacerbate skeletal muscle deconditioning (81, 82).   

At the tissue level, prolonged skeletal muscle hypoactivity (characterized by a reduction in 

neural stimulation and/or a decrease in mechanical constraints) leads to the development of 

a disuse-mediated muscle atrophy (DMA) (83). DMA is associated with a reduction in muscle 

mass and a decreased myofibres Cross-Sectional Area (CSA)) (24, 83). These structural 

alterations are concomitant with metabolic disturbances accompanied by a switch from type I 

oxidative myofibers through type II glycolytic myofibres (54, 57). Altogether,  disuse-mediated 

structural and metabolic alterations contribute to functional impairments such as a reduction 

in muscle strength and endurance that impair patient mobility and physical autonomy (81, 84, 

85).  

At the molecular level, skeletal muscle disuse is commonly reported as caused by an imbalance 

between MPS and MPB (32, 83). Furthermore, DMA is associated with mitochondrial 

dysfunctions that impair oxidative metabolism and result in excessive ROS production (30, 34). 

Those alterations will be discussed in detail in the following section entitled “Molecular 

mechanisms underlying DMA”.  

Muscle mobilization, electrostimulation, and exercise training (ET) remain the only effective 

treatments against DMA. However, an important group of patients present ET intolerance and 

muscle weakness can persist even after muscle reconditioning program. When this persistent 

weakness occurs following prolonged bed rest, this syndrome is often referred to as “ICU-AW” 

(Intensive-Care Unit acquired weakness ) (86–88) (Figure 6.).   
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Figure 6. Summary of the prevalence and incidence of muscle functional disorders following Intensive-Care Unit 

(ICU) discharge.  
(a) Systematic review and meta-analysis including 16 studies and 1755 ICU survivors (89). (b) Prospective cohort 
study including 266 ICU survivors ≥ 70 years old (90). (c) Prospective multicenter cohort study including 2345 
adult ICU-survivors (91). (d) Prospective multicentre cohort study including 301 COVID-19 ICU survivors of which 
246 analyzed at one year (92). (e) Single centre cohort study including 109 ARDS ICU survivors of which 94 were 
analysed at 5 years (93).  
m6MWD : Mean Six Minute Walking Distance. Modified from (86).  

2. Molecular mechanisms underlying DMA  

It is commonly reported that disuse-mediated muscle atrophy results from an imbalance 

between MPS and MPB. However, discrepancies remain regarding the contribution of these 

processes in the development of muscle alterations. As well, excessive oxidative stress and 

mitochondrial dysfunctions constitute other hallmarks of DMA that must be considered to fully 

describe pathophysiological mechanisms underlying DMA.  

a) Muscle protein synthesis is reduced in disuse 

It is now clear that disuse-mediated muscle atrophy in humans and rodents mainly results from 

MPS reduction (83, 94–98). Indeed, several groups reported that muscle disuse induced with 

immobilization decreases MPS up to 50%-60% in fasting and fed conditions in adult humans.  

Such a decrease in MPS was attributed to an anabolic resistance that impairs the hyper 

aminoacidemia-mediated MPS activation (81, 95, 97, 99).    

At the molecular level, this disuse-mediated anabolic resistance remains poorly understood 

although it was suggested that disuse may alter the protein level of amino acid transporters 

(e.g. L-type amino acid transporter 1 (LAT1)) (100). 

It is important to note that the disuse-mediated decline in MPS is consistent with the loss of 

muscle mass described in human studies, reinforcing the hypothesis that disuse-mediated 

anabolic resistance and the resulting MPS reduction are sufficient to explain the extent of 

muscle mass loss in DMA (81, 98, 99).  
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b) Muscle protein breakdown pathways   

Conversely, the contribution of MPB in the development of disuse-mediated muscle 

alterations in healthy human muscles is still discussed. However, systemic inflammation and 

oxidative stress in ICU patient were clearly identified as MPB activators that trigger the 

upregulation of the UPP system and dysregulations in the autophagy proteolytic system (86, 

101, 102). 

More recently, it was shown that muscle inactivity per se also increases oxidative stress levels 

during prolonged bedrest and muscle immobilization in healthy patients (30, 34). Moreover, 

although muscle disuse was not thought to induce inflammation, RNA-sequencing analyses in 

unloaded rats Soleus indicate an up-regulation of genes related to inflammation and oxidative 

stress responses (103).  

c) Oxidative stress and mitochondrial dysfunction  

In the last decades, mitochondrial dysfunctions in DMA has been largely investigated as those 

alterations appear to be highly implicated in disuse-mediated MPS/ MPB imbalance (30, 34). 

Actually, the mitochondrial decline in respiratory capacities, volume, as well as morphological 

changes (e.g. increased fission) were identified as major contributors to the increased ROS 

production associated with prolonged muscle inactivity (30). Consequently, the unbalanced 

excess in ROS triggers the expression of proteins implicated in MPB and causes intracellular 

damages (e.g. myofibrillar protein oxidation) (48, 104). In addition, mitochondrial alterations 

are associated with the release of mitochondrial molecules in the cytosol such as the Apoptosis 

Inducing Factor (AIF) and the Cytochrome C (CytC) that notably activate caspase-3 (30).   

Although the mechanisms linking muscle disuse and mitochondrial alterations remain 

incompletely understood, it seems that the disuse-mediated hyperglycaemia may contribute 

to mitochondrial alterations (86). Indeed, hyperglycaemia blunt the insulin-mediated glucose 

uptake and it was shown that 7 days of complete bedrest in young individuals reduce the 

whole body insulin sensitivity (105–107). 

Nevertheless, it remains unclear whether Insulin Resistance (IR) is the cause or the 

consequence of mitochondrial alterations observed in disused muscles as other factors such 

as muscle hypoperfusion and the resulting impairment in O2 delivery may also contribute to 

mitochondrial dysfunctions (86). 

Importantly, prolonged skeletal muscle inactivity was also reported to decrease PGC1α 

expression and activity, thus preventing its beneficial effects on mitochondrial biogenesis and 

fatty acids oxidation. Interestingly, PGC1α overexpression was shown to protect mitochondria 

during rodent limb immobilization or HLU and to mitigate muscle alterations in those models 

of disuse (108, 109). 
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d) Satellite cell depletion and dysfunction 

An increasing number of studies report the persistence of muscle weaknesses in patients 

following Intensive-Care Unit (ICU) discharge (86, 87, 110). Notably, a reduction in muscle SC 

content was described to  contribute to the persistence of  muscle functional alterations (87). 

It was suggested that the systemic inflammation associated with ICU may be responsible for 

SC activation and depletion that further impairs muscle regeneration processes (86, 87). 

Muscle disuse per se could also contribute to SC depletion but it currently remains a lack of 

evidence supporting this hypothesis as well as underlying mechanisms.   

 

 
Figure 7. Schematic representation of pathophysiological mechanisms involved in the DMA associated with 
Intensive-Care Unit-Acquired weakness (ICU-AW). Modified from (86).  
Prolonged immobilization and resulting muscle disuse are associated with excessive oxidative stress and 

inflammation which alter anabolic/catabolic balance. Indeed, the disuse-mediated hyperglycaemia and the 

impairments in muscle O2 delivery contribute to mitochondrial alterations that lead to the development of 

anabolic resistance, an over-activation of the Ubiquitin Proteasome pathway, and dysregulated autophagic 

processes. Furthermore, systemic inflammation (exacerbated by mechanical ventilation) induces microcirculatory 

changes and cytokine release that can damage motoneurons. Importantly, in some cases, those conditions can 

result in persistent muscle weakness attributed to satellite cell depletion or dysfunction that impairs muscle 

regeneration and can provoke muscle infiltration with adipocytes or fibrosis.  
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3. Disuse muscle atrophy preclinical models  

Numerous DMA models were developed in rodents and humans to investigate potential 

mechanisms or therapeutic approaches against skeletal muscle deconditioning. Indeed, using 

reductionist models, avoiding confounding factors found in patients, is a powerful tool to 

specifically study consequences of skeletal muscle disuse by isolating this component of 

numerous pathologies.   

The most common models are denervation, immobilization, and hindlimbs suspension 

(Hindlimb unloading (HLU)) in rodents whereas human studies generally use bedrest, foot-step 

reduction, and limb immobilization models to induce DMA (81). 

Regarding preclinical models in rodents, denervation is described to induce the more severe 

atrophy by preventing any neuronal stimulation while the atrophy generated by joint 

immobilization (cast, Velcro, …) is highly dependent on muscle position during the 

immobilization (stretched versus shortened) (32, 83, 85).  

Hindlimb unloading models stand out from the precited models as it (i) allows prevention of 

mechanical loading in hindlimb muscles without modifying neuronal stimulation (83) and (ii) 

can be easily reversed to investigate muscle reconditioning by a reloading period. Unloading-

mediated disuse was shown to affect preferentially anti-gravitational muscles in HLU mice and 

rat model (83), highlighting the importance of muscle physiological function (and thus 

myofibre type composition) in the development of DMA.  

 

 
Figure 8. Schematic of the most common DMA models in rodents. Modified from (111).  
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IV. Exercise training and skeletal muscle reconditioning 
a) Endurant aerobic and resistant anaerobic exercise training 

Exercise training (ET), notably known for its several beneficial effects on whole-body 

metabolism, is  recommended as a therapeutic approach to prevent and/or counteract several 

non-communicable diseases (112, 113) , and particularly, muscle deconditioning (114). Among 

the huge variety of ET modalities, we generally decipher:  

- Endurant aerobic ET (EET) (e.g. Jogging, cycling or swimming) in which energy required 

for muscle contraction is provided by glucose metabolism in aerobic conditions. At the 

systemic level, EET has insulin-sensitizing effects and is associated with cardiovascular 

and respiratory system adaptations (e.g. increase in VO2 max).  In skeletal muscle, EET 

results in higher capillary density and type I myofiber proportions that enhance muscle 

endurance to ET (115–117).  

At the molecular level, EET promotes (i) glucose uptake, oxidative metabolism and 

mitochondrial biogenesis in muscle, mainly via the activation of the 

AMPK/PGC1α/SIRT1 axis (118), (ii) muscle mass maintenance through the 

sensibilisation of myofibers to different anabolic signals (e.g. IGF-1, Insulin, mechano-

transduction signals, etc.)  (116, 119) and (iii) muscle regeneration potential following 

lesions by increasing notably SC content as well as macrophages transition from M1 

(proinflammatory) to M2 (anti-inflammatory) phenotype (116, 120–122).  

- Resistance anaerobic ET (RET) (e.g. weightlifting with short periods of high intensity) in 

which energy is provided in anaerobic condition. RET leads to increased muscle strength 

and is more likely to induce muscle hypertrophy, particularly in type II myofibers 

through an increase in myofibrillar protein contents for instance (116, 123). This later is 

attributed at the molecular level to an mTOR-mediated increase of MPS rate (124, 125). 

However, it was demonstrated that myofiber hypertrophy occurring with RET also 

requires SCs activation and fusion with pre-existing myofibers in a load-dependant 

mechanism named myonuclear accretion (122, 126). 

 

Although EET and RET remains widely used to describe ET modalities, the huge variety of ET 

possibilities conducted Furrer and Handschin to propose a “continuum of exercise” (Figure 9). 

Indeed, these authors notified that several sport disciplines demand both muscle strength and 

endurance and suggested that muscle response to EET or RET overlaps and that power output, 

intensity or duration in ET determine muscle plastic changes (123). 
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Figure 9. Schematic representation of the Continuum of exercise training, associated signals, signal transducers and 
downstream effectors that mediate ET long-term adaptations. From (123).  
Furrer and Handschin proposed ‘the continuum of ET’ that highlights the large overlap between endurance ET and resistance 

ET modalities. In skeletal muscle, ET-mediated perturbations trigger specific intracellular signals. Those signals are detected 

and relayed by corresponding sensors and signal transducers which then regulate downstream effector activity to alter gene 

expression, protein translation, enzymatic activities and other cellular processes. The repetition of ET sessions over weeks, 

months or years initiate muscle adaptations to ET such as the increase in capillary density, mitochondrial content, and 

substrate uptake/ consumption (123).  

MICT: moderate-intensity continuous training; HIIT: high-intensity interval training; SIT: sprint interval training; 1RM: one 

repetition maximum; ROS: reactive oxygen species; AMPK: AMP-activated protein kinase; HIF-1α/2α: hypoxia-inducible factor 

1α/2α; SIRT1: sirtuin 1; can: calcineurin A ;CaMKII: Ca++ /calmodulin-activated kinase II; HSF1: heat shock factor 1; MAPK: 

mitogen-activated protein kinases; FAK: focal adhesion kinase; ERK1/2, extracellular-regulated kinase 1/2; JNK: c-jun NH2-

terminal kinase; βAR: β-adrenergic receptor; AR: androgen receptor; GHR: growth hormone receptor; PGC-1α: peroxisome 

proliferator-activated receptor γ coactivator 1α; TF: transcription factor; mTORC1: mammalian target of rapamycin complex 

1. 

b) Myokines and exerkines  

In addition to its roles in movement and metabolism homeostasis, skeletal muscle is an 

endocrine tissue which produces and secretes myokines (i.e. signalling molecules such as 

peptides, cytokines and metabolites) (127–129). Those myokines exert autocrine, paracrine, 

and endocrine effects and are thus crucially involved in the crosstalk between skeletal muscle 

and other tissues (127, 128, 130). Indeed, numerous myokines have been identified in the last 

decade (e.g. IL-6, Apelin, Irisin, Adiponectin, etc.) and most of them regulate key molecular 

processes in several target tissues such as liver, adipose tissue or pancreas (Figure 10). (127, 

131, 132). 
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Figure 10. Schematic representation of skeletal muscle myokines and associated effects on target tissues. From (127). 
BDNF: Brain derived neurotrophic factor; IL-6: Interleukin-6; IL-15: Interleukin-15; FGF21: Fibroblast growth factor.  

Furthermore, the release of some myokines (IL-6, IL-8, IL-15, Irisin, etc.) is directly induced by 

muscle contraction, those myokines are therefore referred as “exerkines” (127, 128, 133). 

Nevertheless, it should be noted that the term “exerkine” also includes the circulating factors 

produced and secreted by any tissue in response to ET (134, 135). For instance, growth 

hormone (GH), IGF-1, and testosterone plasmatic levels are all increased after ET and promote 

anabolic pathways resulting in an increased MPS (117, 123). 

Due to their crucial implication in organ communications, those exerkines are particularly of 

interest in research studies investigating ET benefits in healthy and diseased individuals (135, 

136).  

V. Adiponectin pathway 

1. Generalities 

Adiponectin (ApN), also known as Adipocyte complement-related protein of 30 kDa (Acrp30), 

belongs to the C1q TNFα Related Proteins (CTRP) family. This family is composed of 15 other 

hormones which share, except CTRP4, similar structure and biological functions (inflammation 

regulation, energy metabolism, insulin signalling, …) (137, 138). Among those, ApN is an 

adipo/myokine secreted by adipose tissue and skeletal muscle (139) but also to a lesser extent 

by other tissues such as osteoblasts, bone marrow, placenta, and hypophysis (140, 141).  At 

the plasmatic level, ApN is one of the most abundant adipokine with circulating ranges 

comprised between 5 and 30 µg/ml in humans (142, 143). After its discovery in mice and 

humans by 4 independent groups in 1995 (144–147), ApN was especially studied in obesity-

related pathologies for its roles in metabolic processes such as fatty acid β-oxidation, glucose 

uptake, and insulin sensitivity (148, 149). However, ApN pathway has now been demonstrated 

to be a promising therapeutic candidate in several other pathological contexts.  
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2. Adiponectin and its circulating forms  

Adiponectin, encoded by the Adipoq gene (MGI:106675) (145), is a polypeptide hormone 

synthetized as a 30kDa monomer composed of a N-terminal signal peptide, a short variable 

region, a collagenous stalk and a C-terminal globular domain (145–147). ApN monomers  are 

further modified by post-translational modifications and multimerize to form ApN circulating 

oligomers (Figure 10)(150); 

- Low Molecular Weight ApN Trimers (LMW), result from the homotrimerization of 3 

monomers due to hydrophobic interactions between ApN globular domains and are 

stabilized by interactions of the collagenous stalks (150, 151). Proline residues 

hydroxylation appears to be involved in the collagenous stalk interactions and 

hydroxylation inhibition prevents trimer formation (152). 

- Medium Molecular Weight ApN Hexamers (MMW), are composed of 2 ApN trimers 

linked by their collagen stalks in a Y-like shape (150, 153). The formation of disulphide 

bonds between Cys36 in humans (and Cys39 in mice) has been reported as essential for 

the oligomerization in MMW forms (150, 154).  

- High Molecular Weight ApN oligomers (HMW) consist of 18 ApN monomers or more 

(150, 153). Successive post-translational modifications are implicated in the formation 

of HMW circulating forms, such as glycosylation, hydroxylation, and disulphide bonds 

(Figure 11) (152, 153). Importantly, HMW ApN forms were identified as the circulating 

form that exerts the most potent insulin-sensitizing effects (22, 155, 156).  

Moreover, in inflammatory conditions, ApN can be cleaved by leukocyte elastases in a globular 

ApN form (gApN) (157). Globular ApN actions will be described in “ApN myoprotective effects 

on skeletal muscle” section.  

In humans, LMW, MMW and HMW ApN represent 25%, 25-35% and 40-45% of the total ApN 

in plasma (158, 159). Importantly, several factors affect those proportions (sex, age, obesity, 

…), explaining a high inter-individual variability. Finally, it is important to notice that circulating 

forms do not interconvert into the plasma (142).   
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Figure 11. Schematic representation of Adiponectin (ApN) structural domains, post-translational modifications, 
amino acids sequence alignment, and multimerization. Modified from (153). (A) Structural domains of a human 
ApN monomer and post-translational modifications involved in ApN multimerization. Human and mouse amino 
acid sequences are also aligned. Sialylation and succination sites are indicated as those modifications are known 
to reduce ApN clearance and multimerization, respectively. (B) ApN multimerization. ApN cleavage by leukocyte 
elastases into globular ApN (gApN) is also represented.  

3. Adiponectin receptors and co-receptors 

ApN exerts its effects through 2 adiporeceptors, ADIPOR1 and ADIPOR2 that are encoded by 

ADIPOR1 and ADIPOR2 genes in humans and Adipor1 (MGI:1919924) and Adipor2 

(MGI:93830) genes in mice (160–165). Those adiporeceptors share 66,7% of amino acids and 

are composed of  7 transmembrane domains (similar to G-coupled protein receptors but with 

an inversed topology (N-terminal extremity is internal and C-terminal extremity is external) 

(Figure 12.) (164, 166). 

ADIPOR1 and ADIPOR2 are ubiquitously expressed in the body although ADIPOR1 is 

predominantly expressed in skeletal muscle, liver and macrophages whereas ADIPOR2 is 
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preferentially expressed in liver and adipose tissue (164, 166).  The full length ApN and gApN 

have a higher affinity for ADIPOR1 than ADIPOR2.  ADIPOR1 and ADIPOR2 activate the 

AMPK/PGC1α pathway and PPARs signalling, respectively (165, 166).  

 

 
Figure 12. Schematic of the Adiponectin receptors 1 and 2 structure, expression and function. Modified from 
(166).   

More recently, t-cadherin (encoded by Cdh13 (MGI:99551)) was identified as a Ca++-dependant 

ApN co-receptor (167). T-cadherin is structurally different from the other members of the 

cadherin family. Indeed,  t-cadherin is synthetized with an N-terminal pro-peptide and contains 

five Ca++-binding domains (EC1-EC5) but t-cadherin is maintained at the plasma membrane 

via with a GPI (Glycosylphosphatidylinositol) -anchor instead of an intracellular domain (Figure 

13.) (168). T-cadherin extracellular domains EC1 and EC2 are essential for MMW and HMW 

ApN binding, whereas LMW and gApN are not able to interact with t-cadherin. Moreover, the 

presence of the N-terminal pro-peptide is also known to enhance ApN binding to this co-

receptor (169). On the other hand, it has been shown that ApN increases t-cadherin protein 

level (but not Cdh13 mRNA) in endothelial cells in vivo and in vitro by suppressing the plasma 

levels of GPI phospholipase D (170). 

Evidences suggest that t-cadherin is required for ApN accumulation at the plasma membrane, 

thus promoting its interactions with AdipoR1 and AdipoR2 (170, 171). Moreover, t-cadherin 

was reported as essential for muscle regeneration process as its suppression prevents ApN 

regenerative properties (171). 

 

 
Figure 13. Schematic of t-cadherin co-receptor structure. From (169). 
EC: Extracellular repeat ; GPI : glycosylphosphatidylinositol-anchoring domain ; pro : prodomain ; ss : signal 
sequence.  
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4. Adiponectin signalling pathways in skeletal muscle  

In skeletal muscle, ApN binding to AdipoR1 induce (i) a Ca++ influx that triggers CaMKKβ (Ca++ 

/Calmodulin-dependant protein Kinase Kinase Beta) activity and (ii) the recruitment of the 

APPL1 (Adaptor Protein Phospho-tyrosine with PH domain and Leucine zipper 1) that retains 

the Liver Kinase B1 (LKB1) in the cytosol (67, 172). The CaMKKβ and LKB1-mediated 

phosphorylation of AMPK on Thr172 residue results in the activation of the AMPK/SIRT1/ 

PGC1α axis (67, 172). Indeed, activated AMPK phosphorylates the PGC1α co-activator (P-PGC1 

α) which is then fully activated by subsequent deacetylation meditated by Sirt 1, resulting in 

its translocation into the nucleus (Review in (68)). In the nucleus, P- PGC1α: 

- associate with Sirt 1 to repress the Nuclear factor kappa B (NF-κB) transcription factor, 

involved in the transcription of pro-inflammatory genes (68, 173). More recently, 

miR711 was identified as another intermediate by which  ApN mediates NF-κB 

repression (174). 

- coactivate the transcription of genes controlled by the Peroxisome proliferator-

activated receptor alpha (PPARα) such as the Carnitine palmitoyltransferase 1 (CPT1) 

and the Acetyl-CoA oxidase (ACO). CPT1 and ACO proteins are respectively involved in 

fatty-acids entry and oxidation into mitochondria (68).   

- coactivate the transcription of genes implicated in antioxidant response (e.g. 

Superoxide dismutase-2 (SOD2)), mitochondrial biogenesis, and oxidative metabolism. 

Altogether, those ApN downstream signaling pathways therefore mediate the ApN anti-

inflammatory, antioxidant and pro-oxidative properties (Figure 14.).  

Furthermore, ApN binding to AdipoR1 is also responsible of insulino-sensitizing effects by 

stimulating glucose uptake in skeletal muscle. Indeed, APPL1 (Adaptor protein, 

Phosphotyrosine interacting with PH domain and Leucine Zipper 1) recruits the Insulin 

receptor substrate 1 (IRS-1) and maintains it close to the Insulin receptor (IR), thus favouring 

insulin signal transduction (68). In parallel, activated AMPK reduces (i) p70S6K1 inhibition on 

IRS-1 and with APPL1, enhances p38 MAPK signalling to increase GLUT4 translocation at the 

muscle membrane for glucose uptake, and (ii) the activity acetyl-CoA carboxylase (ACC) which 

mediate fatty-acid synthesis and stockage (68) (Figure 14.).  
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Figure 14. ApN pathway beneficial effects in healthy skeletal muscle. From (68). 
AC : Acetylation ; ACC : Acetyl-CoA carboxylase ; ACO : Acetyl-CoA Oxidase ; AMPK : AMP Activated Protein Kinase 

; APPL1 : Adaptor protein, Phosphotyrosine interacting with PH domain and Leucine Zipper 1 ; CaMKKꟖ : 

Calmodulin/Ca++-dependant protein kinase kinase bαeta ; CaN : Calcineurin ; CPT1 : Carnitine 

palmitoyltransferase 1 ; GLUT4 : Glucose Transporter type 4 ; IR : Insulin receptor ; IRS-1 : Insulin receptor 

substrate 1 ; LKB1 : Liver Kinase B1 ; NFAT : Nuclear Factor of Activated T-cells ; NF- κB : Nuclear Factor kappa B ; 

P : Phosphorylation ; PGC1α : Peroxisome proliferator-activated receptor gamma coactivator 1-alpha ; PPARα : 

Peroxisome proliferator-activated receptor alpha ; p38MAPK : mitogen-activated protein kinase ; p70S6K1 : 

Ribosomal Protein S6K1 ; SIRT1 : Sirtuin 1 ; TF : Transcription Factor. 

VI. ApN myoprotective effects on skeletal muscle  
As described in the previous section, ApN has several beneficial effects on skeletal muscle, and 

an increasing number of studies describe the contribution of ApN in muscle homeostasis 

(Review by (68, 143)). Moreover, gain- and loss-of-function experiments demonstrated that 

ApN has myoprotective properties that make of ApN an interesting therapeutic candidate in 

several muscle disorders.   

1. ApN counteract insulino-resistance  

Several metabolic disorders are associated with the development of insulin-resistance (IR). 

Particularly, obesity, type II diabetes and sedentary behaviours are known to alter glucose 

uptake and insulin signalling in skeletal muscle (175).  

Evidence of ApN insulin-sensitive properties was first found in IR obese mice and humans that 

present significantly lower Adipoq expression in adipose tissue than their matching controls 
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(145, 176). On the other hand, the administration of ApN by intraperitoneal injection was then 

shown to rescue insulin resistance in ob/ob mice (177) and AdipoR agonists such as AdipoRON 

enhanced both glucose uptake and metabolism (175).   

Since those discoveries, the molecular mechanisms underlying those effects were dissected 

(See “Adiponectin signalling pathways in skeletal muscle” section) and loss-of-function 

experiments further demonstrated that ApN is essential in skeletal muscle to support insulin 

signalling (149, 178).  Indeed, ApN-KO mice are more susceptible to develop IR when fed with 

high-fat-diet as compared to WT mice. As well, muscle-specific Adipor1-knockout mice 

(Adipor1-KO) also develop IR through IRS-1 repression by inhibitory phosphorylation on Serine 

residues  (67, 149, 178).  

2. ApN support the oxidative metabolism 

In an elegant study led on muscle-specific Adipor1-KO mice, Iwabu et al., demonstrated that 

the Adipor1/AMPK/SIRT1/PGC1α axis is crucial to maintain type I oxidative myofibres and 

muscle ET endurance, notably by promoting oxidative metabolism and mitochondrial 

biogenesis (67). Indeed, muscle-specific Adipor1-KO prevents ApN-mediated Ca++ influx, 

reduces the activity of key ApN pathway effectors (e.g. CaMMK, AMPK, PGC1α), and results in 

mitochondrial alterations (e.g. decrease in mitochondrial content and in ROS detoxifying 

enzymes) (67).  

Furthermore, the use of AdipoRON, in mdx (a model of Duchenne Muscular Dystrophy) and 

aged mice confirmed that pharmacological ApN pathway activation in muscle disorders  

rescues muscle strength and endurance by inducing a switch towards oxidative myofibres that 

is mediated by the AMPK and PGC1α (179, 180).  

3. ApN mediates inflammation and oxidative stress regulation  

In addition to its metabolic effects, ApN is known to have anti-inflammatory and antioxidant 

properties mediated by the Adipor1/AMPK/SIRT1/PGC1α axis. Interestingly, inflammatory 

stress induced by lipopolysaccharides (LPS) injection in vivo or pro-inflammatory cytokines in 

vitro was shown to up-regulate Adipoq mRNA expression. Therefore, the authors hypothesize 

that muscular inflammatory stress induces a local protective mechanism through ApN (181). 

Similarly, Adipoq expression is induced by oxidative stress (182) and ApN pathway activation 

protects against excessive ROS production through P-PGC1α which supports mitochondrial 

biogenesis and coactivates the expression of ROS detoxifying enzymes (e.g. SOD1/2, catalase, 

glutathione peroxidase) (143). Accordingly, ApN-KO mice appeared more sensitive to 

inflammatory and oxidative stress challenges (149, 183) but this was reversed by  Adipoq gene 

electrotransfer in skeletal muscle (183, 184). More recently, ApN overexpression was shown 

to counteract both inflammation and oxidative stress in mdx mice (185). Those effects were 

also recapitulated in mdx mice treated with AdipoRON (179). 
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4. ApN has promyogenic effects  

As described previously, the regeneration process in damaged skeletal muscle requires SC. 

However, processes taking place from SC activation to its fusion with the damaged myofibre 

are highly controlled and involve multiple cell types, notably macrophages and fibroadipogenic 

progenitors (4). Importantly, ApN pathway was shown to enhance the regeneration processes 

at several levels (Reviewed by (68)). Indeed, leucocyte elastases secreted by pro-inflammatory 

macrophages M1 are known to cleave full-length ApN into gApN which (i) promotes the 

resolution of inflammation by inducing M1 macrophages conversion into M2 anti-

inflammatory macrophages and (ii) regulates SC activation, myoblasts fusion and 

differentiation (68, 186) (Figure 15.). Indeed, as concerns point (ii):  

-Firstly, gApN enhances SC activation through the expression of Myf5 transcription factor 

(187). Activated SC are then able to secret ApN in autocrine and paracrine manners, reinforcing 

the M1 to M2 macrophage switch as well as the proliferation and migration (by stimulating the 

expression of metalloproteinases (e.g. MMP-2)) of the activated SCs (68, 157, 186, 188). 

-Secondly at the lesion site, gApN is implicated in SC differentiation into myoblast as well as 

myoblasts proliferation through the upregulation of the myoblast determination protein 

(MyoD) (68, 187).  

-Finally, myoblast differentiation and fusion steps are also promoted by gApN. Indeed, it was 

shown that ApN-overexpression in mdx mice enhances the expression of gene encoding 

Myogenin and Mrf4 transcription factors (68, 187). 
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Figure 15. ApN promyogenic and regenerative properties. 
Local pro-inflammatory cytokines release during damage recruits M1 macrophages that secrete elastases 

responsible for ApN clivage into globular ApN (gApN). gApN promotes (i) M1 macrophages shift into M2 

macrophages implicated in inflammation resolution phase and (ii) mesangioblasts chemoattraction and 

differentiation toward the skeletal muscle lineage. In addition, gApN has direct promyogenic properties by 

stimulating myogenic transcription factors expression in satellite cells (SC). Finally, gApN promotes energy supply 

for regeneration by stimulating the oxidative metabolism. From (68). 

VII. ApN pathway in muscle disuse and reconditioning   
Altogether, the myoprotective effects of ApN presented in the previous section highlight the 

therapeutic potential of ApN pathway activation in muscle disorders particularly when 

associated with inflammation, oxidative stress, metabolic alterations, and regeneration 

defects (143). However, ApN pathway response to disuse in skeletal muscle should be 

interrogated before considering the use of AdipoR agonist to counteract disuse-mediated 

muscle alterations.  

 

 



26 
 

1. ApN pathway in muscle disuse 

ApN pathway response to muscle disuse is almost completely unknown. Actually, only one 

study interrogated ApN pathway in a context of muscle deconditioning.  In this study, Goto et 

al. reported a down-regulation of Adipor1 but not Adipor2 mRNA levels in the Soleus muscle 

of HLU mice and a positive relation between the muscle weight and Adipor1 mRNA in a 

suspension-recovery experiment, suggesting that mechanical loading might regulate the 

expression of ApN pathway molecular actors  (189). Nevertheless, potential changes in 

AdipoR1 and AdipoR2 protein levels were not addressed by the authors. Moreover, given 

metabolic roles of ApN pathway, its response to disuse needs to be better characterized both 

in slow- and fast-twitch muscles. This point is particularly of interest when considering that 

many muscle disorders are associated to fibre-type specific changes (10, 190). 

2. ApN pathway in muscle reconditioning 

Skeletal muscle ET is the only effective treatment to initiate muscle reconditioning following 

disuse (86, 191). However, ET as a therapeutic approach is often constrained by persistent 

skeletal muscle weakness and ET intolerance (191). Therefore, it appears essential to develop 

complementary approaches aiming to restore ET benefits in those patients.  

Since ApN pathway and ET share common intracellular signalling such as the AMPK-SIRT1-

PGC1α axis as well as  p38 MAPK and P3K-Akt pathways (116, 143), ET benefits were suggested 

to be partly mediated by the AdipoR1 axis  (192). 

Furthermore, several studies reported that ET positively modulates ApN pathway. For instance, 

chronic ET protocols were reported to increase ADIPOR1 expression in rodents and human 

muscles (192–195) and our group further demonstrated that chronic ET on treadmill increase 

AdipoR1 protein level in the Gastrocnemius muscle (196). 

However, the huge variety of experimental ET training protocols (and the potential associated 

body weight loss) may explain discrepancies regarding the observed ApN pathway responses, 

particularly when addressing plasmatic ApN and circulating forms (68, 143).  
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VIII. ApN KO mice  

1. Adipoqtm1/ChanJ mice generation 

In 2002, Lawrence Chan’s group used a replacement-type targeting vector to generate mice 

lacking ApN. Briefly, the targeting vector was designed from a mouse 129Sv strain bacterial 

artificial chromosome genomic clone that was composed of a pMC1-TK-poly(A) cassette at the 

5’ extremity followed by a PGKneobpA cassette (Neo) addressed to replace exon 2 (which 

include the start codon) in the Adipoq gene (Figure 16.). Mice embryonic stem cells (R1 ES cell 

line) were then transfected with the targeting vector to induce homologous DNA 

recombination, resulting in a loss-of-function mutation in the targeted Adipoq gene. 

Transfected ES clones were selected by Neomycin treatment and injected into blastocysts of 

C57BL/6J mice. Resulting chimeric mice were finally mated with C57BL/6J mice (197). 

 

 
Figure 16. Representation of the replacement targeting vector used by Ke Ma et al., to generate ApN KO mice. From (197). 
The targeting vector was designed from a mouse 129Sv strain bacterial artificial chromosome genomic clone that was 
composed of a pMC1-TK-poly(A) cassette at the 5’ extremity followed by a PGKneobpA cassette (Neo) addressed to replace 
exon 2 (which include the start codon) in the Adipoq gene (197).       

2. Adipoqtm1/ChanJ mice phenotype 

Adipoqtm1/ChanJ mice were shown to have undetectable ApN plasmatic levels (198). However, 

the lack of ApN in those mice alter body weight evolution and glucose homeostasis but, more 

surprisingly, enhanced fatty acid β-oxidation  in muscle and liver cells as compared to WT mice  

(197). In skeletal muscle, it was reported that Adipoqtm1/ChanJ mice present increased type IIb 

myofibre area and higher intramyocellular lipids content as compared to WT mice (143). 

Regarding the  cardiovascular system, leukocyte rolling velocity was found decreased whereas 

thier adhesion to vascular endothelium is increased when compared to WT (198). Importantly,  

we have to underline here the relatively small amount of available data regarding 

Adipoqtm1/ChanJ mice phenotype in comparison with WT mice. More exactly, a complete 

characterization of mice carrying the Adipoqtm1/ChanJ mutation is complexified by different 

internal breading strategies between studies, diversifying therefore genetic backgrounds and 

phenotypes.   



28 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AIMS



29 
 

AIMS  
 

Skeletal muscle deconditioning leads to Disuse-mediated Muscle Atrophy (DMA), frequently 

accompanied by a slow-to-fast fiber-type shift and persistent muscle weakness. Exercise 

training (ET) as a therapeutical strategy is often constrained by exercise intolerance. To develop 

new pharmacological approaches, a better understanding of molecular processes underlying 

ET benefits is therefore needed. The adaptive response to training includes complex molecular 

mechanisms with a widespread regulation of metabolic, stress response, and mitochondrial 

pathways. Among those processes, secreted molecules known as exercise-induced myokines 

are thought to promote many of the favourable adaptations to ET.  

Adiponectin (ApN), an adipo/myokine, was suggested to be involved in ET benefits at the 

muscle level. As well, ApN receptor agonists constitute attractive candidates for the 

development of new therapeutic strategies in muscle disorders. However, the effect of muscle 

deconditioning on ApN pathway components was poorly studied and therefore, ApN agonists 

have never been considered to limit consequences of muscle deconditioning. Only one study 

interrogates ApN pathway in a reversible murine model of skeletal muscle disuse consisting in 

hindlimb unloading in mice. In this model, a down-regulation of AdipoR1 was highlighted at 

the mRNA level in the Soleus muscle. However, protein levels were not addressed in this 

study.  Furthermore, considering ApN metabolic effects, it is essential to examine muscle type-

specific impacts of disuse in relation to ApN pathway response.   

 

The objectives of the first part our study are therefore: 

• to determine the role of skeletal muscle fiber-type composition on the effect of muscle 

disuse, comparing the slow-twitch Soleus and the fast-twitch TA muscles (AIM#1) 

• to decipher concomitant variations of ApN plasmatic level, oligomeric form proportion, 

and ApN (co-)receptor expression (AIM #2) 

To this aim, a murine model of Hindlimb Unloading and Immobilization (HLUI) will be optimized 

to limit confounding factors such as body weight loss and stress. 

 

In the second part of the study, our objective is to investigate whether the loss of ApN 

myoprotective properties during muscle deconditioning may exacerbate DMA (AIM #3). To 

this aim, loss-of-function experiments will be performed by using ApN KO mice.   

Finally, we aim to determine whether the absence of ApN may limit the benefits of muscle 

reconditioning (AIM#4). Since ApN is well known for its antioxidant properties, parameters 

indicative of skeletal muscle redox status will be particularly assessed to better understand 

mechanisms underlying ApN roles in muscle deconditioning and rehabilitation.  
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Results  

IX. PART1: Adiponectin pathway characterization in a murine 
model of moderated muscle disuse.  

 

Preface 

This part concerns the investigation of the role of fiber-type composition on the effect of 

muscle disuse (AIM#1). To this aim, a murine model of Hindlimb Unloading and Immobilization 

(HLUI) has been optimized to limit confounding factors. In the same model, we also further 

deciphered concomitant variations of ApN plasmatic level, oligomeric form proportion, and 

ApN (co-)receptor expression (AIM #2)  

 

Results have been included in a publication currently under revision in Physiological 
Reports.    
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ABSTRACT 
Disuse-mediated Muscle Atrophy (DMA) is associated with a slow-to-fast fiber-type shift and persistent 

muscle weakness. While Exercise training (ET) reconditioning is constrained by exercise intolerance, 

Adiponectin (ApN) was suggested as a therapeutic candidate in muscle disorders. However, the effect 

of DMA on ApN pathway components was poorly studied. Furthermore, considering ApN metabolic 

effects, it is essential to examine ApN pathway response to disuse in relation with muscle type.   

Therefore, effects of HindLimb Unloading and Immobilization (HLUI) were studied in the slow-twitch 

Soleus and the fast-twitch Tibialis Anterior (TA) muscles.  

The Soleus muscle present a moderated atrophy in type IIa myofibers.  The TA muscle is more severely 

affected and exhibits a type I to IIa switch. HLUI increased the hybrid I/IIa myofibers proportions in 

both muscles, suggesting an ongoing myofiber switch that is delayed in the Soleus muscle. 

Concomitantly, we highlighted higher ApN plasmatic level and modifications in oligomeric forms 

proportions. HLUI also downregulates Adiporeceptors in the Soleus but not in the TA muscle. 

 In conclusion, HLUI in mice induces a fibre type-dependent atrophy and a type I/IIa myofiber switch 

occurring concomitantly with an elevation of ApN plasmatic level, disturbances in oligomeric forms 

proportions, and muscle-type dependent alterations in adiporeceptor expression. 
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NEW & NOTEWORTHY 

Disuse-mediated Muscle Atrophy (DMA) is associated to persistent muscle weakness impairing 

reconditioning. Adiponectin (ApN) is a candidate for therapeutic strategies in muscle disorders 

but ApN pathway variations in DMA remain unclear.   

In a murine model of hindlimb unloading and immobilization (HLUI), we highlighted a muscle-

type dependant atrophy accompanied by a type I/IIa switch. Concomitantly, we notice an 

elevation of ApN plasmatic level, disturbances in oligomeric form proportion and muscle-type 

dependent alterations in adiporeceptor expression.  

 

Keywords: Adiponectin pathway/Myofiber-type/Skeletal muscle deconditioning.  

 

INTRODUCTION 
Skeletal muscle deconditioning can directly result from a pathological condition by itself (cancer, 

metabolic disorders, traumas, and hereditary muscular dystrophies), or be secondary to the associated 

hypo- or in-activity, notably due to prolonged bed rest, limb immobilization, mechanical ventilation, or 

wheelchair dependence (1–3). At the tissue level, skeletal muscle deconditioning is associated with the 

development of a Disuse Muscle Atrophy (DMA) mainly characterized by a decrease in myofibers cross-

sectional area (CSA) and a slow-to-fast myofiber type switch (4–7). At the molecular level, DMA is 

associated with a protein synthesis/degradation imbalance, abnormal oxidative stress, and 

mitochondrial dysfunction  (4, 5, 7–10). Importantly, morphological alterations are associated with 

functional impairments. In an important group of patients, muscle weakness can persist even after 

muscle reconditioning programs (11–13). Moreover, DMA was suggested to be associated with 

impaired adult myogenesis that could limit the effect of muscle reconditioning as well as muscle 

regeneration in case of injury (11, 14). 
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Several studies aimed to counteract the development of DMA, mostly by suggesting nutritional 
supplementation with antioxidant cocktails. Unfortunately, such strategies failed in human studies, 
and the only effective treatments remain mobilization, electrostimulation, and exercise training (ET) 
(11, 15). Unfortunately, patient intolerance to ET often limits muscle reconditioning, thus stressing the 
need for the development of pharmacological approaches to protect muscles in this frequent 
pathological context (11).  
At the physiological state, skeletal muscle is at the center of a crosstalk involving Adiponectin (ApN), 
an adipo/myokine with auto-, para- and endocrine actions (16–18). ApN post-translational 
modifications result in multimeric forms found in the plasma and classified as Low (LMW), Medium 
(MMW), and high molecular weight (HMW) (19). Those circulating forms target tissues via ADIPOR1 
and ADIPOR2 receptors, predominantly expressed in skeletal muscle and liver, and activating AMPK 
and PPARα pathways, respectively (16, 20, 21). More recently, t-cadherin was identified as an ApN co-
receptor required to maintain ApN at the tissue membrane (22–24).  
In addition to its well-described anti-diabetic, anti-apoptotic, and anti-oxidative properties (25–27), 

ApN exerts myoprotective effects, notably by activating the ADIPOR1/AMPK/SIRT1/PGC1α axis 

allowing for reduced inflammatory and oxidative stress and an enhanced oxidative metabolism (21, 

28–30). Those discoveries are mainly based on studies in mice demonstrating that ApN-KO muscles are 

more sensitive to oxidative stress, inflammation and apoptosis (26) and that muscle-specific Adipor1-

KO mice show reduced endurance, type-I fiber number, mitochondrial content and oxidative stress-

detoxifying enzymes (21). Furthermore, ApN was reported to have pro-myogenic effects (reviewed by 

(28)). Notably, elastases produced by M1 macrophages at the lesion site cleave ApN into its globular 

form (gApN) (31) which regulates satellite cells (SC) activation and later regeneration steps (32–35). 

The t-cadherin receptor (23, 36) and AdipoR1 (21) are also reported as key actors in ApN-mediated 

muscle regeneration. 

However, discrepancies remain about ApN roles in skeletal muscle. Indeed, in elderly patients, muscle 

mass loss was associated with elevated ApN circulating levels, a concept named “ApN paradox” (37, 

38). 

On the other hand, the therapeutic potential of ApN agonists was assessed in different models of 

muscle disorders e.g. mdx mice (a model of Duchenne Muscular Dystrophy) (30), aged mice (39), and 

dexamethasone-induced atrophy (40). In those studies, ApN pathway activation limited oxidative 

stress and inflammation in mdx mice, promoted oxidative metabolism in both aged and mdx mice (30, 

39) and reduced atrophy induced by dexamethasone in vivo (40).  These data support the therapeutic 

potential of ApN pathway activators in muscle diseases, particularly when associated with oxidative 

stress and metabolic alterations. However, ApN agonists have never been considered in the 

pathological context of muscle deconditioning. Moreover, it is still unclear whether muscle disuse can 

affect ApN pathway components as only one study interrogates this pathway in Hindlimb Unloaded 

(HLU) mice, a model of muscle disuse. In this model, Goto et al. highlighted a down-regulation of 

Adipor1 but not Adipor2 mRNA levels in the Soleus muscle and a positive relation between the muscle 

weight and Adipor1 mRNA in a suspension-recovery experiment, suggesting that mechanical loading 

might regulate the expression of ApN pathway molecular actors (41). However, potential changes in 

ADIPOR1 and ADIPOR2 protein levels were not addressed in this study.  Moreover, given metabolic 

roles of ApN pathway, its response to disuse needs to be better characterized both in slow- and fast-

twitch muscles. This point is particularly of interest when considering that many muscle disorders are 

associated to fibre-type specific changes (42, 43).  

In this study, we optimized a murine model of Hindlimb Unloading and Immobilization to determine 

the role of fiber-type composition on the effect of muscle disuse, comparing the slow-twitch Soleus 

and the fast-twitch TA muscles. Concomitantly, we decipher variations of ApN plasmatic level, 

oligomeric form proportion, and ApN (co-)receptor expression at the mRNA and protein levels. 
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MATERIALS AND METHODS 
Animals  
 All animal experiments met the Belgian national standard requirements regarding animal care and 

were conducted in accordance with the Ethics and Welfare Committee of the University of Mons 

(LE023/03).  

At 12 weeks of age, male C57BL/6 mice (RRID: MGI:2159769, Charles River, France) were housed in 

large rat cages (58x40x20cm) equipped (HLUI group) or not (CTL group) with a device allowing hindlimb 

unloading through tail suspension. HLUI mice were connected to this device for a 3-day acclimatization 

period but kept at floor level to allow movements with both forelimbs and hindlimbs (from D-3 to D0).  

Mice of the HLUI group were then tail-suspended and hindlimbs immobilized for 3 (D3) or 14 days 

(D14). (Fig 1A). Relative humidity was maintained at 35-40% with a constant room temperature (21°C) 

and a 12h/12h day/night light cycle. Animals had access to food and water ad libidum.  

 

Hindlimb Unloading and immobilization (HLUI) 

The HLU device, adapted from Marzuca-Nassr et al. (44), is composed of a rod fixed to the top of the 

cage, a pulley with a hook, and a small chain to connect the hook to a paperclip fixed on the mouse tail 

by using medical tapes (Leukosilk®; 1,5 x 0,5 cm). Hindlimb muscles were immobilized in an extended 

position from the ankle (which is in a dorsiflexion position) to the upper hip using medical band-aids 

(Nepenthes; 16 x 1 cm) (Fig 1B). This system allows mice to be suspended at a 30° angle by maintaining 

mouse movement with their forelimbs in the rod axis (Fig 1C-D).  Two mice were housed in a cage to 

allow social interactions. 

Muscle collection and preparation  

After 3 or 14 days of protocol, mice were anesthetised and euthanised (Euthanimal 20%, Alfasan) and 

the Soleus and Tibialis Anterior (TA) muscles were collected to perform morphometrical analyses and 

molecular investigations (RT-qPCR and Western blots). Morphometrical analyses required muscle 

embedding in OCT cryo-compound (ImmunoLogic, 1620-C) frozen in isopentane cooled with liquid 

nitrogen. Cryosections (8 µm) were performed with a cryotome (Leica 1950). Contralateral muscles 

were snap-frozen in liquid nitrogen to allow molecular investigations. Blood was collected and 

centrifugated (13500 rpm, 15 minutes) to isolate plasma for ELISA assays. 

Morphometrical analyses in hindlimb muscles 

Myofiber type immunofluorescence staining  

Soleus and Tibialis Anterior muscles cryosections were blocked for 1 hour at room temperature with 

10% Goat-serum/PBS  (VWR, S2000-100) before being incubated for 2 hours at room temperature with 

a primary antibody cocktail directed against MyHC7 (type I fibers), MyHC2 (type IIa fibers), MyHC4 

(type IIb fibers) and laminin (Supplemental Table S1). Slides were washed 3 times in PBS and incubated 

for 1 hour with the secondary antibodies cocktail. (Supplemental Table S1). Slides were washed 3 times 

in PBS and mounted with ProLongTM Gold Antifade Mountant (P36934, Invitrogen). Images were then 

captured to cover the whole muscle section with a Nikon Eclipse i80 microscope (10x magnification).  

Images processing and measurements  

Each capture was processed with QuPath-0.5 software to subtract the background fluorescence signal 

and provide DAPI/Cy5, DAPI/FITC, and DAPI/TRITC images. Processed individual images were then 

stitched with Image Composite Editor software to reconstitute the whole muscle section in the 3 

precited channel combination without pixel down-sampling. Reconstituted muscle sections were then 
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segmented thanks to the Cellpose v2.2.3 software (CPx pre-trained model) (45, 46) to determine the 

Regions Of Interest (ROIs) corresponding to positive myofibers in the channel combination of interest. 

Since Cellpose v2.2.3 allows to export ROI as a mask.PNG image, we used the LabelsToRoi plugin (47) 

to transpose myofibers segmentation in the Fiji software for ROI measurements. Each myofiber CSA 

was finally obtained after conversion of the corresponding ROI (in pixel) in µm² with the pixel/µm ratio. 

Myofibers were then classified in clusters according to their area (<120 µm2, 120-300 µm2, and every 

300 µm2 until 3900 µm2 in the Soleus muscle and 6000 µm2 in the TA muscle) to evaluate changes in 

myofibers CSA distribution. Minimum Feret’s diameter (MFD), a geometrical parameter used for 

morphometric analysis, was also measured from the segmented ROIs as it is less affected by the 

orientation of the muscle section (48).  

Double positive (MyH7+/MyH2+) myofibers were identified by overlapping DAPI/Cy5 images Cellpose 

segmentation (corresponding to type I fibers) on DAPI/FITC images (corresponding to type IIa fibers) 

with the LabelsToROI plugin of Fiji. The percentage of double-positive myofibers was expressed as the 

percentage of MyH7+ myofibers that are also MyH2+.  

RT-qPCR analyses  

Total RNAs were extracted from Soleus and TA muscles with Trizol reagent (Invitrogen) according to 

the manufacturer guidance before being treated with DNAse I (ThermoFischer). cDNAs were 

synthetized from 1µg of RNA using Maxima First Strand cDNA synthesis kit (ThermoFischer). RT-qPCRs 

were performed in triplicate for each primer (Eurogentec) (Supplemental Table S2) with the SYBR 

Green FastStart Essential DNA Green Master (Roche) and by using the LightCycler®96 (Roche) device 

(cycling conditions: initial denaturation step at 95°C for 10 min, followed by 40 cycles of 15s at 95°C 

and 60s at primer Tm). Raw data were analysed with the LightCycler®96 software (technical replicates 

with CT > 0.2 were removed from the analyses) and quantified by using 2-ΔΔCt method (Rplp0 as 

housekeeping gene).  

ApN plasmatic components  

ApN plasmatic concentrations were measured by using the Adiponectin/Acrp Quantikine ELISA kit 
(R&D) according to the manufacturer’s instructions. Relative amounts of LMW, MMW and HMW ApN 
circulating forms were determined using a non-denaturating SDS-PAGE electrophoresis followed by a 
Western blot. Based on ApN plasmatic concentrations provided by ELISA assay, 10µg of ApN were 
separated onto an 8% polyacrylamide gel (125V; 2h20) before being transferred onto a nitrocellulose 
membrane (Amersham). Membranes were then stained with Ponceau Red, washed 3 times in TBS-
Tween (0.2%), and blocked 1 hour in 5% non-fat dry milk diluted in TBS-T. Primary antibodies directed 
against ApN (1:1000, Rb IgG Ab85827, Abcam, RRID:AB_10675534) as well as corresponding secondary 
HRP conjugated antibodies (Donkey anti-Rb IgG, VWR, NA934) were diluted in 1% non-fat dry milk TBS-
T for incubation for 2 hours at 4°C and for 1 hour at room temperature respectively. The HRP signal 
was visualized using Supersignal West Femto Max Sensitivity Kit (Thermo Fisher Scientific). 
Densitometry was performed using Fiji software. The densitometry signal was normalized to the total 
proteins stained by Ponceau Red. The signal corresponding to LMW, MMW and HMW ApN forms were 
then normalized on the total ApN signal and therefore expressed as a percentage. SA Index, a relevant 
indicator of insulin sensitivity corresponds to the ratio HMW/(LMW+MMW+HMW) (49).  

Western Blot analyses  

Soleus and TA muscles were homogenized in lysis buffer (CelLytic, Sigma, C3228; Protease Inhibitor 

Cocktail, Sigma, P8340; Phosphatase Inhibitor Cocktail, Millipore, 524632). Equal protein amounts 

were then separated on a 12% SDS-PAGE gel (100V; 3h30) before being transferred onto a 

nitrocellulose membrane (Amersham) by using the Trans-Blot Turbo Transfer System (BioradTM). 

Membranes were then stained with Ponceau Red, washed 3 times in TBS-Tween (0.2%), and blocked 

1 hour in 5% non-fat dry milk diluted in TBS-T. Primary antibodies directed against Adipor1 (1:1000, Rb 
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IgG, Gentaur, ADIPOR12-A), AdipoR2 (1:1000, Rb IgG, Gentaur, ADIPOR22A) and t-cadherin (1:1000, 

R&D, AF3264) as well as corresponding secondary HRP conjugated antibodies (Donkey anti-Rb IgG, 

VWR, NA934) and (Rabbit anti-goat IgG, Abcam, ab6741)) were diluted in 1% non-fat dry milk TBS-T 

for incubation overnight at 4°C and 1 hour at room temperature respectively. The HRP signal was 

visualized using Supersignal West Femto Max Sensitivity Kit (Thermo Fisher Scientific) and the Fusion 

FX7 spectra (Vilber, France). Densitometry was performed using Fiji software. The densitometry signal 

was normalized to the total proteins stained by Ponceau Red. 

Statistical analysis 

Statistical analyses were done using SigmaPlot software, version 14.  Data were expressed as mean ± 

SD and represented as histograms (mean ± SD) or boxplots (5 and 95th percentile). For comparison, 

depending on normality and equal variance tests, we used : (i) a Student’s t-test (plasmatic ApN and 

ApN oligomers, AdipoQ and Fbxo32 in the Soleus,  adipo(co)receptor mRNA and protein levels; 

myofiber CSA, proportion and MFD as indicated in figure legends), or (ii) a Welch's t-test (Adipoq 

mRNA, type IIx CSA and MFD in the TA muscle), or (iii) the non-parametric Mann-Whitney Rank Sum 

test (Type I myofiber CSA and type IIb myofiber proportion in the Soleus muscle), and (iv) Chi-square 

test (myofiber CSA distribution in the Soleus and TA muscles).  B.w. were expressed as a percentage of 

the baseline b.w (D0) and compared with a Two-way Analysis of Variance Repeated measure statistical 

test. B.w evolution during the protocol was also evaluated using linear regression, calculation of slope 

coefficients, and mean comparison between HLUI and CTL mice with a Student’s t-test.  

RESULTS 

Optimization of a model of moderate muscle disuse 
To study the impact of muscle disuse on ApN pathway, we used a murine model of Hindlimb Unloading 

(HLU). The model, adapted from (44), allowed to limit mouse stress by maintaining social interactions 

and movements. Here, we added an acclimatization period of 3 days and combined the HLU 

suspension technique with a hindlimb immobilization procedure (HLUI) (Fig 1, A-D). 

HLUI mouse b.w was similar to CTL at baseline (D0, Fig 1E). We observed a slight decrease in b.w. the 

day before euthanasia (D13) (b.w. variation between D0 and D13 in CTL: +4,5% ± 4.6% and HLUI: -1.8% 

± 4.4 %, Fig 1F). B.w. evolution in the CTL group showed a slight gain during the protocol with an 

evolution slope of 0.7 ± 1.1% (Fig 1G). B.w. evolution in the HLUI group was relatively stable but we 

can notice a slope value slightly negative (-0.5 ± 0.85 %) and significantly different to the CTL group at 

a statistical level (p=0.012, student’s t-test) (Fig 1G). Regarding mean food consumption, no differences 

were found between HLUI and CTL groups (Supplemental Fig. S1).  

To further characterize the HLUI model, we also investigated the expression of Fbxo32 (encoding 

Atrogin-1), an early marker of DMA development in rodents. We showed that 3 days of HLUI 

successfully induced Fbxo32 upregulation in the Soleus and the TA muscles (Supplemental Fig. S2). 
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Figure 1. Murine model of Hindlimb Unloading and Immobilisation (HLUI). (A) Timeline.  Mice were first 

submitted to an acclimatization period (acclim.) of 3 days during which they were attached to the tail-suspension 

system and kept at floor level to allow the use of both forelimbs and hindlimbs (from D-3 to D0). This step was 

followed by 3 (D3) or 14 days (D14) of HLUI protocol. (B) HLUI procedure. Three bands of medical tape were fixed 

to the tail. A paperclip was modified to form a hook attached to the tail by using 3 bands of medical tape.  The 

hook was connected to a metal chain ending in a ring. Hindlimbs were immobilized in extension position (ankle 

was fixed in dorsiflexion position) with medical tape. HLUI mice were then suspended with a 30° angle. (C) HLUI 

mice. (D) Cage set up.  Large rat cages were converted by adding a rod fixed to the top of the cage. For tail 

suspension, the chain was attached to the rod via the ring therefore allowing a sliding mechanism.  Mice were 

thus able to move with their forelimbs in the rod axis. Two mice were housed per cage to allow social interactions. 

(E) B.w at D0. Data represented as boxplots; CTL(n=10) vs HLUI(n=11), Mann-Whitney Rank Sum test, NS. (F) Body 

weight variations between D0 and D13. Data represented as boxplots; **: p<0.01, CTL(n=10) vs 

HLUI(n=11), Student’s t-test. (G) Body weight (b.w) evolution and slope comparison. B.w was measured daily 

and the first day of protocol (D0) was defined as a 100% baseline. Data represented as mean ± SEM, CTL(n=10) vs 

HLUI(n=11). B.w slope evolution was determined from D1 to D13 of the protocol. Data represented as boxplots; 

*: p<0.05, CTL(n=10) vs HLUI(n=11), Student’s t-test.  
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Effects of moderate muscle disuse in mice are fibre-type dependent 

Soleus slow-twitch muscle 
Myosin heavy chain (MyHC) immunodetection on Soleus muscle cryosections allowed the detection of 

type I, type IIa and type IIb myofibers in CTL and HLUI mice (Fig. 2A). When all myofiber cross-sectional 

areas (CSA) were measured in the whole muscle, we observed that the HLUI protocol did not affect 

Soleus myofiber mean CSA. However, the analysis of myofiber CSA distribution showed an increased 

proportion of myofibers in smaller area clusters (<1200 µm²) in HLUI mice when compared with CTL 

myofibers CSA distribution (p<0.001, Chi-square) (Fig. 2B). To minimize potential risks of bias linked to 

sectioning angle orientation, the MFD was also measured, but no modification was observed when 

considering the whole muscle section.  

Fiber-type-specific myofiber morphometrical analyses revealed that HLUI-induced muscle disuse was 

associated with fiber-type-dependent alterations. Indeed, HLUI had no impact on type I myofiber CSA 

(Fig. 2C) but type IIa myofiber CSA distribution showed a switch towards fibers with smaller CSA (<1200 

µm²) in the HLUI groups compared to CTL mice (p<0.05, Chi-square). Type IIa myofiber mean MFD was 

also reduced in HLUI mice as compared to CTL mice (p<0.05, Student’s t-test) (Fig. 2D).   Type IIb 

myofibers were only detected on 3 to 5 CTL and HLUI Soleus muscles.   When present, type IIb myofiber 

CSA appeared not affected by HLUI but a significative reduction of the MFD was observed in HLUI 

Soleus muscles (p<0.05, Student’s t-test) (Supplemental Fig. S3).   

Since DMA is commonly described as characterized by a myofiber type switch (4, 6), we interrogated 

this feature in the HLUI model. In the Soleus muscle, the percentage of type I, type IIa, and type IIb 

myofibers were 35.3 ± 8.2 %; 63.1 ± 6.2%, and 1.6 ± 2.5%, respectively. These proportions were not 

significantly modified in the Soleus muscle of HLUI mice (Fig. 2F, Supplemental Table S3). However, 

morphometrical analyses revealed the presence of MyH7+(Cy5)/MyH2+(FITC) double positives 

myofibers generally named hybrid I/IIa (or switching) myofibers. The proportion of type I (MyH7+) 

myofibers that are also type IIa (MyH2+) myofibers was found to increase in HLUI Soleus muscles (8.4 

± 3.3%) as compared to CTL (3.7 ± 2.3%) (p<0.05, Student’s t-test) (Fig. 2H-G), suggesting an ongoing 

slow-to-fast myofiber transition in the Soleus muscle upon HLUI.  
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Figure 2. Effects of HLUI-mediated muscle disuse in mice Soleus are fiber-type dependant. Cross-sectional Area 

(CSA), myofiber CSA distribution and Feret’s diameter were measured following type I, IIa and IIb 

immunofluorescence detection and morphometrical analysis were performed with Cellpose and Image J 

softwares. (A) Representative fields. (Left) CSA was measured in all fibers (B), in type I (C) and in type IIa 

myofibers (D). Data represented as boxplot. CTL(n=5) vs HLUI(n=5), Student’s t-test, NS. (Center) Myofibers were 

classified in clusters according to their CSA (µm²). All fibers (B), type I fibers (C) and in type IIa myofibers (D). Data 

represented as mean ± SD, CTL(n=5) vs HLUI(n=5), Chi-square. Cumulative percentages of myofibers in CSA 

clusters in, all fibers (B), in type I (C), in type IIa (D) and in type IIb fibers. (Right) Minimim Feret’s diameter (MFD) 

was measured in all fibers (B), in type I (C) and in type IIa myofibers (D). Data represented as boxplot; *: p<0.05, 

CTL(n=5) vs HLUI(n=5), Student’s t-test. (E) Myofibers type proportions. Data represented as stacked bars; 

Student’s t-test, NS. (F) Percentage of type I myofibers also positive for IIa myofibers markers. Data represented 

as boxplot; *: p<0.05, CTL(n=5) vs HLUI(n=5), Student’s t-test. (G) Representative field showing hybrid (I/IIa) 

myofiber detection. White arrow: Hybrid (I/IIa) myofibers. 
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Tibialis Anterior fast-twitch muscle:  
MyHC immunodetection in Tibialis Anterior (TA) muscle cryosection allowed the detection of type I, 

type IIa and type IIb myofibers in CTL and HLUI mice (Fig. 3A). We also observed unstained myofibers 

that likely correspond to IIx myofibers (Supplemental Fig. S4) as described in (50). HLUI-induced disuse 

decreased the whole TA muscle myofiber CSA, with a mean CSA of 2484 ± 328 µm² in HLUI mice, and 

of 3147 ± 435 µm² in the CTL group (p<0.05, Student’s t-test) (Fig. 3B). Moreover, myofiber CSA 

distribution analyses indicated that HLUI mice TA muscles present higher percentages of myofibers in 

clusters corresponding to small/intermediate CSA (<2700µm²) as compared to CTL TA muscles 

(p<0.001, Chi-square). MFD measurements are also in agreement with a reduced myofiber CSA in HLUI 

TA muscle (p<0.01, Student’s t-test) (Fig. 3B). 

Regarding fiber-type-specific changes in the TA muscle, HLUI mainly affected type IIa and type IIb 

myofibers. Indeed, type IIa myofibers CSA was reduced in HLUI mice (1852 ± 343 µm²) as compared to 

CTL (2342 ± 367 µm²) (p<0.05, Student’s t-test) (Fig. 3C). Moreover, HLUI mice also presented changes 

in type IIa myofibers CSA distribution in favor of smaller CSA clusters (<1800 µm²) (p<0.05, Chi-square) 

(Fig. 3C). Similarly, type IIb myofibers CSA was decreased in HLUI mouse TA (2864 ± 474 µm²) as 

compared to CTL (3724 ± 555 µm²) (p<0.05, Student’s t-test) (Fig. 3D) and type IIb myofibers CSA 

distribution in HLUI mice shifted towards small and intermediate clusters (<3000 µm²) (p<0.001, Chi-

square) (Fig. 3D). HLUI did not impact significantly type I and unstained myofibers CSA but we 

highlighted changes in unstained fibers CSA distribution (p<0.001, Chi-square) (Supplemental Fig. S4) 

As concerns myofibers type proportion, CTL TA muscle present 1.3 ± 0.8% of type I, 24.4 ± 5.3 % of 

type IIa,  53.6 ± 9 % of type IIb and 20.6 ± 9 % of unstained (IIx) myofibers. Importantly, type I myofiber 

percentage was found significantly reduced in HLUI mice TA muscles (0.4 ± 0.4 %) (p<0.05, Student’s t-

test) whereas type IIa (20.5 ± 10.6 %), type IIb (52.5 ± 11.8 %) and type IIx (26.6 ± 8.8%) myofibers 

proportions were unchanged (Fig. 3E, Supplemental. Table S3). This is consistent with the analysis of 

double positive fibers that showed that almost the totality of MyH7+ (Cy5-stained, type I myofibers) in 

the TA muscle of HLUI mice (94.7 ± 11.9%) are also MyH2+ (FITC-stained, type IIa myofibers). In the CTL 

group, the corresponding mean percentage was only of 67.2 ± 18.7% (p<0.05, Student’s t-test) (Fig. 

3F). Those results suggest that HLUI is accompanied by a slow-to-fast myofiber transition induced by 

HLUI in the TA muscle.   
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Figure 3. Effects of HLUI-mediated muscle disuse in mice Tibialis Anterior are fiber-type dependant. 

Cross-sectional Area (CSA), myofiber CSA distribution and Feret’s diameter were measured following type I, IIa 

and IIb immunofluorescence detection and morphometrical analysis were performed with Cellpose and Image J 

softwares. (A) Representative fields. (Left) CSA was measured in all fibers (B), in type IIa (C), and in type IIb fibers 

(D). Data represented as boxplot; *: p<0.05, CTL(n=5) vs HLUI(n=5), Student’s t-test. (Center) Myofibers were 

classified in clusters according to their CSA (µm²). All fibers (B), type IIa fibers (C), and in type IIb fibers (D). Data 

represented as mean ± SD. CTL(n=5) vs HLUI(n=5), Chi-square. Cumulative percentages of myofibers in clusters 

in all fibers (B), in type IIa (C), and in type IIb fibers (D). (Right) Minimim Feret’s diameter (MFD) was measured 

in all fibers (B), in type IIa (C), and in type IIb fibers (D). Data represented as boxplot; **: p<0.01, CTL(n=5) vs 

HLUI(n=5), Student’s t-test. (E) Myofibers type proportions. Data represented as stacked bars; *: p<0.05 

Student’s t-test. (F) Percentage of type I myofibers also positive for IIa myofibers markers. Data represented as 

boxplot; *: p<0.05, CTL(n=5) vs HLUI(n=5), Student’s t-test. (G) Representative field showing hybrid (I/IIa) 

myofiber detection. White arrow: Hybrid (I/IIa) myofibers. 
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Moderate muscle disuse in mice modifies plasmatic ApN oligomer distribution.  
The expression of Adipoq (encoding ApN) was not significantly modified by HLUI, either in the Soleus 

or the TA muscles. However, we noticed that Adipoq expression tends to be higher but also more 

variable in HLUI TA muscles than in the CTL group (Fig. 4A). 

Interestingly, ApN plasmatic level was increased in HLUI mice (11.73 ± 1.73 µg/ml) as compared to CTL 

(10.02 ± 1.70 µg/ml) (p<0.05, Student’s t-test) (Fig. 4B). This increase is associated with modifications 

in ApN oligomer distribution in the plasma (Fig 4C-E). Indeed, although the SA Index (Fig. 4C) and HMW 

ApN circulating forms were not significantly modified by HLUI (Fig. 4E), the proportion of LMW 

circulating forms was reduced in HLUI mice (40.52 ± 6.87%) as compared to CTL (50.79 ± 3.36%) 

(p<0.05, Student’s t-test) (Fig. 4E). In contrast, the proportion of MMW ApN forms was increased 

(40.71 ± 3.77%) when compared with CTL (34.23 ± 4.27%) (p<0.05, Student’s t-test) (Fig. 4E).  

 

 

Figure 4. HLUI-mediated muscle disuse in mice modify plasmatic ApN oligomer distribution.  

(A) Adipoq mRNA levels were assessed in Soleus and Tibialis Anterior hindlimb muscles of CTL and HLUI mice by 

RTqPCR with ΔΔCt method (housekeeping gene: Rplp0; data normalized to CTL). Data represented as boxplot, 

CTL(n=6) vs HLUI(n=5), Student’s t-test: NS.  (B) Plasmatic ApN levels were measured by ELISA in the plasma of 

CTL and HLUI mice. Data represented as boxplot; *: p<0.05, CTL(n=10) vs HLUI(n=11), Student’s t-test. (C-E) 

Plasmatic ApN oligomers. The proportion of high (HMW), Medium (MMW) and Low (LMW) molecular weight 

ApN oligomers were determined using non-denaturant PAGE-SDS followed by a western blot (C) SA Index 

corresponds to the ratio HMW/(LMW+MMW+HMW). Data represented as boxplot; CTL(n=4) vs 

HLUI(n=5), Student’s t-test: NS. (D) Representative blot. (E) ApN oligomers distribution. Densitometric analyses 

were performed with Image J software. Each ApN form signal was normalized on the Ponceau Red signal and 

then reported as a percentage of the total ApN signal. Data represented as boxplot; *: p<0.05, CTL(n=4) vs 

HLUI(n=5), Student’s t-test.  
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The effect of muscle disuse on ApN (co)receptors expression depends on muscle type.   
Here, we investigated ApN pathway (co)receptors expression at the mRNA and protein levels in HLUI-

induced disused muscles.  Globally, the data indicate that the effect of muscle disuse differs in slow-

twitch Soleus (Fig. 5A-B) and fast-twitch TA muscles (Fig. 5C-D). Indeed, HLUI in mouse Soleus was 

associated with a decrease in Adipor1 (0.47 ± 0.14), Adipor2 (0.38 ± 0.11) and Cdh13 (0.53 ± 0.17) 

mRNA levels as compared to CTL (p<0.01, Student’s t-test) (Fig. 5A). At the protein level, the decreased 

Adipor1 protein level was not statistically significant in the Soleus of HLUI mice (24.25 ± 23.32) as 

compared to CTL (38.65 ± 11.42) (Student’s t-test) and we observed relatively high variability in the 

HLUI group. Adipor2 expression decline is consistent with the significant decrease of Adipor2 protein 

level (30.11 ± 7.13) as compared to CTL mice (49.30 ± 13.50) (p<0.05, Student’s t-test) (Fig. 5B). As 

concerns the co-receptor t-cadherin, the immunodetection on Western blot allowed us to detect two 

bands corresponding to t-cadherin with (130kDa) and without (100kDa) its prodomain, as described in 

(23, 51). Densitometric analysis indicated that the total amount of t-cadherin was increased in disused 

Soleus muscles (28.50 ± 9.51) as compared to CTL (18.34 ± 5.33) (p<0.05, Student’s t-test) (Fig. 5B). 

This difference was observed for the 100kDa form (p<0.05, Student’s t-test) and was at the limit of 

statistical significance for the 130kDa form (p=0.057, Student’s t-test) (Supplemental Fig. S5).  

Contrary to data obtained in the Soleus muscle, HLUI in mouse TA is not associated with modifications 

of ApN (co)receptor expression, neither at the mRNA, nor at protein levels (Fig. 5C-D and Supplemental 

Fig. S6). 

 
Figure 5. The protein level of AdipoR in skeletal muscle is affected by DMA but this effect depends on muscle 

type. Adiporeceptors mRNA (A-C) and protein levels (B-D) were assessed in (A-B) the Soleus slow-twitch muscle 

and (C-D) the Tibialis Anterior fast-twitch muscle. (A-C) Adipor1, Adipor2 and Cdh13 mRNA levels were assessed 

by RTqPCR with ΔΔCt method (housekeeping gene: Rplp0; data normalized to CTL). Data represented as boxplot; 

**: p<0.01, ***: p<0.001, CTL(n=6) vs HLUI(n=5), Student’s t-test. (B-D) Adipor1, Adipor2 and T-cadherin protein 

levels were determined using denaturant PAGE-SDS followed by a western blot. Densitometric analyses were 

performed with the Image J software. Signal was normalized on Ponceau Red. Data represented as boxplot; *: 

p<0.05, CTL(n=7) vs HLUI(n=5), Student’s t-test Right, representative blots.  
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DISCUSSION 
Hindlimb Unloading models are widely used to mimic muscle disuse in rodents (4, 44, 52). Here, this 

model was coupled with hindlimb immobilization and optimized to reduce mouse stress 

(acclimatization period, social interactions, displacement with forelimbs, …) thus permitting to 

minimize bias in assessing disuse-mediated muscle effects. These optimizations successfully limited 

b.w. loss in HLUI mice as compared to other studies in hindlimb unloading rodent models (53, 54).  B.w 

parameter being important to control throughout HLUI experiments to avoid confounding factors. 

Indeed, b. w. loss is known to be associated with an activation of muscle proteolysis pathways (55, 56) 

and to modify ApN pathway components.    

Evaluation of the disuse-mediated alterations in hindlimb muscles indicates that 14 days of HLUI affect 

differently the slow twitch Soleus muscle and the fast twitch TA muscle.  

In the Soleus muscle, HLUI has a moderate effect, mostly affecting type IIa myofiber distribution by a 

shift towards smaller CSA. Since the disuse-mediated slow-to fast myofiber switch has been largely 

described (4, 5, 7, 19), we investigated myofiber-type proportions and found that this parameter was 

unchanged in the Soleus muscle of HLUI mice. However, we observed an increased proportion of type 

I fibers that are also positive for the type IIa marker. Since these hybrid I/IIa myofibers are known to 

be implicated in fiber-type transitioning (57, 58), this suggests an ongoing switch from type I to type 

IIa myofibers in the HLUI Soleus muscle. It is commonly reported that 14 days of Hindlimb Unloading 

(HLU) provoke a significative decrease in myofibers CSA associated with a slow-to-fast transition in the 

antigravitational Soleus muscle (4, 6, 59).  Here, the moderated effect of disuse in the Soleus muscle 

could be explained by the positioning of the Soleus during immobilization. Indeed, in our experimental 

condition, mouse ankles are in a neutral position, close to the dorsiflexed position, the plantarflexion 

being commonly considered “unnatural”. Ankle joint immobilization in the dorsiflexal position 

stretches the Soleus muscle, a condition associated with less severe atrophy than shortened muscles, 

due to persistent isometric contractions (60–62). This could contribute to a delayed slow-to-fast 

myofiber switch in the Soleus muscle upon HLUI, this muscle being likely in a transitioning state.   

In the TA muscle, HLUI has a stronger effect, and affects both type IIa and type IIb myofibers CSA. HLUI 

TA muscles also present evidence of a slow-to-fast myofibers switch. Indeed, the proportion of type I 

myofibers is clearly reduced by disuse, and the majority of type I myofibers in HLUI TA muscles are also 

positive for the type IIa marker. Conversely to the Soleus, ankle joint immobilization in HLUI mice 

shortened the TA muscle, a position known to maximize atrophy development (62).  

 

Given the myoprotective effects of ApN (21, 28–30), we investigated whether muscle deconditioning 

is accompanied by alterations of its plasmatic level, circulating forms proportions and muscular 

receptor expression.  

At a systemic level, we observed increased levels of ApN in the plasma of HLUI mice as well as 

disturbances of LMW and MMW circulating form proportions.  Increased ApN plasmatic levels were 

suggested to be implicated in sarcopenia-mediated muscle wasting as higher ApN plasmatic levels are 

associated with low skeletal muscle mass and higher mortality in elderly people (37, 63). However, this 

hypothesis was rejected by C. Walowski et al., who suggested that muscle mass loss is not causally 

related to ApN in old adults. The authors attribute “the ApN paradox” to an age-related decrease of 

Insulin-like Growth Factor (IGF-1), negatively associated to ApN plasmatic level (38). Conversely, 

plasmatic ApN is decreased in mdx mice (a model of Duchenne Muscular Dystrophy (DMD)) (64).  Here, 

several factors may contribute to the increased ApN plasmatic levels, but Adipoq expression levels are 

not significantly modified in the disused muscles, suggesting a modification of its secretion by other 

secretory organs such as adipose tissue. Potential modifications in Adipoq post-transcriptional 

processes in HLUI mouse muscles cannot be excluded. Since ApN circulating forms do not interconvert 
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in plasma (65), the observed decrease in LMW proportion in favor of MMW in HLUI plasma is probably 

the result of variations of ApN post-translational modifications upon disuse.  

Even if ApN plasmatic level increases upon disuse, our results suggest an ApN resistance in the Soleus 

muscle. Indeed, Adipor1, Adipor2 and Cdh13 expressions are downregulated in HLUI Soleus muscle as 

compared to controls. Accordingly, Goto et al. observed a similar decline in Adipor1 but not in Adipor2 

mRNA levels in the Soleus muscle after 14 days of HLU without immobilization (41). Moreover, they 

demonstrated that functional overloading and muscle regrowth following HLU is accompanied by an 

upregulation of Adipor1 mRNA levels, thus highlighting a link between mechanical loading and ApN 

pathway regulation (41). On the other hand, Adipor1 and Adipor2 mRNA down-regulation may also 

result from a disuse-mediated hyperinsulinemia (66–69) as Adipor1 and Adipor2 mRNA expression 

were reported inversely regulated by insulin in physiological conditions, via Phosphoinositide 3-

kinase/Foxo1 dependent pathways (70). However, Adipor1, Adipor2 and Cdh13 expressions were 

found unchanged in HLUI mice TA muscles.  Although hyperinsulinemia was not directly assessed in 

our study, we can reasonably assume that if present, such hyperinsulinemia would have affected 

Adipor1, Adipor2 and Cdh13 mRNA levels in the TA muscle.  

Moreover, the HLUI-mediated adiporeceptor down-regulation is associated with decreased levels of 

Adipor2 protein level in the Soleus muscle.  Adipor1 protein level also tends to decrease with HLUI but 

we notice a higher inter-individual variability.  Such alterations in AdipoR protein level can prevent ApN 

biological activities. Indeed, the Adipor1/AMPK/SIRT1/PGC1α axis (71) was reported as essential for 

the maintenance of type I myofibers and oxidative metabolism (21). Consequently, this suggests that 

this decreased adiporeceptor protein level is involved in the slow-to-fast myofiber switch occurring in 

the Soleus muscle of HLUI mice. Furthermore, the resulting disuse-mediated PGC1α hypoactivation 

may limit its repressive action on FoxO3, a transcription factor that promotes the expression of the 

MAFbx Ubiquitines Ligases (Atrogin 1) implicated in myofiber atrophy (4, 42, 72). The consequences of 

a downregulation of AdipoR2 are unclear as this receptor has been poorly studied in skeletal muscle 

due to its reduced abundance in this tissue compared to AdipoR1. However, AdipoR2 activation by 

ApN is known to activate the expression of PPARs ligands, thus stimulating glucose and lipid 

homeostasis (20, 73, 74). AdipoR2 protein level reduction in HLUI Soleus muscles could thus have 

consequences at the metabolic level.  Interestingly, despite Cdh13 mRNA decrease by disuse, t-

cadherin protein level appears increased in the Soleus muscle. Such an increase in t-cadherin protein 

level is consistent with the elevated ApN plasmatic level as t-cadherin protein, but not Cdh13 mRNA, 

is known to be increased by ApN in endothelial cells in vivo and in vitro via the suppression of an 

endogenous GPI phospholipase D implicated in t-cadherin cleavage (24).  It is now well established that 

t-cadherin acts locally to maintain ApN at the myofiber membrane. However, t-cadherin has no 

transmembrane domain and is then unable to activate intracellular pathways by itself (23, 51).  

Contrary to the Soleus, Adipor1, Adipor2 and t-cadherin protein levels appear unaffected by the disuse 

in the TA muscle. Such results are consistent with the absence of modifications in ApN (co)receptors 

expression in this muscle. Disuse-mediated ApN pathway alterations are thus rather muscle-type 

dependent than related to the severity of muscle atrophy. Our data therefore highlight the necessity 

to better understand fiber-type specific alterations of adiporeceptors in muscle disuse. In prospect of 

our study, potential change in adiporeceptors membrane location, internalization rate and recycling 

(75, 76), as well as the presence of AdipoR homo- and hetero-dimers (77, 78) have also to be better 

deciphered in this pathological context as factors influencing  ApN effects (75–78).   

Conclusions  
In conclusion, HLUI in mice induces a fiber-type-dependent atrophy accompanied by a type I/IIa 

myofiber switch. Muscle activity in physiological conditions (anti-gravity vs running) and positioning 

during immobilization (stretched vs shortened) constitute additional factors influencing the kinetics of 

disuse consequences. Muscle alterations occur concomitantly with an elevation of ApN plasmatic level, 
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disturbances in oligomeric form proportion, and muscle-type dependent alterations in adiporeceptor 

expression. Further studies are now needed to determine whether the observed ApN pathway changes 

upon disuse participates to a vicious cycle reinforcing muscle dysfunction in this pathological context.  
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Supplemental material   
Table 1. Primary and secondary antibody cocktails used in myofiber type immunofluorescence 
staining.    

Primary antibody cocktail 

 Antigen  Host species/Isotype  Dilution  RRID 

ab 11575, Abcam Laminin Rabbit, IgG 1:50 RRID: AB_298179 

BA-D5, DSHB  MyHC 7 Mouse, IgG2b 1:50 RRID: AB_2235587 

SC-71, DSHB MyHC2 Mouse, IgG1 1:100 RRID: AB_2147165 

BF-F3, DSHB MyHC4 Mouse, IgM 1:10 RRID: AB_2266724 

Secondary antibody cocktail 

 Antigen   Host species  Dilution  RRID 

Alexa 405, (ab175652) 

Abcam 
Rabbit IgG Goat 1:50 / 

Alexa 647, (A-21242) 

Thermofisher 
Mouse IgG2b Goat 1:100 / 

Alexa 488, (A-21121) 

Thermofisher 
Mouse IgG1 Goat 1:100 / 

Alexa 555, (A-21426) 

Thermofisher 
Mouse IgM Goat  1:50 / 

 

Table 2. Mouse primers used in RTqPCR analysis.   
Gene   Sequence   Tm   

Rplp0  
Fw: GGA-CCC-GAG-AAG-ACC-TCC-TT  
Rv: GCA-CAT-CAC-TCA-GAA-TTT-CAA-TGG  

60°C  

Adipoq  
Fw: GTT-GCA-AGC-TCT-CCT-GTT-CC  
Rv: TCT-CCA-GGA-GTG-CCA-TCT-CT  

58°C  

Adipor1  
Fw: TCT-TCG-GGA-TGT-TCT-TCC-TGG  
Rv: TTT-GGA-AAA-AGT-CCG-AGA-GAC-C  

62°C  

Adipor2  
Fw: CCT-TTC-GGG-CCT-GTT-TTA-AGA  
Rv: GAG-TGG-CAG-TAC-ACC-GTG-TG  

62°C  

Cdh13  
Fw: GCC-CTC-GTG-AGC-CTT-CTT-C  
Rv: CAC-CCT-GAG-GTC-CGT-GAT-GT  

58°C  

Fbxo32  
Fw:GCA-AAC-ACT-GCC-ACA-TTC-TCT-C  
Rv: CTT-GAG-GGG-AAA-GTG-AGA-CG  

60°C  

 

Table 3. Effect of the HLUI-mediated disuse on myofiber-type proportions in the slow twitch Soleus 
and the fast twitch TA muscles.    

Soleus   TA 
 

  Myofibers proportion  
(%)  

P 
Value  

Myofibers proportion  
(%)  

P  
Value  

  CTL  HLUI    CTL  HLUI    

All myofibers   /  /  /  /  /  /  

Type I myofibers  35.34 ± 8.24  32.23 ± 4.43  0.48  1.31 ± 0.81  0.39 ± 0.38  0.04*  

Type IIa myofibers  63.05 ± 6.21  65.58 ± 4.27  0.46  24.44 ± 5.30  20.52 ± 10.57  0.47  

Type IIb myofibers   1.61 ± 2.54  2.19 ± 2.61  0.69  53.61 ± 8.96  52.50 ± 11.75  0.87  

Unstained myofibers   / / / 
20.64 ± 9.03  26.59 ± 8.76  0.29  

Hybrid I/IIa myofibers   1.19 ± 0.55  2.83 ± 1.40  0.41  1.84± 0.87  1.30 ± 1.02  0.43  

Values are means ± SD; CTL (n=5), HLUI (n=5); (Except in the Soleus for type IIb where n=3). CSA, Cross-sectional 
Area; MFD, Minimum Feret's Diameter; Comparisons made HLUI vs CTL by Student’s t test or Mann-Whitney 
Rank Sum test according to the normality assay result.   
 



55 
 

 

 
Suppl. Fig 1. Food consumption assessment in CTL and HLUI mice. (A) Food consumption was 

measured daily. Data plotted as mean ± SD, CTL(n=10) vs HLUI(n=11), ***: p<0.001, Two-way ANOVA 

repeated measures. (B) Mean daily food consumption. Data represented as boxplots; CTL(n=10) vs 

HLUI(n=11), Student’s t-test, NS.  

 

 

 

Suppl Fig 2. Early effects of HLUI on Fbxo 32 expression. Fbxo 32 mRNA level was assessed in (A) the 

Soleus and (B) the Tibialis Anterior muscles by RTqPCR with ΔΔCt method (housekeeping gene: Rplp0; 

data normalized to CTL). Data represented as boxplot; *: p<0.05; ***: p<0.001; Student’s t-test.  
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Suppl. Fig 3. Effects of HLUI-mediated muscle disuse in mice Soleus type IIb fibers. Cross-sectional 

Area (CSA), myofiber CSA distribution and Feret’s diameter were measured following type I, IIa, and 

IIb immunofluorescence detection and morphometrical analysis were performed with Cellpose and 

Image J software. (A) Representative fields. (B) CSA was measured in type IIb fibers. Data represented 

as boxplot, CTL(n=5) vs HLUI(n=5), Student’s t-test, NS. (C) Type IIb myofibers were classified in clusters 

according to their CSA (µm²). Data represented as mean ± SD, CTL(n=5) vs HLUI(n=5). Statistical tests 

have not been performed because of the low number of type IIb fibers in the soleus muscle, the Chi-

square requiring a minimal number of observations in each cluster. (D) Cumulative percentages of type 

IIb myofibers in CSA clusters. (E) Minimum Feret’s diameter (MFD) was measured in type IIb fibers. 

Data represented as boxplot; *: p<0.05, CTL(n=5) vs HLUI(n=5), Student’s t-test.  
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Suppl. Fig 4. Effects of HLUI-mediated muscle disuse in mice TA type I and unstained fibers. Cross-

sectional Area (CSA), myofiber CSA distribution and Feret’s diameter were measured following type 

I, IIa and IIb immunofluorescence detection and morphometrical analysis were performed with 

Cellpose and Image J softwares. (A) Representative fields. (Left) CSA was measured in type I fibers (B) 

and in unstained fibers (C). Data represented as boxplot, CTL(n=5) vs HLUI(n=5), Student’s t-test in type 

I, Welch’s t-test in unstained, NS. (Center) Myofibers were classified in clusters according to their CSA 

(µm²). Type I (B) and unstained fibers (C). Data represented as mean ± SD, CTL(n=5) vs HLUI(n=5), Chi-

square. Cumulative percentages of myofibers in type I fibers (B) and in unstained fibers (C). (Right) 

Minimim Feret’s diameter (MFD) was measured in type I fibers (B) and in unstained fibers (C). Data 

represented as boxplot, CTL(n=5) vs HLUI(n=5), Student’s t-test in type I, Welch’s t-test in unstained, 

NS.  
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Suppl. Fig 5. (A) Mature (100kDa) and pro-domain bearing (130kDa) T-cadherin protein levels and (B) 

corresponding western blot immunodetection and Red Ponceau in the Soleus muscle. T-cadherin 

protein levels were determined using denaturant PAGE-SDS followed by a western blot. Densitometric 

analyses were performed with Image J software. Signal was normalized on Ponceau Red. Data 

represented as boxplot; *: p<0.05, CTL(n=7) vs HLUI(n=5), Student’s t-test. Right, representative blots. 
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Suppl. Fig 6. (A) Mature (100kDa) and pro-domain bearing (130kDa) T-cadherin protein level and (B) 

corresponding western blot immunodetection and Red Ponceau in Tibialis Anterior muscle. T-

cadherin protein levels were determined using denaturant PAGE-SDS followed by a western blot. 

Densitometric analyses were performed with Image J software. The signal was normalized on Ponceau 

Red. Data represented as boxplot; *: p<0.05, CTL(n=7) vs HLUI(n=5), Student’s t-test. Right, 

representative blots. 

 

 

 

 

 

 

 

 

 

Suppl. Fig 7. Early effects of HLUI on bodyweight evolution. (A) B.w was measured daily and the first 

day of protocol (D0) was defined as a 100% baseline. Data represented as mean ± SD, *: p<05, CTL(n=6) 

vs HLUI(n=6), Two-way ANOVA repeated measures. (B) Slope comparison. B.w slope evolution was 

determined between D1 and D3 of the protocol. Data represented as boxplots; CTL(n=6) vs 

HLUI(n=6), Student’s t-test, NS.  
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Suppl. Fig 8. Adiponectin circulating forms western blot immunodetection and corresponding Red 

Ponceau.  
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Suppl. Fig 9. Adipor1 western blot immunodetection and corresponding Red Ponceau in (A) Soleus 

and (B) Tibialis Anterior muscles.  
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Suppl. Fig 10. Adipor1 western blot immunodetection and corresponding Red Ponceau in (A) Soleus 

and (B) Tibialis Anterior muscles.  
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X. PART2: Effect of Adiponectin knockout in a context of skeletal 
muscle deconditioning and reconditioning in mice.  

 

Preface 

In this part of the study, we investigated whether the loss of ApN protective properties during 

muscle deconditioning may exacerbate DMA (AIM #3). To this aim, loss-of-function 

experiments have been performed by using ApN KO mice. Moreover, we determined whether 

the absence of ApN may limit the benefits of muscle reconditioning (AIM#4).  

Since ApN is well known for its antioxidant properties, parameters indicative of skeletal muscle 

redox status have been particularly assessed to better understand mechanisms underlying 

ApN roles in muscle deconditioning and rehabilitation. 

 

Results have been included in a publication that will be submitted in the American Journal of 

Applied Physiology.  
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ABSTRACT 
Skeletal muscle deconditioning leads to a Disuse-mediated Muscle Atrophy (DMA) and a persistent 

muscle weakness impairing rehabilitation. To develop pharmacological therapeutical approaches, 

molecular mechanism underlying exercise training (ET) benefits have to be clarified. Adiponectin (ApN) 

is an adipo/myokin suggested to be involved in ET benefits. We previously demonstrated alteration of 

its pathway in a murine model of muscle disuse consisting in hindlimb unloading and immobilization 

(HLUI) in mice 

Here, we investigated whether the loss of ApN protective properties during muscle deconditioning 

may exacerbate DMA or limit the benefits of muscle reconditioning.  

The Soleus muscle of ApN-KO HLUI mice exhibited a more pronounced DMA severity and an increased 

proportion of type IIa myofibres as compared to WT. HLUI was also shown to have a “pre-conditioning-

like effect” increasing the ET-mediated type IIa/I myofibre transition. This effect is prevented in the 

absence of ApN, suggesting impaired muscle plasticity during rehabilitation.  Given ApN antioxidant 

properties, the Soleus muscle redox status has been investigated.  ApN knockout does not exacerbate 

HLUI-mediated changes in pro-oxidant/ antioxidant indicators, suggesting that additional ApN 

properties may be involved in the increased DMA severity observed in these animals. However, in ApN 

KO mice, correlation analyses showed that myofibers with smaller cross-sectional area (CSA) exhibited 

higher Nox expression, Sod1 protein levels, and lipid peroxidation, therefore indicating that the 

atrophy occurring in the absence of ApN is associated with redox equilibrium perturbations. Most of 

these modifications are no longer observed after ET, even in ApN KO mice, suggesting that additional 

ApN-independent processes underline ET effects.     

In conclusion, our study highlights that the loss of ApN protective properties aggravates atrophy and 

impairs compensatory mechanisms initiated during DMA, particularly fiber-type switches. This has 

persistent consequences in muscle plasticity during rehabilitation. However, ApN-independent 

mechanisms are likely involved in HLUI-mediated redox status perturbations and in ET benefits.   

 

Keywords: Adiponectin, Exercise Training, Muscle deconditioning 

mailto:alexandra.tassin@umons.ac.be
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INTRODUCTION 
Skeletal muscle deconditioning is associated to various pathological conditions e.g. sedentarity, 

chronic pathologies, hypogravity, bed rest or limb immobilization. At the tissue level, this leads to a 

Disuse-mediated Muscle Atrophy (DMA) characterized by muscle mass loss, myofibre atrophy, slow-

to-fast fibre shift, and associated functional alterations (1, 2). Reductionist murine models of DMA, 

avoiding confounding factors found in patients, are useful for studying the specific effect of muscle 

disuse. Among those, the Hindlimb Unloading procedure (HLU) mimics numerous DMA characteristics. 

In such models, a protein synthesis/degradation imbalance, excessive oxidative stress, mitochondrial 

dysfunction, and an altered regeneration process were reported  (1, 3–6).  

As concerns current treatment against muscle deconditioning, exercise training (ET) remains the more 

potent. However, the effectiveness of ET as a therapeutic approach is often constrained by persistent 

muscle weakness inducing exercise intolerance (7, 8). Rehabilitation is particularly challenging in 

patients with pre-existing chronic pathologies affecting skeletal muscle. To develop new 

pharmacological approaches, a better understanding of molecular processes underlying ET benefits is 

needed. Recent advances in multiomics in rodent models revealed an adaptive response to endurance 

training that includes widespread regulation of immune, metabolic, stress response, and mitochondrial 

pathways (9). 

Importantly, secreted molecules known as exercise-induced myokines are thought to promote many 

of the favorable adaptations to ET through auto-, para-, and endocrine actions (10). Skeletal muscle 

secretome includes protein hormones (e.g. Adiponectin (ApN), IL6, Irisin, and cathepsin B) and 

metabolites (e.g. L-lactate) (11) (12). Adiponectin (ApN), is an adipokine and a myokine well known for 

its anti-diabetic and hypolipidemic properties because of key roles in metabolic processes such as fatty 

acid β-oxidation, glucose uptake, and insulin sensitivity (13, 14). In addition, ApN also presents anti-

inflammatory, anti-apoptotic, and antioxidant properties (13–15). ApN metabolic functions are mainly 

mediated by AdipoR1 and AdipoR2 receptors, predominantly expressed in skeletal muscle and liver, 
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respectively (16, 17). AdipoR1 signals through the AMPK pathway, whereas AdipoR2 initiates PPAR-α 

intracellular cascades (16, 18).  

An increasing number of studies demonstrate the beneficial effects of ApN pathway activation on 

skeletal muscle. Indeed, ApN-KO mice present intra-muscular lipid accumulation, an increased type IIb 

myofiber area as well as a reduced peak contractile force (12). ApN-KO muscles are more sensitive to 

oxidative stress, inflammation and apoptosis (13). The essential role of the 

AdipoR1/AMPK/SIRT1/PGC1α axis in skeletal muscle is supported by the reduced endurance, type I 

fiber number, mitochondrial content, and oxidative stress-detoxifying enzymes observed in muscle-

specific AdipoR1-KO mice (19). ApN pro-myogenic effects and their roles in muscle regeneration were 

reviewed in (20). Elastases produced by M1 macrophages at the lesion site cleave ApN into its globular 

form (gAd) (21) which regulates satellite cell activation and later regeneration steps in a auto and para-

crine manner (22). The t-cadherin ApN co-receptor (T-cad) seems implicated in ApN-mediated 

regeneration (23), as well as p38MAPK and AMPK signaling pathways (24–26). T-cad was suggested to 

increase ApN abundance at the sarcolemma (23, 27, 28). Furthermore, ApN regulates mesangioblast 

differentiation (non-resident precursor cells with myogenic propriety) and M1/M2 macrophage switch 

(involved in inflammation resolution) (30). Finaly, ApN also induces PGC1α activity through AdipoR1, 

and this pathway enhances oxidative metabolism to supply energy for regeneration (31).  

Interestingly, ApN plasmatic level (ApNpl) was found to increase with ET in murine models (20). Our 

group also demonstrated that ET in mice increased (i) AdipoR1 protein abundance in the 

Gastrocnemius muscle and (ii) ApN plasmatic level reported by fat mass unit (32). ET benefits were 

suggested to be mediated by the AdipoR1 axis (33). The therapeutic value of AdipoR activation was 

therefore considered for muscle disorders (20, 34). However, this strategy has never been tested in 

the context of muscle deconditioning.  Indeed, little is known regarding the contribution of ApN in 

DMA.  Interestingly, one study reported that Adipor1 expression was downregulated in the Soleus 

muscle in a murine HLU model (35). Moreover, our group showed that Hindlimb Unloading and 

Immobilisation (HLUI) in mice induces a fiber-type-dependent atrophy occurring concomitantly with 

an elevation of ApN plasmatic level, disturbances in oligomeric form proportion, and muscle-type 

dependent alterations in adiporeceptor expression (at the mRNA and protein level). Given the 

myoprotective properties of ApN, we hypothesized that such deregulation could reinforce DMA but 

further studies were needed to determine whether ApN pathway changes upon disuse participates to 

a vicious cycle reinforcing muscle atrophy in this pathological context.   

Here, we investigated whether the absence of ApN biological effects in mice may exacerbate the 

impact of HLUI-mediated muscle disuse and limit the benefice of muscle rehabilitation. Given (i) that 

ApN has antioxidant properties, (ii) that oxidative stress constitutes a hallmark of DMA, (iii) that ET is 

accompanied by beneficial changes in skeletal muscle redox status; indicative outcomes of ROS 

production and antioxidant processes have been particularly investigated as a first step towards a 

better understanding of mechanisms underlying ApN roles in muscle deconditioning and 

rehabilitation.   
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MATERIALS AND METHODS 

Animals 

All animal experiments met the Belgian national standard requirements regarding animal care and 

were conducted in accordance with the Ethics and Welfare Committee of the University of Mons 

(LE023/03).  At 12 weeks of age, male  ApN-KO (-KO) mice (B6; 129-Adipoqtm1Chan/J, RRID: 

IMSR_JAX:008195, Charles River, France) and matching controls (-WT) (B6129SF2/J, RRID: 

ISMR_JAX:101045, Charles River, France) were housed in large rat cages (58x40x20cm) equipped (HLUI 

groups) or not (CTL groups) with a device allowing hindlimb unloading through tail suspension. HLUI 

groups (WT-HLUI and KO-HLUI mice) were connected to this device for a 3-day acclimatization period 

but kept at floor level to allow movements with both forelimbs and hindlimbs (from D-3 to D0).  Mice 

of HLUI groups were then tail-suspended and hindlimbs immobilized for 14 days (D14) while CTL groups 

(WT-CTL and KO-CTL mice) were maintained in standard housing conditions. Following the HLUI 

protocol, mice were either euthanatized for tissue collection (-CTL and -HLUI groups) or reloaded (R) 

for 2 weeks before undergoing a 8 week of endurance exercise training (ET) protocol (-CRET and -HRET 

groups). Relative humidity was maintained at 35-40% with a constant room temperature (21°C) and a 

12h/12h day/night light cycle. Animals had access to food and water ad libidum.  

 

Hindlimb Unloading and immobilization (HLUI) 

HLU device as well as hindlimb suspension and immobilization procedures were performed as 

described previously in (36). Briefly, -HLUI mice were connected to the HLU device for a 3-day 

acclimatization period but kept at floor level from D-3 to D0. Mice of the HLUI groups were then tail-

suspended with hindlimbs immobilized in an extended position from the ankle (in a dorsiflexion 

position) to the upper hip with medical tape (Nepenthes; 16 x 1 cm). Two mice were housed in a cage 

to allow social interactions. 

Reloading and exercise training (ET) 

At the end of the HLUI protocol (W2), WT-HLUI and KO-HLUI mice were reloaded by removing the HLU 

device and immobilization tapes. Mice were then allowed to move freely in cages for 2 weeks of self-

ambulatory recovery before the beginning of the 8-weeks ET protocol that was realized on treadmills.  

Briefly, mice were acclimatized for 10 minutes to the treadmill room and the device (Treadmill Control 

LE8700, Panlab apparatus®, Barcelona, Spain) during the 2nd week of reloading (W4). Then, the speed 

treadmill belt speed was fixed at 5cm/s during the first week of ET (W5). In the 2nd week of ET (W6), 

the treadmill started at 10cm/s with a gradual speed increase of 2cm/s every 2 min for 15 minutes. At 

the beginning of the 3rd week of ET (W7), a Maximum Running Velocity (MRV) Test was performed. 

From the 3rd week of ET (W7) to the last week of ET (W12), the belt speed during training was set at 

70% of the maximal running velocity, and exercise duration was increased by 10 min per week until a 

maximum of 60 min was reached.  

Maximum Running Velocity (MRV) test 

Mice started the MRV test with an initial running speed of 18cm/s and the treadmill speed gradually 

increased by 2cm/s every 2 minutes. For each mouse, running velocity was considered maximal, and 

the test was interrupted, when the animal was unable to continue running at the belt speed despite 

receiving four electric stimulations in one minute. 
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Muscle collection and preparation  

At W2 or W12, mice were anesthetised and euthanised (Euthanimal 20%, Alfasan) and Soleus muscles 

were collected to perform morphometrical analyses and molecular investigations (RT-qPCR and 

Western blots). Morphometrical analyses required muscle embedding in OCT cryo-compound 

(ImmunoLogic, 1620-C) frozen in isopentane cooled with liquid nitrogen. Cryosections (8 µm) were 

performed with a cryotome (Leica 1950). Contralateral muscles were snap-frozen in liquid nitrogen to 

allow molecular investigations. Blood was collected and centrifugated (13500 rpm, 15 minutes) to 

isolate plasma for ELISA assays. 

Morphometrical analyses in hindlimb muscles 

Myofiber-type immunofluorescence staining  

The Soleus muscle cryosections were blocked for 1 hour at room temperature with 10% Goat-

serum/PBS  (VWR, S2000-100) before being incubated for 2 hours at room temperature with a primary 

antibody cocktail directed against MyHC7 (type I fibers), MyHC2 (type IIa fibers), MyHC4 (type IIb 

fibers) and laminin (Supplemental Table S1). Slides were washed 3 times in PBS and incubated for 1 

hour with the secondary antibodies cocktail (Supplemental Table S1).   Slides were washed 3 times in 

PBS and mounted with ProLongTM Gold Antifade Mountant (P36934, Invitrogen). Images were then 

captured to cover the whole muscle section with a Nikon Eclipse i80 microscope (10x magnification).  

Images processing and measurements  

Each capture was processed with Image J software to subtract the background fluorescence signal and 

provide DAPI/Cy5, DAPI/FITC, and DAPI/TRITC images. Processed images were then manually analyzed 

to determine the Regions Of Interest (ROIs) corresponding to positive myofibers in the channel 

combination of interest. Image J was then used to analyze ROI areas. Each myofiber CSA was finally 

obtained after conversion of the corresponding ROI (in pixel) in µm² with the pixel/µm ratio. Myofibers 

were then classified in clusters according to their area (<120 µm2, 120-300 µm2, and every 300 µm2 

until 3300 µm2) to evaluate changes in myofibers CSA distribution.  

RT-qPCR analyses  

Total RNAs were extracted from Soleus muscle with Trizol reagent (Invitrogen) according to the 

manufacturer guidance before being treated with DNAse I (ThermoFischer). cDNAs were synthetized 

from 0.8µg of RNA using Maxima First Strand cDNA synthesis kit (ThermoFischer). RT-qPCRs were 

performed in triplicate for each primer (Eurogentec) (Supplemental Table S1) with the SYBR Green 

FastStart Essential DNA Green Master (Roche) and by using the LightCycler®96 (Roche) device (cycling 

conditions: initial denaturation step at 95°C for 10 min, followed by 40 cycles of 15s at 95°C and 60s at 

primer Tm). Raw data were analyzed with the LightCycler®96 software (technical replicates with CT > 

0.2 were removed from the analyses) and quantified by using 2-ΔΔCt method (Rplp0 as housekeeping 

gene).  

ELISA 

ApN plasmatic concentrations were measured by using the Adiponectin/Acrp Quantikine ELISA kit 
(R&D) according to the manufacturer’s instructions.  
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Western Blot analyses  
The Soleus muscle was homogenized in lysis buffer (CelLytic, Sigma, C3228; Protease Inhibitor Cocktail, 

Sigma, P8340; Phosphatase Inhibitor Cocktail, Millipore, 524632). Equal protein amounts were then 

separated on a 12% SDS-PAGE gel (100V; 2h) before being transferred onto a nitrocellulose membrane 

(Amersham) by using the PowerPac HV power supply (BioradTM). Membranes were then stained with 

Ponceau Red, washed 3 times in TBS-Tween (0.2%), and blocked 1 hour in 5% non-fat dry milk diluted 

in TBS-T. Primary antibodies directed against Sod1 (1:1000, Rb polyclonal IgG, Abcam, ab16831), Sod2 

(1:1000, Rb polyclonal IgG, NovusBio, NB1001992) and 4-HNE (1:1000, Rb polyclonal IgG, Abcam, 

Ab46545) as well as corresponding secondary HRP conjugated antibodies (Donkey anti-Rb IgG, VWR, 

NA934) and (Rabbit anti-goat IgG, Abcam, ab6741)) were diluted in 1% non-fat dry milk TBS-T for 

incubation overnight at 4°C and 1 hour at room temperature respectively. The HRP signal was 

visualized using Supersignal West Femto Max Sensitivity Kit (Thermo Fisher Scientific) and the Fusion 

FX7 spectra (Vilber, France). Densitometry was performed using Fiji software. The densitometry signal 

was normalized to the total proteins stained by Ponceau Red. 

Statistical analysis 

Statistical analyses were done using SigmaPlot software, version 14.  Data were expressed as mean ± 

SD and represented as histograms (mean ± SD) or boxplots (5 and 95th percentile). For comparison, 

depending on normality and equal variance tests, we used : (i) Two way Analyses of variance with All 

pairwise Multiple Comparison Procedure (Holm-Sidak-method) (Global, type I and type IIa myofibers 

CSA; Myofiber proportions; Adipoq, Adipor1, Adipor2, Cdh13, Sod1, Sod2, Nox2, Nox4 and Nrf2 mRNA 

expression; B.w evolution slope from D0 to W2 and from W2 to W4; Sod1 and Sod2 protein levels and 

4HNE levels), or (ii) Kruskal-Wallis One Way Analysis of Variance on Ranks (B.w evolution slope from 

W4 to W12), and (iii) Chi-square test (Global, type I and type IIa myofiber CSA distribution in the Soleus 

muscles). B.w were expressed as a percentage of the baseline b.w (D0) and compared at D-3, D0, W2, 

W4 and W12. B.w evolution during the protocol was also evaluated using linear regression, calculation 

of slope coefficients, and mean comparison between our experimental groups as described above. 

RESULTS 

ApN KO mice in disuse, reloading and reconditioning: body weight variations and 

knock-out validation.  

To study the impact of ApN-KO in the context of muscle disuse, we used a murine model of Hindlimb 

Unloading and Immobilization (HLUI). The model, adapted from (37), allowed to limit mouse stress by 

maintaining social interactions and movements. Importantly, animal food was adapted to avoid the 

excess in antioxidant commonly found in standard diets. The HLUI protocol includes an acclimatation 

period of 3 days (D-3 to D0) and 2 weeks of HLUI (DO to W2) (Figure 1A). This procedure was followed 

by a period of reloading (W2 to W4) and muscle reconditioning (ET; W4 to W12) (Figure 1B).  

Concerning body weight (b.w) evolution during the protocol, we did not observe any significant 

difference between HLUI and CTL groups excepted at W2 (Figure 1C). Indeed, b.w. slope evolution 

between D0 and D14 showed a slight gain in CTL mice which is not observed in the HLUI groups 

(Supplementary Figure S1). We also observed that mouse b.w. is lower in ApN-KO mice than in WT 

mice (Figure 1C). However, b.w. slope evolution showed a weight regain during the reloading period 

following HLUI, and a stabilization during the ET protocol, both in WT and ApN KO animals 

(Supplementary Figure S2).  
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As expected, AdipoQ expression is abolished in ApN-KO mice. Also, we cannot observe any variation in 

its expression in WT-HLUI mice as compared to the corresponding control group (Figure 1D).  Fitting 

with anterior studies, Adipor1 expression is altered by the HLUI protocol in the Soleus muscle (Figure 

1E). Interestingly, ApN-KO mouse Soleus muscle also exhibited a lower Adipor1 mRNA level than the 

WT group (Figure 1E). Finally, at the end of the ET protocol, the plasmatic ApN level was not 

significantly modified by the previous HLUI and as expected, ApN was undetectable in ApN-KO mouse 

plasma (Figure 1F). At this timepoint, (W12), adiporeceptor expression was not significantly different 

between experimental groups in the gastrocnemius muscle (Supplementary Figure S3). 

 

 

Fig 1. Body weight variations and knock out validation. (A) HLUI protocol timeline. (B) HLUI – Reloading and ET 

protocol timeline. (C) Body weight (b.w) at D-3, D0, W2, W4 and W12. B.w was measured daily and the first day 

of protocol (D0) was defined as a 100% baseline. Data represented as boxplots, $ p<0.05, $$ p<0.01 (KO-HLUI vs 

WT-HLUI), §§§ p<0.001 (KO-HLUI vs KO-CTL), Ψ p<0.05 (KO-CRET vs WT-CRET),  * p<0.05, ** p<0.01 (KO- vs WT-

, genotype effect), *** p<0.001 (HLUI- vs CTL-, protocol  effect),  Two-way ANOVA , All Pairwise Multiple 

Comparison, Holm-Sidak method. Adipoq (D) and Adipor1 (E) mRNA expression. Adipoq and Adipor1 mRNA 

levels were assessed by RTqPCR with ΔΔCt method (housekeeping gene: Rplp0; data normalized to CTL). Data 

represented as boxplot; ## p<0.01 (WT-HRET vs WT-CRET), ΨΨ p<0.01 (KO-CRET vs WT-CRET), ** p<0.01 (KO- vs 

WT-, protocole effect), Two-way ANOVA, All Pairwise Multiple Comparison, Holm-Sidak method. (F) ApN 

plasmatic level were measured by ELISA. *** p<0.001 (KO- vs WT-, protocol  effect),  Two-way ANOVA. 
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ApN knockout in mice increases the proportion of type IIa myofibres and exacerbates 

atrophy in the disused Soleus muscle.  

After 2 weeks of hindlimb unloading in WT and ApN-KO mice (Figure 2A), Myosin heavy chain (MyHC) 

isoforms were firstly immunolabeled on Soleus muscle cryosections (Figure 2B) to determine the 

proportion of type I, type IIa, and type IIb myofibers. We observed that the absence of ApN increased 

the proposition of type IIa myofibers at the expense of type I fibers (p<0.01, ApN-KO vs WT, Two-Way 

ANOVA, Figure. 2C).  

We then measured all myofibers cross-sectional area (CSA) in the whole muscle (Figure 2D), and as 

expected, showed that the HLUI procedure causes a decreased in mean CSA whatever mouse genotype 

(p<0.05, HLUI vs CTL, Two-Way ANOVA). Importantly, this effect is more severe in the absence of ApN 

(p<0.05, KO-HLUI vs KO-CTL) than in WT mice (WT-HLUI vs WT-CTL, NS) (Two-Way ANOVA, all pairwise 

comparisons, Figure 2D).  

Concerning the fiber-type specificity of the observed effects (Figure 2E-F), mean type I fiber CSA 

comparisons did not highlight any significant difference between experimental groups (Figure 2E). 

However, a negative effect of HLUI is present in type IIa myofibers since they exhibit a significantly 

decreased mean CSA (p<0.01, HLUI vs CTL, two-way ANOVA). This effect is again more severe in ApN-

KO mice (p<0.05, KO-HLUI vs KO-CTL) than in WT (WT-HLUI vs KO-CTL, NS) (Two-Way ANOVA, all 

pairwise comparisons, Figure 2F).  

Regarding fiber size clustering analyses (Figure 2G-I), according to results obtained for mean CSA, 

global (Figure 2G) and type IIa (Figure 2I) myofiber size distribution showed an increased number of 

myofibers with smaller CSA in HLUI ApN KO animals as compared to corresponding CTL (§§§, p<0.001, 

KO-HLUI vs KO-CTL, Chi-square). This effect is also detectable for type I myofibers (Figure 2H) even if 

mean CSA were not statistically different (Figure 2E).  Moreover, this analysis highlighted that, at 

baseline in animals having not encountered muscle deconditioning, the number of myofibers in higher 

CSA clusters is increased in ApN-KO animals as compared to WT (Ψ, KO-CTL vs WT-CTL, Chi-Square test, 

Figure 2G-I). This is particularly the case of type I fibers (Ψ Ψ Ψ p<0.001, KO-CTL vs WT-CTL, Chi-Square 

test, Figure 2H). Furthermore, HLUI-mediated disuse also shifted type IIa myofibers CSA distribution 

towards clusters of small myofibers CSA in WT animals (## p<0.01, WT-CTL vs WT-HLUI, Chi-square test 

(Figure 2I).  

 

 

 

 

 

 

 

 

 

 

 

 



72 
 

 

 

 

Fig 2. Cross-sectional Area (CSA) and myofiber CSA distribution were measured in Soleus muscle following type 
I, IIa and IIb immunofluorescence detection and morphometrical analysis were performed with Image J 
softwares. (A) Timeline. (B) Representative fields. (C) Myofiber type proportion. Data represented as stacked 
bars; **p<0.01 (Genotype effect), ΨΨ p<0.01 (WT-CTL vs KO-CTL), Two-way ANOVA, all pairwise comparison, 
Holm-Sidak method. 
(D-F) CSA was measured in all fibers (D), in type I (E) and in type IIa myofibers (F). Data represented as boxplot. 
§, p<0,05 (KO-CTL vs KO-HLUI), Two-way ANOVA, all pairwise comparison, Holm-Sidak method. (G-I) Myofibers 
were classified in clusters according to their area (µm²). All fibers (G), type I fibers (H) and type IIa fibers (I). Data 
represented as mean ± SD. ΨΨ p<0.01 (WT-CTL vs KO-CTL), §§§ p<0.001 (KO-CTL vs KO-HLUI), Chi-square.   
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HLUI-mediated disuse has a preconditioning-like effect on fast-to-slow myofiber 

transition during reconditioning, but this effect is lost in the absence of ApN  

To study the impact of the absence of ApN in the context of reconditioning, we applied an aerobic 

exercise training protocol (ET) in ApN-KO and WT animals that had either undergone previous muscle 

deconditioning through HLUI (HRET) or not (CRET) (Figure 3A). At the end of the protocol, Myosin 

heavy chain (MyHC) isoforms were immunolabeled on Soleus muscle cryosections (Figure 3B).  

Concerning variations of type I, type IIa, and type IIb myofiber proportions between experimental 

groups (Figure 3C), we first highlighted a higher percentage of type IIa myofibers in ApN-KO as 

compared to WT animals, at the expense of oxidative type I fibers (*, p<0.01, KO vs WT, Two-Way 

ANOVA). Interestingly, in WT animals submitted to a deconditioning period before ET (WT-HRET), an 

increased percentage of type I fiber is highlighted at the end of ET protocol when compared to WT 

animals that have not encountered muscle deconditioning before ET (CRET) (##, p<0.01, WT-HRET vs 

WT-CRET, Two Way ANOVA, all pairwise comparison). Importantly, this effect was not observed in the 

absence of ApN (KO-HRET vs KO-CRET: NS, Two Way ANOVA, all pairwise comparison).  

Concerning myofiber mean CSA in the whole muscle, we showed that at the end of the ET protocol, 

myofiber mean CSA is greater in ApN-KO mice than in WT animals (Figure 3D). This effect is not fiber-

type specific since it can be observed both in type I (Figure 3E) and type IIa myofibers (Figure 3F). This 

effect is likely to be discussed with the increased percentage of IIa myofiber also observed in ApN-KO 

mice as compared to WT (Figure. 2C), those fibers being characterized by a higher CSA as compared to 

type I fibers. Fiber size clustering analyses are in agreement with mean CSA data, since we observed in 

ApN-KO animals, an elevation of the proportion of myofiber in clusters characterized by a higher CSA 

(<1800µm²) in the whole muscle as well as in type I and type IIa myofibers analyzed independently 

(Figure 3G-I).  
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Fig 3. Cross-sectional Area (CSA) and myofiber CSA distribution were measured in Soleus muscle following type 
I, IIa and IIb immunofluorescence detection and morphometrical analysis were performed with Image J software. 
(A) Timeline. (B) Representative fields. (C) Myofiber type proportion. Data represented as stacked bars; 
**p<0.01 (Genotype effect), ##, p<0.01 (WT-HLUI vs WT-CTL), $$, p<0.01 (KO-HRET vs WT-HRET), Two-way 
ANOV, all pairwise comparison, Holm-Sidak method. (D-F) CSA was measured in all fibers (D), in type I (E) and in 
type IIa myofibers (F). Data represented as boxplot. $, p<0.05 (KO-HRET vs WT-HRET), Two-way ANOVA, all 
pairwise comparison, Holm-Sidak method. (G-I) Myofibers were classified in clusters according to their area 
(µm²). All fibers (G), type I fibers (H) and type IIa fibers (I). Data represented as mean ± SD. Ψ p<0.05 (KO-CRET 
vs WT-CRET), $$$, p<0.001 (KO-HRET vs WT-HRET), Chi-square.   
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Disuse-mediated Nox over-expression is not exacerbated by ApN KO but reverted after 

8 weeks of muscle reconditioning.  

Since oxidative stress is a hallmark of muscle disuse, we investigated whether the loss of ApN 

antioxidant properties could influence key indicators of muscle redox status upon disuse and 

reconditioning (Figure 4-6). Nicotinamide Adenine Dinucleotide Phosphate (NAD(P)H) oxidases (Nox) 

are well-known as significant actors in the cellular redox state (38, 39). Firstly, we thus investigated the 

expression of Nox2 and Nox4 typically expressed by skeletal muscle (40). As expected, Nox2 and Nox4 

are overexpressed after the two weeks of HLUI, both in WT mice and in ApN-KO animals (Figure 4B).  

This difference is no longer observed after ET which allows a return to the baseline of Nox expression 

level (Figure 4C). However, the expression of the gene encoding NOX2, but not NOX4, is downregulated 

in ApN-KO animals (Figure 4B), and this difference is maintained even after ET (Figure 4C). As expected, 

Nox2 and Nox4 expression are positively correlated (r=0.82 p<0.001, Pearson Product Moment 

Correlation, Figure 4D and Supplementary Figure S4) but this association is lost after ET (Figure 4E and 

Supplementary Figure S). 

 

 
Fig 4. Nox2 and Nox4 mRNA response to disuse and reconditioning in ApN-KO mice muscles. (A) Timelines. Nox 

2 and Nox 4 mRNA levels were assessed following disuse (B) or reconditioning protocol (C) by RTqPCR with ΔΔCt 

method (housekeeping gene: Rplp0; data normalized to CTL). Data represented as boxplot; * p<0.05, *** p<0.001, 

Two-way ANOVA. (D-E) Associations between mean CSA, Nox2 and Nox4 mRNA were assessed with Pearson 

Product Moment correlation test following disuse (D) or reconditioning protocol (E). Correlations were 

considered as statistically significant with *p-values <0.05, ** p<0.01. 
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ApN KO causes a decreased Sod2 expression at baseline but does not modify Sod 

downregulation upon disuse or the effect of reconditioning. 

To investigate the impact of the lack of ApN on the antioxidant response upon disuse and 

reconditioning, we evaluated the expression and the protein abundance of the two Superoxide 

Dismutase (SOD) isoforms: SOD1, mostly cytoplasmic, and the mitochondrial SOD2. The expression of 

Nrf2 encoding the nuclear factor erythroid 2-related factor was also evaluated as an important 

regulator of the antioxidant response, notably upon ET (41).  

As concerns Sod expression level in WT mice (Figure 5A-B), HLUI caused both Sod1 and Sod2 

downregulations (#, p<0.01, WT-HLUI vs WT-CTL, Two-Way ANOVA, all pairwise comparison). In ApN 

KO mice, Sod expression at baseline tends to be lower as compared to WT mice, particularly Sod2 (Ψ, 

p<0.05, KO-CTL vs WT-CTL, Two-Way ANOVA, all pairwise comparison, Figure 5B) but the effect of HLUI 

is not exacerbated in the absence of ApN as compared to WT (Figure 5A-B). After exercise training 

(Figure 5C-D), Sod1 is still downregulated in WT animals that have previously encountered HLUI (#, 

p<0,01, WT-HRET vs WT-CRET, Two-Way ANOVA, all pairwise comparison). Sod1 is also downregulated 

in ApN-KO mice as compared to WT (Ψ Ψ, p<0.01, KO-CRET vs WT-CRET, Two-Way ANOVA, all pairwise 

comparison) (Figure 5C). However, ET attenuated HLUI-mediated Sod2 downregulation, even in the 

absence of ApN (Two-Way ANOVA: NS Figure 5D).   

As concerns SOD1 and SOD2 protein levels (Figure 5E-H), and Nrf2 expression (Figure 5I-J), we did not 

observe any differences between experimental groups either after HLUI or after ET (Two-Way ANOVA: 

NS, Figure 5E-H).  However, in ApN-KO mice (among which KO-HLUI mice previously shown to exhibit 

a DMA, Figure 2D), a negative correlation between myofiber CSA and SOD1 protein level was observed 

(r=-0.76 ; p<0.05, Figure 5L) . Interestingly, this relation was not observed in WT mice (Figure 5K). As 

expected, Nrf2 and Sod1 mRNA levels are positively correlated both in WT (r=0.74; p≤0.01, Figure 5M) 

and ApN KO (r=0.85; p≤0.01, Figure 5N) animals.  
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Fig 5. Sod1, Sod2 and Nrf2 response to disuse and reconditioning in ApN-KO mice muscles. (A-D) Sod1 and Sod2 

mRNA levels were assessed following disuse (A-B) or reconditioning protocol (C-D) by RTqPCR with ΔΔCt method 

(housekeeping gene: Rplp0; data normalized to CTL). Data represented as boxplot; ##, p<0.01 (WT-HLUI vs WT-

CTL), Ψ, p<0.05, (KO-CRET vs WT-CRET), §, p<0.05(KO-HLUI vs KO-CTL), ##, p<0.01 (WT-HRET vs WT-CRET), 

Two-way ANOVA, All Pairwise Multiple Comparison, Holm Sidak method.  (E-H) Sod1 and Sod2 protein levels 

were determined using denaturant PAGE-SDS followed by a western blot. Densitometric analyses were performed 

with the Image J software. Signal was normalized on Ponceau Red. Data represented as boxplot; Two Way ANOVA, 

NS. (K-N) Associations between (K-L) mean CSA and Sod1 protein level, and between (M-N) Sod1 and Nrf2 mRNA 

were assessed with Pearson Product Moment correlation test following disuse in ApN-KO and WT animals. 

Correlations were considered as statistically significant with *p-values <0.05, ** p<0.01. 

Finally, the consequences of a potential oxidant/antioxidant imbalance were evaluated by using 4HNE 

immunodetection on Western blot as an indicator of lipid peroxidation (Figure 6). When comparing 

mean 4HNE levels between experimental groups, we did not observe any significant differences either 

after the HLUI procedure (Figure 6A), or after reconditioning (Figure 6B). However, 4HNE in the Soleus 

muscle is negatively correlated with myofiber mean CSA in ApN-KO mice (r=-0.67; p≤0.05) but not in 

WT (r=0.05; NS) (Figure 6A). This relationship is no longer observed after ET (Figure 6B).  Moreover, 

the positive association between 4-HNE and SOD1 found in WT mice at W2 (r=0.69 ; p≤0.05) is lost in 

the absence of ApN (Figure 6A), and according to previous results, after ET (Figure 6B).   
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Fig 6. Lipids peroxidation product (4HNE) response to disuse (A-B) and reconditioning (C-D) in ApN-KO mice 

muscles. (A) and (C) 4HNE levels were determined using denaturant PAGE-SDS followed by a western blot. 

Densitometric analyses were performed with the Image J software. Signal was normalized on Ponceau Red. Data 

represented as boxplot; Two Way ANOVA, NS. (B) and (D) Associations between mean CSA, Sod1 mRNA and 4-

HNE levels were assessed with Pearson Product Moment correlation test following disuse (B) or reconditioning 

protocol (D). Correlations were considered as statistically significant with *p-values <0.05. 

DISCUSSION 
Skeletal muscle deconditioning occurs as a consequence of a prolonged period of hypoactivity (e.g. 

bed rest, limb immobilization, disease mediated sedentary behavior) which induces the development 

of a DMA at the tissue level (42, 43). ET remains the only effective therapeutic approach to reverse 

muscle deconditioning. However, such a therapeutic strategy is often constrained in patients by 

persistent muscle weakness and ET intolerance (7), particularly in patients with pre-existing chronic 

pathologies.  

Since ApN was demonstrated to have myoprotective effects (reviewed by (20) and (44)) and to mediate 

ET beneficial effects (33), we previously interrogated ApN pathway key components response to disuse 

in an optimized DMA murine model (HLUI mice). In this model, we highlighted an elevation of ApN 

plasmatic level, disturbances in oligomeric form proportions, and muscle-type dependent alterations 

in adiporeceptor expression (at the mRNA and protein level). We thus hypothesized that such 

deregulations could reinforce the loss of muscle mass in DMA (36).  

Here, we assessed whether the lack of ApN myoprotective effects in ApN-KO mice could (i) worsen the 

impact of HLUI-mediated skeletal muscle disuse and (ii) limit muscle rehabilitation consisting in 8 

weeks of endurant ET protocol.  

The HLUI murine model developed in our previous work (36) was designed to limit mouse stress and 

avoid related confounding factors. In this model, we showed that the experimental design and set-up 

successfully limited b.w loss in WT HLUI animals (C57BL/6 mice), as compared to other studies using 

unloading rodent models (45). Here, the same experimental design was maintained but the mouse 

strain differed (B6129SF2/J), as well as the diet. Indeed, while routine mouse breeding food usually 

contain large antioxidant excess, we limited their intake to the recommended amount.  In those 

conditions, b.w. slight variations in WT mice were similar to our previous data obtained in C57BL/6 

mice.  However, we noticed that ApN-KO mice b.w was more affected by the HLUI protocol than WT, 

but remain similar to b.w loss observed in studies using unloading rodent devices (45). Likewise, b.w 

in mice lacking ApN was significantly lower than WT before (D-3), at the beginning (D0), and after (W2) 

the HLUI protocol. In accordance, lower b.w in ApN-KO animals was maintained after reloading and ET 

although the slight decrease in b.w slopes during the HLUI protocol was reversed during the reloading 

period in both WT and KO animals. Surprisingly, the study that generated those Adipo-/- mice strain did 

not reported any difference between WT and ApN-KO animals b.w (46). We also have to notice that  
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b.w  measurements were neglected or not shown in most of the studies that used this ApN-KO mice 

strain.  

As anticipated, ApN-KO animals presented undetectable levels of muscular Adipoq mRNA or plasmatic 

ApN but surprisingly, Adipor1 expression in the Soleus muscle was also lowered in animals lacking ApN. 

Accordingly, Adipor1 and Adipor2 expression were reported to be inversely regulated by insulin in 

physiological conditions, via Phosphoinositide 3-kinase-dependent pathways (47).  Such 

downregulation could therefore be attributed to an hyperinsulinemia linked to the loss of ApN 

insulino-sensitive effects. However, Ke Ma et al. who generated the ApN-KO mice, did not reported 

evidence of insulin-resistance in this model (46).   

Furthermore, as expected from our previous work, Adipor1 mRNA expression was found reduced by 

HLUI-mediated disuse in the Soleus muscle of WT mice.  Accordingly, a similar Adipor1 mRNA 

downregulation was observed in mouse Soleus muscle after 14 days of HLU without immobilization 

(35). In this study, Goto et al. further demonstrated that functional overloading and muscle reloading 

following HLU is concomitant with an Adipor1 mRNA upregulation, highlighting a plausible link 

between mechanical loading in muscle and ApN pathway regulation (35). More surprisingly, our data 

highlighted that HLUI-mediated disuse also downregulated Adipor1 mRNA in ApN-KO animals, 

providing new evidence for a possible regulation of this receptor by mechanical loading per se as 

suggested by (44, 48).  

The evaluation of disuse-mediated alterations in the Soleus muscle indicates that the lack of ApN is 

associated with increased proportions of fast type IIa myofibers at the expense of slow type I 

myofibers. Such results fit with previous published data addressing myofiber changes in AdipoR1 KO 

mice (49).  Those changes can be attributed to the reduction in the AMPK/SIRT1/PGC1α axis activation 

described in ApN or Adipor1 loss of function experiments (33, 49). Indeed, the activation of this axis 

by ApN enhances PGC1α expression and activation through its phosphorylation by active AMPK, thus 

increasing the number of type I myofiber by promoting mitochondrial biogenesis and oxidative 

metabolism (16, 49).  

A slow-to-fast myofiber-type transition is commonly observed in unloading rodent models (50, 51). 

We previously showed this myofiber-type switch in the Tibialis Anterior muscle in our HLUI model. 

However, in the Soleus muscle, our results suggests that the kinetic of this transition is delayed, 

probably due to the stretched position of the Soleus muscle during the hindlimbs immobilization (52–

54). Actually, muscle immobilization in a stretched position is associated with the persistence of 

isometric contractions (52–54) that may interfere with the slow-to-fast myofiber switch by inducing 

cytosolic Ca++ increases. Indeed, the increased Ca++ intracellular concentration stimulates the Ca++ 

Calmodulin-dependant Kinase (CaCMK). In its turn, CaCMK activates the Calcineurin (CaN) 

phosphatase involved in the translocation of the Nuclear Factor of Activated T-cells (NFAT) 

transcription factor  into the nucleus where it activates the transcription of type I myofibers-related 

genes (55–58).  The “protective effects” of isometric contractions on type I myofiber proportions 

seems to be maintained in lack of ApN as HLUI did not worsen the decrease in type I myofiber 

proportion in ApN-KO animals. The later result could be attributed to the reduced AMPK activity 

described in animals lacking ApN or Adipor1 (16, 19) as reported in hindlimb muscles of  unloading 

rodent models (59). Regarding disuse-mediated morphometrical alterations, the HLUI procedure 

decreased mean myofiber CSA whatever mouse genotype, but DMA was more severe in ApN KO mice. 

Fiber type specific analyses revealed a similar effect in type IIa myofibers whereas type I myofibers 

appeared less affected by the lack of ApN or HLUI. In accordance, global, type I and type IIa myofiber 

CSA distribution in ApN-KO mice that underwent HLUI protocol were shifted towards smaller CSA 

clusters (<1500 µm²) as compared to their matching controls. Importantly, in WT animals this effect 
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was only observed in type IIa myofibers, fitting with results we obtained in (36). According to our 

previous study (36) we showed here that the HLUI protocol induces a moderate atrophy in the Soleus 

muscle of WT animals. Importantly, the lack of ApN exacerbated the HLUI-mediated alterations in the 

slow-twitch muscle Soleus. This is probably the result of the loss of ApN myoprotective effects in those 

animals. Indeed, ApN pathway activation was reported to counteract excessive inflammation, 

oxidative stress and to support regeneration and oxidative metabolism in skeletal muscle (20). 

On the other hand, the data presented here highlighted that, at baseline in animals having not 

encountered muscle deconditioning, the number of myofibers in higher CSA clusters is increased in 

ApN-KO animals as compared to WT, particularly for type I myofibers. To the best of our knowledge, 

only one study reported an increased CSA in type IIb myofibers from the Tibialis Anterior of ApN-KO 

mice (60). Given that type IIa fibers were described to have, in mean, a higher CSA as compared to type 

I fibres (61, 62), we can reasonably hypothesize that the increased global CSA observed for the Soleus 

muscle of ApN-KO mice may be attributed to the higher percentage of type IIa myofibers.  

We then further investigated the consequences of the lack of ApN in muscle reconditioning process 

following disuse. As expected, type I myofiber proportion was still decreased after ET protocol in ApN-

KO animals as compared to WT, indicating that the ET-mediated fast-to-slow myofiber switch in those 

mice is disturbed by the lack of ApN. Moreover, Inoue et al., demonstrated that 2 months of ApN 

blockage with neutralizing primary antibodies reduced ET benefits on mice endurance (33), 

presumably by altering type I myofiber proportion.  

Interestingly, WT animals that underwent a period of muscle disuse prior to RE and ET showed higher 

proportions of type I myofibers than the WT animals that have not encountered muscle deconditioning 

before ET. A similar effect was observed in the Soleus muscle of mice that underwent 4 weeks of 

hindlimb suspension followed by 60 days of reloading (63). The authors suggested that this effect is a 

compensatory mechanism to the loss of muscle endurance following disuse (63). Molecular actors 

mediating this effect remain to be identified but we showed here that this disuse-mediated 

“preconditioning” effect on type I myofiber proportion is ApN-dependent since it was not observed in 

ApN KO animals.  Given that (i) ApN pathway activation in muscle promotes type I myofibers through 

the PGC1α phosphorylation and activation (that enhance in its turn mitochondrial biogenesis and 

homeostasis as well as key enzymes of the oxidative metabolism) (16, 19), that (ii) the ApN-mediated 

Ca++ influx triggers the CaCMK/CaN/NFAT signaling which positively acts on the slow MyHC1ꟕ promoter 

(56–58), and that (iii) the preconditioning-like effect was not observed in ApN-KO mice in this study; 

we hypothesize that ApN is a key effector required for this disuse-mediated preconditioning effect on 

myofibers.  

Regarding morphometrical analyses, we noticed that ET successfully reversed the previously observed 

HLUI-induced muscle alterations in myofiber CSA and distribution. Moreover, we reported that the 

Soleus muscle of mice lacking ApN still presents myofiber with larger CSA than WT animals. 

Accordingly, CSA distribution analyses in animals devoid of ApN show increased proportions of 

myofibers in clusters characterized by a higher CSA as compared with WT and that this effect is 

particularly present in animals that underwent muscle deconditioning before ET. Different hypotheses 

may be suggested to explain this “hypertrophic-like” phenotype in ApN-KO mice. In addition to 

dysregulations in myofiber metabolism, an increase in intramyocellular lipids (IMCL) may be suggested 

in ApN-KO mice, as previously described in (60). Nevertheless, further investigations are required to 

decipher molecular mechanisms underlying Soleus muscle structural changes in ApK-KO mice. 

Since excessive oxidative stress resulting from mitochondrial alterations in disused muscles was 

reported to contribute to the development of DMA (64, 65), we interrogated the consequences of the 

loss of ApN antioxidant properties on key actors of the redox homeostasis in HLUI Soleus muscles. HLUI 

upregulated Nox2 and Nox4 mRNA and downregulated Sod2 mRNA in mice (whatever their genotype) 
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whereas Sod1 mRNA was only downregulated in WT animals. Our results therefore indicate that HLUI 

triggered ROS production pathways while attenuating the expression of oxidative stress-detoxifying 

enzymes.  However, we did not observe any significant modification in Sod1, Sod2 protein levels or 4-

hydroxynoenenal (a lipid peroxidation product). The lack of ApN decreased Sod2 mRNA levels at 

baseline, as expected (66) but HLUI effects on Nox and Sod mRNA levels were not amplified in ApN KO 

mice. Those observations could suggest that the exacerbation of DMA induced by the lack of ApN is 

not a consequence of an increased oxidative stress. However, correlation analyses shown in ApN-KO 

animals (but not in WT mice), that Nox expression, Sod1 protein levels and lipids peroxidation are 

higher in myofibres with smaller CSA, suggesting that DMA altered the redox status equilibrium in lack 

of ApN protection only. The exacerbation of DMA in ApN-KO animals may also be due to the 

suppression of other ApN myoprotective property. For instance, the more severe atrophy observed in 

ApN-KO animals could also be the result of the loss of ApN anti-inflammatory effects. Actually, ApN 

was shown to be secreted by skeletal muscle, in  auto- and paracrine manners to locally counteract 

inflammation by repressing the Nuclear factor kappa B (NF-κB) activity (67, 68). A well, a recent study 

using RNA-sequencing analyses in unloaded rats Soleus reported for the first time in a model of 

unloading disuse, the upregulation of genes related to inflammation and oxidative stress (69). In 

addition, the lack of ApN could also alter the IGF/PI3K/Akt/mTOR signaling as ApN-mediated AMPK 

activation is known to reduce p70S6K1 inhibition on Insulin Receptor Substrate-1 (IRS-1) (70).  

The alterations in the redox status equilibrium in ApN-KO animals were no longer observed after the 

ET protocol, except the Nox2 mRNA downregulation in ApN-KO mice. Interestingly, Sod1 mRNA is still 

downregulated in WT mice that underwent muscle deconditioning before ET whereas the Sod2 

downregulation in animals lacking ApN was reversed by ET, probably through an ApN-independent 

activation of PGC1α (66). Those results suggest that ET benefits are not drastically impaired in absence 

of ApN.  

In conclusion, the loss of ApN protective properties aggravates atrophy and impairs compensatory 

mechanisms initiated during DMA, particularly fiber-type switches. This has persistent consequences 

in muscle plasticity during rehabilitation. However, ApN-independent mechanisms are likely involved 

in HLUI-mediated redox status perturbations and in ET benefits.   
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SUPPLEMENTAL MATERIAL 

Table 1. Primary and secondary antibody cocktails used in myofiber type immunofluorescence 
staining.    

Primary antibody cocktail 

 Antigen  Host species/Isotype  Dilution  RRID 

ab 11575, Abcam Laminin Rabbit, IgG 1:50 RRID: AB_298179 

BA-D5, DSHB  MyHC 7 Mouse, IgG2b 1:50 RRID: AB_2235587 

SC-71, DSHB MyHC2 Mouse, IgG1 1:100 RRID: AB_2147165 

BF-F3, DSHB MyHC4 Mouse, IgM 1:10 RRID: AB_2266724 

Secondary antibody cocktail 

 Antigen   Host species  Dilution  RRID 

Alexa 405, (ab175652) 

Abcam 
Rabbit IgG Goat 1:50 / 

Alexa 647, (A-21242) 

Thermofisher 
Mouse IgG2b Goat 1:100 / 

Alexa 488, (A-21121) 

Thermofisher 
Mouse IgG1 Goat 1:100 / 

Alexa 555, (A-21426) 

Thermofisher 
Mouse IgM Goat  1:50 / 

 

Table S2. Mouse primers used in RTqPCR analysis.   
Gene   Sequence   Tm   

Rplp0  
Fw: GGA-CCC-GAG-AAG-ACC-TCC-TT  
Rv: GCA-CAT-CAC-TCA-GAA-TTT-CAA-TGG  

60°C  

Adipoq  
Fw: GTT-GCA-AGC-TCT-CCT-GTT-CC  
Rv: TCT-CCA-GGA-GTG-CCA-TCT-CT  

58°C  

Adipor1  
Fw: TCT-TCG-GGA-TGT-TCT-TCC-TGG  
Rv: TTT-GGA-AAA-AGT-CCG-AGA-GAC-C  

62°C  

Adipor2   
Fw: CCT-TTC-GGG-CCT-GTT-TTA-AGA   
Rv: GAG-TGG-CAG-TAC-ACC-GTG-TG   

62° 

Cdh13   
Fw: GCC-CTC-GTG-AGC-CTT-CTT-C   
Rv: CAC-CCT-GAG-GTC-CGT-GAT-GT   

58° 

Nox2 
Fw: TCCTATGTTCCTGTACCTTTGTG 
Rv: GTCCCACCTCCATCTTGAATC 

58°C  

Nox4 
Fw: TCCAAGCTCATTTCCCACAG 

Rv: CGGAGTTCCATTACATCAGAGG 
58°C  

Sod1 
Fw: CCA-GTG-CAG-GAC-CTC-ATT-TT 

Rv:  
60°C 

Sod2 
Fw: CGC-GGC-CTA-CGT-GAA-CAA-T 

Rv: CCC-CAG-CAG-CGG-AAT-AAG 
60°C 

NrF2 
Fw: AGA-GCA-ACT-CCA-GAA-GGA-ACA-G 

Rv: TGT-GGG-CAA-CCT-GGG-AGT-A 
60°C 
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Suppl. Fig S1. Hindlimb Unloading and Immobilization (HLUI) protocol. (A) Timeline. (B) HLUI effect 
on body weight (b.w) evolution curve. B.w was measured daily and the first day of protocol (D0) was 
defined as a 100% baseline. Data represented as mean ± SEM, # p<0.05 (WT-CRET vs WT-HRET), § 
p<0.05 (KO-CRET vs KO-HRET), Two-way ANOVA repeated measures. (C) Slope comparison. B.w slope 
evolution was determined between D1 and D13. Data represented as boxplots; # p<0.05 (WT-CRET vs 
WT-HRET), § p<0.05 (KO-CRET vs KO-HRET), Two-way ANOVA, All Pairwise Multiple Comparison, Holm-
Sidak method.  
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Suppl. Fig S2. Exercise training protocol (ET). (A) Timeline. Mice were acclimatized for 10 minutes to 
the treadmill room and device during the 2nd week of reloading. Then, the speed was fixed at 5cm/s 
during the first week of ET. In the 2nd week of ET, treadmill belt speed started at 10cm/s with a gradual 
speed increase of 2cm/s for 15 minutes. At the beginning of 3rd week of ET, an incremental speed test 
was performed. For each mouse, exercise was considered maximal, and the test was interrupted when 
the animal was unable to continue running at the belt speed despite receiving four electric stimulations 
in one minute. From 3rd week of ET to the last week, the belt speed during training was set at 70% of 
the maximal running velocity and exercise duration was increased by 10 min per week until a maximum 
of 60 min was reached. (B) CRET and HRET effects on body weight (b.w) evolution curve. B.w was 
measured daily and the first day of protocol (D0) was defined as a 100% baseline. Data represented as 
mean ± SEM, # p<0.05 (WT-CRET vs WT-HRET), § p<0.05 (KO-CRET vs KO-HRET), Two-way ANOVA 
repeated measures. (C) Slope comparison. B.w slope evolution was determined between D1 and D13, 
R1 and R14 and between ET1 and ET8. Data represented as boxplots; ## p<0.01 (WT-CRET vs WT-
HRET), §§ p<0.01 (KO-CRET vs KO-HRET), Two-way ANOVA, All Pairwise Multiple Comparison, Holm-
Sidak method.  
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Suppl. Fig S3. Adiponectin receptors and co-receptor mRNA expression in the Gastrocnemius of WT 

and AdKO mice following CRET or HRET protocols. (A) Cdh13 mRNA level was assessed in the 

gastrocnemius muscle of WT and AdKO mice following CRET or HRET protocol on 1µg of total RNA by 

RTqPCR (SYBR Green, LightCycler 96 SW1.1, ROCHE) with the ΔΔCt method (RPLP0 as housekeeping 

gene) and normalised to WT-CRET (Control). Data represented as boxplot: Two-way ANOVA, NS. (B) 

Adipor1 mRNA level was assessed in the gastrocnemius muscle of Ad and AdKO mice following CRET 

or HRET protocol on 1µg of total RNA by RTqPCR (SYBR Green, LightCycler 96 SW1.1, ROCHE) with the 

ΔΔCt method (RPLP0 as housekeeping gene) and normalised to WT-CRET (Control). Data represented 

as boxplot: Two-way ANOVA, NS. (C) Adipor2 mRNA level was assessed in the gastrocnemius muscle 

of WT and AdKO mice following CRET or HRET protocol on 1µg of total RNA by RTqPCR (SYBR Green, 

LightCycler 96 SW1.1, ROCHE) with the ΔΔCt method (RPLP0 as housekeeping gene) and normalised to 

WT-CRET (Control). Data represented as boxplot: Two-way ANOVA, NS. (D) T-Cadherin protein level in 

gastrocnemius muscle was determined by SDS-PAGE electrophoresis followed by WB. Data represented 

as boxplot: Two-way ANOVA, NS (E) AdipoR1 protein level in gastrocnemius muscle was determined 

by SDS-PAGE electrophoresis followed by WB. Data represented as boxplot: Two-way ANOVA, NS 

 
 

 

 

 

 

 

 

 

 



92 
 

 
Suppl. Fig S4. Pearson Product Moment correlations in CTL and HLUI mice. (A) WT animals, (B) ApN-

KO animals and (c) All animals. Correlations were considered as statistically significant with *p-values 

<0.05, ** p<0.01, ***p<0.001 
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Suppl. Fig S5. Pearson Product Moment correlations in CRET and HRET mice. (A) WT animals, (B) ApN-

KO animals and (c) All animals. Correlations were considered as statistically significant with *p-values 

<0.05, ** p<0.01, ***p<0.001 
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Conclusions 
We optimized a murine model of Hindlimb Unloading and Immobilization (HLUI) mimicking 

DMA and limiting body weight loss and stress as confounding factors. In this model, comparing 

the slow-twitch Soleus and the fast-twitch TA muscles, we showed that HLUI induces a fibre-

type-dependent atrophy whose severity is likely influenced by muscle positioning (stretched 

vs shortened) and myofibers type proportion during immobilization.  HLUI causes a type I/IIa 

myofiber switch characterized by a different kinetic according to muscle type and positioning. 

Concomitantly, an elevation of ApN plasmatic level, disturbances in oligomeric form 

proportion, and muscle-type dependent alterations in adiporeceptor expression were 

observed.  

Since we confirmed that DMA is associated with ApN pathway alterations, we then 

investigated whether the loss of ApN myoprotective properties during muscle deconditioning 

may exacerbate DMA or limit the benefits of muscle reconditioning. In ApN KO Soleus mouse 

muscle submitted to HLUI, we showed a more pronounced DMA severity and an increased 

proportion of type IIa myofibres. HLUI also has a “pre-conditioning-like effect” increasing, 

during ET, the type IIa/I myofibre transition. Importantly, this effect is prevented in the absence 

of ApN, suggesting that the loss of ApN protective properties impairs muscle plasticity during 

rehabilitation.  

Finally, since ApN is known for its antioxidant properties, the Soleus muscle redox status has 

been investigated. Globally, ApN KO does not exacerbate HLUI-mediated changes in pro-

oxidative/ antioxidant indicators, suggesting that additional ApN properties may be involved 

in the increased DMA severity observed in these animals. However, in ApN KO mice, 

correlation analyses showed that myofibers of smaller diameters exhibited higher Nox 

expression, Sod1 protein levels, and lipid peroxidation, indicating that DMA occurring in the 

absence of ApN is associated with redox equilibrium perturbations. These modifications are, 

globally, no longer observed after ET, even in ApN KO mice, suggesting that additional ApN-

independent processes underline ET effects.   
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Prospects 
Our analysis of hybrid I/IIa myofibres in the slow twitch Soleus and the fast twitch Tibialis 

Anterior (TA) muscles highlighted that the HLUI-mediated disuse induces a slow-to-fast 

myofibre switch. This switch is associated with increased proportions of type I myofibers that 

are also positive for type IIa marker. However, other hybrid myofibres combinations were 

described (e.g. hybrid I/IIx, IIa/IIx, IIx/IIb, …) (10, 53) and the response of these other hybrid 

myofiber types to HLUI-mediated disuse remains to be investigated to fully understand the 

myofibers type transitions occurring in the DMA model we optimized.  

Moreover, the use of non-invasive methods such as Magnetic Resonance Imaging (MRI) could 

be used for limb muscle diameter and muscle alteration measurements all thorough the 

deconditioning, reloading, and reconditioning protocols. Furthermore, this strategy would 

allow to reduce the number of animals, in accordance with the “reduction” principle of the 3R 

rule (Reduce, Refine, Replace) (199).  

After 14 days of HLUI, we observed ApN pathway alterations in the slow-twitch Soleus but not 

in the fast-twitch TA muscle suggesting that the disuse-mediated muscle alterations are 

muscle-type dependent. Moreover, we reported HLUI-mediated AdipoR dysregulations in the 

moderately affected Soleus which contains high amounts of type I myofibres. In contrast, 

AdipoR expression was unaffected in the TA muscle that contains less than 1% of type I 

myofibres and was more severely affected by disuse. In prospect, myofibre type 

immunofluorescence staining could be combined with AdipoR immunofluorescence detection 

to further investigate fiber-type dependant AdipoR modifications. Moreover, this type of 

experiment will give information about AdipoR location at the plasma membrane. Indeed, ApN 

biological effect could also be impaired by adiporeceptor internalization. AdipoR1/AdipoR2/T-

Cadherin downstream signalling pathways (AMPK/SIRT1/PGC1a axis and PPARα expression 

and activity) remain to be investigated in the whole muscle and also specifically in slow and 

fast-type fibres by co-IF. This would allow to obtain a more complete vision of HLUI-mediated 

alterations of the ApN pathway.  

Moreover, since ApN is known for its insulin-sensitizing effects, fasting glycemia, Insulin and 

IGF-1 plasmatic levels may be added as outcome measurement in our experimental conditions.  

As well, AkT/mTOR, AMPK and inflammation pathway responses to HLUI-mediated DMA can 

also be investigated as potential contributors to the more severe alterations observed in 

muscles from mice devoid of ApN. In parallel, investigations of the redox status in disused and 

reconditioned muscle should be continued by interrogating directly protein oxidation levels 

and ROS-mediated DNA damages with oxiblot assay and 8-hydroxy-2’-desoxyguanosine (8-

OHdG) ELISA assay respectively, as we hypothesize those could contribute to the hypertrophic-

like phenotype observed in mice lacking ApN 

To further decipher the contribution of ApN protective role in DMA, gain-of-function studies 

have to be realized by using pharmacological agents either alone or in combination with ET. 

Pharmacological agents of interest are notably AdipoR activators (AdipoRON) and activators of 

AdipoR1-AMPK pathway (AICAR). Preventive and curative modalities should be tested.   
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On the other hand, given (i) ApN role in the regeneration process, (ii) the altered adult 

myogenesis described in DMA, ApN pathway needs to be further analyzed specifically in 

muscle satellite cells (SCs) and Fibro-adipogenic progenitors (FAP), two important cell types in 

the muscle regeneration process (200). SC and FAP muscle cell fractions can be isolated by 

Fluorescence-activated cell sorting (FACS) and it might be interesting to investigate myogenic 

and adipogenic markers by RT-qPCR, WB and ELISA in cells isolated ex vivo.  

To further study whether ApN pathway dysregulations are involved in the impaired 

regeneration process associated with muscle deconditioning, (CTX 10 µM)-induced injury can 

be induce in HLUI mice to study the subsequent regeneration process. The regeneration 

potential following HLUI can then be deciphered by the measurement of (i) the number of 

quiescent Pax7+ SC by IF (ii) gene and protein expression of myogenic (Pax7, MyoD1, Myogenin, 

Myostatin, Myosin Heavy Chain) and adipogenic markers (C/EBPα/β, PPAR-γ, PPARδ) by 

RTqPCR and WB.  

Finally, our results suggest that ApN-independent processes underline ET effects.  Among 

potential mechanisms, exerkines produced by skeletal muscle during ET are of great interest. 

Moreover, it remains unclear whether ApN can be considered as an exerkine. To clarify those 

points, it would be interesting to complete our in vivo approach with mechanistic experiments 

in reductionist models in vitro.  

The electrical-pulse stimulation (EPS) model that can be applied both on murine and human 

myotubes. The use of this model would allow to induce muscle cell contractions to (i) study 

myofibre contraction impact per se on ApN pathway, and (ii) to obtain a media enriched in 

exerkines. Preliminary results have been obtained (see preliminary results in Annexe 1) but it 

remains necessary to improve the model through the testing of different kinetic of stimulation 

and resting periods, notably in the aim to maximise the amount of exerkines in the EPS-

conditioned culture media. Once the model optimized, it should be interesting to assess the 

relative pro-myogenic contribution of ApN and exerkines on muscle cell differentiation. To this 

aim, the exerkine-enriched media can then be transferred on murine myoblasts to study the 

effect of exerkines on myoblasts proliferation (EdU) and myogenic differentiation by 

quantifying myogenin (MGN)-positive nuclei and the myosin heavy chain (MHC)-positive area. 

Myoblast fusion can also be assessed by the MFI (myogenic fusion index).  

As well, the exerkine-enriched media can also be transferred on isolated murine myofibres 

(from HLUI mice for instance). In this model, myofibres are isolated with their associated 

quiescent SC, which remain in their niche under the surrounding basal lamina. Culturing 

isolated myofibers causes activation of their associated SC that co-express Pax7 and MyoD 

within 24h. SC divide after 36h and proliferate further before most of them down-regulate 

Pax7 and induce myogenin to differentiate. Others maintain Pax7 expression and return to a 

quiescent-like state, modeling SC self-renewal ex vivo.  

Further ApN gain- and loss- of function experiments are planned in this EPS model. For 

instance, the effect of activators of ApN or downstream Ad pathway effectors could be 

compared with those of exerkines-enriched media. Finally, EPS will be applied on ApN-
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deficient myotubes (shRNA or CRISPRCas9). The exerkine-enriched media will be tested on 

myobasts treated or not with shRNA against adiporeceptors or downstream pathway 

components to decipher ApN effects from other potential exerkines.  
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Annexes  
ANNEXE 1. Supplementary data.   
 

A.1.1. Background & Aims   

Exercise training (ET) is the only effective strategy to counteract DMA. Among processes 

involved in ET benefits, ET-induced myokines, named exerkines (e.g. Irisin, IL6, …) have been 

highlighted. Here, we conduct a pilot study to implement and optimize a reductionist ET-like 

model in vitro, allowing investigations of molecular mechanisms underlying the effect of 

muscle cell contraction. The model of Electrical-Pulse Stimulation (EPS) on myotubes (Figure 

A1) was previously shown to recapitulate key properties of skeletal muscle contraction in vivo 

(201). In prospect of my thesis, and by using this model, we want to determine the specific 

effects of muscle contraction on ApN pathway as well as the respective pro-myogenic effects 

of ApN and exerkines by using ApN gain and loss-of-function experiments.   

  

  

Figure A1. Device implemented for Electrical-Pulse-Stimulation (EPS) on myotubes. Myotubes at 6 days of 

differentiation were stimulated at low frequency (Square Biphasic Pulses; 1Hz;40V/60mm; 2ms) thanks to the 

device “C-dish Ion Optix” (USA) linked to an electric stimulator (EMKA Technologies, STM-B01). Original 

illustrations.   
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A.1.2. Material and methods   

Cell culture  

Immortalized murine myoblasts (C2C12, ATCC CRL-1772) were cultured in a proliferation 

medium composed of DMEM high glucose supplemented with 10% FBS (VWR, S181B 500) and 

1% Penicillin/Streptomycin (P/S, Thermofisher) at 37°C with 5% CO2 and 21% O2.  

Specifically for subsequent EPS stimulation, myoblasts were seeded on 6 well plates self-

coated with Collagen I (Collagen R, 0.2%, Labconsult, SERV.4725402) until 100% confluence in 

the proliferation medium. Cells were then washed with PBS and differentiated for 7 days (D7) 

in DMEM High Glucose supplemented with human insulin 10µg/ml (Sigma), bovine apo-

transferrin 100µg/ml (Sigma) and 1% P/S. 

Electrical-Pulse stimulation (EPS) 

After optimal differentiation (D7), medium was refreshed, and EPS was applied on myotubes 

(Square biphasic pulse; 1Hz; 40V/60mm; 2ms) to initiate contraction while unstimulated 

myotubes were kept with electrodes without stimulation as control. This was performed for 6 

hours by using the C-Dish device (IonOptix) linked to an electric stimulator (EMKA 

Technologies, STM-B01). Myotubes were then either directly collected (EPS 6h) or left on the 

plate for a 4h resting period (EPS 6h +4h). In the latter case, the medium was replaced between 

the EPS protocol and the 4h resting period. The effects of EPS-mediated myotube contraction 

on ApNn pathway were then evaluated through the investigation of AdipoR1 and AdipoR2 

expression at the mRNA (RTqPCR) and protein levels (Western blot). AMPK activity was 

interrogated by western blot as an indicator of myotube contraction.  

EPS-conditioned culture medium collection and transfer  

To allow EPS-conditioned medium transfer experiments, the medium was collected either 

directly after EPS stimulation (EPS 6h medium) or after 4h of resting period (EPS 6h + 4h 

medium). Medium from unstimulated myotubes was also collected (Unstimulated medium). 

EPS-conditioned media were then transferred either (i) on C2C12 myoblasts for 24h or (ii) on 

C2C12 myotubes at day 2 of differentiation. In (i) myoblast proliferation was assessed by using 

an EdU staining. In (ii) Myog mRNA level was measured as an marker of early differentiation.  

 

A.1.3. Preliminary data   

According to our pilot study, the adhesion of myotubes to the support was found to be a 

limiting step during EPS. Collagen coating helps to delay myotubes detachment for up to 6 

hours (Figure A2). At this stage, as well as 4h after EPS, ApN pathway components are not 

significantly modified as compared to unstimulated myotubes (Figure A3).   

We then performed preliminary experiments on the EPS-conditioned medium (Figure A4). Our 

first data showed that ApN concentration in the culture medium is likely at the limit of ELISA 

Kit sensitivity, both in EPS-stimulated and unstimulated myotubes. Interestingly, Irisin 
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concentration tends to be higher in the EPS-conditioned medium than in the control, 4h after 

EPS.   

The EPS-conditioned culture medium was then transferred to myoblast cultures. We observed 

that the culture medium harvested immediately after the 6h of EPS induced myoblast 

mortality (data not shown). One hypothesis to explain this effect is the release of toxic 

molecules by electrodes. Lactate release by myotubes during their contraction is also to 

consider. However, the culture medium harvested 4h after EPS does not induce mortality. This 

medium does not appear to impact myoblast proliferation or early differentiation (Figure A4). 

Further investigations are now needed to optimize the model and particularly, to increase 

exerkine concentration in the EPS-conditioned medium. To this aim, additional 

stimulation/resting kinetics will be envisaged. Moreover, we initiated the development of 

gelatin hydrogels with "micropatterns" to promote the maturation and alignment of myotubes 

during EPS protocols (Figure A5).   

 
Figure A2. Effect of Electrical-Pulse-Stimulation (EPS) on cell adherence according to different plate coating. 

C2C12 myoblasts were differentiated during 7 days.  Cells adherence was monitored thanks to a Cytosmart 

microscope.    
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Figure A3. Effect of Electrical-Pulse-Stimulation (EPS) on Adiponectin pathway components in myotubes: 

preliminary results (A) Timeline. Murine C2C12 myoblasts were seeded in a 6-well plate and differentiated for 7 

days (D7). EPS was then applied on myotubes for 6h. The medium was first harvested at this time point (6h). After 

medium renewal, cells were maintained in a resting state for 4h and the medium was harvested at this time point 

(6h+4h). (B-D) Relative Adipor1 and Adipor2 expressions determined by RTqPCR (SYBR Green) and normalized 

to Rplp0 (ΔΔCt method). (C-E) AdipoR1 and AdipoR2 protein levels determined by a SDS-PAGE followed by 

Western Blot. Red Ponceau was used as a loading control. (F) AMPK activity was evaluated through the 

phosphorylated AMPK(P-AMK) to total AMPK ratio (SDS-PAGE followed by a Western Blot). ANOVA One Way: NS. 

Data presented as  Mean ± SD. The experiment was realized in technical triplicates and on 3 independent cultures. 

Collaboration with. L. Paprzycki, Master student, PhRR.   
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Figure A4. Effect of Electrical-Pulse-Stimulation (EPS) on myotube culture medium. (A) Experimental design. 

(B) Adiponectin (ApN) and Irisin concentrations were determined by ELISA (Adiponectin/Acrp Quantikine ELISA 

kit, R&D ; Irisin: EK-067-29, Phoenix Pharmaceuticals, inc.). Data presented as Mean ± SD. ApN: T-test: NS, n=3 

independent culture; irisin: Mann Whitney: NS, n=3 technical triplicate. (C) Effect of the medium conditioned by 

EPS-myotubes on myoblast proliferation, determined through fluorescence staining and counting of EdU cells 

(Image J software) (D) Effect of the medium conditioned by EPS-myotubes on early differentiation evaluated 

through the expression of the gene encoding Myogenin (MyoG) by RTqPCR (SYBR Green) and normalized to Rplp0 

(ΔΔCt method) (C-D) Data presented as Mean ± SD. N=3 independent cultures. T-test: NS. Collaboration with. L. 

Paprzycki, Master student, and A. Delpierre, PhD student, PhRR, UMONS.   
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Figure A5. Electrical-Pulse-Stimulation (EPS) on myotubes growth on Micromolded Gelatin Hydrogel. (A) 

Protocol of micromolded gelatin hydrogels manufacturing, adapted from (201). Briefly, one drop of gelatin 

(10%w/v)/ microbian transglutaminase (mTG, 8%w/v) was placed on an activated coverslip. A PDMS stamp 

produced by lithography (coll. Pr. S. Gabriele) was then applied on the hydrogel drop and incubated 24h to allow 

micropattern printing (parallel lines of 10μm depth and length). After stamp removal, the hydrogel is sterilized by 

UV exposure and myoblasts were then seeded. (B) PDMS stamp application on the gelatin hydrogel: photography. 

(C) Microscopic picture of micropatterned hydrogel. (D) Microscopic picture of C2C12 murine myoblasts aligned 

on the micropatterned hydrogel.   

 


