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1   |   INTRODUCTION

Skeletal muscle deconditioning is a decline in muscle 
function that can result from a pathological condition 
by itself (cancer, metabolic disorders, traumas, and he-
reditary muscular dystrophies) or be secondary to the 
associated hypo- or inactivity, notably due to prolonged 

bed rest, limb immobilization, mechanical ventilation, 
or wheelchair dependence (Atherton et  al.,  2016; Gao 
et al., 2018; Nunes et al., 2022). In conditions of muscle 
hypoactivity, skeletal muscle deconditioning leads to the 
development of Disuse Muscle Atrophy (DMA) at the 
tissue level. DMA is mainly characterized by a decrease 
in myofiber cross-sectional area (CSA) and a slow-to-fast 
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Abstract
Disuse-mediated Muscle Atrophy (DMA) causes persistent muscle weakness, 
limiting exercise training as a treatment. Adiponectin (ApN) emerged as a thera-
peutic candidate for muscle disorders. However, the effect of DMA on the ApN 
pathway remains poorly studied. Given ApN's metabolic effects, examining 
the ApN pathway response to disuse in relation with muscle type is essential. 
To mimic DMA while avoiding confounding factors, we combined HindLimb 
Unloading with Immobilization (HLUI) through a device allowing mouse dis-
placements. The effects of disuse on DMA severity were studied in the slow-
twitch Soleus and the fast-twitch Tibialis anterior (TA) muscles, together with 
the ApN pathway. The Soleus muscle presents a moderate atrophy of type IIa 
myofibers, whereas the TA muscle is more severely affected and exhibits a type I 
to IIa switch. HLUI increased the hybrid I/IIa myofiber proportion in both mus-
cles, suggesting an ongoing myofiber switch that is delayed in the Soleus mus-
cle. Concomitantly, HLUI enhances ApN plasma level, modifies oligomeric form 
proportions, and downregulates Adiporeceptors in the Soleus but not in the TA 
muscle. In conclusion, HLUI is associated with a higher ApN plasma level and 
disturbances in oligomeric form proportions. DMA severity, myofiber switch ki-
netics, and adiporeceptor regulation are muscle-type dependent.
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myofiber type switch (Baehr et  al.,  2022; Bodine,  2013; 
Shenkman,  2016; Wang et  al.,  2017). At the molecular 
level, DMA is associated with a protein synthesis/degrada-
tion imbalance, abnormal oxidative stress, and mitochon-
drial dysfunction (Baehr et al., 2022; Baldwin et al., 2013; 
Bodine, 2013; Puthucheary et al., 2010; Shenkman, 2016; 
Vilchinskaya et  al.,  2018). Importantly, morphological 
alterations are associated with functional impairments 
and persistent muscle weakness, even after muscle re-
conditioning programs in an important group of patients 
(Boelens et al., 2022; Cuthbertson et al., 2010; Dos Santos 
et al., 2016). Moreover, DMA was suggested to be associ-
ated with impaired adult myogenesis that could limit the 
effect of muscle reconditioning as well as muscle regen-
eration in case of injury (Boelens et  al.,  2022; Matsuba 
et al., 2009).

To mimic a reversible DMA, Hindlimb Unloading 
(HLU) and Hindlimb Immobilization are widely used in 
rodents (Bodine, 2013; Marzuca-Nassr et al., 2019; Morey-
Holton et al., 2005). However, experimental conditions in 
those models are often associated with reduced social in-
teractions, stress, and body weight loss, introducing con-
founding factors (Moustafa, 2021; Tousen et al., 2020). In 
some studies, the HLU device was adapted to allow mouse 
displacement with forelimbs (Marzuca-Nassr et al., 2019), 
but this procedure is associated with hindlimb residual 
movements that may limit atrophy development. Since 
hindlimb immobilization, when combined with HLU, has 
been reported to induce a more severe atrophy than HLU 
alone (Du et al., 2011), we used this strategy to avoid re-
sidual movements. The model optimized here was never 
applied to study DMA molecular mechanisms or potential 
treatments.

To counteract the development of DMA, most stud-
ies interrogated the effect of nutritional supplemen-
tation with antioxidant cocktails. Unfortunately, such 
strategies failed in human studies, and the only effective 
treatments remain mobilization, electrostimulation, and 
exercise training (ET) (Arc-Chagnaud et al., 2020; Boelens 
et al., 2022). Unfortunately, patient intolerance to ET often 
limits muscle reconditioning, thus stressing the need for 
the development of pharmacological approaches to pro-
tect muscles in this frequent pathological context (Boelens 
et al., 2022).

At the physiological state, skeletal muscle is at the 
center of an inter-organ crosstalk involving Adiponectin 
(ApN, encoded by the Adipoq gene). This adipo/myo-
kine has autocrine, paracrine, and endocrine actions 
(Amin et  al.,  2010; Krause et  al.,  2008, 2019). If ApN is 
mainly secreted by adipose tissue, skeletal muscle is also 
a source and a target tissue of ApN (Krause et al., 2008). 
ApN post-translational modifications result in multimeric 
forms found in the plasma and classified as Low (LMW), 

Medium (MMW), and High molecular weight (HMW) 
(Wang et al., 2008). Those circulating forms target tissues 
via ADIPOR1 and ADIPOR2 receptors, predominantly ex-
pressed in skeletal muscle and liver, and activating AMPK 
and PPARα pathways, respectively (Iwabu et  al.,  2010; 
Krause et al., 2008; Yamauchi et al., 2014). More recently, T-
cadherin was identified as an ApN co-receptor required to 
maintain ApN at the tissue membrane (Denzel et al., 2010; 
Matsuda et  al.,  2015; Tanaka et  al.,  2019). As reviewed 
in (Abou-Samra, Selvais, Dubuisson, & Brichard,  2020), 
oligomeric ApN form proportion was reported to influence 
ApN biological effect, but this feature was mainly studied 
in type 2 diabetes. In this context, HMW ApN forms are 
notably reported as the most biologically active through 
their more potent ability to increase insulin sensitivity 
(Basu et al., 2007; Hara et al., 2006; Pajvani et al., 2004). In 
addition to its well-described anti-diabetic, anti-apoptotic, 
and anti-oxidative properties (Kadowaki et al., 2006; Liu 
et al., 2015; Tian et al., 2012), ApN exerts myoprotective ef-
fects, notably by activating the ADIPOR1/AMPK/SIRT1/
PGC1α axis, allowing for reduced inflammatory and oxi-
dative stress and enhanced oxidative metabolism (Abou-
Samra, Selvais, Boursereau, et  al.,  2020; Abou-Samra, 
Selvais, Dubuisson, & Brichard, 2020; Iwabu et al., 2010; 
Jiang et  al.,  2019). Those discoveries are mainly based 
on studies in mice demonstrating that ApN-KO mus-
cles are more sensitive to oxidative stress, inflammation, 
and apoptosis (Liu et al., 2015), and that muscle-specific 
Adipor1-KO mice show reduced endurance, type I fiber 
number, mitochondrial content, and oxidative stress-
detoxifying enzymes (Iwabu et  al.,  2010). Furthermore, 
ApN was reported to have pro-myogenic effects (reviewed 
by (Abou-Samra, Selvais, Dubuisson, & Brichard, 2020)). 
Notably, elastases produced by M1 macrophages at the le-
sion site cleave ApN into its globular form (gApN) (Waki 
et al., 2005), which regulates satellite cells (SC) activation 
and later regeneration steps (Fiaschi et  al.,  2009, 2012, 
2014; Gamberi et  al.,  2016). The T-cadherin co-receptor 
(Obata et  al.,  2018; Tanaka et  al.,  2019) and ADIPOR1 
(Iwabu et al., 2010) 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 lev-
els, a concept named “ApN paradox” (Baker et al., 2019; 
Walowski et al., 2023).

On the other hand, the therapeutic potential of ApN 
agonists was assessed in different models of muscle dis-
orders, for example, mdx mice (a model of Duchenne 
Muscular Dystrophy) (Abou-Samra, Selvais, Boursereau, 
et  al.,  2020), aged mice (Balasubramanian et  al.,  2022), 
and dexamethasone-induced atrophy (Singh et al., 2017). 
In those studies, ApN pathway activation limited 
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oxidative stress and inflammation in mdx mice, promoted 
oxidative metabolism in both aged and mdx mice (Abou-
Samra, Selvais, Boursereau, et al., 2020; Balasubramanian 
et al., 2022) and reduced atrophy induced by dexameth-
asone in vivo (Singh et al., 2017). These data support the 
therapeutic potential of ApN pathway activators in mus-
cle diseases, particularly when associated with oxidative 
stress and metabolic alterations. However, ApN agonists 
have never been considered in the pathological context of 
DMA. Moreover, it is still unclear whether muscle disuse 
can affect ApN pathway components, as only one study in-
terrogates this pathway in HLU mice. In this model, Goto 
et  al. highlighted a down-regulation of Adipor1 but not 
of Adipor2 mRNA levels in the Soleus muscle and a posi-
tive relation between muscle weight and Adipor1 mRNA 
level in a suspension-recovery experiment, suggesting 
that mechanical loading might regulate the expression 
of ApN pathway molecular actors (Goto et  al.,  2013). 
However, potential changes in Adipor1 and Adipor2 pro-
tein levels were not addressed in this study. In addition, 
given the metabolic roles of ApN pathway, its response to 
disuse needs to be better characterized in both slow- and 
fast-twitch muscles. This point is particularly of interest 
when considering that many muscle disorders are associ-
ated with fiber-type-specific changes (Ciciliot et al., 2013; 
Tobias & Galpin, 2020).

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 
plasma level, oligomeric form proportion, and ApN (co-)
receptor expression at the mRNA and protein levels.

2   |   MATERIALS AND METHODS

2.1  |  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 (58 × 40 × 20 cm) 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). (Figure 1a). Relative humidity was 

maintained at 35%–40% with a constant room tempera-
ture (21°C) and a 12 h/12 h day/night light cycle. Animals 
had access to food (Carfil, maintenance dry food (RN-
01-20 K12) and water ad libidum).

2.2  |  Hindlimb unloading and 
immobilization (HLUI)

The HLU device, adapted from Marzuca-Nassr et  al. 
(Marzuca-Nassr et al., 2019), 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 × 0.5 cm). 
Hindlimb muscles were immobilized in an extended posi-
tion from the ankle (which is in a dorsiflexion position) 
to the upper hip using medical band-aids (Nepenthes; 
16 × 1 cm) (Figure 1b). This system allows mice to be sus-
pended at a 30° angle by maintaining mouse movement 
with their forelimbs in the rod axis (Figure  1c,d). Two 
mice were housed in a cage to allow social interactions.

2.3  |  Muscle collection and preparation

After 14 days of protocol, the Soleus and Tibialis anterior 
(TA) muscles were collected to perform morphometri-
cal analyses and molecular investigations (RT-qPCR and 
western blots). Morphometrical analyses required mus-
cle embedding in OCT cryo-compound (ImmunoLogic, 
1620-C) frozen in isopentane cooled with liquid nitrogen. 
Cryosections (8 μm) were performed with a cryotome 
(Leica CM1950). Contralateral muscles were snap-frozen 
in liquid nitrogen to allow molecular investigations. Blood 
was collected and centrifuged (13,500 rpm, 15 min) to iso-
late plasma for ELISA assays. Muscles were also collected 
at day 3, as Fbxo32 (encoding Atrogin-1) overexpression 
was anticipated to occur at early timepoints, before atro-
phy installation (Atherton et al., 2016; Bodine et al., 2001; 
Bodine & Baehr,  2014). Those data are provided as 
Supporting Information.

2.4  |  Morphometrical analyses in 
hindlimb muscles

2.4.1  |  Myofiber type immunofluorescence 
staining

Soleus and TA muscles cryosections were blocked for 1 h 
at room temperature with 10% Goat-serum/PBS (VWR, 
S2000-100) before being incubated for 2 h at room tem-
perature with a primary antibody cocktail directed 
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F I G U R E  1   Murine model of Hindlimb Unloading and Immobilization (HLUI). (a) Timeline. During a 3-day acclimatization period 
(Acclim., D-3 to D0), mice were attached to the tail-suspension system without any suspension. Mice were kept at floor level to allow full 
limb use. This step was followed by 3 (D3) or 14 days (D14) of HLUI. (b) HLUI procedure. Three bands of medical tape were fixed to the tail. 
A modified paperclip forming a hook was attached to the tail by using 3 other bands of medical tape. The hook was connected to a metal 
chain ending in a ring. Hindlimbs were immobilized in extension position, with the ankle fixed in dorsiflexion position using medical tape. 
HLUI mice were then suspended at a 30° angle. (c) HLUI mice. (d) Cage set up. Large rat cages were converted by adding a rod at the top. 
For tail suspension, the chain was attached to the rod via the ring, enabling a sliding mechanism. Mice could move along the rod axis by 
using their forelimbs. Two mice were housed per cage to ensure social interactions. (e, f) Body weight (b.w.) comparison in HLUI and CTL 
groups. (e) B.w. at D0. Data presented as boxplots; groups compared using a Mann–Whitney Rank Sum test (f) B.w. change between D0 
and D13. Data presented as boxplots; groups compared using a Student's t-test. (g) B.w evolution. (Left) Daily measurements normalized to 
b.w. at D0 (defined as the 100% baseline). Data presented as mean ± SEM. (Right) B.w slope evolution (from D1 to D13). Data presented as 
boxplots; groups compared using a Student's t-test. CTL group: N = 10, HLUI group: N = 11.
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against Myosin Heavy Chain 7 (MyHC7)  (type I fibers, 
IgG2b, clone BA-D5, 1:50, DSHB, RRID: AB_2235587), 
MyHC2 (type IIa fibers, IgG1, clone SC-71, 1:100, DSHB, 
RRID: AB_2147165), MyHC4 (type IIb fibers, IgM, clone 
BF-F3, 1:10, DSHB, RRID: AB_2266724), and laminin 
(rabbit IgG, ab 11,575, 1:50, Abcam, RRID: AB_298179). 
Slides were washed 3 times in PBS and incubated for 
1 h with secondary antibodies directed against mouse 
IgG2b (Alexa 647 anti-mouse IgG2b, A-21242, 1:100, 
Thermofisher), mouse IgG1 (Alexa 488, anti-mouse 
IgG2b, A-21121, 1:100, Thermofisher), mouse IgM (Alexa 
555, anti-mouse IgM, A-21426, 1:50, Thermofisher), and 
Rabbit IgG (Alexa 405 anti-rabbit IgM, ab17652, 1:50, 
abcam) to label respectively type I (Cy5 channel), type IIa 
(FITC channel), and type IIb (TRITC channel) myofibers 
as well as laminin (DAPI channel). Unstained myofib-
ers are commonly considered type IIx myofibers, as de-
scribed by (Bloemberg & Quadrilatero, 2012). Slides were 
washed 3 times in PBS and mounted with ProLong™ 
Gold Antifade Mountant (P36934, Invitrogen). Images 
were then captured to cover the whole muscle section 
with a Nikon Eclipse i80 microscope (10x magnification).

2.4.2  |  Images processing and measurements

Each capture was processed with QuPath-0.5 software 
to subtract the background fluorescence signal and pro-
vide DAPI/Cy5, DAPI/FITC, DAPI/TRITC, and merged 
images. Processed individual images were then stitched 
with Image Composite Editor software to reconstitute the 
whole muscle section in the 4 cited channel combina-
tions without pixel down-sampling. Reconstituted mus-
cle sections were then segmented thanks to the Cellpose 
v2.2.3 software (CPx pre-trained model) (Pachitariu 
& Stringer,  2022; Stringer et  al.,  2021) to determine 
the Regions Of Interest (ROIs) corresponding to posi-
tive myofibers in the channel combination of interest. 
Since Cellpose v2.2.3 allows exporting ROI as a mask.
PNG image, we used the LabelsToRoi plugin (Waisman 
et al., 2021) to transpose myofiber segmentation in the 
Fiji software for ROI measurements. Each myofiber 
CSA was finally obtained after conversion of the corre-
sponding ROI (in pixels) in μm2 with the pixel/μm ratio. 
Myofibers were then classified into 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 myofiber CSA dis-
tribution. Minimum Feret's diameter (MFD), a geomet-
rical parameter used for morphometric analysis, was 
also measured from the segmented ROIs as it is less af-
fected by the orientation of the muscle section (Briguet 
et al., 2004).

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+.

2.5  |  RT-qPCR analyses

Total RNAs were extracted from Soleus and TA muscles 
with Trizol reagent (Invitrogen, 155,596–026) according 
to the manufacturer's guidance before being treated with 
DNAse I (ThermoFischer, 18,068–015). cDNAs were 
synthesized from 1 μg of RNA using the Maxima First 
Strand cDNA synthesis kit (ThermoFischer, K1641). 
RT-qPCRs were performed in triplicate for each primer 
(Eurogentec) (Table S1) with the SYBR Green FastStart 
Essential DNA Green Master (Roche, 0640271001) and 
by using the LightCycler®96 (Roche) device (cycling 
conditions: initial denaturation step at 95°C for 10 min, 
followed by 40 cycles of 15 s at 95°C and 60 s at primer 
Tm). Raw data were analyzed with the LightCycler®96 
software and quantified by using the 2−ΔΔCt method 
(Rplp0 as the housekeeping gene, data normalized to 
CTL).

2.6  |  ApN plasma components

ApN plasma concentrations were measured by using 
the Adiponectin/Acrp Quantikine ELISA kit (R&D, 
MRP300) according to the manufacturer's instructions. 
Relative amounts of LMW, MMW and HMW ApN circu-
lating forms were determined using a non-denaturating 
SDS-PAGE electrophoresis followed by a western blot. 
Based on ApN plasma concentrations provided by 
ELISA assay, 10 ng of ApN were separated onto an 8% 
polyacrylamide gel (125 V; 2 h20) before being trans-
ferred onto a nitrocellulose membrane (Amersham). 
Membranes were then stained with Ponceau Red, 
washed 3 times in TBS-Tween (0.2%), and blocked 1 h 
in 5% non-fat dry milk diluted in TBS-T. Primary anti-
bodies 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 h at 4°C and for 1 h at room 
temperature, respectively. The HRP signal was visual-
ized using Supersignal West Femto Max Sensitivity Kit 
(Thermo Fisher Scientific, 34,095). Densitometry was 
performed using Fiji software. The densitometry signal 

https://scicrunch.org/resolver/RRID:AB_10675534
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was normalized to the total proteins stained by Ponceau 
Red. The signal corresponding to LMW, MMW, and 
HMW ApN forms was then normalized on the total ApN 
signal and therefore expressed as a percentage. SA Index, 
commonly used as an indicator of insulin sensitivity, 
corresponds to the ratio HMW/(LMW + MMW + HMW) 
(Pajvani et al., 2003).

2.7  |  Western blot analyses

Soleus and TA muscles were homogenized in lysis buffer 
(CelLytic, Sigma, C3228; Protease Inhibitor Cocktail, 
Sigma, P8340; Phosphatase Inhibitor Cocktail, Millipore, 
524,632). Equal protein amounts were then separated on 
a 12% SDS-PAGE gel (100 V; 3 h 30) before being trans-
ferred onto a nitrocellulose membrane (Amersham) by 
using the Trans-Blot Turbo Transfer System (Biorad™). 
Membranes were then stained with Ponceau Red, 
washed 3 times in TBS-Tween (0.2%), and blocked 1 h in 
5% non-fat dry milk diluted in TBS-T. Primary antibod-
ies were directed against Adipor1 (1:1000, overnight at 
4°C, Rb IgG, Gentaur, ADIPOR12-A), AdipoR2 (1:1000, 
overnight at 4°C, Rb IgG, Gentaur, ADIPOR22A), and 
T-cadherin (1:1000, overnight at 4°C, R&D, AF3264). 
After 3 washes, membranes were incubated with cor-
responding secondary HRP-conjugated antibodies 
(Donkey anti-Rb IgG, 1:5000, 1 h at room temperature, 
VWR, NA934;Rabbit anti-goat IgG, 1:5000, 1 h at room 
temperature, Abcam, ab6741). All antibodies were di-
luted in 1% non-fat dry milk TBS-T. The HRP signal 
was visualized using the Supersignal West Femto Max 
Sensitivity Kit (Thermo Fisher Scientific, 34,095) and 
the Fusion FX7 spectra (Vilber, France). Densitometry 
was performed using the Fiji software. The densitom-
etry signal was normalized to the total proteins stained 
by Ponceau Red.

2.8  |  Statistical analyses

Statistical analyses were done using Sigma Plot soft-
ware, version 14. For comparison, depending on nor-
mality and equal variance tests, we used: (i) a Student's 
t-test (plasma ApN level 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 mus-
cle), or (iii) the non-parametric Mann–Whitney Rank 
Sum test (Type I myofiber CSA and type IIb myofiber 
proportion in the Soleus muscle), or (iv) a Chi-square 
test (myofiber CSA distribution in the Soleus and TA 

muscles). Mouse body weights (b.w.) at D0 were com-
pared with the non-parametric Mann–Whitney Rank 
Sum test. The change of b.w. between D0 and D13 was 
compared with a Student's t-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.

According to normality and equal variance test re-
sults, the graphical representations were performed as 
follows. Myofiber size distributions were expressed as 
mean ± SD and represented as histograms. Myofiber 
type proportions were represented as stacked histo-
grams. Mouse b.w. slope evolution, CSA, MFD, percent-
age of hybrid fibers, Adipoq mRNA, ApN plasma level, 
ApN oligomer proportions, Adipor1, Adipor2, and T-
cadherin mRNA and protein levels were represented as 
box (median, 25th and 75th percentile) and whisker (5th 
and 95th percentile) plots.

3   |   RESULTS

3.1  |  Optimization of a murine model of 
muscle disuse

To mimic DMA in mice, we used a murine model of 
Hindlimb Unloading (HLU) that was adapted to limit 
confounding factors such as stress and consecutive body 
weight (b.w.) loss. To this aim, we added an acclimati-
zation period of 3 days and used a device allowing for 
maintenance of social interactions and mouse displace-
ments throughout the cage via their forelimbs. Moreover, 
we combined HLU with a hindlimb immobilization pro-
cedure (HLUI) to avoid residual hindlimb movements 
during displacements that may limit DMA development 
(Figure 1a,d).

We first verified the impact of this optimized HLUI 
procedure on b.w. evolution throughout the proto-
col. If HLUI mouse b.w. tended to be slightly lower in 
HLUI mice as compared to CTL at baseline, this differ-
ence is not significant from a statistical point of view 
(D0, Figure 1e). In the HLUI group, a slight reduction 
of b.w. was shown between D0 and D13 (−1.8 ± 4.4%), 
and a moderate gain was observed in the CTL group 
(+4.5 ± 4.6%) (Figure 1f). B.w. evolution is also presented 
in Figure 1g. Accordingly, mean b.w. in the HLUI group 
was relatively stable, with a slightly negative slope value 
(−0.5 ± 0.85%). In the CTL group, the small gain of b.w. 
results in an evolution slope of 0.7 ± 1.1%, statistically 
different from the HLUI group (p = 0.012, student's t-
test) (Figure 1g). Regarding mean food consumption, no 
differences were found between HLUI and CTL groups 
(Figure S1).
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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 (Figure S2).

3.2  |  The effects of muscle disuse in 
mice are fiber-type dependent

3.2.1  |  Soleus slow-twitch muscle

As expected, type I, type IIa, and type IIb myofibers were 
detected in CTL and HLUI soleus muscles (Figure  2a). 
Unstained myofibers, commonly considered as IIx my-
ofibers (Bloemberg & Quadrilatero, 2012), were also ob-
served (Figure S3).

For a precise assessment of the whole muscle CSA 
(Figure 2b), we measured all myofiber CSA individually 
and observed that HLUI did not affect the Soleus myofiber 
mean CSA. However, the analysis of myofiber CSA dis-
tribution showed an increased proportion of myofibers in 
smaller area clusters (<1200 μm2) in HLUI mice compared 
to CTL (p < 0.001, Chi-square). To minimize potential risks 
of bias linked to sectioning angle orientation, the MFD 
was also measured, but no modification was observed in 
the HLUI group.

Myofiber-type-specific morphometrical analyses 
(Figure 2c,d) revealed that HLUI had no impact on type 
I myofiber CSA (Figure 2c). However, 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). Accordingly, type IIa 
myofiber mean MFD was also reduced (p < 0.05, Student's 
t-test) (Figure 2d). Type IIb myofibers were only detected 
on 3 to 5 Soleus muscles when considering both groups. 
Although type IIb and IIx (unstained) myofiber CSA ap-
peared not affected by HLUI, a significant reduction of 
type IIb myofiber MFD was observed in HLUI Soleus mus-
cles (p < 0.05, Student's t-test) (Figure S3). Taken together, 
our results highlight that the impact of HLUI on myofiber 
CSA ranges from weak to moderate, and mostly concerns 
type IIa myofibers.

Since DMA is commonly described as characterized by 
a myofiber type switch (Bodine, 2013; Wang et al., 2017), 
we also interrogated this feature. In the CTL group, the 
percentage of type I, type IIa, and type IIb myofibers 
in the Soleus muscle was 35.3 ± 8.2%; 63.1 ± 6.2%, and 
1.6 ± 2.5%, respectively. These proportions were not sig-
nificantly modified upon HLUI (Figure  2e). However, 
morphometrical analyses revealed the presence of 
MyH7+(Cy5)/MyH2+(FITC) double-positive myofibers, 

generally named hybrid I/IIa (or switching) myofibers. 
Interestingly, the hybrid myofiber proportion increased 
in HLUI Soleus muscles (8.4 ± 3.3%) as compared to CTL 
(3.7 ± 2.3%) (p < 0.05, Student's t-test) (Figure  2f,g), sug-
gesting an ongoing slow-to-fast myofiber transition.

3.2.2  |  Tibialis anterior fast-twitch muscle

MyHC immunodetection in Tibialis anterior (TA) mus-
cle cryosections allowed the detection of type I, type IIa, 
type IIb and unstained (IIx) myofibers in CTL and HLUI 
mice (Figure 3a). HLUI decreased the whole TA muscle 
fiber 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) (Figure 3b). Accordingly, myofiber CSA 
distribution analyses indicated that HLUI TA muscles 
presented a higher percentage 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 re-
duced myofiber CSA in HLUI TA muscle (p < 0.01, 
Student's t-test) (Figure 3b).

Regarding fiber-type-specific changes in the TA mus-
cle (Figure 3c,d), HLUI mainly affected type IIa and type 
IIb myofibers. Indeed, type IIa myofiber CSA was re-
duced in HLUI mice (1852 ± 343 μm2) as compared to CTL 
(2342 ± 367 μm2) (p < 0.05, Student's t-test) (Figure  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) (Figure 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) (Figure  3d), and type IIb my-
ofibers CSA distribution in HLUI mice shifted towards 
small and intermediate clusters (<3000 μm2) (p < 0.001, 
Chi-square) (Figure  3d). HLUI did not significantly im-
pact type I and unstained myofiber mean CSA, but we 
highlighted changes in unstained fiber CSA distribution 
(p < 0.001, Chi-square) (Figure S4).

As concerns myofiber type proportion (Figure  3e), 
CTL TA muscle presents 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 un-
stained (IIx) myofibers. Importantly, type I myofiber 
percentage was found to be significantly reduced in 
HLUI 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%) myofiber proportions were 
unchanged (Figure 3e). This is consistent with the anal-
ysis of double-positive fibers (Figure  3f,g) that showed 
that almost the totality of MyH7+ (type I myofibers) 
in the TA muscle of HLUI mice (94.7 ± 11.9%) are also 
MyH2+ (type IIa myofibers). In the CTL group, the 
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F I G U R E  2   Effects of HLUI on Soleus muscle morphometrical parameters. (a) Type I, IIa and IIb fiber co-immunofluorescence: 
Representative fields. (b–d) Cross-sectional Area (CSA), myofiber CSA distribution, and Minimum Feret's diameter (MFD) in the whole 
muscle (b), in type I (c), and in type IIa myofibers (d). CSA: Data presented as boxplots; groups compared using Student's t-tests (NS). 
Myofiber CSA distribution: Data presented as mean ± SD (left) and as cumulative percentages (right); groups compared using Chi-square 
(Chi2) tests (p < 0.05, p < 0.001, as indicated). MFD: Data presented as boxplots; groups compared using Student's t-tests (p = 0.033, as 
indicated) (e) Myofiber type proportions. Data presented as stacked bars; groups compared using a Student's t-test (NS). (f) Percentage of 
type I myofibers also positive for IIa myofiber marker. Data presented as boxplots; groups compared using a Student's t-test (p = 0.039, as 
indicated). (g) Representative field showing hybrid (I/IIa) myofiber detection. Arrows: Type I fibers (in red) also positive for type IIa marker 
(in green). Laminin is stained in blue. CTL group: N = 5, HLUI group: N = 5.
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F I G U R E  3   Effects of HLUI on the Tibialis anterior muscle morphometrical parameters. (a) Type I, IIa, and IIb fiber co-
immunofluorescence: Representative fields. (b–d) Cross-sectional Area (CSA), myofiber CSA distribution, and Minimum Feret's Diameter 
(MFD) in the whole muscle (b), in type IIa (c), and in type IIb myofibers (d). Data presented as in Figure 2. CSA: Student's t-tests (p = 0.018, 
p = 0.048, p = 0.022, as indicated). Myofiber CSA distribution: Chi-square (Chi2) tests (p < 0.001, as indicated). MFD: Student's t-tests 
(p = 0.007, p = 0.004, as indicated). (e) Myofibers type proportions: Student's t-test (p = 0.035 for type I myofibers). (f) Percentage of type I 
myofibers also positive for IIa myofibers markers. Data presented as in Figure 2; Student's t-test (p = 0.025, as indicated). (g) Representative 
fields showing hybrid (I/IIa) myofiber detection. Image annotated as in Figure 2. CTL group: N = 5, HLUI group: N = 5.
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corresponding mean percentage was only 67.2 ± 18.7% 
(p < 0.05, Student's t-test). Those results suggest that 
HLUI is accompanied by a slow-to-fast myofiber transi-
tion in the TA muscle.

3.3  |  HLUI is accompanied by 
an enhancement of ApN plasma 
level and modification of ApN oligomer 
distribution

The gene 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 is also more variable in HLUI TA 
muscles than in the CTL group (Figure 4a).

Interestingly, ApN plasma 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) (Figure 4b). 
Since the distribution of ApN oligomers and particu-
larly the proportion of HMW forms (commonly calcu-
lated through the SA index) are known to influence the 
biological effects of this adipokine, we investigated those 
parameters in the HLUI model (Figure 4c–e, Figure S5). 
However, the SA index (Figure  4c) and HMW form pro-
portion (Figure  4e) were not significantly modified by 
HLUI. In contrast, the proportion of LMW forms was re-
duced in HLUI mice (40.52 ± 6.87%) as compared to CTL 
(50.79 ± 3.36%) (p < 0.05, Student's t-test) (Figure  4e). As 
well, 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) (Figure 4e).

3.4  |  The effect of muscle disuse on 
ApN (co)receptors expression depends on 
muscle type

Here, we investigated ApN pathway (co)receptors expres-
sion at the mRNA and protein levels in HLUI-induced dis-
used muscles (Figure 5). Globally, the data indicate that 
the effect of muscle disuse differs in slow-twitch Soleus 
(Figure  5a,b) and fast-twitch TA muscles (Figure  5c,d). 
Indeed, HLUI in mouse Soleus was associated with a de-
crease in Adipor1 (encoding Adipor1), Adipor2 (encoding 
Adipor2), and Cdh13 (encoding T-cadherin) mRNA levels 
as compared to CTL (p < 0.01, Student's t-test) (Figure 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 vari-
ability in the HLUI group (Figure S6). 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) (Figure 5b, 
Figure  S7). As concerns the co-receptor T-cadherin, the 
immunodetection on western blot allowed us to detect 
two bands corresponding to T-cadherin with (130 kDa) 
and without (100 kDa) its prodomain, as described in 
(Fukuda et al., 2017; Tanaka et al., 2019). 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) 
(Figure 5b). This difference was observed for the 100 kDa 
form (p < 0.05, Student's t-test) and was at the limit of 
statistical significance for the 130 kDa form (p = 0.057, 
Student's t-test) (Figure S8).

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 pro-
tein levels (Figure 5c,d and Figures S6–S7 and S9).

4   |   DISCUSSION

Hindlimb Unloading (HLU) models are widely used to 
mimic muscle disuse in rodents (Bodine, 2013; Marzuca-
Nassr et al., 2019; Morey-Holton et al., 2005). Here, this 
model was coupled with hindlimb immobilization and 
optimized to reduce mouse stress (acclimatization pe-
riod, social interactions, displacement with forelimbs, …), 
thus permitting minimization of bias in assessing disuse-
mediated muscle effects. These optimizations successfully 
limited body weight (b.w.) loss in HLUI mice compared 
to other studies in HLU rodent models (Moustafa, 2021; 
Tousen et al., 2020). The b.w. is an important parameter 
to control in HLUI experiments to avoid confounding 
factors. Indeed, b.w. loss is known to be associated with 
an activation of muscle proteolysis pathways (Kangalgil 
et  al.,  2024; Kvedaras et  al.,  2020) and to modify ApN 
pathway components.

4.1  |  HLUI induces a DMA whose 
severity depends on fiber type, muscle 
function, and positioning

Numerous studies reported that fast and slow fiber types 
are not equivalent in terms of susceptibility to atrophy, the 
primarily affected subtype depending on the atrophic con-
dition. Type I fibers are reported to be more sensitive to in-
activity and microgravity, whereas type II fibers seem more 
vulnerable to cachexia, diabetes, and aging (sarcopenia) 
(Ciciliot et al., 2013; Wang & Pessin, 2013). Moreover, it is 
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also generally accepted that muscle physiological function 
and position constitute determinant factors that may pro-
mote or limit atrophy development (Ciciliot et al., 2013; 
Wang & Pessin, 2013). In our adapted model, HLUI had 
only a moderate effect in the slow-twitch Soleus muscle, 
whereas the TA muscle exhibited a more severe DMA. 
This result might be surprising since muscles having a 

high proportion of type I myofibers are reported to be more 
sensitive to unloading than predominantly fast-type mus-
cles (Oliveira et al., 2019; Thomason & Booth, 1990). Our 
results could be explained by the positioning of the Soleus 
muscle during immobilization. Indeed, in our experi-
mental condition, mouse ankles are in a neutral position, 
close to the dorsiflexed position, the plantarflexion being 

F I G U R E  4   Effects of HLUI on Adipoq mRNA level, ApN plasmatic level, and oligomer distribution. (a) Adipoq mRNA levels assessed 
in the Soleus and the Tibialis anterior muscles by RTqPCR. Data presented as boxplots; groups compared using a Student's t-test (NS). CTL 
group: N = 6, HLUI group: N = 5. (b) Plasma ApN levels measured by ELISA. Data presented as boxplots; groups compared using a Student's 
t-test (p = 0.035, as indicated). CTL group: N = 10, HLUI group: N = 11 (c–e) Analyses of High (HMW), Medium (MMW), and Low (LMW) 
molecular weight ApN oligomers in the plasma using non-denaturing PAGE-SDS and western blot. CTL group: N = 4, HLUI group: N = 5. (c) 
SA Index corresponds to the ratio HMW/(LMW + MMW + HMW). Data presented as boxplots; groups compared using a Student's t-test (NS). 
(d) Representative blot. (e) ApN oligomer distribution. The signal of each oligomeric form was normalized to Ponceau Red and reported as a 
percentage of the total ApN signal. Data presented as boxplots; groups compared using Student's t-tests (p = 0.020, p = 0.046, as indicated).
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commonly considered “unnatural”. Ankle joint immobili-
zation in the dorsiflexal position stretches the Soleus mus-
cle, a condition associated with less severe atrophy than 
shortened muscles, due to the anabolic effect of muscle 
stretching itself (Warneke et al., 2023) but also to persis-
tent isometric contractions (Baker & Matsumoto,  1988; 
Fujita et  al.,  2009; Goldspink,  1977). Conversely, ankle 
joint immobilization in HLUI mice shortened the TA 
muscle, a position known to maximize atrophy devel-
opment (Fujita et  al.,  2009). Muscle positioning during 
immobilization could also explain the greater impact of 
HLUI on IIa and IIb myofibers, one mechanistic hypoth-
esis being a reduced protection against atrophy through 
PGC1α and NFAT signaling pathways, compared to type I 
fibers (Wang & Pessin, 2013).

4.2  |  HLUI induces a slow-to-fast 
myofiber shift whose kinetic is 
muscle-type dependent

A slow-to-fast myofiber switch has been largely de-
scribed in the context of muscle disuse (Baehr et al., 2022; 
Bodine, 2013; Shenkman, 2016; Wang et al., 2008), and a 
14-day HLU is reported to provoke this transition in the 
antigravitational Soleus muscle (Bodine,  2013; Marzuca-
Nassr et al., 2017; Wang et al., 2017). In the adapted HLUI 
model, myofiber-type proportions were 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. Indeed, as introduced by Pette and 
Staron (Pette & Staron,  2000, 1993; Zhang et  al.,  2010), 

F I G U R E  5   Effects of HLUI on gene expression (a, c) and protein level (b, d) of adiporeceptors in the soleus (a, b) and the Tibialis 
anterior (c, d) muscles. (a, c) Adipor1, Adipor2 and Cdh13 mRNA levels were assessed by RTqPCR. Data presented as boxplots; groups 
compared using Student's t-tests (p = 0.008, p < 0.001, p = 0.007, respectively, as indicated). CTL group: N = 6, HLUI group: N = 5. (b, d) 
Adipor1, Adipor2, and T-cadherin protein levels were determined using PAGE-SDS and western blot. Densitometric signal normalized 
to Ponceau Red. Data presented as boxplots; groups compared using Student's t-tests (NS, p = 0.033, p = 0.039, respectively, as indicated). 
Representative blots are shown on the right. CTL group: N = 7, HLUI group: N = 5.
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if myofibers are commonly classified into major sub-
types, they form a highly dynamic continuum where 
MyHC expression can adapt notably in response to func-
tional demands. Since hybrid I/IIa myofibers are known 
to be implicated in fiber-type transitioning (Blottner 
et  al.,  2020; Medler,  2019), their increased number sug-
gests an ongoing switch from type I to type IIa myofibers 
in the HLUI Soleus muscle. However, persistent isometric 
contraction in the Soleus muscle could contribute to delay 
myofiber switch upon HLUI, this muscle being likely in 
a transitioning state. On the other hand, HLUI TA mus-
cles present evidence of a shift towards a faster phenotype. 
Indeed, most type I myofibers not only express the type IIa 
marker but also have a significantly reduced proportion.

4.3  |  HLUI enhances ApN plasma 
level and disturbs oligomeric form 
proportions

Given the myoprotective effects of ApN (Abou-Samra, 
Selvais, Boursereau, et  al.,  2020; Abou-Samra, Selvais, 
Dubuisson, & Brichard,  2020; Iwabu et  al.,  2010; Jiang 
et al., 2019), we investigated whether DMA is accompa-
nied by alterations in its mRNA expression in disused 
muscles, plasmatic level, circulating form proportion, and 
muscular receptor expression.

At a systemic level, we observed increased levels 
of ApN in the plasma of HLUI mice, as well as distur-
bances of LMW and MMW circulating form proportions. 
Increased ApN plasma levels were suggested to be impli-
cated in sarcopenia-mediated muscle wasting, as higher 
ApN plasma levels are associated with low skeletal muscle 
mass and higher mortality (Baker et al., 2019; Menzaghi 
& Trischitta, 2018). However, this hypothesis was rejected 
by C. Walowski et  al., who suggested that muscle mass 
loss is not causally related to ApN in older adults. The au-
thors attribute “the ApN paradox” to an age-related de-
crease of Insulin-like Growth Factor (IGF-1), negatively 
associated with ApN plasma level (Walowski et al., 2023). 
Conversely, in a murine model of muscle dystrophy 
(mdx mice, a model of Duchenne Muscular Dystrophy 
(DMD)), lower ApN plasma levels were reported (Abou-
Samra et al., 2015). Here, several factors may contribute 
to the increased ApN plasma levels. Adipoq mRNA level 
is not significantly modified in the disused muscles, sug-
gesting 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 in plasma (Peake et al., 2005), the ob-
served decrease in LMW proportion in favor of MMW in 
HLUI plasma is probably the result of variations in ApN 

post-translational modifications upon disuse. Even if 
the HMW ApN form is commonly considered the most 
active, the consequences of disturbed MMW and LMW 
form proportions have, to date, not been elucidated, par-
ticularly in skeletal muscle. Moreover, even if gApN and 
full-length ApN have been reported to exhibit different 
binding strengths for ADIPOR1 and ADIPOR2 (Kadowaki 
et al., 2006), little is known about the respective affinities 
of MMW and LMW forms for those receptors.

4.4  |  HLUI induces muscle-type 
dependent alterations of Adiporeceptors 
that are not associated to DMA severity

Even if ApN plasma level increases upon disuse, our re-
sults suggest an ApN resistance in the Soleus muscle. 
Indeed, Adipor1 and  Adipor2 expressions are down-
regulated in the HLUI Soleus muscle as compared to 
controls. Accordingly, Goto et  al. observed a similar de-
cline in Adipor1 but not in Adipor2 mRNA levels in the 
Soleus muscle after 14 days of HLU without immobili-
zation (Goto et  al.,  2013). Moreover, they demonstrated 
that functional overloading and muscle regrowth fol-
lowing HLU are accompanied by an upregulation of 
Adipor1 mRNA levels, thus highlighting a link between 
mechanical loading and ApN pathway regulation (Goto 
et  al.,  2013). On the other hand, Adipor1 and Adipor2 
mRNA down-regulation may also result from a disuse-
mediated hyperinsulinemia (Hamburg et al., 2007; Hirose 
et al., 2000; Kakehi et al., 2021; Mondon et al., 1992), as 
Adipor1 and Adipor2 mRNA levels were reported to be in-
versely regulated by insulin in physiological conditions, 
via Phosphoinositide 3-kinase/Foxo1 dependent pathways 
(Tsuchida et  al.,  2004). However, Adipor1 and Adipor2, 
expressions were found unchanged in HLUI TA muscles. 
Although hyperinsulinemia was not directly assessed in 
our study, we can reasonably assume that if present, such 
hyperinsulinemia would have affected similarly Adipor1 
and Adipor2 mRNA levels in the TA muscle.

Moreover, the HLUI-mediated adiporeceptor down-
regulation is associated with decreased Adipor2 pro-
tein levels 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 activ-
ities. Indeed, the Adipor1/AMPK/SIRT1/PGC1α axis 
(Yamauchi et al., 2007) was reported as essential for the 
maintenance of type I myofibers and oxidative metabo-
lism (Iwabu et al., 2010). Consequently, this suggests that 
the decreased adiporeceptor protein level is involved in 
the slow-to-fast myofiber switch occurring in the Soleus 
muscle of HLUI mice. Furthermore, muscle disuse is 
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known to mediate a PGC1α hypoactivation (Cannavino 
et  al.,  2014; Feng et  al.,  2016) that may limit its repres-
sive action on FoxO3, a transcription factor that promotes 
the expression of the MAFbx Ubiquitin Ligases (Atrogin 
1) implicated in myofiber atrophy (Bodine, 2013; Ciciliot 
et  al.,  2013; Sandri et  al.,  2004). The consequences of a 
downregulation of Adipor2 are unclear, as this receptor 
has been poorly studied in skeletal muscle due to its re-
duced abundance in this tissue compared to Adipor1. 
However, Adipor2 activation by ApN is known to activate 
the expression of PPARs ligands, thus stimulating glu-
cose and lipid homeostasis (Yamauchi et al., 2014, 2003; 
Yamauchi & Kadowaki,  2013). Adipor2 protein level re-
duction in HLUI Soleus muscles could thus have con-
sequences 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 plasma 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 endoge-
nous GPI phospholipase D implicated in T-cadherin cleav-
age (Matsuda et al., 2015). 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 path-
ways by itself (Fukuda et al., 2017; Tanaka et al., 2019).

Contrary to the Soleus, Adipor1, Adipor2, and T-
cadherin protein levels appear unaffected by disuse in the 
TA muscle. Such results are consistent with the absence of 
modifications in ApN (co)receptor expression in this mus-
cle. Disuse-mediated ApN pathway alterations are thus 
rather muscle-type dependent than related to the severity 
of muscle atrophy. Our data therefore highlight the neces-
sity to better understand fiber-type specific alterations of 
adiporeceptors in muscle disuse. In prospect of our study, 
potential change in adiporeceptors' membrane location, in-
ternalization rate, and recycling (Buechler et al., 2010; Ding 
et al., 2009), as well as the presence of Adipor homo- and 
heterodimers (Almabouada et al., 2013; Kosel et al., 2010), 
have also to be better deciphered in this pathological context 
as factors influencing ApN effects (Almabouada et al., 2013; 
Buechler et al., 2010; Ding et al., 2009; Kosel et al., 2010).

5   |   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 immobiliza-
tion (stretched vs. shortened) constitute additional factors 
influencing the kinetics of disuse consequences. Muscle 

alterations occur concomitantly with an elevation of ApN 
plasma level and disturbances in oligomeric form propor-
tion. Disuse-mediated adiporeceptor alterations occur in a 
muscle-type-dependent manner rather than being related 
to the severity of DMA. Further gain and loss-of-function 
studies are now needed to determine whether the ApN 
pathway changes upon disuse participate in a vicious 
cycle reinforcing muscle dysfunction in this pathological 
context.
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