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Abstract 
 
Background: There is paucity of data indicating the role of cytokines including TNFa in the 

development of disuse muscle atrophy, despite the growing interest to this problem emerging in 

the recent years. The aim of the present study was to test the hypothesis that TNFa/ TNFR1 may 

be involved in the development of disuse muscle atrophy caused by unloading through aSMase/ 

ceramide/ ROS mechanism.  

Methods: The experiments were performed on male Wistar rats (180 – 230g) subjected to 4 or 

14 days of hindlimb suspension (HS) and treated with clomipramine (HS+Clom) or vehicle. The 

following parameters were studied: TNFR1, aSMase, nSMase and Nox2 proteins and ceramide 

in detergent-resistant membrane (DRM) fraction isolated from soleus muscle homogenates, pro-

oxidant/anti-oxidant and pro-apoptotic/anti-apoptotic activities, immune fluorescence intensity 

and distribution of ceramide, Nox2, Nox4 and caveolin-3 on longitudinal and transverse muscle 

sections. The relative muscle mass, cross-sectional area (CSA) and Feret’s diameter (FD) of 

muscle fibers were used to confirm muscle atrophy. Statistical analysis was performed using 

one-way ANOVA followed by the Bonferroni post hoc test, or Cruskall-Wallis and Mann-

Whitney U test. 

Results: Disuse caused an increase in membrane TNFR1, aSMase, ceramide abundance in 

DRM, up-regulation of pro-oxidant and pro-apoptotic capacities (increased Nox2, Nox4, TBA-

active products, Bax/Bcl-2 ratio, elevated activity of caspase-3/7 and -6). The most of alterations 

were maximal on the 4th day of unloading. The inhibitor of aSMase clomipramine attenuated 

ceramide accumulation, decreased pro-oxidant and pro-apoptotic activities and diminished 

muscle atrophy induced by unloading. It has been shown that in suspended for 14 days rats the 

loss in relative muscle mass, CSA and FD averaged -35%, -65% and -49%, respectively, 

whereas in clomipramine treated rats it was -25%, -45% and -25%, in comparison with the 

control values. Clomipramine also mitigated the inhibition of the mTORC1/p70S6 kinase 

inhibition caused by 14-day HS. 

Conclusions: The obtained results indicate the involvement of aSMase/ ceramide pathway in the 

development of disuse muscle atrophy. This effect may be triggered by TNFR1 and realized 

through enhanced prooxidant NADPH oxidase activity and pro-apoptotic signaling. 

Keywords: disuse muscle atrophy, TNFa/TNFR1, aSMase, ceramide, NADPH oxidase, 

apoptosis  

 

 



Background  

There is considerable evidence of cytokine, particularly tumor necrosis factor alpha (TNFa), 

involvement in the development of muscle atrophy due to severe pathologies like sepsis, COPD, 

cardiac failure, cancer and others [1, 2]. The data indicating the roles of cytokines including 

TNFa in disuse muscle atrophy are very few, despite the growing interest to this problem 

emerging in the recent years. TNFa contribution to disuse muscle atrophy was described in a 

number of works [3-8].  

TNF-alpha was moderately down-regulated in soleus muscle of rats exposed to hindlimb 

suspension (HS) for 7 days [3]. In contrast, the other group of authors [4] described the increase 

in TNFa abundance in unloaded rat soleus muscle from the 3rd until 14th day of HS. An elevation 

of TNFa, IL-1beta and IL-6 was also observed in rat soleus muscle disused for 14th days [5]. We 

have shown previously that TNFa is not up-regulated after 12-hour muscle unloading, whereas 

the expression of its receptor TNFR1 in detergent-resistant membranes (DRM) is increased more 

than 3-fold [6]. A group of authors [7] using a model of 14-day hindlimb immobilization in 

Wistar rats have demonstrated the elevated plasma and muscle TNF-α levels along with 

oxidative stress and NF-kB signaling activation. The other authors [8] obtained the similar 

results in human: TNF-α, NF-κB, myostatin, ubiquitin and calpain mRNA were over-expressed 

after 28-day lower-limb immobilization. 

TNFa is the first historically described proinflammatory cytokine of TNF family [9]. The main 

sources of TNFa production are the cells of both innate and adaptive immunity, like 

macrophages, NK cells, T-lymphocytes, mast cells and endothelial cells. TNFa is known to 

produce multiple effects in different target cells throughout the body including skeletal muscle. 

Moreover, there is a body of evidence which points to TNFa expression in skeletal muscle cells 

along with other myokines [10].  

 

TNFa excerts its effects through two types of membrane receptors, TNFR1 and TNFR2. TNFR1 

is known as inducer of skeletal muscle wasting, whereas TNFR2 has the opposite effect [11, 12]. 

The main subsequences of TNFR1 activation in skeletal muscles are apoptosis, contractile 

disability, inflammation and endothelial dysfunction [2].  

Currently available data do not provide a complete understanding of TNFa impact upon the 

mechanisms of muscle atrophy and dysfunction during unloading. For instance, the involvement 

of sphingolipid mechanisms in TNFa effects induced by disuse has not been elucidated. 

Meanwhile, according to the results obtained to-date, TNFa/TNFR1 may act through recruitment 



and activation of both acid and neutral sphingomyelinases (aSMase, nSMase). These enzymes 

hydrolyze sphingomyelin and therefore lead to the enhanced abundance of intracellular and 

plasma membrane ceramide [13-18]. We have demonstrated that the sarcolemmal ceramide pool 

is increased in disused rat soleus muscle, and this mechanism may apparently be responsible for 

lipid rafts disassembly due to short-term hindlimb unloading [6, 19]. Interestingly, we have 

established that in the early period of HS, TNFR1 expression in DRM isolated from the unloaded 

muscle is up-regulated [6], and this phenomenon precedes TNFa increase in muscle shown to be 

developed only on the 3rd day of HS [4]. 

Among the key pathways involved in TNF-α-induced impairment of skeletal muscle functions 

are the following: inhibition of protein synthesis, accelerating protein degradation, increased 

production of reactive oxygen species (ROS), activation of apoptosis, down-regulated expression 

of genes involved in myogenesis and regeneration [1, 20-25]. There is evidence that both TNFa 

and sphingomyelinases/ceramide promotes ROS generation [17]. Furthermore, contractile 

dysfunction, a characteristic feature of skeletal muscle disuse [26], may be induced by 

sphingomyelinases and realized through activation of NADPH oxidase [27]. In this case, one of 

the possible mechanisms is formation of ceramide-enriched membrane platforms which are able 

to cluster the components of NADPH oxidase complex, thereby facilitating its assembling and 

activation [28, 29]. It should be noted that oxidant activity is known to be involved in the 

development of disuse muscle atrophy [30, 31]. 

Taking into account all mentioned above, we hypothesized that TNFa/ TNFR1/ SMase/ ceramide 

mechanism is involved in the development of the disuse muscle atrophy, and aSMase inhibitor 

clomipramine treatment is able to attenuate atrophy caused by two-week unloading. 

 
Methods 
 
Animals and experimental protocol 
The aim of the present work was to estimate TNFR1, pro-oxidant capacity and atrophic changes 

in rat soleus muscle exposed to the 4- or 14-day unloading, and dependence of those changes on 

activation of aSMase. 
All experiments were performed on adult male Wistar rats (180 – 230g). The research conforms 

to the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85–23, revised 

1996) and European Convention for the Protection of Vertebrate Animals used for Experimental 

and other Scientific Purposes (Council of Europe No 123, Strasbourg, 1985). The experimental 

protocol met the requirements of the EU Directive 2010/63/EU and was approved by the 

Bioethics Committees of Izhevsk State Medical Academy. 



In our experiments, hindlimb suspension (HS) model was used as a well-studied and most 

suitable method to simulate muscle unloading [32, 33]. Rats (n=30) subjected to HS in individual 

cages with free access to food and water were able to move in all directions using their forelimbs 

with the lacking support afferentation of suspended hindlimbs.  

For the experiments, five groups of rats were used: 1) the 1st group consist of freely moving non-

treated rats served as a vivarium control (C) group (n=6); 2) rats suspended for 4 days (4d HS) 

and 14 days (14d HS) formed the 2nd and the 3rd groups (n=6 for both); 3) the 4th and the 5th 

groups included suspended for 4 or 14 days rats treated with the inhibitor of acid SMase 

clomipramine (4d HS+Clom, 14d HS+Clom). Clomipramine (Anafranil, Novartis Pharma AG, 

intramuscularly, 1.25 mg/g body weight) was administered every other day during the whole 

experiment (4 or 14 days, n=6 for both). The animals from the 2nd and 3rd groups (suspended 

non-treated rats) were injected with vehicle (0.9% saline solution in equal amounts and 

according to the same regimen). After the end of HS rats were immediately anesthetized with an 

intramuscular injection of Zoletil 50 (0.1 ml, Virbac, France). Animals were divided into two 

groups which were prepared for biochemical or immunofluorescence study.  

For biochemical assay, soleus muscles were harvested, weighed, quickly frozen in liquid 

nitrogen, and stored at −80°C. For immunofluorescent study, animals were perfused through the 

ascending aorta with phosphate-buffered saline (PBS in mM: 3.2 NaH2PO4, 0.5 K2HPO4, 1.3 

KCl, 135 NaCl, pH 7.4), and then with 4% parapharmaldehyde prepared with PBS. Soleus 

muscles were postfixed in the same fixative for 2 hours, transferred to a 30% sucrose solution for 

a day and then frozen on dry ice. 

Isolation of detergent-resistant membrane fraction from muscle homogenates 

Isolation of DRM was performed according to earlier described method [34].  The samples of 

muscle tissue (10 mg) were homogenized in 1 ml of lysing TBS buffer (1% Triton X-100 in 25 

mM Tris / HCl + 140 mM NaCl + protease / phosphatase inhibitors, pH 7.5) with IKA T10 Basic 

Ultra Turrax Homogenizer. The homogenates were incubated at +4°C for 30 minutes. The 

obtained lysates were mixed with 2 ml of 60% sucrose in TBS (25 mM Tris / HCl + 140 mM 

NaCl, pH 7.5), then sucrose (TBS) was added layer-by-layer in order of 1 ml of 30% solution 

and 1 ml of 5% one. The samples were centrifuged at 300000g for 3 hours at +4° C, and then 

0.6-1.0 ml of the top fraction was collected and analyzed.  

Ganglioside GM1 in isolated DRM containing fraction was used as a raft marker. For GM1 

detection, chloroform extracts prepared from the DRM containing fraction were developed on 

HPTLC Silica gel 60 F254 plates (Merck, Germany) with GM1 standard (Avanti polar lipids, 

USA) in propanol:water 7:3 solvent system as described earlier [35, 36]. 



 

TNFR1, sphingomyelinases, Nox2, Bax and Bcl-2 assays  

Bax and Bcl-2 were assessed in homogenates of muscle tissue. TNFR1, aSMase, nSMase, 

Nox2 were assessed in DRM isolated from muscle homogenates by centrifugation in sucrose 

gradient. All proteins were detected by Western blot analysis as described previously [6]. 

Briefly, muscle homogenates or DRM fraction from the sucrose gradient (25 μl, concentration of 

total protein 10-15 mg/ml) were analyzed by SDS/PAGE as described by [37] on a 10% (w/v) 

acryl amide gel (Mini-Protean®, Bio-Rad). Proteins from the gel were then transferred onto a 

nitrocellulose membrane for immunoblot analysis (Mini Trans-Blot®, Bio-Rad). Membranes 

were incubated overnight with diluted primary antibodies in 5% (w/v) BSA in 1x TBS-Tween 20 

(0.1% (w/v) Tween 20 in 10 mM Tris, pH 7.5) at 4°C with shaking. Primary antibodies were the 

following: anti-aSMase (1:300, ThermoFisher), anti-nSMase (1:1000, Abcam, USA), anti-

TNFR1 (1:100, Abcam, ), anti-NOX2 (1:1000, Abcam,), anti-Bax (1:1000, Abcam) and anti-

Bcl-2 (1:500, Abcam). HRP-conjugated goat anti-rabbit IgG antibodies (1:20000, Abcam) were 

added and incubated for 60 minutes at room temperature. Membranes were then exposed using 

the 3,3’-diaminobenzidine (DAB) detection and obtained images were analyzed by ImageJ tool 

kit. 

Ceramide assay in DRM isolated from the soleus muscle  

Ceramide in DRM was assessed by high performance thin-layer chromatography (HPTLC) as 

described previously (Petrov et al., 2019). For the assay, lipids were extracted from the DRM 

fraction with Folch reagent (chlorophorm:methanol, 2:1) [35] and processed as described [36]. 

Chloroform extracts (0.1 ml) were spotted on HPTLC Silica gel 60 F254 plates (Merck, Germany) 

and developed in the butanol:acetic acid:water, 3:1:1 solvent system according to [38] together 

with the equivalent volume of the standard chloroform ceramide solution (Avanti polar lipids, 

USA). Plates were then imaged by iodine vapor and analyzed by video-densitometer (Sorbfil, 

Russia) at UV light (254 nm). Analysis of ceramide was performed with Sorbfil TLC 

Videodensitometer software (Sorbpolymer, Russia). The values of standard samples of ceramide 

were used for calculation of ceramide content. 

Immunofluorescence study of ceramide, Nox2, Nox4, Bax, Bcl-2, and caveolin-3 

For the immunofluorescent staining of Nox2, Nox4 and caveolin-3 in the soleus muscle, serial 

longitudinal and transverse muscle sections (14 µm) were made using Shandon Cryotom E (UK) 

or HM525 NX Cryostat (Thermo Fisher Scientific, USA). The sections were mounted on the 

Superfrost Plus slides (Thermo Fisher Scientific, USA). Immunofluorescent staining was 



performed as described previously [6]. Before staining, sections were kept for 10 minutes in 3% 

hydrogen peroxide. After washing in PBS, the sections were incubated for 2 hours in 5% BSA 

solution. After that, muscle sections were incubated with anti-ceramide antibodies (mouse IgG, 

1:300, Enzo Life Sciences, USA), anti-Nox2, anti-Nox4  (both rabbit IgG, 1:300, Abcam), and 

anti-caveolin-3 (rabbit IgG,1:200, Abcam) antibodies for 24 hours at room temperature. The 

second antibodies associated with Alexa Fluor 488 for caveolin-3 and NOX-4, or anti-rabbit 

biotinylated antibodies (goat IgG, 1:200) and FITC (1:100) for NOX-2 and ceramide, were used 

to visualize the antigens studied. The analysis of images made with the Canon PowerShot 600 

photo attachment combined with a Nikon Eclipse E200 microscope was performed using 

ImagePro Plus 6.0 morphometric program and ImagePro Insight program (Media Cybernetics, 

USA). The expression levels of immunoreactive ceramide and proteins were estimated by the 

intensity of the fluorescence of the investigated slice on a standard area (0.1 mm2). Every 5th 

section of the organ was taken and 10 intensity measurements were made (at least 

150 measurements per animal). Mean values were presented in arbitrary units of gray intensity of 

binary images used by the mentioned program.  

 
Detection of oxidant and anti-oxidant capacity in muscle homogenates 
 
To assay the oxidant activity in unloaded soleus muscle, we used a simple method detecting 

malondialdehyde (MDA), as one of the end products of lipid peroxidation, in reaction with 

thiobarbituric acid (TBA) (Agat, Russia). [39, 40]. Simultaneously, the activity of antioxidant 

enzymes was assayed in homogenates of muscle tissue. Catalase, superoxide dismutase (SOD) 

and glutathione peroxidase (GPx) were detected by the commercial kits (Abcam). All studies 

were performed according to the manufacturer’s recommendations. 

 
Detection of caspase-3/7 and caspase-6 activity 
Caspase-3/7 activity was measured with a commercially available colorimetric assay kit 

(Abcam). This kit is intended for assaying the DEVD-dependent caspase activity and is based on 

detection of DEVD-AFC (AFC: 7-amino-4-trifluoromethyl coumarin) substrate cleavage. Due to 

the nature of the substrate, the method detects both caspase-3 and -7 activities. Caspase-6 

activity was detected using colorimetric caspase-6 assay kit (Abcam). All procedures were 

performed according to the manufacturer’s instructions. 

 
Soleus muscle atrophy 
The atrophic changes in soleus muscle were studied by the measuring of the relative muscle 

mass and evaluation of its morphological features in control rats and in 14-day suspended 



animals administered with clomipramine or vehicle. The relative muscle mass was calculated as 

a ratio of muscle wet weight to body weight (mg/100п). Morphometric analysis was made with 

the ImagePro Insight program (Media Cybernetics, USA) by measuring the cross-sectional areas 

(CSA) and Feret’s diameter of muscle fibers on the transverse sections of muscle stained with 

anti-caveolin-3 antibodies/ Alexa Fluor 488.  

 
Statistics 

Statistical analysis was performed using Origin Pro software and Statistica 6.0. Data in 

the text are presented as mean ± SEM. Depending on the distribution, statistical significance of 

the differences between group means was evaluated using one-way ANOVA followed by the 

Bonferroni post hoc test, or Mann-Whitney U test. Values of P<0.05 were considered significant.  

 
RESULTS 
 

TNFR1 and sphingomyelinases in DRM isolated from the muscle homogenates  

In our previous work we have demonstrated a 3.8-fold enhancement of TNFR1 in DRM fraction 

of soleus muscles unloaded for 12 hours [6]. A considerable growth of TNFR1 was also found in 

the present study: it averaged 14-fold (p=0.004) and 15-fold (p=0.01), respectively, in DRMs of 

soleus muscles unloaded for 4 and 14 days (fig.1). No difference in TNFR1 availability in DRM 

of unloaded muscles was detected between these two groups of suspended animals. 
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Figure 1. 4-day and 14-day hindlimb suspension leads to the increase in abundance of TNFa 
receptor (TNFR1) with concomitant aSMase and nSMase elevation in detergent-resistant 
membrane fraction isolated from the rat soleus muscle homogenates (Western blot).TNFR1, 
aSMase increased at both 4th and 14th days of HS; nSMase increased only at the 4th day.  
* - p<0.05 - significant difference in comparison with control, " – significant difference between 
the 4th and 14th days of HS 
 
 

Both aSMase and nSMase were increased in the raft fraction, too. For instance, aSMase 

enhanced about 4-fold by the 4th day (P=0.004) and about 3-fold by the 14th day of unloading 

(P=0.01). The increased nSMase amount was detected only on the 4th day (2.6-fold, P=0.004). 

Significant differences in aSMase and nSmase growth were revealed between two groups of 

animals which were suspended for 4 or 14 days (p=0.016). 

 

Ceramide (biochemical and immunofluorescence study)  
We have shown previously that lipid raft disorganization in rat soleus muscle caused by short-

term unloading (12 hours) is associated with aSMase/ceramide up-regulation [6, 19]. Also, we 

have demonstrated that not only ceramide amount but its distribution in muscle fibers 

substantially renders during disuse [41]. In the present work, we studied the intensity and 

distribution of ceramide immunofluorescence in longitudinal sections of rat soleus muscle that 

underwent 4- or 14-day unloading with or without clomipramine treatment. 

In this experiment we obtained the following results. Both 4- and 14-day unloading led to the 

considerable increase in ceramide immunofluorescence with the parallel reorganization of 

ceramide-containing structures throughout the fibers (fig. 2). While in the control animals 

ceramide staining was characterized by the weak diffuse fluorescence, located preferentially in 

the region of the plasma membrane, in unloaded muscle this image was very different. Ceramide 

accumulated in the form of large superficial structures resembled ceramide-enriched membrane 

domains described earlier by [28] and found by us in rat soleus muscle suspended for 4 days 

[41]. Clomipramine treatment was effective in partial prevention of ceramide membrane 

TNFR1  
 
aSMase  
 

nSMase  
  

GAPDH  



rearrangement due to disuse. Interestingly, WB analysis of ceramide amount in DRM 

demonstrated that it changed similarly to aSMase: the maximal growth of ceramide occurred on 

the 4th day of unloading (6.8-fold, p=0.010). 
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Figure 2. Ceramide is up-regulated in rat soleus muscle unloaded for 4 and 14 days. 
Immunofluorescence staining of ceramide on longitudinal sections of muscle fibers revealed the 
increase in ceramide abundance and formation of peculiar membrane structures looking like 

   
      Control        4d HS          14d HS 



ceramide-enriched membrane domains: a – control, b – 4-day HS with vehicle, c – 4-day HS 
with clomipramine treatment; d - 14-day HS with vehicle, e – 14-day HS with clomipramine 
treatment; line length = 10 mcm (A) Quantification of ceramide levels in unloaded for 4 and 14 
days soleus muscle: the effect of clomipramine treatment. Clomipramine partly prevents 
ceramide up-regulation in the unloaded muscle (B) Ceramide in detergent-resistant membrane 
fraction (DRM) of soleus muscle homogenates; C - ceramide in DRM (%, HPTLC); D – 
ceramide spots in chromatograms, * p<0.05 - significant difference in comparison with control, #  
p<0.05 – significant difference between the 14d HS and 14d HS+Clom, " p<0.05 – significant 
difference between the 4-day and 14-day HS 
 
 

Pro-oxidant and anti-oxidant capacity 
 

Nox2 and Nox4 
Skeletal muscle expresses three isoforms of NADPH oxidases (Nox1, Nox2, and Nox4) which 

are considered to be the main source of ROS [42].  

In our experiment, we assayed Nox2 and Nox4 isoforms of NADPH oxidase in disused skeletal 

muscle. The results obtained in the WB study demonstrated that Nox2 protein abundance in 

DRM of unloaded muscle was 2.2-fold (P=0.004) and 1.4-fold (P=0.01) higher than in the 

control animals on the 4th and 14th days of HS, respectively. Interestingly, the dynamics of Nox2 

changes in DRM coincided with that of aSMase and ceramide: the maximal growth of NOX2 

was achieved by the 4th day of HS (fig.3).  

In the immunofluorescence study, we obtained the similar results: Nox2 abundance enhanced by 

73.5% (p<0.001) in soleus muscles of the animals suspended for 4 days. The elevation of Nox2 

amount was found also on the 14th day of unloading. The inhibitor of aSMase clomipramine 

partly prevented Nox2 up-regulation (fig. 3). 
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Figure 3. Up-regulation of NOX2 immunoreactivity in rat soleus muscle subjected to for 4- or 
14-day unloading is partly prevented by clomipramine treatment: a – control, b – 4-day HS with 
vehicle, c – 4-day HS with clomipramine treatment; d - 14-day HS with vehicle, e – 14-day HS 
with clomipramine treatment; line length = 10 mcm (A). Quantitative analysis of NOX2 levels in 
suspended for 4 or 14 days soleus muscle in rats treated with clomipramine (Clom) or vehicle 
(B). NOX2 in detergent-resistant membrane fraction (DRM) detected by WB, in % to the control 
value (C); * p<0.05 - significant difference in comparison with control, " p<0.05 - between the 
4th and 14th days. 
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Nox4 is known to localize to the plasma membrane, the inner mytochondria membrane, SPR and 

transverse tubules of skeletal muscles fibers [43, 44, 45]. In accordance with this, Nox4 staining 

in our experiments with 14-day muscle unloading was revealed in both sarcolemmal and 

sarcoplasmic regions. HS led to a substantial increase in Nox4 fluorescence density and intensity 

in muscle fibers (by 76.3±20.1%, p<0.05). Substances immunopositive to this protein were 

detected as small separated granules or large merged structures localized both in sarcolemmal 

regions and intracellular compartments (fig.4). Visually, more intensive staining was found in 

the plasma membrane regions, although the background fluorescence was also increased. 

Interestingly, the signal was not continuous and looked like separated spots outlining the 

membrane. Clomipramine administration reduced the intensity of Nox4 fluorescent signal in the 

unloaded muscle by 47.8 ± 6.5% (p<0.05) in comparison with the animals suspended with 

vehicle. However, the level of immunoreactive staining in the soleus muscle of individuals 

treated with clomipramine exceeded the control value by 19.3% (p<0.05). Interestingly, 

clomipramine considerably rendered not only expression but also distribution of Nox4 in muscle 

fibers of treated rats.  

    

 
 

 
 
Figure 4. Hindlimb suspension (14 days) considerably alters the intensity and distribution of the 
Nox4 immune staining on the transverse sections of rat soleus muscle. Immunofluorescence is 
enhanced in the plasma membrane and intracellular compartments of muscle fibers. 
Clomipramine treatment decreases Nox4 abundance and rearranges its distribution.  a - control, 
b - 14-day HS + vehicle, c – 14-day HS + clomipramine; * - p<0.05, in comparison with control 
value, # - p<0.05, in comparison with HS. 
 



 

TBA-active products and antioxidant activity 
Taking into account that both Nox2 and Nox4 act as pro-oxidant factors, we simultaneously 

estimated the level of TBA-active products and the activity of antioxidant enzymes like catalase, 

SOD and GPx in unloaded soleus muscle (fig. 5). The obtained results indicated the increased 

pro-oxidant activity in muscle homogenates: TBA-active products were elevated more than 3-

fold by the 4th day of HS (p=0.008), and did not differ from the control level on the 14th day. 

SOD and GPx activity stayed unchanged after the 4th day of the disuse, although catalase activity 

became 22% lower than in the control group (p=0.01). Interestingly, TBA-active products was 

mostly elevated after 4-day muscle unloading, and the dynamics of their changes coincided with 

that of aSMase, nSMase and ceramide, as well as the changes of Nox2 in DRM (fig. 1, 2, 3). 

 

0

100

200

300

400

500

Control 4d HS 14d HS

TB
A

, %

*

0

50

100

150

200

Control 4d HS 14d HS

C
at

al
as

e,
 %

*

0

50

100

150

Control 4d HS

S
O

D
, %

0

50

100

150

Control 4d HS 14d HS

G
P

X
, %

 
Figure 5. TBA-active products increase in rat soleus muscle after the 4-day unloading. 
Superoxide dismutase (SOD) and glutation peroxidase activities (GPх) did not change; catalase 
activity decreased in the muscle of rats subjected to 14-day HS; * - p<0.05 in comparison with 
the control values. 
 
 
Muscle atrophy 
 
Soleus muscle atrophy due to disuse was studied at the 14th day of unloading. The atrophy was 

confirmed by the loss of the muscle mass, decreased CSA and the diameters of muscle fibers 



(fig. 6). The relative muscle mass declined by 35% in comparison with the control value 

(p=0.001), CSA and Feret’s diameters of muscle fibers were decreased by 65% and 49%, 

respectively (p<0.05). Clomipramine treatment partly prevented the loss of muscle mass and the 

morphological features of atrophy. The ratio muscle weight/ body weight exceeded the HS value 

by 14.5% (p=0.008), although remained less by 25 % than in control animals, CSA and Feret’s 

diameters of muscle fibers decreased by 45 % and 24 % (all p<0.05), respectively, in comparison 

with the control values. 

 

 
 

 
Figure 6. Loss of soleus muscle mass (A), decrease in cross-sectional area (CSA) and Feret’s 
diameter (FD) of muscle fibers (B, C) in rats suspended for 14 days. Clomipramine treatment of 
the suspended rats partly prevented muscle atrophy. The images of transverse sections of muscle 
fibers were obtained by staining with anti-caveolin-3 antibodies. Control – soleus muscle of the 
intact rat; HS 14d – unloaded muscle of the hindlimb suspended rat, HS 14d + clom – muscles of 
the rat suspended and treated with clomipramine. 
 
Caspase-3/7 and caspase-6 
 
In our experiment, caspase-3/7 and caspase-6 activities were measured according to the 

manufacturer’s protocol. The method used for caspase-3 assaying allowed us to detect both 

caspase-3 and -7 activities due to their ability to cleave the same substrate (DEVD-pNA). We 

revealed that caspase-3/7 and caspase-6 activity became higher than in the control animals only 

on the 4th day of unloading (fig. 7). The activity of caspase-3/7 enhanced 2.5-fold and that of 

caspase-6 increased 3.4-fold in comparison with the control values (p<0.000). However, after the 

14-day HS the activity of both caspases restored to the basal levels. It should be noted that, 

similarly to the changes in aSMase, nSMase, ceramide and Nox2 abundabce in DRM (lipid 



rafts), the highest caspase-3/7 and caspase-6 activities were detected on the 4th day of HS (fig. 1, 

2, 3). The same dynamics demonstrated the changes in the level of TBA-active products (fig. 5) 
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Figure 7. Caspase-3/7 and caspase-6 activities enhanced on the 4th day of HS; * - p<0.05 in 

comparison with the control values. 

 
Bax, Bcl2 and Bax/Bcl2 ratio 
 
To estimate the pro-apoptotic events in the atrophic soleus muscle, we also detected Bax and Bcl2 

proteins expression and calculated Bcl-2/ Bax ratio. The amount of Bax was 33% increased in the 

soleus muscles of rats suspended for 14 days. At the same time, Bcl2 abundance was 42% 

decreased, therefore, Bax/Bcl2 ratio enhanced more than 4-fold (fig. 8). Interestingly, aSMase 

inhibition with clomipramine abolished Bax up-regulation, whereas did not affect Bcl-2 down-

regulation. 
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Figure 8. Bax is up-regulated, Bcl-2 and p-p70S6k (Thr389) are down-regulated in the soleus 

muscle disused for 14 days. Clomipramine treatment abolishes the enhancement of Bax and 

prevents the decrease in p70S6k (Thr389). * - p<0.05 in comparison with the control value, # - 

p<0.05 in comparison with HS. 

 
 
mTORC1/p70S6k signaling   
 
Disuse muscle atrophy is a result of dysbalance between protein synthesis and protein 

degradation. Therefore, we assessed the changes in the downstream molecule of anabolic 

mTORC1 signaling pathway (p70S6k) occurred in soleus muscle during unloading. We 

demonstrated that this pathway was considerably down-regulated in the soleus muscle of 14-day 

suspended rats: phosphorylation of p70S6k by the activation site (Thr389) was 45% decreased. 

Clomipramine treatment prevented the decrease in p70S6k (Thr389) phosphorylation (fig. 8).  

  
 
 
Discussion 
 
In our previous studies, we have shown for the first time that ceramide accumulates in the soleus 

muscle of mice subjected to hindlimb suspension during 4 or 30 days [46]. We established that 

ceramide accumulation was not apparently associated with activation of the first step process in 

the de novo pathway of ceramide biosynthesis but with enhanced sphingomyelinase hydrolysis.  

The potential ability of ceramide to be involved in the development of disuse muscle atrophy 

was studied by [47]. The authors showed that serine palmitoyltranspherase 2 is up-regulated in 

rat soleus muscle unloaded for 7 days. They used myriocin, an inhibitor of de novo ceramide 

biosynthesis, to prevent ceramide accumulation and, therefore, muscle atrophy. However, despite 

 GAPDH                  
    Control     14d HS    HS+Clom 



the decrease in the soleus muscle ceramide level in tail-suspended animals treated with myriocin, 

this drug did not prevent muscle atrophy. 

In the present work, we have shown that clomipramine, the inhibitor of aSMase pathway of 

ceramide formation, can diminish a degree of muscle disuse atrophy. This finding evidences that 

atrophic effect of ceramide may depend on the myocellular compartment in which it is generated 

and the pathway involved. In this context, it is worth mentioning that the decrease of insulin 

sensitivity caused by ceramide in insulin-resistant individuals is mainly due to its effect on the 

processes localized to the sarcolemma [48]. Tan-Chen and co-authors [49] notice that this can 

explain the data obtained earlier by some authors about the absence of an association of muscle 

insulin resistance with up-regulation of ceramide synthases which are known to be involved in 

the de novo and salvage pathways of ceramide biosynthesis.  

Analogously, we have supposed that the de novo synthesis is not the main source of ceramide 

accumulation in disused muscle because we did not find its up-regulation in soleus muscle of 

mice that underwent HS (Bryndina, 2014). In addition, we have shown that the inhibitor of acid 

sphingomyelinase clomipramine prevents or attenuates some effects of muscle disuse, like 

following: ceramide accumulation [46], lipid raft disruption [19], formation of ceramide-

enriched membrane domains [41], as well as the disturbance of membrane lipid asymmetry and 

formation of ceramide-containing vesicles [6]. Thus, we believe that aSMase mechanism is 

predominant in ceramide generation during disuse and it may be involved in the development of 

disuse muscle atrophy. Our present work confirms this suggestion. Indeed, application of the 

inhibitor of aSMase clomipramine effectively attenuates aSMase/ceramide enhancement in 14-

day unloaded soleus muscle and, at the same time, mitigates its atrophy. This effect has been 

obtained for the first time.  

Taking into account the ability of aSMase to be activated by TNFa [50] we decided to test the 

hypothesis that aSMase activation due to unloading is TNFR1-dependent. Earlier we have not 

found TNFa changes in unloaded for 12 hours rat soleus muscle [6], and our observation is in 

agreement with the data of [4]. Interestingly, despite this, we detected the increased TNFR1 

expression in the detergent insoluble membrane fraction (lipid rafts) of disused muscle. This 

finding indicates that up-regulation of TNFR1 precedes cytokine accumulation and, therefore, 

may enhance muscle susceptibility to its action in the early period of disuse.  

It is known that ceramide-enriched domains forming in cell membranes due to activation of the 

aSMase/ceramide pathway are able to serve as functional platforms for the clustering of death 

receptors like FasR and TNFR [51]. In accordance with this hypothesis we supposed that a 

decline in the abundance of ceramide-enriched domains may decrease TNFR1 availability in 

DRM. However, the absence of TNFR1 response to clomipramine treatment in hindlimb 



suspended rats probably indicates that this mechanism is not substantial in unloaded muscle. 

Apparently, high TNFR1 expression exerts downstream effect upon aSMase/ceramide, but not 

vice versa [6]. 

Studying TNFR1 expression in the present work, we have obtained the results similar to our 

earlier findings, but the increase in TNFR1 abundance in lipid rafts after 4 or 14 days of HS was 

more considerable than in 12-hour exposure. Importantly, TNFa amount in rat soleus muscle is 

also increased in this period of unloading [4]. Regression analysis demonstrated a strong positive 

correlation between TNFR1 and aSMase levels confirming that aSMase/ceramide activation may 

be associated with the enhanced cytokine effect. The parameter of the linear correlation between 

TNFR1 and aSMase or nSMase were the following: F=72.907, p=0.000 for aSMase and 

F=6.031, p=0.021 for nSMase.  

 An increase in ceramide abundance in the membrane regions of unloaded soleus muscle 

obtained in our immunofluorescence and biochemical studies as well as the efficacy of 

clomipramine treatment in prevention of this effect confirms the involvement of aSMase-

dependent pathway in ceramide generation.  

It is known that multiple effects of ceramide in different cells occur through diverse targets such 

as SAPK, PPA2, PKCζ activation and other mechanisms [52]. A number of authors think that 

disuse-induced muscle atrophy is associated with oxidative stress [53, 54, 55]. It has been 

established that sphingomyelinase stimulates oxidant signaling in skeletal muscles through 

NADPH oxidase activation, thereby promoting muscle contractile dysfunction, weakness and 

fatigue [27, 56].  

 One aspect of ceramide and pro-oxidant capacity relationships in skeletal muscles is that 

heightened aSMase activity leads to the formation of ceramide enriched membrane domains 

which are able to facilitate recruitment, assembling and activation of NADPH-oxidase complex 

[57]; therefore such domains can function as redox signaling platforms.  This effect has been 

described in different cells [58, 59, 60]. Previously we observed the formation of ceramide-

enriched domains in the plasma membranes of disused rat soleus muscle [41]. It is possible that, 

during muscle unloading, this mechanism can promote the recruitment and activation of 

NADPH-oxidase complex. The results of our present experiments are in agreement with this 

conclusion. Nox2 is up-regulated in the detergent insoluble fraction of soleus muscle, and 

clomipramine treatment attenuates this effect. Interestingly, regression analysis demonstrated a 

strong positive correlation between both SMases and Nox2 DRM abundance. The parameter of 

the linear correlation between aSMase or nSMase and Nox2 were the following: F=46.99, 

p=0.000 for aSMase and F=22.931, p=0.000 for nSMase. It supported our opinion about the 

dependence of Nox2 changes on the SMases membrane amounts. 



 

   Another important aspect of pro-oxidant action of ceramide is that it exerts a direct effect 

on the generation of reactive oxygen species in mitochondria [61]. Activation of NADPH–

oxidase 4 (Nox4) is one of the key pathways of ROS generation in these subcellular structures. 

Biological role of Nox4 in skeletal muscle is not fully understood. It is known that the enzyme is 

localized predominantly in the plasma membrane, sarcoplasmic reticulum, T-tubules and 

mitochondria inner membrane [62, 43, 63, 64]. Nox4 is considered to be a hydrogen peroxide-

generating oxygen sensor [63, 65, 66]. It has been established that Nox4-dependent ROS 

production contributes to the muscle Ca2+ homeostasis inducing RyR1 Ca2+ leak [67]. 

Previously, the increased expression of Nox4 was found in m. quadriceps femoris of 10-day tail-

suspended mice [68]. 

In our present work we have demonstrated that 14-day HS leads to an enhancement in soleus 

muscle Nox4 expression with considerable rearrangement in its distribution across muscle fibers; 

clomipramine treatment considerably attenuates this effect. These data was obtained for the first 

time. As would be expected, in addition to Nox2 and Nox4 changes we observed a significant 

growth of TBA-active products in soleus muscle homogenates on the 4th day of unloading. 

SOD1 and GPX activity remained unchanged, whereas catalase activity declined on the 14th day 

of HS.  

The role of aSMase/ceramide in Nox2 and Nox4 enhancement and rearrangement is proved by 

the efficacy of clomipramine treatment in prevention of their up-regulation in the soleus muscle 

of HS groups of animals. Note oxidative mechanisms may enhance myofibrillar protein 

degradation via calpain and caspase-3 [69]. Moreover, TNF-a-induced mitochondrial production 

of reactive oxygen species (ROS) is important mechanism in rapid activation of the ubiquitin 

pathway and proteasomal degradation of I-kBa, leading to NFkB-dependent expression of genes 

involved in the induction of muscle proteolysis [70, 71, 72].  

TNFa is known to induce an extrinsic caspase-dependent mechanism of apoptosis. Apoptosis is 

one of the possible ways that can contribute to the development of disuse muscle atrophy caused 

by denervation [73], immobilization [74, 75], and hindlimb unloading [47, 76, 77]. It has been 

observed in many cell types that TNFa causes a rapid and significant accumulation of ceramide 

and sphingosine during the first hour of treatment in many cell types [52]. Ceramide, in its turn, 

is considered to be a proapoptotic factor known to induce caspase-dependent and caspase-

independent apoptosis [78, 79, 80]. It has been found [47] that an increase in cleaved caspase-3 

and Bax/Bcl-2 ratio in the soleus muscle of rats subjected to 7-day hindlimb unloading coexists 

with the heightened ceramide level.  



 Pro-apoptotic events may depend on increased pro-oxidant Nox2 and Nox4 activity [81], 

and this phenomenon has been described as well in striated muscles [44]. Interestingly, [82] have 

found that the enhanced expression of pro-caspase-3 protein in human skeletal muscles disused 

after spinal cord injury may be associated with the Nox2 and Nox4 up-regulation. These data 

conforms to our findings of simultaneous increase in Nox2/ Nox4 abundance and caspase-3 

activity in the unloaded soleus muscle. It is known that a group of effector/ executional caspases 

includes caspase-3,-6 and -7. In our experiment, caspase-3 activity increased more than 2.5-fold 

by the 4th day of HS, but it did not differ from the control level after the 14th day of disuse. Due 

to the nature of the substrate (DEVD-pNA), the method used in our work allowed to estimate the 

activity of both caspase 3 and 7 (noted by the manufacturer). Thus, we can conclude that 

executioner caspases were activated by the 4th day of disuse. Interestingly, it has been found [76] 

that the mean numbers of total and muscle apoptotic (TDT-positive) nuclei were significantly 

increased as early as after 3 days of HS, and this phenomenon preceded significant muscle 

atrophy appearing after 7 days of unloading. This finding agrees with the data of [83] shown that 

activation of caspase-3 is an early event in the development of the disuse muscle atrophy, which 

can be revealed on the 5th day of unloading. Importantly, caspase-3 activation is the initial and 

significant step triggering accelerated muscle proteolysis in catabolic conditions [84]. Our results 

also correspond to the data of [85] who have shown the absence of significant changes in 

caspase-3 activity in two-week leg immobilization in human. It should be noted that the other 

authors described caspase-3 activation after 14-day HS [86, 5, 87].  

Another marker of apoptosis in our study was pro-apoptotic Bax / anti-apoptotic Bcl-2 proteins 

[88]. We demonstrated that Bax abundance was increased, whereas Bcl-2 content was decreased 

indicating the prevalence of pro-apoptotic events in the 14-day disused soleus muscle. 

Clomipramine treatment of the suspended rats attenuated the enhancement of Bax protein, 

whereas did not prevent Bcl-2 down-regulation. According to the data of  [77], pro-apoptotic 

Bax and anti-apoptotic Bcl-2 mRNA contents were up-regulated in 14-day unloaded medial 

gastrocnemius of young, adult and aged Fischer 344*Brown Norway rats. In the experiments of 

the other authors [47], the increase in Bax/Bcl-2 ratio was obtained in Wistar rats on the 7th day 

of HS. The enhanced Bax abundance (14-day HS) was also found by [87]. Our results suggest 

that anti-apoptotic effect of clomipramine in the unloaded muscle may be realized through 

inhibition of Bax up-regulation. 

It is generally accepted that muscle atrophy is associated with a dysbalance between protein 

synthesis and degradation [89]. The decrease in protein synthesis in the period of 3-5 days of HS 

ranged from 21% to 60% [90, 91, 92, 93, 94]. The main mechanism in regulation of protein 

synthesis in skeletal muscles is mTORC1 dependent activation of ribosomal protein kinase p70 



(p70S6k) through phosphorylation at Thr389. In our experiment the levels of p-p70S6k (Thr389) 

declined on the 14th day of HS. Our results are in agreement with the finding of [95] who 

obtained the similar results after 3.5-day unloading.  

Ceramide is known to exert down-regulation of protein synthesis due to its property to inhibit 

mTORC1 signaling through atypical PKCζ and phosphatase PP2A - associated Akt 

dephosphorylation, endolysosomal catepsin D and NF-kappa B activation [96, 97]. Additionally 

to dephosphorylation of translation regulators lying downstream of mTOR, ceramide is able to 

deplete the plasma membrane abundance of the amino acids transporter SNAT2, thereby, 

diminishing intramyocellular amino acid availability [97]. In our experiment, we have shown 

that clomipramine attenuates HS-induced decrease in p-p70S6k(Thr389) protein amount in 

disused soleus muscle, indicating the involvement of aSMase/ ceramide in the regulation of this 

pathway during unloading.  

 
Conclusions 
The obtained results indicate the involvement of aSMase/ ceramide in the development of disuse 

muscle atrophy. This effect may be triggered by TNFR1 and realizes through enhanced pro-

oxidant NADPH oxidase activity, pro-apoptotic and pro-catabolic/ anti-anabolic signaling. The 

inhibitor of aSMase clomipramine significantly attenuates the signs of atrophy in disused soleus 

muscle diminishing the loss of muscle mass, as well as the decline in  CSA and diameter of 

muscle fibers. The main mechanisms of anti-atrophic effect of clomipramine is suppression of 

Nox2 and Nox4 pro-oxidant activity and inhibition of ceramide-induced anti-anabolic signaling. 
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Figures

Figure 1

4-day and 14-day hindlimb suspension leads to the increase in abundance of TNFa receptor (TNFR1)
with concomitant aSMase and nSMase elevation in detergent-resistant membrane fraction isolated from
the rat soleus muscle homogenates (Western blot).TNFR1, aSMase increased at both 4th and 14th days



of HS; nSMase increased only at the 4th day. * - p<0.05 - signi�cant difference in comparison with control,
" – signi�cant difference between the 4th and 14th days of HS

Figure 2

Ceramide is up-regulated in rat soleus muscle unloaded for 4 and 14 days. Immuno�uorescence staining
of ceramide on longitudinal sections of muscle �bers revealed the increase in ceramide abundance and
formation of peculiar membrane structures looking like Control 4d HS 14d HS ceramide-enriched
membrane domains: a – control, b – 4-day HS with vehicle, c – 4-day HS with clomipramine treatment; d -
14-day HS with vehicle, e – 14-day HS with clomipramine treatment; line length = 10 mcm (A)
Quanti�cation of ceramide levels in unloaded for 4 and 14 days soleus muscle: the effect of



clomipramine treatment. Clomipramine partly prevents ceramide up-regulation in the unloaded muscle
(B) Ceramide in detergent-resistant membrane fraction (DRM) of soleus muscle homogenates; C -
ceramide in DRM (%, HPTLC); D – ceramide spots in chromatograms, * p<0.05 - signi�cant difference in
comparison with control, #p<0.05 – signi�cant difference between the 14d HS and 14d HS+Clom, "
p<0.05 – signi�cant difference between the 4-day and 14-day HS

Figure 3

Up-regulation of NOX2 immunoreactivity in rat soleus muscle subjected to for 4- or 14-day unloading is
partly prevented by clomipramine treatment: a – control, b – 4-day HS with vehicle, c – 4-day HS with
clomipramine treatment; d - 14-day HS with vehicle, e – 14-day HS with clomipramine treatment; line
length = 10 mcm (A). Quantitative analysis of NOX2 levels in suspended for 4 or 14 days soleus muscle
in rats treated with clomipramine (Clom) or vehicle (B). NOX2 in detergent-resistant membrane fraction



(DRM) detected by WB, in % to the control value (C); * p<0.05 - signi�cant difference in comparison with
control, " p<0.05 - between the 4th and 14th days.

Figure 4

Hindlimb suspension (14 days) considerably alters the intensity and distribution of the Nox4 immune
staining on the transverse sections of rat soleus muscle. Immuno�uorescence is enhanced in the plasma
membrane and intracellular compartments of muscle �bers. Clomipramine treatment decreases Nox4
abundance and rearranges its distribution. a - control, b - 14-day HS + vehicle, c – 14-day HS +
clomipramine; * - p<0.05, in comparison with control value, # - p<0.05, in comparison with HS.



Figure 5

TBA-active products increase in rat soleus muscle after the 4-day unloading. Superoxide dismutase
(SOD) and glutation peroxidase activities (GPх) did not change; catalase activity decreased in the muscle
of rats subjected to 14-day HS; * - p<0.05 in comparison with the control values.



Figure 6

Loss of soleus muscle mass (A), decrease in cross-sectional area (CSA) and Feret’s diameter (FD) of
muscle �bers (B, C) in rats suspended for 14 days. Clomipramine treatment of the suspended rats partly
prevented muscle atrophy. The images of transverse sections of muscle �bers were obtained by staining
with anti-caveolin-3 antibodies. Control – soleus muscle of the intact rat; HS 14d – unloaded muscle of
the hindlimb suspended rat, HS 14d + clom – muscles of the rat suspended and treated with
clomipramine.



Figure 7

Caspase-3/7 and caspase-6 activities enhanced on the 4th day of HS; * - p<0.05 in comparison with the
control values.

Figure 8



Bax is up-regulated, Bcl-2 and p-p70S6k (Thr389) are down-regulated in the soleus muscle disused for 14
days. Clomipramine treatment abolishes the enhancement of Bax and prevents the decrease in p70S6k
(Thr389). * - p<0.05 in comparison with the control value, # -p<0.05 in comparison with HS.


