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RNA sequencing (RNA-seq) analysis of gene expression provides 
new insights into hindlimb unloading-induced skeletal muscle 
atrophy
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Background: Weightlessness-induced skeletal muscle atrophy, accompanied by complex biochemical and 
physiological changes, has potentially damaged consequences. However, there is still an insufficient effective 
strategy to treat skeletal muscle atrophy. Therefore, exploring the molecular mechanisms regulating skeletal 
muscle atrophy and effective protection is necessary.
Methods: RNA sequencing (RNA-seq) analysis was used to detect differentially expressed genes (DEGs) 
in the soleus muscle at 12, 24, 36 hours, three days, and seven days after hindlimb unloading in rats. Pearson 
correlation heatmaps and principal component analysis (PCA) were applied to analyze DEGs’ expression 
profiles. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were used for 
cluster analysis of DEGs. Ingenuity pathway analysis (IPA) was used to analyze specific biological processes 
further.
Results: At different time points (12, 24, 36 hours, three days, seven days) after hindlimb unloading, 
the expression levels of 712, 1,109, 1,433, 1,162, and 1,182 genes in rat soleus muscle were upregulated, 
respectively, whereas the expression levels of 1,186, 1,324, 1,632, 1,446, and 1,596 genes were downregulated, 
respectively. PCA revealed that rat soleus muscle showed three different transcriptional phases within 
seven days after hindlimb unloading. KEGG and GO annotation indicated that the first transcriptional 
phase primarily involved the activation of stress responses, including oxidative stress, and the inhibition of 
cell proliferation and angiogenesis; the second transcriptional phase primarily involved the activation of 
proteolytic systems and, to a certain degree, inflammatory responses; and the third transcriptional phase 
primarily involved extensive activation of the proteolytic system, significant inhibition of energy metabolism, 
and activation of the aging process and slow-to-fast muscle conversion.
Conclusions: Different physiological processes in rat skeletal muscles were activated sequentially after 
unloading. From these activated biological processes, the three transcriptional phases after skeletal muscle 
unloading can be successively defined as the stress response phase, the atrophic initiation phase, and the 
atrophic phase. Our study not only helps in the understanding of the molecular mechanisms underlying 
weightlessness-induced muscle atrophy but may also provide an important time window for the treatment 
and prevention of weightlessness-induced muscle atrophy. 
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Introduction

As one of the important organs in the body, skeletal muscle 
bears many important physiological functions. Antigravity 
muscle plays important roles in supporting body weight, 
supporting posture and balance, and movement, and the 
disappearance of gravity can cause disuse atrophy of this 
type of muscle. For example, spaceflight, especially medium- 
and long-term space flight, will cause significant structural 
and functional changes in astronauts’ skeletal muscle, 
manifesting as a reduction in muscle mass, a reduction in 
muscle fiber cross-sectional area, the conversion of muscle 
fiber type, a reduction in muscle protein contents, and 
decreased muscle contractility (1-3). Insufficient effective 
measures to address these effects will seriously affect 
astronauts’ physical health and working ability in flight and 
their adaptability after returning to Earth. In addition to 
weightlessness, muscle atrophy may occur under various 
physiological and pathological conditions, including 
denervation, starvation, aging, and cancer. Therefore, it is 
necessary to determine the mechanisms underlying skeletal 
muscle atrophy and effectively protect against atrophy, 
urgent challenges to be addressed in space medicine and 
rehabilitation medicine.

Under normal physiological conditions, the synthesis 
and degradation of protein in skeletal muscle are in dynamic 
equilibrium. When the balance is disrupted, and protein 
degradation becomes dominant, muscle atrophy occurs (4,5). 
Activation of the ubiquitin-proteasome hydrolysis system in 
skeletal muscle is the key cause of weightlessness-induced 
muscular atrophy (6,7). The expression of 2 muscle-specific 
E3 ubiquitin ligases, muscle atrophy F-box (MAFbx) and 
muscle RING finger 1 (MuRF1), significantly increase in 
various disuse-atrophy models (8,9). The expression of 
MuRF1 and MAFbx is regulated by a complex signaling 
network that includes insulin-like growth factor I (IGF1)/
phosphatidylinositol 3-kinase (PI3K), p(PI3K)/protein 
kinase B (AKT)/forkhead box O (FOXO) and tumor 
necrosis factor-alpha (TNF-α)/nuclear factor kappa-B 
(NF-κB) (10,11). In recent years, many studies have used 

transcriptomics to analyze differentially expressed genes 
(DEGs) in the process of muscle atrophy, providing a 
substantial amount of gene expression data for the study 
of muscle atrophy (12-15). Our recent study systematically 
analyzed the DEGs of the tibialis anterior muscle at different 
time points after denervation. It classified muscle atrophy 
into 4 phases: the oxidative stress phase, the inflammation 
phase, the atrophic phase, and the atrophic fibrosis  
phase (16). In subsequent studies, we used various drugs 
to intervene and found they attenuated muscle atrophy 
processes through a mechanism closely related to the 
inhibition of oxidative stress and inflammatory responses 
in the early phase of muscular atrophy (17-23). The main 
issue with transcriptome analysis for weightlessness-
induced muscle atrophy is that the analyses’ time points 
which have been selected need to be tuned further. 
For example, in most literatures, only one-time point  
(2 weeks) or multiple time points starting three days after 
weightlessness have been selected (24-27). Only Stevenson 
et al. used an Affymetrix gene microarray to detect DEGs in 
rat soleus muscle 1, 4, 7, and 14 days after weightlessness. 
They revealed gene expression changes related to different 
biological processes, including ubiquitination, glycolysis, 
and oxidative stress during muscle atrophy (28). To obtain 
more valuable information on gene expression changes in 
weightlessness-induced muscle atrophy, especially in the 
early phase of muscular atrophy, it is necessary to conduct 
new multi-time point transcriptome analyses.

Currently, in models of weightlessness-induced muscle 
atrophy, the tail suspension model with rats can simulate a 
series of physiological changes in hindlimb muscle during 
space flight and is one of the most extensively used animal 
models in studies of muscular dystrophy (29,30). Studies 
have shown that the soleus muscle exhibits significant 
atrophy after suspension for one week, and the muscle 
wet weight ratio decreases by approximately 50% after 
two weeks (31,32). In this study, RNA sequencing (RNA-
seq) analysis was used to analyze DEGs in rat soleus 
muscle at 12, 24, 36 hours, three days, and seven days 
after tail suspension. Cluster analysis and bioinformatics 
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methods were applied in the systematic analysis of DEGs 
to systematically and comprehensively study the molecular 
mechanisms underlying weightlessness-induced muscular 
atrophy. This study supplies potential targets for the 
prevention and treatment of weightlessness-induced muscle 
atrophy in the clinic.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-7400).

Methods 

Animal experiment

Adult male Sprague-Dawley (SD) rats (weighing ~200 g)  
were provided by the Experimental Animal Center 
(Nantong, China). Rats were fed food and water ad libitum 
and were housed at 23±2 ℃ with a 12-hour light/dark 
cycle. The experiments involving animals were conducted 
following the animal care guidelines of Nantong University 
and ethically approved by the Jiangsu Administration 
Committee for Experimental Animals (No. 20180305-004). 
The animals were randomly divided into five experimental 
groups and a control group (n=3 in each group).

Tail suspension hind limb unloading

The tail suspension is the most used animal model for 
non-weight bearing skeletal muscle. Individual rats were 
acclimated to single-cage housing for three days before tail 
suspension experiments. The tail suspension was performed 
according to a previously published protocol (33). Briefly, 
the tail was wrapped with nonabrasive adhesive tape, and 
then, the animal was suspended by attaching a swivel hook 
to the metal bars on the top of the cage. The rats were free 
to rotate in all directions within the cage and had access to 
food and water. Control mice were separated into individual 
cages with the same conditions as the unloading groups but 
without tail suspension (referred to as 0 hours). At the end 
of the indicated time point (12, 24, 36 hours, three days, 
and seven days), CO2 asphyxiation euthanized experimental 
and control rats and cervical dislocation. The soleus muscle 
of the hindlimbs was harvested and quickly immersed in 
liquid nitrogen for later experiments.

RNA’s extraction and RNA-seq analysis

According to the kit guidelines, each soleus muscle sample 

was homogenized, and RNA was extracted with a mirVana™ 
miRNA ISOlation Kit (Ambion-1561, Thermo Scientific, 
Delaware, ME, United States). The total RNA quantity 
was measured using a NanoDrop (ND-2000 Thermo 
Scientific, Delaware, ME, United States). Libraries were 
constructed using a TruSeq Stranded mRNA LTSample 
Prep Kit (Illumina, San Diego, CA, USA) according to the 
manufacturer’s instructions. In brief, 50 μL of total RNA  
(4 μg) was purified and isolated. Using interrupted mRNA 
as a template, first-strand cDNA and double-stranded 
cDNA were synthesized and then purified. A poly(A) tail 
was added to double-stranded cDNA and then ligated 
with an RNA adaptor, followed by purification and PCR 
amplification. The constructed libraries were evaluated 
using an Agilent 2100 Bioanalyzer (Agilent Technologies, 
Santa Clara, CA, USA). The libraries were then sequenced 
on the Illumina sequencing platform (Illumina HiSeq X 
Ten), and 125 bp/150 bp paired-end reads were generated. 
Raw data in FASTQ format were processed using 
Trimmomatic for quality control. The reads holding low-
quality reads and poly-N sequences were removed to 
obtain clean reads. Then, the clean reads were mapped to 
a reference genome using hisat. The FPKM value for each 
gene was calculated using cuff-links, and the read counts 
for each gene were obtained using htseq-count. DEGs were 
found using the DESeq package in R. P value <0.05, and 
fold-change >1.5 were set as the thresholds for significantly 
differential expression.

Time-specific pattern identification

RNA-seq data mining was performed using Pearson 
correlation heatmaps and principal component analysis 
(PCA) to identify time-specific patterns as described 
previously (16). In brief, Pearson correlation coefficients 
were calculated using the core function in the ‘stats’ 
package in R (http://www.r-project.org), and the results 
were generated using the ‘pheatmap’ package in R. PCA 
was performed using the ‘prcomp’ function in the ‘stats’ 
package in R (http://www.r-project.org); the first 2 PCs 
were selected to view the expression patterns of samples.

Gene function analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database and Gene Ontology (GO) category database were 
applied for functional annotation of DEGs. Enrichment 
analysis of KEGG and GO categories was performed using 
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DAVID online tools (https://david.ncifcrf.gov). Upregulated 
and downregulated genes were separated for analysis. 
KEGG or GO categories with a P value less than 0.05 were 
considered significantly enriched. The average expression 
profile was calculated as described previously (34).

Regulatory network analysis

Ingenuity pathway analysis (IPA) (http://ingenuity.com/
index.html, Ingenuity Systems, Redwood City, CA) online 
software was used to identify canonical pathways and gene 
networks. The Ingenuity Pathway Knowledge Base was 
used for a deep analysis of molecular networks and revealed 
interactions among DEGs (FC >2, P<0.01) (34,35). The 
Build Connect tool in IPA was used to create connections 
between molecules, with direct (solid line) or indirect (dot 
line) relationships shown.

Statistical Analysis

The values of gene expression are calculated from the 
average of three repeated experiments. The relative change 
represents the difference between various experimental 
group and the control group. The negative binomial 
distribution test is used to test the significance (P value) of 
the difference between the two groups.

Results

Analysis of the DEGs in the soleus muscle during the 
weightlessness-induced muscle atrophy process

RNA samples from the soleus muscle were subjected 
to RNA-seq analysis, and many DEGs were obtained. 
Compared with that in the control group, at 12, 24, and  
36 hours, three days, and seven days after hindlimb 
unloading, the expression levels of 712, 1,109, 1,433, 
1,162, and 1,182 genes were upregulated in soleus muscle, 
respectively, and 1,186, 1,324, 1,632, 1,446, and 1,596 genes 
were downregulated, respectively (Figure 1A). Notably, at 
36 hours after hindlimb unloading, the number of DEGs 
significantly increased, showing that the atrophy process 
might be widely activated at this time point. With the 
Pearson correlation heatmaps, 24 and 36 hours after and  
36 hours and three days after hindlimb unloading, two-
node transitions could be observed in the expression profile 
of DEGs. There were one sample deviating at 24 hours and 
one sample deviating at 36 hours after hindlimb unloading, 

therefore, they were excluded from subsequent analyses 
(Figure 1B). PCA results showed significant transitions in 
DEGs 36 hours after hindlimb unloading (Figure 1C). The 
Pearson correlation heatmaps and PCA results suggested 
that within seven days after hindlimb unloading, three 
different transcriptional phases occurred: 12–24 hours after 
hindlimb unloading (transcriptional phase I), 36 hours after 
hindlimb unloading (transcriptional phase II), and 3–7 days 
after hindlimb unloading (transcriptional phase III). 

Analysis of the biological processes and signaling pathways 
of upregulated genes during the process of weightlessness-
induced muscle atrophy

GO and KEGG analyses were performed to determine 
the biological processes and signaling pathways associated 
with the DEGs. Figures 2,3 show the enriched biological 
processes and signaling pathways, respectively, in which 
the upregulated genes participate at different time points 
after hindlimb unloading. During the transcriptional 
phase I (12–24 hours after hindlimb unloading), biological 
processes including “response to hypoxia,” “response 
to endoplasmic reticulum stress,” “cellular response to 
dexamethasone stimulus,” “response to glucocorticoid,” 
and “oxidation-reduction” were enriched. The biological 
processes “positive regulation of the apoptotic process,” 
“protein ubiquitination,” and “response to denervation 
involved in the regulation of muscle adaptation” were also 
enriched during transcriptional phase I. The signaling 
pathways enriched at this phase include “Drug metabolism-
cytochrome P450”, “Metabolism of xenobiotics by 
cytochrome P450”, “Protein processing in the endoplasmic 
reticulum,” “Peroxisome,” and “PPAR signaling pathway.” 
These data indicate that oxidative stress, endoplasmic 
reticulum (ER) stress and cell apoptosis were activated 
suggesting that the transcriptional phase I primarily 
involved the activation of stress responses; therefore, this 
phase was defined as the stress response phase. During 
transcriptional phase II (36 hours after hindlimb unloading), 
the biological processes including “cellular response to 
lipopolysaccharide,” “proteasome-mediated ubiquitin-
dependent protein catabolic process,” “autophagosome 
assembly,” “positive regulation of the apoptotic process,” 
“protein ubiquitination,” “response to oxidative stress,” and 
“oxidation-reduction process” were enriched. The signaling 
pathways enriched during this phase mainly included 
“Drug metabolism-cytochrome P450”, “Metabolism of 
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Figure 1 Three distinct transcriptional phases during hindlimb unloading-induced muscle atrophy. (A) The number of DEGs at different 
times in SOL muscle post-hindlimb unloading. (B) Pearson correlation heatmaps for different times post-hindlimb unloading, as labeled 
on lower and right margins. The arrows show two nodal transitions. (C) PCA of DEGs at different times post-hindlimb unloading. The 
percentage of variance explained by PCs is shown. DEGs, differentially expressed genes; SOL, soleus; PCA, principal component analysis; 
PCs, principal components.
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xenobiotics by cytochrome P450”, “Ubiquitin mediated 
proteolysis,” “Lysosome,” “Proteasome,” “p53 signaling 
pathway,” and “FoxO signaling pathway.” The proteolysis-
related “ubiquitin-proteasome system” and “autophagy-
lysosomal system” were activated during this phase, 
accompanied by the appearance of inflammatory responses 
and further exacerbation of the oxidative stress response, 
suggesting that this phase was the atrophic initiation phase. 
During transcriptional phase III (3–7 days after hindlimb 
unloading), biological processes including “positive 
regulation of fast-twitch skeletal muscle fiber contraction,” 
“glycolysis,” “aging,” “insulin resistance,” “cellular response 
to tumor necrosis factor,” “response to hypoxia” and 
“oxidation-reduction process” were enriched; the signaling 
pathways enriched at this phase mainly included “drug 
metabolism-cytochrome P450”, “Metabolism of xenobiotics 
by cytochrome P450”, “Calcium signaling pathway” and 
“Glycolysis/Gluconeogenesis.” During transcriptional phase 

III, biological processes and pathways, including slow-
to-fast muscle conversion and aging, were activated, with 
oxidative stress and proteolysis continued to be activated, 
suggesting that this phase was the atrophic phase.

Analysis of biological processes and signaling pathways of 
downregulated genes during the process of weightlessness-
induced muscle atrophy 

Figures 4,5 show the enriched biological processes and 
signaling pathways, respectively, in which the downregulated 
genes participate at different time points after hindlimb 
unloading. During the transcriptional phase, I, biological 
processes including “mitotic cytokinesis,” “angiogenesis,” 
“actin cytoskeleton organization,” “axon guidance,” 
“positive regulation of cell migration,” and “positive 
regulation of cell proliferation” were enriched. Signaling 
pathways including “Cell cycle,” “Focal adhesion,” 
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Figure 2 GO biological process analysis of upregulated genes in SOL muscle after hindlimb unloading. (A) The enriched biological process 
at different times post-hindlimb unloading. The circle’s size and color show the number and −log10 (P value), respectively, of DEGs, 
annotated in the specific GO biological process. (B) The average expression profiles for DEGs involved in major biological processes. The 
y-axis represents the average score of genes in the specific biological process terms. GO, Gene Ontology; SOL, soleus; DEGs, differentially 
expressed genes.

“Gap junction,” “Rap1 signaling pathway”, “Protein 
digestion and absorption,” and the “PI3K-Akt signaling 
pathway” were enriched. These data indicate the stress 
response phase (transcriptional phase I) mainly involved 
inhibiting cell proliferation and angiogenesis inhibition 
after hindlimb unloading. During transcriptional phase II, 
biological processes including “chromosome segregation,” 
“mitochondrial respiratory chain complex I assembly,” and 
“osteoblast differentiation” were enriched, and signaling 
pathways including “PI3K-Akt signaling pathway”, 
“ECM-receptor interaction,” and “cGMP-PKG signaling 
pathway” were enriched. During transcriptional phase 
III, biological processes including “muscle contraction,” 
“fatty acid beta-oxidation,” and “ATP metabolic process” 
were enriched, and signaling pathways including “Hippo 
signaling pathway,” “Platelet activation,” “PI3K-Akt 
signaling pathway”, “ECM-receptor interaction” and “Fatty 
acid metabolism” were enriched. These data indicated 

that during transcriptional phases II–III after hindlimb 
unloading (atrophic initiation phase and atrophic phase), 
the processes related to energy metabolism were extensively 
inhibited, and cell proliferation and angiogenesis were 
constitutively inhibited.

Analysis of different functions of DEGs using the IPA 
database

 The IPA database platform was used to analyze DEGs’ 
enriched biological processes, and the genes related 
to 5 biological functions, i.e., aging, angiogenesis, cell 
cycle, immune response, and oxidative stress process of 
muscular atrophy, which play a key role in in the process 
of denervated muscle atrophy were identified. Molecular 
networks at different time points were further used to 
construct associations and analyze key regulatory molecules’ 
regulatory mechanisms. Figure 6 shows that muscle atrophy-
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Figure 3 KEGG pathway analysis of upregulated genes in SOL muscle after hindlimb unloading. (A) The enriched pathways at different 
times post-hindlimb unloading. The circle’s size and color show the number and −log10 (P value), respectively, of DEGs, annotated in the 
specific KEGG pathway. (B) The average expression profiles for DEGs involved in major pathways. The y-axis represents the average score 
of genes in the specific KEGG terms. KEGG, Kyoto Encyclopedia of Genes and Genomes; SOL, soleus; DEGs, differentially expressed 
genes.

induced aging-like changes during transcriptional phase 
III involved primarily in IGFBP1 and IGFBP5. Twenty-
four hours after hindlimb unloading, downregulated 
angiogenesis-related genes, including VEGFA, KDR, 
FGF1, NRP1, and ANGPT2, significantly increased. Cell 
cycle-related genes showed more obvious trends during 
the muscle atrophy process; many cell cycle-related genes 
were downregulated across time. NFKBIA regulated 
inflammatory response-associated genes during the early 
phase of muscular atrophy, and then, NFKBIA, JAK2, and 
STAT5B together mediated inflammation responses. The 
number of genes involved in oxidative stress increased 12 to 
36 hours after hindlimb unloading, including GADD45A 
and Cdkn1a, which promote reactive oxygen species (ROS) 
production (0.01<P<0.05, not shown in the figure), and a 
considerable number of antioxidant genes, including UCP3, 
HMOX1, NQO1, GPX3, GSR, and RXN1. The genes 

involved in regulating ROS genes after weightlessness 
included Nfe212, HDAC4, TGFBR2, SIRT3, and SIRT5 
(1.5< FC <2, not shown in the figure). These genes were 
jointly involved in the cellular oxidative stress response after 
hindlimb unloading.

Discussion

This study investigated gene expression changes in skeletal 
muscle at 12, 24, 36 hours, three days, and seven days after 
hindlimb unloading. We found a considerable number of 
DEGs in the soleus muscle of the unloaded hindlimb. From 
12 hours–7 days after hindlimb unloading, the number of 
upregulated and downregulated genes in soleus muscle 
showed time-dependent changes. Notably, 36 hours after 
hindlimb unloading, the number of DEGs significantly 
increased, which indicated it was a critical time point for 
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Figure 4 GO biological process analysis of downregulated genes in SOL muscle after hindlimb unloading. (A) The enriched biological 
process at different times post-hindlimb unloading. The circle’s size and color show the number and −log10 (P value), respectively, of DEGs, 
annotated in the specific GO biological processes. (B) The average expression profiles for DEGs involved in major biological processes. The 
y-axis represents the average score of genes in the specific biological process terms. GO, Gene Ontology; SOL, soleus; DEGs, differentially 
expressed genes.

changes in gene expression patterns in soleus muscle. 
Most genes became activated at this time point, thus, the 
atrophic process was started. Pearson correlation heatmaps 
and PCA are used to analyze the gene expression profile 
of the unloaded soleus muscle of the hindlimb. The seven 
days’ time course of hindlimb unloading was divided into 
three transcriptional phases. KEGG analysis and GO 
annotation indicated that during transcriptional phase I, 
stress responses were activated, and cell proliferation and 
angiogenesis were inhibited; during transcriptional phase II, 
proteolytic-related processes were activated, accompanied 

by a certain degree of inflammatory response; and during 
transcriptional phase III, slow-to-fast muscle conversion, 
as well as aging and other processes, were activated, and 
energy metabolism was significantly inhibited. With these 
characteristics, transcriptional phases I, II, and III were 
sequentially appointed as the “stress response phase,” 
“atrophic initiation phase,” and “trophic phase.”

Oxidative stress first attracted our attention during the 
stress response phase. Our previous study has shown that 
the first phase of denervated muscle atrophy is the oxidative 
stress phase and that intervention with antioxidant drugs 
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Figure 5 KEGG pathway analysis of downregulated genes in SOL muscle after hindlimb unloading. (A) The enriched pathways at different 
times post-hindlimb unloading. The circle’s size and color show the number and −log10 (P value), respectively, of DEGs, annotated in the 
specific KEGG pathway. (B) The average expression profiles for DEGs involved in major pathways. The y-axis represents the average score 
of genes in the specific KEGG terms. KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes; SOL, 
soleus.

can effectively relieve muscular atrophy (16,19,20). It 
has been shown that a considerable amount of ROS is 
produced during the process of weightlessness-induced 
muscle atrophy and that the production of ROS is closely 
related to muscle atrophy (30,36,37). The cytochrome 
P450 enzyme is a marker of oxidative stress and the source 
of cellular ROS (38). During the stress response phase, 
the P450-associated pathway is activated, and the PPAR 
signaling pathway, which participates in the regulation 
of ROS production and degradation, is also activated. 

To note, some genes related to response to hypoxia were 
up-regulated, while some genes were down-regulated 
in the same biological process. As different gene groups 
showed different time-dependent expression changes, they 
exerted different functional effects on muscle atrophy. 
IPA was used to analyze further the DEGs associated with 
oxidative stress in muscular atrophy. In addition to the 
genes that induce ROS production (including GADD45a), 
the expression of many antioxidant genes (including Gpx3) 
was upregulated during the stress response. The number 
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of DEGs related to oxidative stress increased during the 
atrophic initiation phase and persistently presented until 
the atrophic phase, with HOMX1 as the core regulator. 
Recent studies have shown that endoplasmic reticulum 
stress (ERS) plays an important role in maintaining 
myocyte homeostasis in healthy and disease-related 
conditions (39,40). It has been reported that PERK and 
XBP1 play important regulatory roles in the ERS pathway 
in cancer and starvation-induced muscle atrophy (41,42). 
Our study found that 24 hours after weightlessness, ERS 

was significantly activated, and the expression of XBP1 
and its downstream genes was upregulated. In the stress 
response phase, unlike tibialis anterior atrophy caused by 
denervation, after hindlimb unloading, cells’ responses in 
the soleus muscles to dexamethasone and glucocorticoids 
were significantly activated. Literature reports have shown 
that glucocorticoid expression significantly increases 
during the early phase after weightlessness, resulting 
in multiple organ responses, including muscle atrophy, 
bone loss, and immune organ atrophy (43-45). Notably, 
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Figure 6 Dynamic changes in DEGs associated with aging, angiogenesis, the cell cycle, immune responses, and oxidative stress. 
Upregulation (red) and downregulation (green) of genes at different time points post-hindlimb unloading; color intensity shows the relative 
fold-change value. DEGs, differentially expressed genes.
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the soleus muscle, as a slow muscle, is not sensitive to 
glucocorticoids (46). However, glucocorticoids have a 
strong anti-inflammatory effect, and the inflammatory 
response was inhibited during the stress response phase, 
especially 12 hours after hindlimb unloading. Consistent 
with previous studies, our analysis also showed the 
expression of cell cycle arrest genes increased. Many 
cell cycle regulatory genes’ expression decreased during 
muscle atrophy, showing significant inhibition of cell 
proliferation, continuing until seven days after hindlimb 
unloading (28). Skeletal muscle is composed of terminally 
differentiated multinucleated muscle fibers. Although 
muscle loss occurs during muscle atrophy, muscle fiber 
atrophy is due primarily to reduced size caused by protein 
loss. Therefore, the inhibition of cell proliferation after 
hindlimb unloading might occur in muscle satellite cells. 
In addition to the cell cycle, angiogenesis-related genes 
(including VEGFA and KDR) and genes involved in 
sprouting angiogenesis (including NRP1 and ANGPT) 
were downregulated. The soleus muscle is a slow muscle 
composed primarily of oxidized type I fibers, with a 
particularly rich capillary network, the capillary network 
is vital for maintaining soleus muscle function (47). 
The downregulation of angiogenesis-related genes after 
hindlimb unloading further worsens muscular atrophy.

Multiple biological processes and signaling pathways 
in 2 major systems related to proteolysis, “Ubiquitin-
Proteasome System” and “Autophagy-Lysosomal System,” 
were extensively activated during the atrophic initiation 
phase, and the activation of proteolysis was significantly 
advanced rather than four days after hindlimb unloading 
previously reported in the literature (28). This is due 
primarily to the broader early time points, that is, only 
one day and four days, used in previous studies of DEGs 
in rats after hindlimb unloading. Like this issue, our 
previous studies showed that muscle atrophy started 3–7 
days after denervation, however, time points between 
24 hours and three days were lacking (16). During this 
stage, the positive regulation of cells via LPS activation 
and inflammatory responses was significantly upregulated 
compared to that at 12 hours, indicating that inflammatory 
responses were activated, to a certain degree, during 
the atrophic initiation phase. We found the JAK/STAT 
pathway started to be constitutively activated 24 hours 

after hindlimb unloading. Although inflammation caused 
by hindlimb unloading occurred later than 24 hours, that 
inflammation was significantly activated after denervating 
muscle atrophy. There was an upregulation trend from 
36 hours. The upregulated genes in the trophic phase 
were slow-to-fast muscle conversion- and aging-related 
genes. Consistent with earlier studies, our data showed 
during the muscle atrophy process, the soleus muscle 
fiber type changed from oxidized type I to glycolysis 
type II. Consistent with fiber-type conversion, glycolysis 
also significantly increased three days after hindlimb 
unloading (28). Like denervated muscle atrophy, we 
found that upregulated genes participated in the aging 
process, including insulin-like growth factor-binding 
protein 5 (IGFBP5) and IGF binding protein 1 (IGFBP1). 
Aging-associated insulin resistance was significantly 
upregulated during the atrophic phase. It is well-known 
that insulin resistance plays a role in protein synthesis (48).  
The downregulated genes in the atrophic initiation 
and atrophic phases were involved in mitochondrial 
respiration, fatty-acid β-oxidation, and protein synthesis, 
indicating that energy metabolism during weightlessness-
induced muscle atrophy was significantly inhibited, that is 
consistent with those for other models of skeletal muscle 
atrophy (49).

It should be mentioned that there are some limitations. 
The proposed functional consequences of the gene 
expression changes identified tested in vivo or in vitro are 
warranted. Another drawback of our study was that lncRNA 
and microRNA were not investigated. Detection of lncRNA 
and microRNA will support the whole transcriptome survey 
for obtaining more comprehensive information. 

Hindlimb unloading induces skeletal muscles’ disuse, 
leading to the generation of oxidative stress and other 
stress responses in muscle cells, resulting in inflammation 
responses and proteolysis. As proteolytic reactions continue 
to be activated, energy metabolism is reduced, and muscle 
atrophy occurs (Figure 7). Notably, the atrophic initiation 
phase, that is, 36 hours after hindlimb unloading, might 
be a critical time point for weightlessness-induced muscle 
atrophy. Our results may help understand the molecular 
mechanisms underlying weightlessness-induced skeletal 
muscle atrophy and develop promising therapeutic strategy 
to combat muscle loss.
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