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Microarray Analysis of Gene Expression Provides New Insights Into Denervation-Induced Skeletal Muscle Atrophy
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Denervation induces skeletal muscle atrophy, accompanied by complex biochemical and physiological changes, with potentially devastating outcomes even an increased mortality. Currently, however, there remains a paucity of effective strategies to treat skeletal muscle atrophy. Therefore, it is required to understand the molecular mechanisms of skeletal muscle atrophy and formulate new treatment strategies. In this study, we investigated the transcriptional profile of denervated skeletal muscle after peripheral nerve injury in rats. The cDNA microarray analysis showed that a huge number of genes in tibialis anterior (TA) muscles were differentially expressed at different times after sciatic nerve transection. Notably, the 24 h of denervation might be a critical time point for triggering TA muscle atrophy. According to the data from self-organizing map (SOM), Pearson correlation heatmap, principal component analysis (PCA), and hierarchical clustering analysis, three nodal transitions in gene expression profile of the denervated TA muscle might partition the period of 0.25 h–28 days post nerve injury into four distinct transcriptional phases. Moreover, the four transcriptional phases were designated as “oxidative stress stage”, “inflammation stage”, “atrophy stage” and “atrophic fibrosis stage”, respectively, which was concluded from Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene ontology (GO) analyses at each transcriptional phase. Importantly, the differentially expressed genes at 24 h post sciatic nerve transection seemed to be mainly involved in inflammation, which might be a critical process in denervation-induced muscle atrophy. Overall, our study would contribute to the understanding of molecular aspects of denervation-induced muscle atrophy, and may also provide a new insight into the time window for targeted therapy.
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INTRODUCTION

Skeletal muscle, as a highly plastic organ, is generally capable of adapting to mild external changes through secretion of myokines and myometabolites, thus maintaining whole body homeostasis (Aversa et al., 2019; Oost et al., 2019). However, a diverse array of pathological stimuli, including disuse, nutrition deprivation, denervation, and systematic disease (e.g., AIDS, sepsis, renal and cardiac failure, muscular dystrophies, or cancer), are likely to induce skeletal muscle atrophy, characterized by muscle weakness and dysfunction (Bonaldo and Sandri, 2013; Szentesi et al., 2019). Skeletal muscle atrophy may cause adverse impacts on the quality of life and life prognosis in patients. Unfortunately, currently available treatments are often unable to achieve desirable therapeutic outcomes (Qiu et al., 2018). In this sense, it is urgently required to better understand molecular mechanisms of skeletal muscle atrophy and actively seek new therapeutic strategies.

During skeletal muscle atrophy, a series of biochemical and physiological alterations appear in atrophic muscle, triggering the gene expression changes. Bodine et al. (2001) and Bodine and Baehr (2014) demonstrate that muscle RING finger 1 (MuRF1) and muscle atrophy F-box (MAFbx), two muscle-specific E3 ubiquitin ligases, are up-regulated in different models of muscle atrophy, playing a pivotal role in atrophy programs; Wu et al. (2014) indicate that NF-kB sites are necessary for MuRF1 promoter activation in disuse-induced muscle atrophy. Recently, an increasing number of studies have adopted cDNA microarray to reveal that many genes are differentially expressed in atrophic muscles (Gomes et al., 2001; Kunkel et al., 2011; Fedorov et al., 2014; Kruger et al., 2015; Jeong et al., 2017; Weng et al., 2018). Although these findings provide extensive gene expression data, their design of time points is not comprehensive enough to fully cover the entire process of muscle atrophy, especially not including an early stage. A global analysis is necessary for obtaining more valuable information on gene expression profiles of skeletal muscle in response to different atrophy-inducing stimuli.

Animals with sciatic nerve transection have been commonly chosen as a study model for denervation-induced skeletal muscle atrophy (Madaro et al., 2018; Lala-Tabbert et al., 2019). Once sciatic nerve is transected, target muscles will lose their function of “muscle pump” due to the loss of nerve innervation, which leads to relatively reduced perfusion of target muscles, facilitating skeletal muscle atrophy (Laughlin, 1987; Marra et al., 2015). This type of skeletal muscle atrophy is regulated by different molecular mediators (Tang et al., 2014; Li et al., 2017; Choi et al., 2018; Pigna et al., 2018; Lala-Tabbert et al., 2019), but the issue of how molecular mediators are deliberately orchestrated to activate atrophic programs is to be systematically addressed. The purpose of this study was to furnish a global perspective of transcriptional regulation for denervation-induced skeletal muscle atrophy. We constructed a model of denervated skeletal muscle atrophy by using the tibialis anterior (TA) muscles of rats which underwent sciatic nerve transection, and performed cDNA microarray to identified thousands of differentially expressed genes (DEGs) in TA muscles at different times after sciatic nerve transection. The microarray data were then analyzed by clustering and bioinformatic methods to visualize some interesting aspects of gene regulation in atrophic skeletal muscles during the denervation period.



MATERIALS AND METHODS


Animal Experiment

A total of 72 adult male Sprague-Dawley (SD) rats (weighing ∼200 g) were provided by the institutional Experimental Animal Center (Nantong, China), and were maintained under temperature 22°C and a 12-h light/dark cycle with free access to food and water. The experiments involving animals were carried out in accordance with the animal care guidelines of Nantong University and ethically approved by Jiangsu Administration Committee of Experimental Animals. The animals were randomly divided into 11 experimental groups and a sham group (n = 6 each group). For experimental groups, the rats were anesthetized with intraperitoneal injection of mixed narcotics (100 mg/kg ketamine plus 10 mg/kg xylazine) before the sciatic nerve was exposed through an incision at the mid-thigh of the left hind limb for transection to leave a 10-mm long defect. For relieving post-surgery pain, the rats were given buprenorphine (0.2 mg/kg subcutaneously) when performing the operation. The rats were sacrificed by cervical decapitation to harvest TA muscles at 0.25, 0.5, 3, 6, 12, and 24 h, 3, 7, 14, 21, and 28 days post nerve injury respectively. For a sham group, the rats were subjected to similar surgical procedures but without sciatic nerve transection, and TA muscles were harvested immediately after rat sacrifice (referred to as at 0 h post surgery).



Microarray Analysis

The TA muscle sample was homogenized, and RNA was extracted with RNasey Mini Kit (Qiagen, San Francisco, CA, United States) as per kit guidelines. The quantity of total RNA was measured by using NanoDrop (ND-2000 Thermo Scientific, Delaware, ME, United States), and RNA integrity was evaluated by using Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, United States). Microarray analysis consisted of several successive steps, including sample labeling, hybridization, scanning, and image analysis, according to standard protocols. In brief, total RNA was transcribed to double strand cDNA and synthesized into cRNA. After labeled with Cyanine-3-CTP (Cy3), the cRNA was hybridized onto Agilent SurePrint G3 Rat GE microarray (8 × 60,000). Agilent Scanner (G2505C) was used to scan microarray slides, and Agilent Feature Extraction Software (version 10.7.1.1) was used to read the scanned images. The raw data were quantile-normalized and log2 transformed for processing with Genespring Software (version13.1). The probes for which at least 60% samples have flags in “Detected” were chosen for further data analysis.

The expression level of mRNAs at each time was compared to that at 0 h post surgery (control). The gene whose mRNA expression showed a fold change of greater or lower than 2 and a P-value of less than 0.05 was considered a DEG.



Time-Specific Pattern Identification

Microarray data mining was performed by a combination of self-organizing map (SOM), Pearson correlation heatmap, principal component analysis (PCA), and hierarchical clustering analysis to identify time-specific patterns in the mRNA expression of DEGs.

SOMs, as a class of unsupervised neural networks, is used to build up 1-, 2-, or 3-dimensional representation of high dimensional information (Chavez-Alvarez et al., 2014). Here SOMs were created by using Matlab software R2008a (MathWorks, Natick, MA, United States). Pearson correlation coefficients were calculated by the cor function of R “stats’ package1 for ensuring the reliability of expression data, and the results were viewed as a heatmap by ‘pheatmap’ R package (Kolde, 2015). PCA is an unsupervised learning method for constructing high-dimension data patterns without reference to prior knowledge, and the transformation in PCA is achieved by geometrically projecting data onto special dimensions called principal components (PCs) (Lever et al., 2017). Here PCA were performed by R ‘prcomp’ function of R ‘stats’ package1, where the first 3 PCs were selected to view the expression pattern of samples. Hierarchical clustering analysis was performed from Euclidean distance matrix data by using the complete-linkage cluster in the R ‘dendextend’ package (Galili, 2015), and Euclidean distance measure was used to calculate the similarity in gene expressions between samples, and to group samples into clusters by the Ward.D method in the R ‘stats’ package1.



Functional Annotation

Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Release 91.0) and Gene Ontology (GO) category database were applied for functional annotation of DEGs. KEGG pathway enrichment analysis was tested upon hypergeometric distribution by R ‘phyper’ function (Khatri et al., 2012). Enrichment analysis of GO categories was performed by DAVID tools2. Up- or down- regulated genes were separated for functional enrichment analysis. KEGG or GO categories with a P-value of less than 0.05 were considered the significantly enriched ones, which were viewed in a heatmap. The expression profile for each enriched category was shown based on the average z-score transformed expression value. Z score (x) = (x−μ)/δ, where μ is the mean value and δ is the corresponding standard deviation (Parikh et al., 2010).



Quantitative Real Time PCR (qRT-PCR)

For qRT-PCR validation, the primers, designed by Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA, United States), were purchased from Generay Biotech (Shanghai, China). They are listed in Supplementary Table S1. The RNA samples were reverse transcribed and synthesized to cDNA with an iScript cDNA synthesis kit as per the kit manual (Bio-Rad, Hercules, CA, United States). The qRT-PCR reaction was conducted on an ABI7500 Real Time System (Applied Biosystems, Foster City, CA, United States) by using SYBR Green I mix (Roche, Lewes, United Kingdom). The thermal cycle program was as follows: denaturation at 95°C for 10 s, annealing at 60°C for 30 s, extension at 70°C for 10 s (He et al., 2016). All reactions were performed in triplicates, and the specificity of PCR amplification was determined by melting point curve analysis. Quantification of the mRNA expression was performed on a 7500 real-time PCR system (Applied Biosystems). After the cycle threshold (Ct) values were determined based on the cycle number of PCR at which a threshold in fluorescence emission reached, the relative mRNA expression was calculated using comparative 2–Δ Δ Ct method (Livak and Schmittgen, 2001), where beta actin (ACTB) was used as an internal control.



RESULTS


Differential Expression of Genes in Denervated TA Muscles

The RNA samples were extracted from TA muscles and were subjected to cDNA microarray analysis. In each assay, at least three biologically independent samples were used to make data reproducible. A huge number of genes in experimental groups were differentially expressed as compared to those in control (Supplementary Table S2). Out of the DEGs, 14, 282, 327, 255, 310, 641, 1383, 1661, 1891, 1854, and 1578 genes were up-regulated, and 69, 104, 317, 366, 341, 976, 1488, 1951, 2348, 2212, and 1905 genes were down-regulated at 0.25, 0.5, 3, 6, 12, and 24 h, 3, 7, 14, 21, and 28 days post nerve injury, respectively (Figure 1A). Interestingly, the number of DEGs displayed a marked increase at 24 h post nerve injury, suggesting that the atrophic process might be extensively activated at this time point.
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FIGURE 1. Four distinct transcriptional phases during denervation-induced muscle atrophy. (A) The number of DEGs at different times in TA muscles post nerve injury as compared to control (0 h post sham surgery). (B) SOMs: Color-coded output maps representing the final weight of denervated muscle atrophy. The cluster centroid value is coded with a range of colors from blue (for the lowest expression level) to red (for the highest expression level). (C) Pearson correlation heatmap between different times post nerve injury, as labeled on down and right margins. Arrows indicate three nodal transitions. (D) PCA of DEGs at different times post nerve injury. The percentage of variance captured by principal components (PCs) is shown. (E) Dendrogram of gene expression profiles, created by hierarchical clustering analysis. The three nodal transitions in temporal gene expressions segregate the four distinct transcriptional phases within the period of 28 days post nerve injury, and they were designated as “oxidative stress stage,” “inflammation stage,” “atrophy stage” and “atrophic fibrosis stage,” respectively.


Based on SOM analysis, the gene expression profile in TA muscles might be considered to be composed of three main portions: (I) covering control (0 h), 0.25, 0.5, 3, 6 and 12 h; (II) covering 24 h; (III) covering 3, 7, 14, 21, and 28 days (Figure 1B), implying that 24 h post nerve injury was a critical time point in gene expression changes. Pearson correlation heatmap of microarray data indicated that three nodal transitions between 12 and 24 h, 24 h and 3 days, and 7 and 14 days post nerve injury were observable in the expression profile of DEGs (Figure 1C). PCA suggested that the period of 28 days post nerve injury could be partitioned into four distinct transcriptional phases by taking the three nodal transitions as boundaries between phases (Figure 1D). A dendrogram, created by hierarchical cluster (Figure 1E), provided further evidence for the existence of four transcriptional phases.



KEGG Pathway Enrichment Analysis

KEGG pathways related to DEGs were identified by using KEGG database. The enriched categories of KEGG pathways for the up-regulated genes at different times after sciatic nerve transection were labeled in Figure 2. During transcriptional phase I (0.25–12 h post nerve injury), the pathways, such as IL-17 signaling pathway, p53 signaling pathway, PPAR signaling pathway, drug metabolism-cytochrome P450, metabolism of xenobiotics by cytochrome P450, and HIF-1 signaling pathway, were enriched; also enriched were calcium signaling pathway, apelin signaling pathway, circadian entrainment, and so on. The data suggested that oxidative stress was mainly activated at this stage. During transcriptional phase II (24 h post nerve injury), the pathways, such as IL-17 signaling pathway, TNF signaling pathway, JAK-STAT signaling pathway, cytokine-cytokine receptor interaction, TGF-beta signaling pathway, chemokine signaling pathway, and NOD-like receptor signaling pathway, were all enriched, suggesting that inflammation was widely activated at this stage. During transcriptional phase III and IV (3–28 days post nerve injury), the pathways, such as lysosome, Fc gamma R-mediated phagocytosis, phagosome, endocytosis, apoptosis, FoxO signaling pathway, cell adhesion molecules (CAMs), extracellular matrix (ECM)-receptor interaction, cellular senescence, hippo signaling and Wnt signaling pathway, were enriched, suggesting that muscle atrophy and fibrosis were activated at these two stages.
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FIGURE 2. KEGG pathway analysis of up-regulated expressed genes in TA muscles after sciatic nerve transection. (A) The enriched categories (red color) of pathways at different times post nerve injury. (B) The average expression profiles of DEGs involved in major pathways. The y-axis represents the averaged z-score of genes in the specific KEGG pathway.


The enriched categories of KEGG pathways for the down-regulated genes at different times after sciatic nerve transection were labeled in Figure 3. During transcriptional phase I, the pathways, such as cell cycle, DNA replication, rap1 signaling pathway, TGF-beta signaling pathway, insulin resistance, MAPK signaling pathway and Ras signaling pathway, were enriched, suggesting that proliferation was inhibited and oxidative stress was activated at this stage. During transcriptional phase II, the pathways, such as MAPK signaling pathway, AMPK signaling pathway, insulin signaling pathway and adipocytokine signaling pathway, were enriched. During transcriptional phases III and IV, the pathways, such as metabolic pathway, oxidative phosphorylation, citrate cycle, glycolysis were enriched; also enriched were MAPK signaling pathway, AMPK signaling pathway, insulin signaling pathway, adipocytokine signaling pathway, Rap1 signaling pathway, PI3K-AKT signaling pathway, gap junction, and so on. These results collectively suggested that energy metabolism was significantly inhibited at the last three stages.
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FIGURE 3. KEGG pathway analysis of down-regulated expressed genes in TA muscles after sciatic nerve transection. (A) The enriched categories (red color) of pathways at different times post nerve injury. (B) The average expression profiles of DEGs involved in major pathways. The y-axis represents the averaged z-score of genes in the specific KEGG pathway.




GO Biological Process Analysis

Biological processes related to DEGs were identified using GO analysis. The enriched categories of biological processes for the up-regulated genes at different times after sciatic nerve transection were labeled in Figure 4. During transcriptional phase I, the categories, such as response to calcium ion, response to cytokine, response to hypoxia, and oxidative-reduction process, were enriched; also enriched were MAPK cascade, negative regulation of cell proliferation, and positive regulation of cell death, and so on. These data suggested that stress response progress was activated at this stage. During transcriptional phase II, the categories, such as response to lipopolysaccharide, neutrophil chemotaxis, immune response, positive regulation of inflammatory response, inflammatory response, cellular response to interleukin-1, cellular response to tumor necrosis factor, and lipopolysaccharide-mediated signaling pathway, were enriched, suggesting that inflammatory response was widely activated at this stage. During transcriptional phase III and IV, the categories, such as endocytosis, phagocytosis, extracellular matrix organization, and collagen fibril organization, were enriched, suggesting that biological processes of muscle atrophy and fibrosis were activated at these two stages.
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FIGURE 4. GO biological process analysis of up-regulated expressed genes in TA muscles after sciatic nerve transection. (A) The enriched categories (red color) of biological processes at different times post nerve injury. (B) The average expression profiles of DEGs involved in major biological processes. The y-axis represents the averaged z-score of genes in the specific biological process terms.


The enriched categories of biological processes for the down-regulated genes at different times after sciatic nerve transection were labeled in Figure 5. During transcriptional phase I, the categories, such as regulation of cell proliferation, DNA replication, cell cycle, positive regulation of cell proliferation, regulation of cell cycle, cell proliferation and positive regulation of growth, were enriched, suggesting that the cell proliferation was suppressed at this stage. During transcriptional phase II, the categories, such as response to ischemia, cellular response to hypoxia, mitochondrion organization, and ATP metabolic process, were enriched. During transcriptional phases III and IV, the categories, such as cellular respiration, tricarboxylic acid cycle (TCA cycle), fatty acid beta-oxidation, response to oxidative stress, and glycolytic process, were enriched. These results collectively indicated that biological processes of energy metabolism were significantly suppressed at the last three stages.
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FIGURE 5. GO biological process analysis of down-regulated expressed genes in TA muscles after sciatic nerve transection. (A) The enriched categories (red color) of biological processes at different times post nerve injury. (B) The average expression profiles of DEGs involved in major biological processes. The y-axis represents the averaged z-score of genes in the specific biological process terms.




GO Molecular Function Analysis

Molecular functions related to DEGs were also examined by GO analysis, and the enriched categories of molecular functions for the up-regulated genes at different times after sciatic nerve transection were labeled in Figure 6. During transcriptional phase I, the categories, such as calcium-induced calcium release activity, monooxygenase activity, N,N-dimethylaniline monooxygenase activity, and oxidoreductase activity, were enriched, suggesting that oxygenase activity was significantly enhanced at this stage. During transcriptional phase II, the categories, such as CCR1 chemokine receptor binding, CCR5 chemokine receptor binding, cytokine activity, chemokine activity and CCR2 chemokine receptor binding, were enriched, suggesting that inflammatory factor activity was significantly increased at this stage. During transcriptional phases III and IV, the categories, such as extracellular matrix structural constituent, cell adhesion molecule binding, heparin sulfate proteoglycan binding, collagen binding, and structural constituent of ribosome, were enriched, suggesting that structural components of ECM were significantly changed at these two stages.
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FIGURE 6. GO molecular function analysis of up-regulated expressed genes in TA muscles after sciatic nerve transection. (A) The enriched categories (red color) of molecular functions at different times post nerve injury. (B) The average expression profiles of DEGs involved in major molecular functions. The y-axis represents the averaged z-score of genes in the specific molecular function terms.


The enriched categories of molecular functions for the down-regulated genes at different times after sciatic nerve transection were labeled in Figure 7. During transcriptional phase I, the categories, such as microtubule motor activity, kinase activity, DNA replication origin binding, DNA helicase activity, RNA polymerase ii transcription factor activity, and transcription factor binding, were enriched, suggesting that the activities of DNA replication and transcription were reduced at this stage. During transcriptional phase II, the categories, such as ATP binding, ubiquitin-protein transferase activity, heat shock protein binding, and steroid hormone receptor activity, were enriched. During transcriptional phases III and IV, the categories, such as NADH dehydrogenase activity, electron carrier activity, chaperone binding, and GTPase activator activity, were enriched. These results collectively indicated that the energy metabolism was significantly inhibited at the last three stages.
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FIGURE 7. GO molecular function analysis of down-regulated expressed genes in TA muscles after sciatic nerve transection. (A) The enriched categories (red color) of molecular functions at different times post nerve injury. (B) The average expression profiles of DEGs involved in major molecular functions. The y-axis represents the averaged z-score of genes in the specific molecular function terms.




Four Transcriptional Phases

Based on KEGG and GO analyses, oxidative stress was activated and cell proliferation was inhibited mainly during transcriptional phase I; inflammation was widely activated during transcriptional phase II; muscle atrophy (phagosome, endocytosis, and lysosome) was activated and energy metabolism was significantly suppressed during transcriptional phase III; muscle atrophy and fibrosis (structural components of extracellular matrix) was activated during transcriptional phase IV. In this way, transcriptional phases I-IV might be sequentially referred to as “oxidative stress stage,” “inflammation stage,” “atrophy stage” and “atrophic fibrosis stage” to concisely specify major functions related to DEGs at different time stages.



qRT-PCR Validation

To validate microarray data, 12 genes, including Ccnb1, Ccnb2, Cdk1, Kif11, Prc1, Kif23, Pttg1, Plk1, Tnfrsf1a, Cebpb, Myd88, and Serpina3, were subjected to qRT-PCR detection for their differential expressions. As to Ccnb1, Ccnb2, CDK1, Kif11, Prc1, Kif23, and Pttg1, qRT-PCR data were quite consistent with microarray results. As to other five genes, qRT-PCR data were roughly consistent with microarray results as far as the change tendency of gene expression was concerned, despite more or less deviations occurring at some time points (Figure 8). In general, however, qRT-PCR and microarray data were correlated to each other in this study.
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FIGURE 8. qRT-PCR validation of expression levels of DEGs in TA muscles after sciatic nerve transection. The curve plots comparing qRT-PCR and microarray data on the time-dependent expression changes of 12 genes.




DISCUSSION

Various pathological stimuli provoke skeletal muscle atrophy, which, in its nature, results from an imbalance of protein synthesis and protein degradation. The orchestrated cellular events and complex interactions between signaling pathways, mediated by an enormous number of functional biomolecules, are critically involved in the action mechanisms underlying skeletal muscle atrophy (Bonaldo and Sandri, 2013; Cohen et al., 2015; Bilodeau et al., 2016). Setting out from individual genes or proteins has proven to be a disappointing approach to acquiring a global knowledge about the mechanisms of skeletal muscle atrophy. In recent years, therefore, many studies have examined a large number of DEGs in atrophic muscles by microarray analysis (Gomes et al., 2001; Kunkel et al., 2011; Fedorov et al., 2014; Kruger et al., 2015; Jeong et al., 2017; Weng et al., 2018). Despite high-throughput data obtained in these pioneering studies, this study focused on microarray analysis over a broader time window of denervated skeletal muscle atrophy, and applied various clustering methods and bioinformatic tools to mine microarray data with a hope to obtain the detailed mechanistic information on denervated skeletal muscle atrophy.

We identified a huge number of DEGs in TA muscles after sciatic nerve transection. The number of either up-regulated genes or down-regulated genes in TA muscles showed a time-dependent change during the period of 0.25 h to 28 days post nerve injury. Interestingly, the number of DEGs displays a marked increase at 24 h post nerve injury, and SOM analysis also indicated that 24 h post nerve injury was a critical time point of the gene expression pattern in TA muscles, and that the most number of genes began to be activated at this time point, thus initiating the atrophic process.

Pearson correlation heatmap, PCA, and hierarchical cluster analysis were combined to analyze the gene expression profile in denervated TA muscles. The four transcriptional phases were divided within the period of 28 days post nerve injury, and different transcriptional phases might represent the activation of different functional genes, different signaling pathways, different biological processes, and different molecular functions (Sacheck et al., 2007; Glass and Roubenoff, 2010). This division provided a scientific basis for specific therapeutic interventions at different time stages of denervated skeletal muscle atrophy.

KEGG analysis and GO annotation indicated that oxidative stress was activated and cell proliferation was inhibited during transcriptional phase I, inflammation was widely activated during transcriptional phase II, muscle atrophy was activated and energy metabolism was significantly suppressed during transcriptional phase III, muscle atrophy and fibrosis was activated during transcriptional phase IV. Depending on these features, transcriptional phase I, II, III, and IV are, in sequence, designated as “oxidative stress stage,” “inflammation stage,” “atrophy stage,” and “atrophic fibrosis stage.”

At oxidative stress stage, cytochrome P450-related signaling pathways were remarkably activated. As is well known, cytochrome P450 enzymes catalyze the oxidative transformation of toxic metabolites into reactive oxygen species (ROS, such as hydroxyl radical and peroxide and superoxide anions), and mediate the mass production of ROS from estrogen metabolites (Khan et al., 2015; He L. et al., 2017), thereby becoming the marker of oxidative stress as well as the source of cellular ROS (Sato et al., 2011; Tomasi et al., 2018). On the other hand, monooxygenase activity, as a category of molecular function, was significantly enhanced also at oxidative stress stage. Actually, cytochrome P450 belongs to a class of monooxygenase enzymes, and is the main source of ROS due to its nature of terminal oxidases (Bhattacharyya et al., 2014). Our observations implied that a large amount of ROS was generated in response to oxidative stress during transcriptional phase I. Meanwhile, PPAR and HIF-1 signaling pathways were also activated at oxidative stress stage. PPARs (PPAR-α, -β/δ, and -γ), belonging to transcription factors, form a tightly connected triad, and they are involved in regulation of ROS production and degradation (Aleshin and Reiser, 2013; Morris et al., 2018). HIF-1, with a full name of hypoxia-inducible factor-1, plays a key role in genetic regulation of cellular adaptation to hypoxia. The excessive production of ROS under oxidative stress will activate HIF-1 signaling pathway to eliminate excess ROS and to prevent cellular damage (Jalouli et al., 2017; Eyrich et al., 2019). In a word, we found that oxidative stress was present at an early stage of denervated skeletal muscle atrophy. Although the involvement of oxidative stress in muscle atrophy (e.g., due to cancer cachexia or aging) has been reported (Faitg et al., 2017; Zhao et al., 2018), the genetic elucidation of oxidative stress impacts on denervated muscle atrophy, especially at the early stage, was really one of the highlights in this study. It is believable that this highlight may perhaps be extended to establishing an early antioxidant therapy to delay the progress of denervated skeletal muscle atrophy.

At inflammation stage, the up-regulated genes were related to activation of TNF, JAK-STAT, TGF-beta, NOD-like receptor, and NF-kappa B signaling pathways, as well as cytokine-cytokine receptor interaction, thus triggering a persistent inflammatory response (Philpott et al., 2014; Banerjee et al., 2017; He Y. et al., 2017). The inflammatory pathways are involved in different types of skeletal muscle atrophy caused by cachexia, aging, and/or chronic diseases (Perry et al., 2016; Zimmers et al., 2016; Sakurai and Harashima, 2017; Ma et al., 2018). STAT3 and NF-kappa B respond to the same upstream signal and cooperate to promote the expression of pro-cachectic genes, thus contributing to muscle atrophy (Ma et al., 2017). Interventions with JAK-STAT3 related inhibitors in a cancer cachexia model decrease IL-6 level and alleviate skeletal muscle atrophy (Bonetto et al., 2012). TGF-beta 1 mediates muscle atrophy (Zhu et al., 2017) and promotes fibroblast proliferation, collagen synthesis, and muscle fibrosis (Mendias et al., 2012). Moreover, proinflammatory cytokines (e.g., IL-6 and TNF-alpha) affect aging-induced skeletal muscle atrophy by regulating the related signaling pathways (Fan et al., 2016). Besides inflammatory signaling pathways, several biological processes, including immune response, inflammatory response, cellular response to IL-1 and cellular response to TNF, were also activated at inflammation stage. As to the enhanced molecular function at the same stage, they were CCR1 chemokine receptor binding, CCR2 chemokine receptor binding, CCR5 chemokine receptor binding, and cytokine activity. Our observation about the presence of inflammation stage not only provided new evidence for the significance of inflammation in skeletal muscle atrophy, but also inspired a new idea of using anti-inflammatory therapy for treating denervated skeletal muscle atrophy.

At atrophy stage, the signaling pathways related to the up-regulated genes were mainly phagosomes, lysosomes, endocytosis, and P53 signaling pathways, which were essential in proteolysis (Bonetto et al., 2012; Fanzani et al., 2012; Bonaldo and Sandri, 2013). There is overwhelming evidence that activation of autophagy/lysosomal and proteasome signaling pathways promotes protein degradation and causes muscle atrophy (Zhao et al., 2007). Further studies revealed that insulin activation inhibits the ubiquitin proteolytic system and the lysosomal hydrolysis system, promoting skeletal muscle hypertrophy or relieving skeletal muscle atrophy (O’Neill et al., 2016). Our results showed that the insulin signaling pathway was continuously inhibited to aggravate skeletal muscle atrophy. At atrophic fibrosis stage, the up-regulated genes were mainly involved in ribosomes, CAMs and ECM, phagosomes, and endocytosis. It has been reported that denervation for 14 days induces skeletal muscle fibrosis (Huang et al., 2016) and that synthesis of CAMs and ECM aggravates the fibrosis of injured skeletal muscle (Wynn and Ramalingam, 2012). Activation of ribosome-related signaling pathways might promote the synthesis of enzymes involved in the process of collagenation and fibrosis. These data suggested that at atrophic fibrosis stage, both the atrophic process (induced by protein proteolysis) and the fibrosis process (induced ECM overproduction) coexisted in denervated skeletal muscle.

At oxidative stress and inflammation stages, the down-regulated genes were involved in many molecular functions, including cell proliferation, cell cycle, DNA replication initiation, and mitotic sister chromatid segregation, indicating that cell proliferation was significantly inhibited at the two earlier stages of denervated skeletal muscle atrophy. At atrophy phase and atrophic fibrosis stages, the down-regulated genes were involved in many molecular functions, including cellular respiration, tricarboxylic acid cycle, fatty acid beta-oxidation, response to oxidative stress, and glycolytic process, indicating that the energy metabolism was significantly inhibited at the middle and later stages of denervated skeletal muscle atrophy. This phenomenon has also been noted in other models of skeletal muscle atrophy (Ibebunjo et al., 2013; Rao et al., 2018). It follows that the down-regulated genes during denervated skeletal muscle atrophy may be mainly involved in two molecular functions: cell proliferation and energy metabolism.

It should be mentioned that there are some limitations in this study. The rats used in the experiments grew considerably during the period of 0.25 h–28 days post nerve injury, and the response of skeletal muscle to denervation stimulus was accompanied by the body growth. It seems more suitable that the TA muscle samples harvested from the uninjured, contralateral side of animals at distinct times serve as multiple controls, which may be better than a single control (from sham-operated rats and designated as 0 h post surgery). Another drawback of our study was that lncRNA and microRNA were not investigated. Perhaps, the detection of mRNA expressions is not enough to support the whole transcriptome survey for obtaining more comprehensive information.

In terms of four stages occurring within the period of 0.25 h–28 days post nerve injury, we assume that denervated skeletal muscle atrophy represents a cascade of gene expression changes, and it also consists of a sequence of pathological processes with each being triggered by a previous one. In brief, denervation (loss of innervations) causes the disuse of skeletal muscle, the disuse leads to ischemia and hypoxia for generating a large amount of ROS, ROS production initiates inflammation, and uncontrolled inflammation activates the downstream proteolysis process to induce skeletal muscle atrophy (see schematic in Figure 9). Overall, our results in this study may help understand the molecular mechanisms of denervated skeletal muscle atrophy and contribute to developing targeted therapeutic approaches.


[image: image]

FIGURE 9. Schematic diagram illustrating a sequence of pathological processes in denervation-induced skeletal muscle atrophy. The disuse of skeletal muscle due to loss of innervation leads to ischemia and hypoxia of skeletal muscle, which contributes the production of ROS. This occurs at oxidative stress stage. A large amount of ROS may induce inflammation at inflammation stage. If inflammation is not controlled in time, it will activate the downstream proteolysis process, contributing to muscle atrophy. This occurs at atrophy stage and atrophic fibrosis stage.
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