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Abstract

:

Disuse muscle atrophy is a disease caused by restricted activity, affecting human health and animal protein quality. While extensive research on its mechanism has been studied in mammals, comparatively little is known about this process in chickens, which are a significant source of protein for human consumption worldwide. Understanding the mechanisms underlying skeletal muscle atrophy in chickens is crucial for improving poultry health and productivity, as well as for developing strategies to mitigate muscle loss. In this study, two groups of chickens were subjected to limb immobilization for two and four weeks, respectively, in order to induce disuse muscle atrophy and uniformly sampled gastrocnemius muscle at the fourth week. A combined analysis of the transcriptome and metabolome was conducted to investigate the mechanisms of disuse-induced muscle atrophy. Through H&E staining and immunofluorescence, we found that, compared to slow-twitch muscle fibers, the fast-twitch muscle fibers showed a greater reduction in cross-sectional area in the immobilized leg, and were also the main driver of changes in cross-sectional area observed in the non-immobilized leg. Integrated analysis revealed that differentially expressed genes (DEGs) and differentially accumulated metabolites (DAMs) were mainly enriched in pathways related to energy metabolism, such as fatty acid metabolism, oxidative phosphorylation (OXPHOS), and glycolysis. These results provide important insights for further research on disuse muscle atrophy.
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1. Introduction


Skeletal muscle is an important component in animals, accounting for about 40% of the body weight in adult animals and containing over half of the body’s protein [1]. The protein in skeletal muscle is also a significant source of agricultural protein for humans as well as for the economic value assessment of agricultural animals [2]. Skeletal muscle has strong contractile and plastic properties, and it can undergo structural and functional changes in response to appropriate stimulation and training to meet the specific demands and environmental conditions of the organism [3]. However, skeletal muscle can also undergo atrophy under pathological or non-pathological conditions [4]. Investigating disuse muscle atrophy in poultry is not only beneficial for enhancing our understanding of poultry health and farming practices but also for broadening our horizons in the field of muscle biology. Under the modern intensive poultry farming and caging conditions, the motion range of broilers was greatly limited, which may lead to muscle atrophy, and it has significantly affected both the economic aspects of the poultry industry and the overall health and growth of the poultry. However, current research on disuse muscle atrophy in poultry remains limited.



Disuse muscle atrophy refers to the wasting of muscles in terms of strength, mass, and structural morphology due to prolonged inactivity, bed rest, immobilization, and even weightlessness in space [4,5]. It is manifested macroscopically as a decrease in muscle mass and a transition from slow muscle fiber type (type I) to fast muscle fiber type (type II) [6]. Additionally, a reduction in muscle fiber diameter is the most prominent pathological feature of muscle disuse atrophy, with affected muscle cells usually smaller and morphologically distinct from normal muscle cells [7]. On a microscopic level, disuse muscle atrophy is primarily characterized by an imbalance between protein synthesis and degradation, with protein degradation being predominant. When synthesis exceeds degradation, protein content increases, promoting muscle hypertrophy. Conversely, when degradation exceeds synthesis, protein content decreases, leading to muscle atrophy [8]. However, the potential mechanism of disuse muscle atrophy in chickens is not yet well understood.



The occurrence of muscle atrophy is a complex process. Increased oxidative stress, inflammatory responses, and mitochondrial dysfunction are considered upstream factors that can trigger protein degradation through pathways such as the ubiquitin-proteasome system, autophagy-lysosome system, caspase system, and calpain system [9,10,11,12]. Among them, the ubiquitin-proteasome system is the primary mechanism for degrading muscle contractile proteins. Research on the changes in metabolites during muscle growth is abundant. IGF-1 can activate the PI3K-Akt-mTOR signaling pathway by binding to its specific receptor (IGF1R1) to enhance protein synthesis, promote satellite cell proliferation, and differentiation [13]. Additionally, in muscle growth, other metabolites such as androgens, insulin, and hepatocyte growth factor (HGF) have been observed to enhance protein synthesis [14,15,16]. However, there is relatively limited research on the changes in metabolites, especially in the context of muscle atrophy, particularly in poultry. Previous studies have shown that artificial muscle atrophy in humans is often accompanied by oxidative stress responses. For example, in a rat model of immobilization-induced muscle atrophy, significant increases in biomarkers of oxidative stress were observed [17]. Up until the present moment, no studies have indicated the impact of changes in other metabolites in disuse muscle atrophy models on this physiological process.



In this study, we aim to explore the phenotypic, transcriptomic, and metabolomic changes occurring in muscles under disuse conditions from macroscopic to microscopic levels. We have established two-week and four-week models of gastrocnemius muscle atrophy in chickens to investigate the changes in muscle fiber types during the atrophy period. Using an integrated analysis of the transcriptome and metabolome, we have identified the involvement of glycolysis in disuse muscle atrophy and explored its role in muscle fiber type shifting.




2. Results


2.1. Movement Restriction Mediates Muscle Atrophy


To investigate the effects of disuse on chicken muscles, we established a model of disuse-induced muscle atrophy in chickens. To validate this model, we performed Hematoxylin and eosin (H&E) staining on the gastrocnemius muscle and measured the muscle fiber cross-sectional area in each group. From the histological perspective, we observed the following alternations in the gastrocnemius muscles of both the 2-week immobilization groups and the 4-week immobilization groups (refer to Table 1 for detailed grouping information) after the unilateral limb immobilization. The H&E staining revealed that the muscle bundle area in 2W-L group was significantly smaller compared to the 2W-R group and the control group (including the C-L and C-R groups; refer to Table 1 for detailed grouping information, Figure 1A). Specifically, the average cross-sectional area of the muscle bundle in the 2W-L group is 275.45 ± 9.08 μm2, which is significantly smaller than the 407.41 ± 29.24 μm2 observed in the 2W-R group and the 484.19 ± 33.67 μm2 in the C group (Figure 1B,C). Surprisingly, the muscle bundle cross-sectional area in 4W-R is considerably larger than the C group at 590.76 ± 48.61 μm2 (Figure 1B,D). The average muscle fiber cross-sectional area of 4W-L is smaller than both the 4W-R and C groups, measuring 248.45 ± 10.36 μm2 (Figure 1B,D). In addition, we also measured the equivalent concentric diameter of the total muscle area and analyzed the trends in diameter size in relation to the muscle area (Figure S1). The distribution of muscle cross-sectional area and the equivalent concentric diameter both showed a trend toward normal distribution (Figure 1E–G).



Furthermore, real-time quantitative PCR (qPCR) results revealed genes associated with muscle atrophy, Muscle Atrophy F-box (Atrogin-1) and Muscle RING-finger protein-1 (MuRF-1) were upregulated in both 2W-L and 4W-L (Figure 1H,I). These results suggest that movement restriction leads to atrophy of the gastrocnemius muscle in chickens.




2.2. Fast-Twitch Fiber Has a More Obvious Response in the Atrophy Model


To investigate whether movement restriction leads to fiber-type transformation in disuse-induced muscle atrophy, we performed immunofluorescent staining (Figure 2A). Unexpectedly, the proportion of fast muscle fiber subtype myosin heavy chain 1B (MYH1B) and slow muscle fiber subtype myosin heavy chain 7 (MYH7) did not show statistically significant variations in quantity between C, 2W-L, and 2W-R, nor be-tween C, 4W-L, and 4W-R (Figure 2B). However, when combining the results of aver-age muscle fiber cross-sectional area and average muscle fiber equivalent circle diameter of 2-week immobilization groups and 4-week immobilization groups, we observed a more pronounced magnitude of change induced by movement restriction in fast-twitch muscles.



As for the fast muscle fiber subtype MYH1B, the average muscle fiber cross-sectional area of MYH1B in 2W-L (300.86 ± 9.48 μm2) and 4W-L (265.13 ± 6.44 μm2) is significantly smaller than that in C-L (538.12 ± 12.94 μm2). Furthermore, the average muscle fiber cross-sectional area of MYH1B in 2W-R (434.31 ± 34.14 μm2) is comparatively smaller than that in C-R (500.13 ± 20.64 μm2), whereas 4W-R (662.58 ± 54.97 μm2) exhibits a significant increase compared to C-R (Figure 2C).



When considering the slow muscle subtype MYH7, the muscle fiber cross-sectional area is significantly reduced compared to C-L (332.56 ± 23.78 μm2) in both 2W-L (163.20 ± 22.19 μm2) and 4W-L (179.31 ± 34.16 μm2), but the extent of reduction is not as pronounced as that observed for MYH1B. Moreover, there is no significant alteration in muscle area observed in 2W-R (269.49 ± 38.91 μm2) and 4W-R (316.05 ± 31.33 μm2) compared to C-R (347.13 ± 17.35 μm2) (Figure 2D).



The trend observed in the equivalent concentric diameter of different muscle fiber types is consistent with the muscle cross-sectional area (Figure 2E,F). Based on our analysis of the area of different muscle fiber types, we found that fast-twitch fibers exhibited more pronounced atrophy in 2W-L and 4W-L groups, while they showed more significant hypertrophy in 4W-R groups. Interestingly, in the unilaterally restricted movement, noticeable muscle atrophy was observed in the immobilized left leg, affecting both fast-twitch and slow-twitch muscle fibers. Conversely, strengthening exercises in the right leg led solely to an increase in fast-twitch muscle fibers, with no discernible impact on slow-twitch muscle fibers.




2.3. Transcriptome Revealed Potential DEGs Triggering Enhanced Response of Fast-Twitch Fibers in Muscle Atrophy


To investigate the key genes influencing muscle development during disuse-induced muscle atrophy, we collected 20 samples of gastrocnemius muscle from three groups of chickens: the control group, the 2-week immobilization group, and the 4-week immobilization group. We obtained 130.76 Gb clean reads in total, and each sample reached 5.83 Gb with Q30 quality scores no less than 88.58% (Table S2). From the statistics of comparison results, the comparison efficiency of the clean reads mapped to the reference genome (GRCg6a) of each sample was between 85.86%–89.43%. (Table S3).



We considered a fold change (FC) ≥ 1.5 and p-value < 0.01 as the criterion for differential expression. In the comparison between 2W-R and 2W-L, we identified 209 DEGs, with 116 upregulated and 93 downregulated genes. Similarly, in the 4W-R and 4W-L comparisons, we found 682 DEGs (328 upregulated and 354 downregulated) (Table S4; Figure 3A,B). This suggests that significant changes in gene expression occur with the onset of disuse-induced muscle atrophy. To further investigate which DEGs drove these changes during movement restriction, we created Venn diagrams and heatmaps of DEGs from the 2W-R versus 2W-L and 4W-R versus 4W-L comparisons (Figure 3C). The results revealed that 64 DEGs appeared in both comparisons. The heatmap of DEGs showed that among these intersecting genes, some genes related to fat deposition, such as the Solute Carrier Family 16 Member 7 (SLC16A7) gene, were downregulated in both 2W-L and 4W-L. Additionally, there were some genes related to mitochondrial function that were upregulated in both 2W-L and 4W-L, such as Cholinergic Receptor Nicotinic Delta Subunit (CHRND) and Cholinergic Receptor Nicotinic Gamma Subunit (CHRNG).



We conducted qPCR on several genes related to these biological processes, and the results were consistent with our observations. Genes associated with glycolysis, such as Phosphoglycerate Mutase (PGAM), Phosphoglycerate Kinase 1 (PGK1), Glycogen Phosphorylase L (PYGL), Glycosylphosphatidylinositol (GPI) and Hexokinase 1 (HK1) in 2W-L and 4W-L were significantly upregulated (Figure 4A,B), also, genes related to fatty acids synthesis, such as Fatty Acid Synthase (FASN), 3-Oxoacyl-ACP Synthase, Mitochondrial (OXSM) were significantly upregulated while the gene related to fatty acids β oxidation (CPT1) was significantly downregulated (Figure 4C,D), and genes related to mitochondrial activity Cyclooxygenase-2 (COX2), β-globin in 2W-L and 2W-R were both downregulated (Figure 4E,F). Principal component analysis (PCA) (Figure S2) showed that the gene expression patterns were different among each comparison.




2.4. GO,KEGG Enrichment and PPI in Disuse Muscle Atrophy


To investigate the functions of DEGs in the disuse-induced muscle atrophy model, all DEGs were subjected to Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. In the GO enrichment analysis, we found that 16,179 DEGs were enriched in 2545 biological processes (BP), 381 cellular components (CC), and 658 molecular functions (MF). To highlight significant pathways involved in disuse-induced muscle atrophy, we focused on the top 20 enriched pathways within each of these three categories of the GO enrichment analysis (Figure 5A,B and Figure S3) (Table S5). In the comparison of DEGs between 2W-R and 2W-L, the top 20 enriched in biological processes (BP) (p < 0.005) are mainly associated with lipid metabolism and muscle growth and development pathways, such as lipid storage, low-density lipoprotein particle clearance, muscle cell cellular homeostasis, and glycerol-3-phosphate metabolic process. On the other hand, in the 4W-R versus 4W-L comparison, DEGs are primarily enriched in pathways related to mitochondrial function, cellular development and differentiation, such as mitochondrial respiratory chain complex I assembly, mitochondrial ATP synthesis coupled proton transport, skeletal muscle cell differentiation, and cell cycle arrest.



Although there are no overlapping enriched pathways among the top 20 BP in both comparisons, it is interesting to note that these pathways are all related to energy metabolism and lipid metabolism. The heatmaps generated for the top 20 BP comparisons (Figure 5C,D) reveal DEGs involved in muscle cell composition and regulation of muscle dynamics, such as Myomesin 2 (MYOM2) and Cofilin 2 (CFL2), in both comparisons. Additionally, ATP5 family genes, such as ATP Synthase Membrane Subunit E (ATP5ME) and ATP Synthase Peripheral Stalk Subunit F6 (ATP5PF), are downregulated in both 2W-L and 4W-L. To further understand the functions of DEGs, we performed KEGG enrichment analysis. Figure 5E,F showed the top 20 KEGG enriched pathways in the 2W-R versus 2W-L and 4W-R versus 4W-L comparisons (p < 0.065), respectively (Table S6). Cardiac muscle contraction and fatty acid degradation were pathways that were present in both comparisons. In the fatty acid degradation pathway, the Acyl-CoA Synthetase Long Chain Family Member 1 (ACSL1) gene was downregulated in both 2W-L and 4W-L. In addition, Forkhead box O (FOXO) signaling pathways associated with oxidative stress and citrate cycle (TCA cycle) associated with energy were also enriched with DEGs, and OXPHOS is significantly downregulated in 4W-L. The heatmap of the enriched DEGs in the top 20 KEGG pathways is shown in Figure 5G,H. Similar to the DEGs enriched in BP, these genes are mostly related to lipid metabolism and energy metabolism, and exhibit similar trends.



We performed protein-protein interaction (PPI) analysis on the selected DEGs (Figure 6A,B). In the comparison of 2W-R versus 2W-L, some DEGs related to fast-twitch muscle fiber development, such as Myosin Heavy Chain 1A (MYH1A) (ENSGALG00000037864) and Myosin Heavy Chain 1E (MYH1E) (ENSGALG00000029606), exhibited high degrees of connectivity. In the comparison of 4W-R versus 4W-L, proteins related to cell proliferation and cell growth, such as MYC Proto-Oncogene, BHLH Transcription Factor (MYC) (ENSGALG00000033631) and Mesenchymal to epithelial transition factor (MET) (ENSGALG00000036883), showed high degrees of connectivity.




2.5. Identification of Key DAMs in the Metabolome Potentially Enhances Fast-Twitch Fiber Response in Muscle Atrophy


In order to comprehend the metabolic shifts occurring in muscle atrophy induced by unilateral immobilization, we conducted untargeted metabolomic analysis on 20 samples of gastrocnemius. Through this analysis, a total of 2342 metabolites were identified in the default mode after analyzing the data by OPLS-DA under the criterion of FC ≥ 1 or FC ≤ 0.5, Variable Importance in Projection (VIP) ≥ 1, and p < 0.05, 130 DAMs including 67 upregulated and 63 downregulated, were identified in the 2W-R versus 4W-L comparison (Figure 7A), whereas 434 DAMs, including 192 upregulated and 242 downregulated, were identified in the 4W-R versus 4W-L comparison (Figure 7B). Moreover, the heatmaps showed clear variations of DAMs under these two comparisons (Figure 7C,D). Interestingly, the top 20 DAMs in 2W-R versus 2W-L are associated with lipid deposition, such as triglyceride, which is significantly upregulated in 2W-R, while Guanosine triphosphate (GTP) is significantly downregulated in 2W-L (Figure 7E) (Table S7). In the comparison of 4W-R versus 4W-L, Nicotinamide D-ribonucleotide and GTP are both significantly downregulated in 4W-L (Figure 7F) (Table S7).



We conducted KEGG enrichment analysis on all the DAMs subsequently. 57 and 89 metabolic pathways were enriched in 2W-R versus 2W-L and 4W-R versus 4W-L, respectively (Table S8). In both comparisons, we observed enrichment of DAMs in the autophagy—animal, Glycerophospholipid metabolism, and citrate cycle (TCA cycle) pathways.




2.6. Integrated Analysis of the Transcriptome and Metabolome


To further analyze the effect of disuse-induced muscle atrophy on chickens, weighted gene co-expression network analysis (WGCNA) on DEGs and DAMs was performed (Figure 8A,B). We visualized the top 30 DEGs/DAMs modules based on the absolute values of the correlation coefficients (CC) in a chord diagram, with a co-occurrence frequency threshold of CCp < 0.0107, to better understand the relationship between DEGs and DAMs (Figure 8C,D) (Table S9). The DEGs module colored Darkslateblue showed significant correlations with many DAMs modules, such as Megrey60, MEtan, and Meturquoise. Many DEGs in this module were enriched in metabolic pathways, such as the biosynthesis of unsaturated fatty acids, the FOXO signaling pathway, and Glutathione metabolism. In the corresponding metabolite module associated with Gedarkslateblue, many metabolites were products of energy metabolism or fatty acid metabolism, such as Nicotinic acid adenine dinucleotide, NADH, and Glutathione. This further supports the notion of a close association between altered gene expression patterns and metabolic shifts in the context of muscle atrophy.



Many DAMs and DEGs were also enriched in different KEGG pathways, both in the comparison of 2W-R versus 2W-L and 4W-R versus 4W-L. We performed the top 10 KEGG pathways, which contained most DEGs and DAMs (Figure 9A,B, Table S10) (the sum of DEGs and DAMs is at least greater than or equal to 4), of which include fatty acid metabolism, biosynthesis of amino acids, and purine metabolism. Furthermore, the pathway of autophagy-animal and citrate cycles (TCA cycles), which are related to muscle atrophy and energy metabolism, also enriched many DEGs and DAMs. Venn diagrams showed that DEGs and DAMs shared 23 pathways and five pathways in the comparisons, respectively (Figure 9C,D, Table S11). Tryptophan metabolism (ko00380) was the only pathway these two comparisons shared.





3. Discussion


Disuse atrophy of muscles is common in daily life and can occur due to factors such as immobilization caused by fractures [18], bed rest [19], and even in a weightless environment [20]. Molecular-level muscle atrophy can be observed within 8 days [21]. Chickens are considered an ideal animal model for studying skeletal muscle development, as their developmental anatomy is similar to that of mammals, including humans [22]. Unlike traditional farming methods in the past, intensive farming restricts the range of movement for chickens. With breeding and selection, the weight of chickens and the load on their limbs increase, resulting in some degree of muscle atrophy. We simulated a chicken gastrocnemius muscle atrophy model and used 12 chickens to investigate the histological changes as well as explore the underlying causes of these changes through the transcriptome and metabolome during the disuse period. The integrated analysis of the transcriptome and metabolome has revealed an enrichment of pathways related to energy metabolism and fatty acid metabolism in chickens suffering from disuse muscle atrophy. To the best of our knowledge, this is the first study to explore the impact of disuse muscle atrophy on muscle growth and development in chickens through the integrated analysis of the transcriptome and metabolome. These findings may offer valuable research directions for understanding the specific mechanisms underlying disuse muscle atrophy in chickens.



Through H&E staining and immunofluorescence staining, we observed that both 2W-L and 4W-L showed a significant reduction in muscle cross-sectional area during the immobilization-induced disuse period. Furthermore, after measuring the area of different types of muscle fibers, we found that the magnitude of change in the area of fast-twitch muscle fibers was greater than that of slow-twitch muscle fibers. However, there was no change in the proportion of muscle fiber types. These findings differ somewhat from the study by Mo et al., who observed a significant decrease in the cross-sectional area of the gastrocnemius muscle in both legs of chickens after immobilizing the unilateral gastrocnemius muscle for two weeks [23]. Transcriptome sequencing results revealed that DEGs were enriched in pathways such as mitochondrial ATP synthesis-coupled proton, including ATP5ME and ATP5PF. Previous studies have suggested the involvement of these genes in ATP synthesis [24]. In the integrated analysis, using WGCNA, we found that NAD and NADH were enriched in 2W-R and 4W-R. Skeletal muscle is composed of a series of muscle fibers generated by myocytes [25]. Muscle fibers are derived from myocytes and are a metabolically active cell type that heavily relies on mitochondrial OXPHOS to produce ATP. Previous studies have shown that immobilization of muscles significantly impacts the quantity and quality of skeletal muscle mitochondria through the induction of inflammatory factors and the promotion of ROS [26], muscle disuse or immobilization can lead to a decrease in the activity of mitochondrial oxidative phosphorylation complexes and a reduction in the synthesis of citrate in the tricarboxylic acid (TCA) cycle [27]. Therefore, in the oxidative stress environment created by disuse, the function of mitochondria in cells is compromised and damaged, which affects cellular energy supply [28]. In addition, the accumulation of ROS caused by disuse can activate protein degradation pathways such as AMPK-mediated UPS and autophagy. This leads to an increase in protein breakdown in muscles, which ultimately results in muscle atrophy [29]. In our transcriptome and qPCR results, we observed significant downregulation of the OXPHOS pathway in the 4W-L. Genes related to glycolysis showed significant upregulation, while genes involved in fatty acid β-oxidation, such as CPT1, were significantly downregulated in the 2W-L and 4W-L. Additionally, ACSL1, which is involved in fatty acid activation in the fatty acid degradation pathway [30], was downregulated in both 2W-L and 4W-L. It has been reported that upregulation of ACSL1 expression enhances the level of fatty acid oxidation in mice [31]. These findings suggest that in the state of muscle atrophy, the muscle tissue may be more inclined towards glycolysis for energy production than fatty acid oxidation, or OXPHOS.



During the disuse period, we also observed a decrease in the cross-sectional area of skeletal muscles in 2W-R, even though immobilization did not occur. According to the available literature, there is no specific evidence to suggest a clear relationship between changes in the cross-sectional area of muscles on the immobilized and non-immobilized sides during immobilization-induced disuse atrophy. A study by Glover et al., which involved a 14-day experiment with unilateral knee joint immobilization, reported that the non-immobilized leg did not exhibit significant changes in muscle cross-sectional area compared to the immobilized leg [32]. In our experiment, regarding the changes in the cross-sectional area of the gastrocnemius muscle, we propose several explanations. Prolonged muscle immobilization does not immediately reverse the effects of disuse atrophy through remobilization (RM). Instead, the process of immobilization followed by remobilization (IM-RM) can promote the generation of ROS, activate the NFκB pathway, and subsequently stimulate the secretion of pro-inflammatory factors such as TNF-α and IL-6 [33]. This can contribute to increased oxidative stress in the body [34]. During muscle immobilization, the PI3K/Akt/mTOR pathway, which regulates protein synthesis, is inhibited, resulting in decreased protein synthesis. Additionally, the activation of the ubiquitin-proteasome pathway and autophagy pathway enhances protein degradation, leading to muscle loss [35,36]. Furthermore, during immobilization, reduced stimulation of the PI3K/Akt/mTOR pathway leads to dephosphorylation of FOXO3, thereby enhancing the expression of genes such as MuRF-1, Atrogin-1, and ULK1, which are involved in protein degradation through autophagy and ubiquitination pathways [37,38,39]. The FOXO signaling pathway plays a critical role in skeletal muscle, and FOXO3 is crucial in the development of immobilization-induced muscle atrophy [40]. These findings are consistent with our observations at the transcriptome level, suggesting that these detrimental cycles occurring during IM-RM may be the underlying causes of changes in the cross-sectional area of 2W-R.



In addition, the change in the quantity of muscle fiber type during the experiment was not significant. Skeletal muscle contains multiple fiber types, including type I, IIa, IIb, and IIx, and under certain conditions, these fiber types can convert into each other [41,42]. In disuse conditions, there are changes in the activity of glycolytic and oxidative enzymes in muscle [43], and a phenomenon observed is the transformation from type I to type II fibers [44]. Various factors affect this conversion, including breed, gender, age, nutrition, and exercise [45,46,47]. Time is also important in promoting transformation between different fiber types. In an experiment where electrical stimulation induced changes in nerve activity to mediate fast-to-slow fiber conversion, it was found that two months of low-frequency electrical stimulation did not cause a difference in the proportion of slow fibers in rat muscle, while the transformation between fast and slow fibers was only observed at four months [48]. This suggests that although molecular changes occur during disuse, these changes are not significant enough to cause a statistically significant change in the proportion of muscle fiber types due to the influence of time. For meat quality in livestock, type I fibers contain more hemoglobin and myoglobin, resulting in a redder color and tenderness and juiciness increasing with higher amounts of type I fibers [47,49,50]. In contrast, type II fibers have a higher glycogen content and activity of glycolytic enzymes, leading to lactic acid buildup and adversely affecting meat flavor [51]. Our findings may be good news for the chicken industry since short-term disuse muscle atrophy does not cause significant changes in the number of fast and slow fibers. Additionally, we have observed that muscle hypertrophy in the non-immobilized leg mainly occurs in fast fibers. Compared to slow-twitch fibers, fast-twitch fibers have higher contractile and power output capabilities but are weaker in terms of endurance and fatigue resistance [52]. This means that fast-twitch fibers rely more on high-energy phosphates for energy supply and are more prone to degradation during long-term disuse and malnutrition periods. The ubiquitin-proteasome pathway and the autophagy pathway play an important role in muscle atrophy, both of which are directly regulated by FOXO3, a member of the FOXO family [53]. The transcriptional coactivator PGC-1α is more abundant in slow fibers compared to fast fibers and is involved in the regulation of FOXO3 [8,54]. PGC-1α can inhibit the binding of FOXO3 to the Atrogin-1 promoter and suppress the transcription of Atrogin-1 [55]. Overexpression of PGC-1α can inhibit muscle atrophy caused by starvation and immobilization [56]. Fast fibers have higher glycolytic enzyme activity and lower levels of PGC-1α, making them more susceptible to muscle atrophy induced by immobilization [57]. Exercise can induce the expression of PGC-1α, protect against muscle atrophy, and promote muscle hypertrophy. In transcriptomic sequencing results, pathways related to glycolysis and energy metabolism in 4W-R were upregulated compared to 4W-L, further confirming our speculation. Furthermore, in the four-week immobilization group, the immobilized leg is unable to move freely, resulting in the non-immobilized leg bearing the majority of the body weight. Progressive loading exercises can promote muscle hypertrophy. Similar studies have demonstrated that resistance training or progressive loading can effectively improve muscle condition in animals with muscle atrophy [58,59,60]. Moreover, the integrated analysis revealed that the tryptophan metabolism pathway was the only intersecting pathway identified in the two groups of chickens subjected to immobilization for different lengths of time. Some studies suggest that the tryptophan metabolism pathway may be related to muscle atrophy. For example, low serum concentrations of tryptophan can cause muscle atrophy in mice [61]. Furthermore, supplementing tryptophan in the diet can alleviate the transformation of pig skeletal muscle fiber from type I to type II [62]. However, further research is needed to elucidate the mechanisms underlying the interaction between tryptophan metabolism and disuse muscle atrophy.



This study of disuse-induced muscle atrophy in chickens can provide insights into the mechanisms underlying muscle wasting and help identify potential therapeutic targets. Chickens are a valuable model organism for studying muscle physiology and pathology due to their relatively simple muscular system and the ability to induce disuse atrophy through immobilization. By studying the molecular and cellular changes that occur during disuse muscle atrophy in chickens, researchers can gain a better understanding of the underlying mechanisms involved. This knowledge can be applied to other animal models and humans to develop new treatments for disuse muscle atrophy and related disorders. In addition, studying disuse muscle atrophy in chickens can have implications for improving poultry production, as muscle growth and development are crucial for meat production and quality. Therefore, investigating disuse muscle atrophy in chickens is highly relevant for both basic scientific research and practical applications in agriculture and medicine.



In summary, this study provides new foundational data for disuse-induced muscle atrophy and suggests that glycolysis may play a significant role in disuse muscle atrophy.




4. Materials and Methods


4.1. Ethics Statement


The experiment was conducted in accordance with established rules and regulations under the approval of the Animal Protection and Utilization Committee at South China Agricultural University under Approved ID: SCAU#2021F074. The experimental animals used in this study were sourced from Kaiping XuFeng Agriculture and Animal Husbandry Co., Ltd. (Kaiping, China).




4.2. Experimental Animals


12 Mahuang chickens (49-day-old broilers, female) with similar body weights, good health, and standard immunization were randomly divided into three groups: C (n = 4), which includes the C-L group and C-R group; a group with two weeks of unilateral limb immobilization on the left leg followed by two weeks of free activity (n = 4); and a group with four weeks of unilateral limb immobilization on the left leg (n = 4). The right leg of all chickens was unrestricted and received no treatment, allowing free movement and serving as a control for comparison (Refer to Table 1 for detailed information). The left legs were immobilized using polymer fiber bandages, restricting the muscle groups around the knee joint from free movement but allowing the chickens to maintain a standing position. All chickens were reared under natural 12-h light-dark cycles, provided with ample food and water, and maintained at an appropriate ambient temperature (24−26 degrees Celsius) until the completion of the four-week period. The experiment was conducted in accordance with established rules and regulations under the approval of the Animal Protection and Utilization Committee at South China Agricultural University under Approved ID: SCAU#2021F074.




4.3. Hematoxylin and Eosin Staining (H&E)


The gastrocnemius muscle tissue was collected and underwent dewaxing and hydration. Subsequently, it was rewarmed and immobilized. Then, hematoxylin and eosin staining were performed. Finally, the tissue was dehydrated and sealed.




4.4. Immunofluorescence Staining (IF) Experiment


We used a primary antibody targeting Myh (Anti-Fast Myosin Skeletal Heavy chain Rabbit pAb; Abcam; ab172967; 1:500) for the chicken gastrocnemius samples. Following the manufacturer’s instructions, we stained the muscle fibers using the Muscle Fiber Typing Staining Kit (Servicebio, Wuhan, China). Subsequently, a secondary antibody (Anti-MSK1 Rabbit pAb; Servicebio; GB11857-100; 1:500) was applied. We then performed nuclear counterstaining using DAPI (Servicebio, G1012) and captured images using the Nikon Eclipse C1 fluorescent microscope.




4.5. RNA-Seq and Data Analysis


The total RNA extraction was performed following the instruction manual of the TRlzol Reagent (Life Technologies, Carlsbad, CA, USA). The concentration and purity of RNA were measured using the NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). The library construction used the Illumina NovaSeq platform, generating 150 bp paired-end sequences. The raw RNA-seq data reported in this study were submitted to the GSA database with accession number: CRA013067.



Gene Ontology (GO) enrichment analysis is implemented through the clusterProfiler R Package. It can adjust for the bias in gene length in DEGs. We used the KOBAS database [63] and the clusterProfiler R Package software version 4.3.2 to analyze the enrichment of DEGs in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. GO terms and KEGG pathways with an adjusted p-value < 0.05 are considered significantly enriched with DEGs.




4.6. RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR


According to the instructions of RNA iso (TaKaRa, Otsu, Japan), total RNA was extracted from the gastrocnemius muscle tissue. The cDNA was synthesized from the RNA using HiScript III All-in-one RT SuperMix Perfect for real-time quantitative PCR (qPCR) (Vazyme, Guangzhou, China). The primer design was performed using the National Center for Biotechnology Information (NCBI) Primer Design Tool. The primer information is listed in (Table S1). qPCR was performed using the SYBR qPCR Master Mix (Vazyme) following the manufacturer’s instructions to detect the relative expression levels of mRNA. The analysis of qPCR results was based on the calculation of 2−ΔΔCt [64].




4.7. Metabolite Extraction and LC-MS/MS Analysis


A non-targeted metabolomics analysis was performed on gastrocnemius muscle samples. All samples were analyzed on their liquid chromatography-mass spectrometry (LC/MS) platform, with 4 biological replicates for each sample group.



The LC/MS system used for metabolomics analysis consisted of the Waters Acquity I-Class PLUS ultra-high-performance liquid chromatography (UHPLC) coupled with the Waters Xevo G2-XS QTOF high-resolution mass spectrometer. The chromatographic conditions employed the Waters Acquity UPLC HSS T3 column (1.8 um, 2.1 × 100 mm) [65]. The composition of mobile phase A was 0.1% formic acid in water, while mobile phase B was 0.1% formic acid in acetonitrile. The injection volume was 1μL.



A high-resolution mass spectrometer can collect primary and secondary mass spectrometry data in MSe mode under the control of the acquisition software (MassLynx V4.2, Waters). In each data acquisition cycle, dual-channel data acquisition can be performed on both low collision energy and high collision energy at the same time. The low collision energy is 2 V, the high collision energy range is 10~40 V, and the scanning frequency is 0.2 s for a mass spectrum. The parameters of the ESI ion source are as follows: Capillary voltage: 2000 V (positive ion mode) or −1500 V (negative ion mode); cone voltage: 30 V; ion source temperature: 150 °C; desolvent gas temperature: 500 °C; backflush gas flow rate: 50 L/h; desolventizing gas flow rate: 800 L/h.



The raw data collected using MassLynx V4.2 is processed by Progenesis QI software V 2.3 for peak extraction, peak alignment, and other data processing operations based on the Progenesis QI software online METLIN database and Biomark’s self-built library for identification, and at the same time, theoretical fragment identification and mass deviation. All are within 100 ppm. After normalizing the original peak area information with the total peak area, the follow-up analysis was performed. Principal component analysis and Spearman correlation analysis were used to judge the repeatability of the samples within the group and the quality control samples. The identified compounds are searched for classification and pathway information in KEGG, the Human Metabolome Database (HMDB), and the lipidmaps databases. According to the grouping information, calculate and compare the difference multiples. A student’s t-test was used to calculate the p-values of each compound. The R language package ropls was used to perform Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA) modeling, and 200 times permutation tests were performed to verify the reliability of the model. The Variable Importance in Projection (VIP) value of the model was calculated using multiple cross-validations. The method of combining the difference multiple, the p-value, and the VIP value of the OPLS-DA model was adopted to screen the differential metabolites. The screening criteria are Fold Change (FC) > 1, p value < 0.05, and VIP > 1. The difference in metabolites of KEGG pathway enrichment significance were calculated using a hypergeometric distribution test.




4.8. Integrated Analysis of the Transcriptome and Metabolome


We performed an integrated analysis of the transcriptome and metabolome. The Venn diagram for DEGs and DAMs was based on a package in R, which provides highly customizable Venn [66]. To study the relationship between DEGs and DAMs in pathways, we first used Fisher’s exact test and Bonferroni correction to identify pathways with an adjusted p value ≤ 0.05. Then, we mapped the DEGs and DAMs from the same group onto the KEGG pathway map simultaneously [67].




4.9. Statistical Analysis


In this study, experiments were repeated at least four times for reproducibility. Area measurements were analyzed using Image J software V 1.52e. Results were presented as mean ± SEM and analyzed for statistical significance using an unpaired Student’s t-test (* p < 0.05; ** p < 0.01; *** p < 0.001). In the comparison among multiple groups, we used the one-way ANOVA test and conducted Tukey post-hoc tests using SPSS 27.0 (SPSS Inc., Chicago, IL, USA). Differences were considered statistically significant when p < 0.05. GraphPad Prism 8.3.0 was used to create a histogram and bar graph.
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Figure 1. The alternations in the model of muscle atrophy. (A) Hematoxylin and eosin (H&E) staining of gastrocnemius muscle (scale bar = 50 µm) and a schematic diagram of the gastrocnemius muscle of each group after sampling. (B) Statistics: average muscle fiber cross-sectional area of the C group. (C) Statistics: average muscle fiber cross-sectional area of 2W-L and 2W-R. (D) Statistics average muscle fiber cross-sectional area of 4W-L and 4W-R. (E) Distribution of muscle fiber cross-sectional area of the C group. (F) Distribution of muscle fiber cross-sectional area of 2W-L and 2W-R. (G) Distribution of muscle fiber cross-sectional area of 4W-L and 4W-R. (H) Relative mRNA levels of Atrogin-1 and MuRF-1 in C, 2W-L, and 2W-R. (I) Relative mRNA levels of Atrogin-1 and MuRF-1 in C, 4W-L, and 4W-R. In each group comparison, different letters indicate a significant difference (p < 0.05), while the presence of the same letter indicates no significant difference (p > 0.05). ns p > 0.05; ** p < 0.01; *** p < 0.001 (Student’s t-test). 
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Figure 2. The alternations of muscle fiber composition type in the muscle atrophy model. (A) Immunofluorescence staining (IF) of gastrocnemius muscle (scale bar = 100 µm), the color presented by MYH7 is red, while the color presented by MYH1B is green. (B) Proportion of different muscle fiber types in C, 2W-L, 2W-R, 4W-L, and 4W-R. (C) Average muscle fiber cross-sectional area of MYH1B. (D) Average muscle fiber cross-sectional area of MYH7. (E) Average muscle fiber equivalent circle diameter of MYH1B. (F) Average muscle fiber equivalent circle diameter of MYH7. Data are presented as mean ± SEM (n = 4 biologically independent samples). In each group comparison, different letters indicate a significant difference (p < 0.05), while the presence of the same letter indicates no significant difference (p > 0.05). 
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Figure 3. Analysis of DEGs in the muscle atrophy model. (A) Volcano plots of DEGs in 2W-R versus 2W-L. (B) Volcano plots of DEGs in 4W-R versus 4W-L. (C) Venn diagrams and heatmaps of DEGs in the 2W-R versus 2W-L and 4W-R versus 4W-L comparisons. 






Figure 3. Analysis of DEGs in the muscle atrophy model. (A) Volcano plots of DEGs in 2W-R versus 2W-L. (B) Volcano plots of DEGs in 4W-R versus 4W-L. (C) Venn diagrams and heatmaps of DEGs in the 2W-R versus 2W-L and 4W-R versus 4W-L comparisons.



[image: Ijms 25 03516 g003]







[image: Ijms 25 03516 g004] 





Figure 4. Validation of genes related to muscle atrophy. (A,B) Relative mRNA level of genes related to glycolysis in 2W-L versus 2W-R and 4W-L versus 4W-R. (C,D) Relative mRNA level of genes related to fatty acids β oxidation in 2W-L versus 2W-R and 4W-L versus 4W-R. (E,F) Relative mRNA level of genes related to Mitochondrial activity in 2W-L versus 2W-R and 4W-L versus 4W-R. ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 (Student’s t-test). 
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Figure 5. GO and KEGG pathways analysis for DEGs in the muscle atrophy model. (A) Top 20 terms of the biological process part of the GO enrichment analysis for DEGs in the comparisons of 2W-R versus 2W-L. (B) Top 20 terms of the biological process part of GO enrichment analysis for DEGs in the comparisons of 4W-R versus 4W-L. (C) Heatmap of DEGs in the top 20 BP enrichments in the comparisons of 2W-R versus 2W-L. (D) Heatmap of DEGs in the top 20 BP enrichments in the comparisons of 4W-R versus 4W-L. (E) Top 20 enriched KEGG pathways analysis for DEGs in 2W-R versus 2W-L. (F) Top 20 enriched KEGG pathways analysis for DEGs in 4W-R versus 4W-L. (G) Heatmap of DEGs in the top 20 KEGG enrichments in the comparisons of 2W-R versus 2W-L. (H) Heatmap of DEGs in the top 20 KEGG enrichments in the comparisons of 4W-R versus 4W-L. 
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Figure 6. PPI analysis of DEGs in the muscle atrophy model. (A) Homologous protein interaction network graph of DEGs in the comparison of 2W-R versus 2W-L. (B) Homologous protein interaction network graph of DEGs in the comparison of 4W-R versus 4W-L. 
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Figure 7. Analysis of DAMs in the muscle atrophy model. (A) Volcano plots of DAMs in 2W-R versus 2W-L. (B) Volcano plots of DAMs in 4W-R versus 4W-L. (C) Heatmap of the DAMs in the comparison of 2W-R versus 2W-L (n = 4). (D) Heatmap of the DAMs in the comparison of 4W-R versus 4W-L (n = 4). (E) Top 20 DAMs in 2W-R versus 2W-L. (F) Top 20 DAMs in 4W-R versus 4W-L. 
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Figure 8. WGCNA of DEGs and DAMs in disuse muscle atrophy. (A) Heatmap of correlation for modules with different colors in 2W-R versus 2W-L. (B) Heatmap of correlation for modules with different colors in 4W-R versus 4W-L. (C) Chord diagram of the top 30 DEGs/DAMs modules in terms of their co-occurrence frequencies in 2W-R versus 2W-L. (D) Chord diagram of the top 30 DEGs/DAMs modules in terms of their co-occurrence frequencies in 4W-R versus 4W-L. ** p < 0.01; *** p < 0.001 (Student’s t-test). 
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Figure 9. Integrated analysis of DEGs and DAMs in the muscle atrophy model. (A) The top 10 pathways with the most DEGs and DAMs in 2W-R versus 2W-L. (B) The top 10 pathways with the most DEGs and DAMs in 4W-R versus 4W-L. (C) The number of intersecting pathways involved between the pathways in the transcriptome and the pathways in the metabolome in 2W-R versus 2W-L. (D) The number of intersecting pathways involved between the pathways in the transcriptome and the pathways in the metabolome in 4W-R versus 4W-L. 
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Table 1. Experimental grouping plan for disuse muscle atrophy.
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	Left Lower Limb
	Right Lower Limb





	Control group
	No treatment (C-L)
	No treatment (C-R)



	2-week immobilization group
	2-week immobilization and 2-week remobilization (2W-L)
	No treatment (2W-R)



	4-week immobilization group
	4-week immobilization (4W-L)
	No treatment (4W-R)
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
£ I 274,59
= EEEEE 3E3833
4= 100000 000000
P & acrofd %
Y, s

4
: 2 - +—F—
o T ¥ 5Ye) 'e) A o O - QA
o0 o $¢R N
ool | apo—s & §o—Fo &
o | o V) o o)
: o <
= @©
? o |a 8o ¢
, Yy : A
© S0 B 06 ) o 637 5Y
— X ) .
W © * 0 Vo..u ® O Vorv
ot L . & % ¢
_ I I I I v o 1w o v o
S 8 8 2 & °© 8 % 8 & < S )
(%) 2dAy Jaqy ajosnwi jo uonsodold ANEE (a19snw yosymi-mojs)

(819snw yoymy-mojg)

JHAIN }O eaJe |euoI}09s-ssoad ZHAI jo J93allielp

912419 JudjeAinba 1aqly ajosnw abelaAy

a 13q1} 9|oshw abetany ™
il X oo
35555 % -
o - O N O N «
o 5 oooooa 100000
Q B 0 &\ Q
am%v > GQI.MIC .
anﬁ 5 A Qﬁ KA
(O« v%m —= (&Y@) ~ VA o IQ&
Wi | S g B . B
< % ° %
(0] mJ @ %
T o X o A
awm; o [ Y O IV
A ~ o] ~
_ 1 _ _ _ &\nv -l \N\nv -l
g B 8 8 8 © © O > g me X
— Ll 0 L - o
(%) @dA3 Jaqly ajosnw jo uonuodoud [ | T _ T [ 1 I 1
(=} o (=} (=} (=} o o o (=) o o
(=] o (=} o o < (3] N -
S ® © ¥ « (wrl)
m o) (ajosnw yopmy-yse)
(apsnw yaymy-3sed) LHAIN J0 Jojowelp
gIHAN JO eaJe [eUOl}D8S-SSOID 912412 jJudjeAinba Jaquy ajosnw abelany

O Jaqy ajosnw abelany L






media/file18.png
<

KEGG pathway top 10 in deg/dem

ao@os
Dog p
“y, ey
0@08
@Q\\D‘
& e,
S )
e Qe
g, "ty
) o,
@ "y ©
sy o
"0,
b@&c
e @@Q@
o@@@ S, \v
4o P (]

4W-R_vs_4W-L

KEGG pathway top 10 in deg/dem

type

P
sayjogelap/aUaD 4O 18aWNN

Genes

Genes

Metabolites

w1
2
S
M=)
s
L
=

4W-R_vs_4W-L

2W-R_vs_2W-L





media/file3.jpg
£ H] siisii sitsif
E T
cor T4, P o
°°  waf  goq K3 — e
A o gl o
o 8o
Zor—§ IS — L
[ Som— Y ) A
[ — x . - o2
§:¢:&- 83888E8° I I
[y ——— ..:Lﬁ.aé ) (oS youm-molS)
14AW o ssiourp
| s e i g s Sy
: " siisii
P ] 100000
o aa.m, ?‘nﬁ
o [ —
: [ —
o
- [ — "
[ — g T
EREEER ol o
£§35%35 % oo f % BS
Py —— :
o
°






media/file7.jpg
>

Rolative mRNA lovel

0w

e
4 Diwe © s
et 5
g
z
= . . _—
gl =20 &
ﬂ ﬁ ’
H
.
ki P Rk oL ah ki
e ° W D o awa
= Peo0u0 o wa = O awR
3 o0 0
:
5 3.
E E 5
‘é 104 5] % % pugm
L & ﬁ ﬁ FE
00 o &1 A
&
.
. _— .
H e 1 o ma
£ 3 "
] H
€ E
E o,
205 éus
i i
o






media/file10.png
A

Biological Process

Biological Process

muscle cell cellular homeostasis 4 A mitochondrial respiratory chai bl v
negative regulation of pancreatic juice secretion 4 ATP synthesns coupled proton transport 4 v
response to stilbenoid 4 p v
sarcomere organizati A qvalue ~ ubiquinol to cytochrome ¢ qvalue
rganization « 0.125 ubiquinone biosynthetic process 1 v
regulation of heart rate + A 0.100  mitochondrial ATP synthesis coupled proton transport 4 v 03
negative ’egmat::'_‘rglfe"ya“0":::;;52“5:3;: 4 0.075 skeletal muscle cell differentiation 4 @ 02
interleukin-1 beta secretion 1 0.050 negative regulation of T ceII receptor P 01
ignaling pat ’
positive regulation of actin filament bundle assembly + A 0.025 mitochondrial electron transport, NADH to ublqumone-‘ v
lipid storage 4 v gene number synapse pruning 4 gene number
cardiac le ti i A e 20 cell cycle arrest o [ ] e 2
negative regulation of potassnumtlon t&’ggi’&?{fwe ® 25 regulation of B cell differentiation + A ® 4
long-chain fatty acid import into cell 4 . . 22 T cell costimulation 4 A : :
glycerol-3-phosphate metabolic process 4 v : 4:0 complement activation + A . 10
purine diphosph tabolic process 4 T cell receptor signaling pathway 4 @
purine nucleoside diphosphate metabolic process 4 Diff gati ymic T ion J A Diff
regulation of sodium ion transporter activity v down positive regulation of myeloid leukocyte v down
! N " a up differentiation a up
negative regulation of cardiac muscle hypertrophy o o up&down leukocyte tethering or rolling 1 L[] o up&down
cholesterol homeostasis + . positive regulation of alpha-beta T cell proliferation 4 A
low-density lipoprotein particle clearance § v regulation of glycogen biosynthetic process o v
positive regulation of cold-induced thermogenesis 1 . aerobic respiration + v
20 . 40 60 10 Richfactor 20
Rich factor 2_\Weeks Restricted (Left leg)
C , D Day - 4" Weeks Deal_with - Unrestricted (Right leg) 2
2 Weeks . Restricted (Left leg)
Day -4 Weeks  Deal-with -Unrestricted (Right leg) ) ]
Day ——
e e e A = 0
o m 1 | [ | ENSGALG00000053351 — -
| [ | || | | [ ~ CIDEA -1 —
I | [ FABP4 — >
I | | DGAT2 -2 — ——
| || | - ACSL1 e —
| | || ~ ENSGALG00000016285 [ —
|| 1 1 1 | | | - GKbs ——— ]
N (N [ || -~ ABCA1 . e
| | | e CD36 —— e
| | | [ . - GST01 S S =
1 [ I | e P ] [ | | I CAV3 S .
O .. ] 1 | CASQ2 —_—
- - — YOM. = i
| D [ SYNPO2 —_——— — fime
- [ [ . | AG3 — — —— 3
T N .- CHRNA1 = = — =—r—0r
I . 1 T . ./ - STK39 S — — — —— e
|| 1 [ B | B ] . LMOD2 m— — —— fee e
- | B ANKRDT = e
ol || | | CFL2 — — — — ———— — S i
|| [ I - SYNPO2L —— B e S
NSO CPLIRRV RV N P U P\ = _= = [ vv—
RV RRER AR AN A 2 R R —= —_ =__ e
RVAVAVAVLD RO A R VRO Y RIS -
20 I P A DA D A L S S S {‘),{\),{\ 4\)’¢\\,’$)’4\/ o $3.$/
L LB
E KEGG Pathway Enrichment F KEGG Pathway Enrichment
PPAR signaling pathway 1 Y Oxi‘_‘ati"e th’sPh°'V'3'_i°" 1 v
e N tracti ) A ntraction
Adipocytokine signaling pathway 1 [ ] qvalue Citrate cycle (TCA cycle) 1 v
Fatty acid degradation { ° 0.20 _ Arginine biosynthesis 1 ° qvalue
Dilated cardiomyopathy 1 A 0.15 D-Glutamine and D-glutamate metabol}sm 1 0.4
Hypertrophic cardiomyopathy 1 A 0.10 Cafb‘?“ metabolrsm 1 & g:
FoxO signaling pathway { A 0.05 Biotin r.netabollsr.n ] 0:1
Nicotinate and nicotinamide metabolism 1 ® gene numblét;'lqumone and other terpenoid-q ] ‘
ErbB signali th | A Z—Oxocarboxyllc acid metabolism 1§ v
gnaing pariway .1 Gl ism 4 ene number
Tight junction { @ ®> : sm v g.
Apelin signaling pathway {1 @ @3 Valine, | egradatior v 10
Glycerolipid metabolism 4 v : ; Cell cycle 1 °© 8 gg
p53 signaling pathway 1 A 6 T cell receptor signaling pathv{vay 1
Toll and Imd signaling pathway 1 7 Pyruvate metabolism 1 " Diff
Fatty acid biosynthesis 4 . . Cellular senescence 1 @ v down
Ad ignaling i liomyocy {4 A Diff Alanine, aspartate and glutamate metabolism 1 . a uwp
Fatty acid metabolism 4 ° v down Fatty acid degradation 1 v o up&down
up .
Parathyroid hormone synthems secretion and action 1 o up&down Ferroptosis 1 .
cGMP o Platelet activation 1§
Pyrimidine metabolism 4 A Steroid biosynthesis 1 -
5 10 15
Rich factor Rich factor
2_Weeks : Restricted (Left leg) 2 Weeks . Restricted (Left leg)
Day |2~ “Weeks  Deal-with B resticted (Right leg) H Day .4ZWeeks Deal_with [T nrestricted (Right leg)
Deal_with 3 Deal_with
IR T T T T T T . ATP5A1Z 1
CTGF 2 | I I N I 1 I 1 |
— S S S e T N e AR RGS2 I I (N A O o ATP5MC1
- . — - ENSGALG00000049686 1 I e I 1 ATPSMC3 0
| - | Faoed — | . ATP5MC2
mm | - ] PLGIN / 0 — . NDUFB -1
— ——1 T — - RePY . - . ATPsPF
I e . — | ~ PPARG [ |  NDUFA13 -2
&= o ENSGALG00000016285 -2 1 1 T ] ENSGAL600000021 692
R | ] i EN3GALG00000045305 I — . . UQCRH
[ | | 0 -3 — | - ATP5MF
LRRC3B
== R o 1 fome o NDUFC2
] S GPATB || .~ ENSGALG00000006899
= = 1 ] CLRN0 | I — 1 1 NDgFBg
e —— TG [ © e NDUFA5
B - NMRK2 1 | . ATP5ME
. GADD45G . [ ] ~ NDUFS8
= - I s — COKNIA — ] . mmmm . CcOoQ3
= 1| e ACTCL - W= UQCR1
- — ] YOM. o NDUFB10
1 BN . - - CASQS | I Cc0oQs
femm . ENSGALG00000047461 g
[ | - . [ | - W NDUFAB1
I I s - £QEoc2 | U N I - UFA8
- . PIKsrs - &= T UQCRB
= — — NT5C1A [ . ENSGALGOOOOOO43758
— 1 1 | o o ACSBG2 N ] o ATP
— —— ,%gmz | - - QCRC1
— o mm [PM1 ) I I | ENSGALG00000026896
o — W= ENSGALG00000037671 RN [ [ [ CARD11
I . = AN N [ N Ol = -~ LCP2
— - ENSGALG00000026896 - - - . NewGene_2778
. - - NACA || 1 CDKN1A ~
— — — Yo ¢ e feomm T NewGene_478
- - IRV RIS 2 L L NI NI LS D o>
N PR v N N SYNPO2 vV VNV vV oV VNV K&
AR AR VIV VLV YR K\ Y\ YA\ PR\ W\ VA YR\ PR\ R\ W\
q‘}\ /4\ 4\ @/fﬁ\/&&x\/b}‘\/@/s&g\/&‘\%‘\/@/@/ "@ ‘1§ q§ tf,‘\ "\:e ‘1§ ‘L&f],& §§ S §§ b;@ b§/b§/b§/§$\/






media/file19.png





media/file14.png
20

Malonic semialdehyde
voxtallsmYBIastlcndln S
FIS -Aconitic acid

6-Hydroxy-2-bornanond glucoside
b

.
*P

5.
oPe

N

-log10(P value)

-

log2(Fold Change)
2W-R_vs_2W-L

regulated
® upi67
® down:63
® unchanged:2212

VIP
e 00
e 14

Gly Val Phe | —

e 7 8- Didemethyl-8-hydroxy-5-deazariboflavin
D (1S,2S,4R)-p-Menth-8-ene~1,2,10~triol 2-glucoside

I -]y coride
I Pico e 2C

I M i yde
_ Abscnsm acnd glucose ester
IS D

I C dy 5 dlphosphocholme
I / 8-Dihydro-7,8-dihy rox*k?(
—ghrysophanol 8-(6-gallo c05|
—

(1) Metham|doph
N G - Hy droxy—2-bornanone glucoside
ay Lep|d|m0|c acid

L
N G 2 | ocatechin— (4alpha->8) catechin—-(4alpha->8)-catechin
I Ginsenoside Rh7

nidin 3— O—b D- ylopyranosyl 21 >_2)I—[b—l;)—glucopyranosyl—(1—>6)]—b—D—gaIactopyranos

regulated

. down
M

0.0 25 5.
log2FC

o

N
o

I
54 | (Val Pro Leu
|
|
I Cilengitide
|
9H-Fluorene-9- carboxlamide,9 -(3-aminopropyl)-
13-Dihydrocarminomycin
3- (Imldazol—4-yl}-2 oxopropyl phosphate
e
° regulated
® up:192

w

VIP
e 00
® 14

-log10(P value)

N

log2(Fold Change)
4W-R_vs 4W-L

1"',1?”

ﬂTv-I,' I r?jmT "

155

Ty

;

i1 cadlil o

3
|
PE

=
=
1S

S
3

® down:242
©® unchanged:1908

Gly Val Phe
Oleandolide

I (1S, S4R) p Menth-8-ene-1,2,10~triol 2-glucoside
s Lucidenic acil

_M(I2E ,6E)- Farnesol

_ illef

Verimol H
5—Oxoavermect|n "1 b" aglycone
I °-Aminophen in-3-one-
I Piceatannol 4" —galloylglucosude
BN Tetrahydrodipicolinate
2"3"6"-Tris—0O-(3,4,5-tril 3'-Glucosyl-2',4' 6'-trihydroxyacetophenone
SN Peonidin 3- (6 -p- coumaroyl glucosnde')
_N NhI
I GTP .
N (Indol-3-yl)acetamide
I \ cotinamide D-ribonucleotide

0 10 20
log2FC

regulated

- down
Mo





media/file11.jpg





media/file6.png
A Significant e Up e Normal e Down B Significant e Up e Normal e Down
Volcano plot Volcano plot
I I, 25 ! ! o
I 1 ° 1 I
~ 6 S SO o
q) o : : —~~ | 1
2 g ER
C>U ® .. ° L . C>U | 1
o ’ 1%t a ! ! .
5/ glc 5 1 5 1 ° | I
e i o o
(o2 o} R I
T ‘ i 10 . * e ! oo, ’
- «® 1 o ©®
| g % Lt e
o .o :. .. ° ° ° ° ¢
L. Lge See L "
5 S O
® Py O ° % ° ¢
| ______°?, ...n_.__._..____
0 : S
-5.0 - 0.0 5.0 -4 -2 4
log2(FC) log2(FC)
2W-R _vs 2W-L 4W-R_vs 4W-L
2 Week . Restricted (Left leg)
Day .4:WZZK2 Deal_with . Unrestricted (Right leg)
BN [ [ [ [ [ [ [ | Day
c B Deal_with

2W-R_vs_2W-L

4W-R_vs_4W-L

ST

BEAEE HEC C EEEN CONNNNARS  CHEGEASENEERCEEN
CENCHCHNRNE B G0 HEN BOCHNEAR NERCHENREGEEENR

(7

<
G
<7

*

2y

R

%
%
%
%
v"qt‘v
%
%
%
%
%
%%
K3
%
%
%

NewGene_3942
ADD2

KLHL38
ENSGALG00000016859
SLC16A7
NewGene_6237
WFS1
NewGene_1402
ID1

RGS2

PTTG2

TCIM

ENSGALG00000044985
ENSGALG00000022875
TAL1

SEC14L5
SLC25A21

HL3
NewGene_4794
MYBPC3
CHRND
CHRNG
NewGene_5667
CHRNA1

CPS1

CTNNAS3

TP63
ARHGAP40
CDKN1A
NewGene_2062
NewGene_2063
GADD45G

ENSGALG00000016251
ENSGALG00000036838
CYP51A1

NewGene_363
NRP2

ACTN2

FBXL22
NewGene_2064
MRAS
NewGene_4310

ENSGALG00000026896
ENSGALG00000009846
NACA

NewGene_1449
TNNT2

NMRK2
NewGene_148
ANKRD1
NewGene_7565
DDAH1

HPD

DCBLD1
LRRFIP2
PDLIM3
PRKAB2
NewGene_1408
NewGene_390
STAU1

TEAD4





media/file15.jpg
B
|4
% 5
:‘f!
s
E-\a"- N
T e T
2W-R_vs_2W-L AW-R_vs_4W-L

2W-R_vs_2W-L AW-R_vs_4W-L





nav.xhtml


  ijms-25-03516


  
    		
      ijms-25-03516
    


  




  





media/file16.png
reend
alevioletred3 0
ellowd

ddlebrown
Ewhitesmoke
Epinl
is!
Emediumorchid4
ink3

NSl Tl b

indianred4
Eindianred3
Ehoneydew1

e|dindaw -

£ 222 z =z =z = z =z
oo oo g2 a g
5 1 s <
£ g 3 §3 S s B8
53 F 2 2 8 2 2 2
E 2 3 3
g2 3 58 ¢ & S <
s 8 8 3 Z g s S
® S5 o g H g
s = 2
k4 L]

2W-R_vs_ 2W-L

Metabolome
MEtan | GEbrown

B MEgrey

M MEgreenyellow | GEcorall
B MEgrey60

I MEroyalblue [ GEsky
' MElightcyan

M MEturquoise
1 MElightyellow

GEplum
GEmediumorchid4
GEcoral4
GEaliceblue
GEdarkslateblue
GEpink
GEpurple2
GEyellow3
Eblue2
GEsaddlebrown
GEplum3
GEbluel
Emediumpurple2
GEdarkolivegreen
GEpurple
GEthistle4

2W-R_vs_2W-L

asionbinjgy

asjonbinpyepI

ajdindgy

JEET
AKeibrepan

Suyman
enjawBlupwan

panpepan

enjqrefoigy
usesByBaN
el

b
uaaIBepIN

Metabolome
MEgreen
MElightgreen

pi

MEroyalblue

MEdarkorange

MEmidnightblue
9

MEsteelblue
MEpaleturquoise
MEblue

MEred
MEturquoise
MEtan

ESiennad
Eanuq ewhite4
ﬁalev letred1

Ehoneydew
Epaleturquoise
Elavenderblush1
Elightbl

lue3

Elavenderblush2
Emsdglmpurplm

Edarkorange2
Esienna2
{Ie%tplnks
EP?%? ellow
Eotindcreds
Ebrt:rwm
iy
Efn
oo
Eloh
£l
yel
il
hi

istie1

3
Eslateblue
Emﬁamﬂ
reen
nti ‘l'J'gwth
Edarkviolet
Ecorald
Epalevioletred2
Eorangered 1
Eorangered
ink!
je3
g’uewhnsz
ink2

E
E
| ] Eligh

4
m
S
=
E

[TEEGET
asionbinjejedapy

mojjehusaibay

I GEmediumpurple3
| GEblue
GEsalmon
| GEsaddlebrown
GEdarkturquoise
W GEplum4
B GElightsteelblue
Emediumorchid
B GEthistle
| GEmediumpurple4
W GElavenderblush3
B GEcoral2
M GEplum3
M GEorangered1
B GEsalm