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Ficus carica L. Attenuates Denervated Skeletal Muscle Atrophy via PPARα/NF-κB Pathway
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Treatment options for denervated skeletal muscle atrophy are limited, in part because the underlying molecular mechanisms are not well understood. Unlike previous transcriptomics studies conducted in rodent models of peripheral nerve injury, in the present study, we performed high-throughput sequencing with denervated atrophic biceps muscle and normal (non-denervated) sternocleidomastoid muscle samples obtained from four brachial plexus injury (BPI) patients. We also investigated whether Ficus carica L. (FCL.) extract can suppress denervated muscle atrophy in a mouse model, along with the mechanism of action. We identified 1471 genes that were differentially expressed between clinical specimens of atrophic and normal muscle, including 771 that were downregulated and 700 that were upregulated. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses revealed that the differentially expressed genes were mainly enriched in the GO terms “structural constituent of muscle,” “Z disc,” “M band,” and “striated muscle contraction,” as well as “Cell adhesion molecules,” “Glycolysis/Gluconeogenesis,” “Peroxisome proliferator-activated receptor alpha (PPARα) signaling pathway,” and “P53 signaling pathway.” In experiments using mice, the reduction in wet weight and myofiber diameter in denervated muscle was improved by FCL. extract compared to saline administration, which was accompanied by downregulation of the proinflammatory cytokines interleukin (IL)-1β and IL-6. Moreover, although both denervated groups showed increased nuclear factor (NF)-κB activation and PPARα expression, the degree of NF-κB activation was lower while PPARα and inhibitor of NF-κB IκBα expression was higher in FCL. extract-treated mice. Thus, FCL. extract suppresses denervation-induced inflammation and attenuates muscle atrophy by enhancing PPARα expression and inhibiting NF-κB activation. These findings suggest that FCL. extract has therapeutic potential for preventing denervation-induced muscle atrophy caused by peripheral nerve injury or disease.
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INTRODUCTION

Peripheral nerve injury often leads to skeletal muscle atrophy, which seriously affects normal limb function and the quality of life of patients (Burns et al., 2012; Ehmsen and Höke, 2020). At present, there are limited clinically effective treatments for reversing or delaying the process of muscle atrophy; however, clarifying the underlying mechanisms can lead to the development of effective therapeutic strategies.

Denervation causes a series of biochemical and physiologic alterations in muscle, resulting from changes in gene expression (Shen et al., 2019). The gene expression profile associated with denervated muscle atrophy has been examined by microarray analysis or high-throughput RNA sequencing (RNA-seq) (Kunkel et al., 2011; Ebert et al., 2012; Jian et al., 2018), which has identified numerous genes such as muscle RING finger 1 (Furlow et al., 2013), high-mobility group box-1 (Yang et al., 2018), and microRNAs including miR-206 (Huang et al., 2016), miR-21 (Soares et al., 2014), and miR29b (Li et al., 2017) that mediate muscle degeneration. It is worth noting that these previous studies were mostly carried out using rodent models of muscle atrophy induced by sciatic nerve transection. Other than investigations on amyotrophic lateral sclerosis and spinal muscular atrophy, there have been no published microarray or RNA-seq studies to date using denervated atrophic muscle from humans (Birger et al., 2019; Onodera et al., 2020).

Oxidative stress plays an important role in the process of muscle atrophy (Scalabrin et al., 2019; Shen et al., 2019; Odeh et al., 2020). Increased production of reactive oxygen species (ROS) in atrophic muscle can lead to oxidative stress along with mitochondrial dysfunction and cellular damage (Muller et al., 2007; Pollock et al., 2017; Scalabrin et al., 2019), and can activate or inactivate transcription factors, metabolic enzymes, and membrane channels (Winterbourn and Hampton, 2008). Inflammation also contributes to the physiologic adaptation of skeletal muscle to denervation (Ma et al., 2018; Shen et al., 2019; Wu et al., 2019). Atrophic muscles have elevated levels of proinflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1, and IL-6 (Cea et al., 2013; Ma et al., 2019; Wu et al., 2019). Local infusion of recombinant murine IL-6 was shown to induce muscle atrophy in rats (Wu et al., 2019), and inhibition of IL-6 signaling alleviated the severity of muscle atrophy (Cánoves et al., 2013). Thus, drugs with anti-inflammatory and antioxidant effects can potentially prevent muscle atrophy.

Ficus carica L. (FCL.) is a flowering plant that contains flavonoids, psoralen, and bergapten and has antioxidant, anti-inflammatory, and antiapoptotic properties (Ali et al., 2012; Badgujar et al., 2014; Melisa et al., 2014; Zhang et al., 2019). FCL. was shown to enhance the levels of the antioxidant enzymes superoxide dismutase and glutathione peroxidase in the serum and liver of diabetic mice and block apoptosis in pancreatic β-cells (Zhang et al., 2019). However, the effect of FCL. on denervated muscle is unknown.

To address this point, in this study, we carried out high-throughput transcriptome sequencing of human muscle samples obtained from four patients with brachial plexus injury (BPI) in order to identify critical pathways and genes related to the atrophy of denervated muscle, and thus gain insight into the molecular basis of this process. As a secondary aim, we examined whether FCL. extract can reverse or delay muscle atrophy in a mouse model along with the mechanism of action.



MATERIALS AND METHODS


Human Muscle Tissue Sample Collection

All experiments of this study were performed in accordance with the guidelines of the Ethics Committee on Human and Animal Experiments (Huashan Hospital, Fudan University). Human atrophic and normal muscles were obtained from four donors diagnosed with BPI, including two with total BPI, one with upper and middle trunk BPI, and one with upper trunk BPI. Inclusion criteria were as follows: (1) total BPI or upper back injury diagnosed by preoperative physical examination and electromyography; (2) uninjured accessory nerve and second to fourth cervical nerve; (3) 18–50 years old; (4) no other diseases; and (5) willing to participate in this study. For the characteristics of these patients, see Supplementary Table 1. Pieces of denervated biceps muscle and normal (non-denervated) sternocleidomastoid muscle about 2 cm in length and 1 cm in diameter were resected from each patient during surgery, and preserved in tissue stage solution (Miltenyi Biotec, Gladbach, Germany) until use.



RNA-Seq

Total RNA was extracted from muscle tissue samples using the miRNA Isolation Kit (mirVana; Thermo Fisher Scientific, Waltham, MA, United States; AM1561) according to the manufacturer’s protocol. RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States), and samples with RNA integrity number ≥ 7 were retained for analysis. Libraries were constructed using the TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San Diego, CA, United States) according to the manufacturer’s instructions, and were sequenced on the Illumina HiSeq X Ten platform, generating 125/150-bp paired-end reads. Index-coded sample clustering was performed using the TruSeqPE Cluster Kit v3-cBot-HS (Illumina) on a cBot Cluster Generation System according to the manufacturer’s protocol. The Illumina HiSeq X platform was used to sequence the library preparations; 125/150-bp paired-end reads and 50-bp single-end reads were generated.



Bioinformatic Analysis


Quality Control and Mapping

Raw data (raw reads) were processed using Trimmomatic (Bolger et al., 2014). Reads containing poly-N and those of low quality were removed to obtain clean reads, which were mapped to the reference genome using hisat2 (Kim et al., 2015).



Identification of Differentially Expressed Genes (DEGs) and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Enrichment Analyses

The fragments per kilobase of transcript per million mapped reads value (Roberts et al., 2011) of each gene was calculated using cufflinks (Trapnell et al., 2010), and the read counts of each gene were obtained with htseq-count (Anders et al., 2015). Differentially expressed genes (DEGs) were identified using the DESeq package of R software with the estimateSize Factors and nbinomTest functions. A P-value < 0.05 and fold change > 2 or < 0.5 were set as the thresholds for significantly different expression. Hierarchical cluster analysis of DEGs was performed to explore gene expression patterns. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs were performed using R based on the hypergeometric distribution (Minoru et al., 2008).



Animal Procedures

Male C57 BL/6 mice aged 6–8 weeks and weighing 22–25 g (N = 24) were purchased from the laboratory animal center of Charles River Laboratories (Beijing, China). Mice were housed in standard cages in a room at 23°C and 50% relative humidity on a 12:12-h light/dark cycle. The mice were randomly assigned to three groups: the mice that received a sham operation (Control group), the denervated mice that were administered with saline (Den-saline group), and the denervated mice that were infused with FCL. (Den-FCL. group). Mice in both denervated groups were subjected to unilateral sciatic nerve transection under anesthesia as previously described (Wu et al., 2019). Briefly, after deep anesthetization, a 0.5-cm-long portion of the sciatic nerve in the right hind leg of the mouse was resected; the two nerve ends were buried in muscle, and the incision was closed using 4-0 absorbable sutures. After sciatic nerve transection, mice in the FCL. group were treated daily with FCL. extract dissolved in 9% saline (0.15 g/ml saline) by intragastric administration (10 ml/kg). Mice in the saline group received the same amount of saline daily.



Wet Weight

After 21 days, mice were anesthetized and the gastrocnemius muscles of both left and right hind legs were removed and after saline wash then weighed. The wet weight ratio was defined as the muscle weight of the nerve injury side divided by the weight of the contralateral side. Then these muscle samples were stored in 4% paraformaldehyde and at −80°C until use.



Hematoxylin–Eosin (HE) and Masson’s Trichrome Staining

Biceps and sternocleidomastoid tissue samples from patients and gastrocnemius muscle samples from mice were fixed in 4% paraformaldehyde and embedded in paraffin. The samples were cut at a thickness of 5 μm and the sections were stained with hematoxylin–eosin (HE) (Beyotime, Shanghai, China) and Masson’s trichrome (Beyotime) to evaluate histopathologic changes. The mean diameter of myofibers was determined by blinded analysis using ImageJ software (National Institutes of Health, Bethesda, MD, United States) from five randomly captured images per mouse in each experimental condition.



Immunohistochemistry

Expression of the proinflammation factors IL-1β and IL-6 in gastrocnemius muscle was detected by immunohistochemistry. The sections were deparaffinized with xylene and rehydrated with ethanol, and antigen retrieval was performed in 0.01 M citrate buffer (pH 6.0) in a pressure cooker, followed by natural cooling to room temperature. The sections were incubated in 0.3% hydrogen peroxide at room temperature for 10 min; goat serum was used to block the sections for 15 min at room temperature, which were then incubated overnight at 4°C with a rabbit polyclonal anti-IL-1 antibody (1:200 dilution) and IL-6 antibody (1:200 dilution) (both from Abcam, Cambridge, United Kingdom) followed by horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (ABclonal, Wuhan, China) for 30 min at room temperature. Immunodetection was performed using diaminobenzidine solution according to the manufacturer’s instructions. After washing, the sections were counterstained, dehydrated, and then coverslipped using neutral gum sealant.



Quantitative Real-Time PCR (qPCR)

The RNeasy kit (Qiagen, Valencia, CA, United States) was used to extract total RNA from gastrocnemius muscle. cDNA was synthesized using a first-strand cDNA synthesis kit with oligo dT primers (Invitrogen, Carlsbad, CA, United States) and used for quantitative real-time PCR (qPCR) (MJ Research, Waltham, MA, United States). The thermal cycling conditions were as follows: 94°C for 5 min; 35 cycles at 94°C for 30 s, 55°C for 45 s, and 72°C for 1 min; and 72°C for 5 min. Relative expression level of the target gene was calculated using the cycle threshold (Ct) value corrected with that of the β-actin gene (ACTB) (relative expression = 2[Ctsample – CtACTB]). The primers used to amplify the mouse peroxisome proliferator-activated receptor alpha (PPARα) gene were as follows: forward, GTGTGACATCCCGACAGAC and reverse, CTCACTTCCAGAAACACGA.



Western Blot Analysis

Frozen gastrocnemius muscle samples were homogenized in radioimmunoprecipitation assay buffer containing 1 mM phenylmethylsulfonyl fluoride and Protease Inhibitor Cocktail (Roche Applied Science). Lysates were centrifuged for 20 min at 12,000 × g (4°C) and the protein level in the supernatant was quantified with a bicinchoninic acid assay kit (Beyotime). Proteins were separated by SDS–PAGE (Beyotime) and transferred to a polyvinylidene difluoride membrane (Beyotime) that was blocked with 5% non-fat dry milk in Tris-buffered saline at room temperature, followed by incubation with primary antibodies: rabbit anti-PPARα (1:1000; Affinity Biosciences, United States), rabbit anti-NF-κß P65 (1:5000; Abcam, United Kingdom) and anti-phospho-NF-κß P65 (1:5000; Abcam, United Kingdom), and rabbit anti-IκBα antibodies (1:1000; Affinity Biosciences, United States). After three washes, the membrane was incubated with appropriate secondary antibody (Abcam) at room temperature for 1 h. Enhanced chemiluminescence detection reagent and X-ray film were used for protein visualization.



Enzyme-Linked Immunosorbent Assay (ELISA)

Expression levels of IL-1β and IL-6 in the gastrocnemius muscle of mice were determined with ELISA kits (Multisciences Biotech, Hangzhou, China) according to the manufacturer’s instructions. After measuring optical density at 450 nm, the expression level was calculated from standard curves.



Statistical Analysis

All data are presented as mean ± SD. One-way ANOVA was studied to analysis and compare data from three groups. Statistical analyses were performed using SPSS v17.0 software (SPSS Inc., Chicago, IL, United States). P-values < 0.05 were considered statistically significant.



RESULTS


Human Muscle Atrophy

Hematoxylin–eosin staining of sternocleidomastoid muscle tissue sections showed that the myocytes had a regular arrangement with an intact membrane. In contrast, myocytes in denervated biceps muscle had a disordered arrangement and contained numerous vacuoles; Masson’s trichrome staining revealed that the intercellular matrix was covered with collagen fibers, with a much larger stained area than in the sternocleidomastoid muscle (Figure 1).
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FIGURE 1. HE and Masson’s trichrome staining showing atrophy of human sternocleidomastoid muscle (left figures) and biceps muscle (right figures). (A,B) HE staining showing the irregular arrangement of myocytes in denervated muscle and a smaller stained area compared to normal (non-denervated) sternocleidomastoid muscle. (C,D) Masson’s trichrome staining showing the intercellular matrix of denervated muscle covered with blue collagen fiber. Scale bar, 200 μm.




DEGs in Denervated Human Muscle

We identified 1471 DEGs by RNA-seq analysis of atrophic biceps muscle and normal (non-denervated) sternocleidomastoid muscle from patients with BPI, including 771 downregulated and 700 upregulated genes; these are presented as a heatmap (Figure 2A) and in a volcano plot (Figure 2B).
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FIGURE 2. DEGs identified by RNA-seq and associated GO terms. (A,B) Heatmap and volcano plot of DEGs. (C) Top 30 GO terms.




GO and KEGG Pathways of DEGs

A total of 288 enriched GO terms and 28 KEGG pathways were associated with the identified DEGs. The top 30 enriched GO terms according to the threshold P-value (P < 0.05) included: (1) molecular function, such as “structural constituent of muscle,” “muscle alpha-actinin binding,” and “actin binding”; (2) cellular component, such as “Z disc,” “M band,” and “MHC class II protein complex”; and (3) biological process, such as “striated muscle contraction,” “glycogen metabolic process,” and “cardiac muscle contraction” (Figure 2C).

The top 20 enriched KEGG pathways of the DEGs included “Cell adhesion molecules,” “Glycolysis/Gluconeogenesis,” “PPAR signaling pathway,” “p53 signaling pathway,” “Dilated cardiomyopathy,” “Insulin signaling pathway,” “MAPK signaling pathway,” and so on (Figure 3A). For the gene network of the top four KEGG pathways, see Figure 3B.
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FIGURE 3. KEGG pathways of DEGs. (A) Top 20 KEGG pathways of DEGs. (B) Top four pathways gene network.




FCL. Attenuates Skeletal Muscle Atrophy

After 21 days of FCL. infusion, the denervation-induced loss of muscle wet weight was significantly attenuated, and the mean fibro-diameter of gastrocnemius muscle was larger than in saline-infused mice (Figure 4).
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FIGURE 4. FCL. extract attenuates skeletal muscle atrophy and inhibits IL-1β and IL-6 production in denervated muscle (n = 4 mice in each group). (A,B) The wet weight ratio of gastrocnemius at 21 days post-denervation. (C,D) HE staining of muscle tissue and means ± SEM of fibro-diameter showing muscle atrophy that was reduced by FCL. extract treatment. (E,F) Compared to control group muscle, IL-1β and IL-6 positive-expression was increased in the denervated muscle of Den-saline group mice; the levels of both cytokines were lower in the Den-FCL. mice. Scale bar, 50 μm. **p < 0.01 versus Control. ##p < 0.01 versus Den-Saline.




FCL. Inhibits IL-1β and IL-6 Production in Atrophic Muscles

To determine whether FCL. extract treatment affects the inflammatory response in muscles after denervation, we assessed the expression levels of the proinflammatory cytokines IL-1β and IL-6 in the denervated muscles of mice treated with FCL. extract or saline. Immunohistochemical analysis revealed that IL-1β and IL-6 were upregulated in the denervated muscle of both treatment groups compared to the control group. However, IL-1β and IL-6 positive-expression was lower in the atrophic muscle of mice treated with FCL. extract compared to those treated with saline (Figure 4).

We also examined IL-6 and IL-1β levels in mouse gastrocnemius muscle by ELISA. Consistent with the immunohistochemistry results, we found that the levels of both cytokines were elevated in atrophic muscle, and were lower in mice treated with FCL. (Figure 5) extract than in those treated with saline. These data suggest that FCL. extract attenuates denervation-induced muscle atrophy by inhibiting the inflammatory response in muscle.
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FIGURE 5. Expression levels of IL-1β and IL-6 in gastrocnemius were detected using ELISA kits. Both IL-1β and IL-6 expressions were increased in the denervated mice muscle, and the elevated level of both cytokines was lower in the Den-FCL. mice (n = 4 mice in each group). (A) IL-1β expression was determined. (B) IL-6 expression was determined. **p < 0.01 and *p < 0.05 versus Control. ##p < 0.01 versus Den-Saline.




FCL. Attenuates Skeletal Muscle Atrophy by Stimulating PPARα Expression

The RNA-seq results showed that the PPAR signaling pathway is involved in the process of denervated muscle atrophy. To determine whether FCL. extract acts by modulating PPAR signaling, PPARA mRNA and protein expression was evaluated by qPCR and western blotting, respectively (Figure 6). PPARA mRNA and PPARα protein levels were upregulated in denervated muscle, with higher levels in mice treated with FCL. extract than in those treated with saline, suggesting that FCL. extract attenuates skeletal muscle atrophy by promoting PPARα expression.
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FIGURE 6. FCL. attenuates skeletal muscle atrophy via PPARα/NF-κB signaling. (A,B) Elevated expression of PPARα in both denervated group mice were determined by western blotting. PPARα elevation level of Den-FCL group mice was much higher than the Den-saline group. (C) PPARA mRNA levels determined by qPCR showed a trend similar to that of the protein. (D–F) p65-NF-κB activity was increased after muscle denervation, but was reduced by FCL. extract as compared to saline treatment. Meanwhile, the Den-FCL. group mice showed higher IκBα expression level than other groups (n = 4 mice in each group). **p < 0.01 and *p < 0.05 versus Control. ##p < 0.01 and #p < 0.05 versus Den-Saline.




FCL. Suppresses Inflammation in Atrophic Muscle by Inhibiting Nuclear Factor (NF)-κB Activation

Previous studies have shown that the anti-inflammatory activity of PPARα involves the inactivation of P65-nuclear factor (NF)-κB through the upregulation of inhibitor of NF-κB (IκBα) (Korbecki et al., 2019). To determine whether FCL. extract attenuates denervated muscle atrophy via this mechanism, we evaluated the activation of NF-κB and expression of IκBα (Figure 6). P65-NF-κB activation was increased in denervated muscle; however, this effect was abrogated by FCL. compared to saline infusion. Meanwhile, IκBα expression was higher in Den-FCL. group mice than in Den-saline group. Thus, FCL. attenuates skeletal muscle atrophy by promoting the activation of PPARα and thereby inhibiting NF-κB activity.



DISCUSSION

A long period of denervation in patients with peripheral nerve injury or disease can lead to skeletal muscle atrophy (Xiong et al., 2012; Ehmsen and Höke, 2020). However, the mechanisms underlying denervated muscle atrophy are not fully understood. Microarray and RNA-seq studies have identified key genes and singling pathways involved in this process (Jian et al., 2018; Shen et al., 2019), but most of the data were from rodent models of peripheral nerve injury and not from human studies.

In the present work, we used high-throughput sequencing to compare gene expression profiles of atrophic biceps muscle and normal sternocleidomastoid muscle from four patients with BPI. Biceps muscle denervation in these patients was confirmed by preoperative physical examination and electromyography. We used the sternocleidomastoid muscle as a control because of the ethical constraint associated with the resection of biceps muscle from the contralateral healthy upper arm of the patient or from a healthy human subject. The sternocleidomastoid muscle was exposed during the surgical process and innervation was confirmed to be intact; we therefore resected this muscle along with the biceps muscle from the same patient in order to reduce heterogeneity across our sample set. We identified 1471 DEGs between denervated and non-denervated muscles, including 700 upregulated and 771 downregulated genes. Most of the enriched GO terms were directly associated with skeletal muscle molecular function and cellular component, such as “structural constituent of muscle,” “Z disc,” “M band,” and “striated muscle contraction”; additionally, other GO terms also included some terms related to the metabolic process, such as “glycogen metabolic process,” “glycogen catabolic process,” and “canonical glycolysis.”

The KEGG pathway analysis showed that the DEGs were mainly enriched in “Cell adhesion molecules,” “Glycolysis/Gluconeogenesis,” “PPAR signaling pathway,” and “p53 signaling pathway.” Cell adhesion is one cell’s autonomous capability of adhering to pluricellular organisms at the basis of the formation of tissues and organs, and cell adhesive processes have be considered as key features of skeletal muscle morphogenesis (Cifuentes et al., 1994; Zhou et al., 2015; Bauer et al., 2019). Kobayashi et al. (1992) have demonstrated that compared with adult mice, the number of neural cell adhesion molecule-positive nerve fibers in motor nerve of sternomastoid was increased in old mice, which show neuromuscular remodeling, indicates that cell adhesion molecules may play a role in regulating the instability of motor nerve terminals. The skeletal muscle accounts for a significant amount of glucose uptake and storage, in pathological conditions, this metabolic regulation ability of skeletal muscle will be perturbed (Deshmukh, 2016; Josep et al., 2016). Thus, lots of pathways related to energy metabolism were enriched in our study, such as “Glycolysis/Gluconeogenesis,” “Insulin signaling pathway,” “Phenylalanine metabolism,” “Type I diabetes mellitus,” and “Tyrosine metabolism.” These findings highlight that the dysfunctional energy metabolism following denervation contribute to muscle atrophy.

The PPAR family comprises three transcription factors—namely, PPARα, PPARβ/δ, and PPARγ—that regulate inflammation and glucose and lipid metabolism by binding to PPAR response elements in the promoter region of target genes (Aleshin and Reiser, 2013; Di et al., 2014; Antonopoulos et al., 2016; Zhong et al., 2017). Recent studies have shown that PPARα encoded by the PPARA gene regulates the expression of genes related to inflammation, oxidative stress response, energy metabolism, and mitochondrion and peroxisome function (Sander, 2014; Mitchell et al., 2017; Luo et al., 2020). P53 family members (e.g., tumor protein [TP]53, TP73, and TP63) modulate the expression of Tripartite motif-containing (TRIM)63, which regulates the proteasomal degradation of structural muscle proteins, particularly myofibril components (Ehmsen and Höke, 2020).

Muscle homeostasis depends on the stability of the muscle microenvironment, which is composed of muscle cells (stem cells and interstitial cells), motoneurons, and secreted cytokines (Madaro et al., 2018; Wu et al., 2019). Oxidative stress induces changes in the muscle microenvironment. The release of H2O2 and ROS from muscle cell mitochondria is increased following denervation (Pollock et al., 2017), which can lead to oxidative stress and consequently, mitochondrial dysfunction, protein degradation, and cellular damage (Qiu et al., 2018; Scalabrin et al., 2019). Inflammation plays an important role in the process of muscle atrophy (Cánoves et al., 2013; Shen et al., 2019; Wu et al., 2019); the enhanced production of proinflammatory cytokines such as IL-1β and IL-6 in atrophic muscle increases ubiquitin expression and the accumulation of ubiquitinated proteins, which promotes protein degradation (Cánoves et al., 2013; Cea et al., 2013; Ma et al., 2019; Ehmsen and Höke, 2020). In our study, IL-1β and IL-6 production was increased in the atrophic muscle of mice at 21 days post-denervation. Given these observations, drugs that can suppress inflammation and oxidative stress may be effective in attenuating and preventing muscle atrophy. FCL. was shown to improve diabetes and inhibit tumor cell proliferation (Umar et al., 2013; Soltana et al., 2019; Zhang et al., 2019) and has known antioxidant, anti-inflammatory, and antiapoptotic effects (Ali et al., 2012; Umar et al., 2013; Melisa et al., 2014; Zhang et al., 2019). We found here that FCL. extract alleviated the severity of denervation-induced muscle atrophy in mice, which was associated with lower levels of IL-1β and IL-6 compared to Den-saline group mice. These results imply that FCL. attenuates muscle atrophy by inhibiting inflammation in denervated muscle.

We observed that p65-NF-κB activity was increased in the denervated muscle of mice. NF-κB is activated during the inflammatory response, which stimulates prostaglandin synthesis (Senf et al., 2008; Korbecki et al., 2019). The regulation of these pathways involves positive feedback but also upregulation of PPARα which prevents the pro-infammatory response from being excessively activated (Delerive et al., 1999; Kono et al., 2009; Korbecki et al., 2019). Meanwhile, according to our RNA-seq findings, PPAR pathway was one of major signaling pathways and the pathway network revealed that PPARA mRNA is only one of three PPAR family genes existing in the DEGs enriched PPAR pathway. To determine whether the attenuation of inflammation in denervated muscle by FCL. extract involves PPARα, we examined PPARA transcript and PPARα protein expression and found that both were significantly increased in Den-FCL. group mice compared to Den-saline group mice, suggesting that FCL. extract suppresses the inflammation associated with muscle denervation by promoting of PPARα expression. It is worth noting that PPAR level was increased in denervated muscle regardless of the treatment, possibly reflecting a positive feedback mechanism that counters inflammation induced by denervation (Figure 6).

The anti-inflammatory activity of PPARα involves inactivation of NF-κB, which may involve direct binding of the p65 subunit or enhanced ubiquitination and proteolytic degradation of p65 (Delerive et al., 1999; Korbecki et al., 2019). PPARα has been shown to induce IκBα expression, which blocks the nuclear translocation of NF-κB (Delerive et al., 2000). We observed that IκBα expression was higher while NF-κB activity was lower in FCL. extract-treated mice than in those which were administered saline. Thus, FCL. extract may suppress inflammation by enhancing PPARα expression, which inactivates NF-κB through the upregulation of IκBα.

There are some limitations in our study including: (1) the effects of chemical compositions of FCL remain unclear, which are needed to be confirmed to facilitate reproducibility; (2) the number of human samples is limited; it is necessary for detecting dynamic numbers of DEGs over time-denervation to collect more human denervated samples at various nerve injury timings; and (3) we only determined the effect of FCL. extract at 21 days after denervation in mice, which does not allow for a fine-tuning of the molecular events along the process, and the effect of FCL. extract at other time points is still unknown.



CONCLUSION

In summary, this is the first study to apply transcriptome sequencing to the investigation of denervation-induced muscle atrophy using clinical specimens from patients with BPI. The results presented here provide insight into the molecular basis of denervated muscle atrophy. We also showed that treatment with FCL. extract can delay the atrophy of denervated muscle in mice, which may involve suppression of the inflammatory response via regulation of PPARα and NF-κB signaling (Figure 7). Although additional studies are needed to identify the specific compound(s) in FCL. extract responsible for its protective effects, our findings provide evidence for the therapeutic potential of FCL. extract to delay or prevent denervation-induced muscle atrophy caused by peripheral nerve injury or disease.
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FIGURE 7. A scheme for FCL. extract attenuating denervated muscle atrophy by inhibiting the inflammation response through PPARα/NF-κB signaling pathways.




DATA AVAILABILITY STATEMENT

This article contains previously unpublished data. The gene expression dataset is available on NCBI SRA (https://www.ncbi.nlm.nih.gov/sra/PRJNA644778) and the accession number is PRJNA644778.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethical Committee, Huashan hospital, Fudan University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Huashan hospital, Fudan University.



AUTHOR CONTRIBUTIONS

JJ and JX designed the study. JD, YX, DF, and LX performed the experiments. JD and YX analyzed the data. JD wrote the manuscript. YX made the figures. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by Shanghai Municipal Key Clinical specialty (shslczdzk05601).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2020.580223/full#supplementary-material

Supplementary Table 1 | The characteristic data of four donors.



REFERENCES

Aleshin, S., and Reiser, G. (2013). Role of the peroxisome proliferator-activated receptors (PPAR)-α, β/δ and γ triad in regulation of reactive oxygen species signaling in brain. Biol. Chem. 394, 1553–1570. doi: 10.1515/hsz-2013-0215

Ali, B., Mujeeb, M., Aeri, V., Mir, S. R., Faiyazuddin, M., and Shakeel, F. (2012). Anti-inflammatory and antioxidant activity of Ficus carica Linn. leaves. Nat. Prod. Res. 26, 460–465. doi: 10.1080/14786419.2010.488236

Anders, S., Pyl, P. T., and Huber, W. (2015). HTSeq–a Python framework to work with high-throughput sequencing data. Bioinformatics 31, 166–169. doi: 10.1093/bioinformatics/btu638

Antonopoulos, A. S., Margaritis, M., Verheule, S., Recalde, A., and Antoniades, C. (2016). Mutual regulation of epicardial adipose tissue and myocardial redox state by PPAR-γ/adiponectin signalling. Circ. Res. 118, 842–855. doi: 10.1161/CIRCRESAHA.115.307856

Badgujar, S. B., Patel, V. V., Bandivdekar, A. H., and Mahajan, R. T. (2014). Traditional uses, phytochemistry and pharmacology of Ficus carica: a review. Pharm. Biol. 52, 1487–1503. doi: 10.3109/13880209.2014.892515

Bauer, M. S., Baumann, F., Daday, C., Redondo, P., Durner, E., Jobst, M. A., et al. (2019). Structural and mechanistic insights into mechanoactivation of focal adhesion kinase. Proc. Natl. Acad. Sci. U. S. A. 116, 6766–6774. doi: 10.1073/pnas.1820567116

Birger, A., Ben-Dor, I., Ottolenghi, M., Turetsky, T., Gil, Y., Sweetat, S., et al. (2019). Human iPSC-derived astrocytes from ALS patients with mutated C9ORF72 show increased oxidative stress and neurotoxicity. EBioMedicine 50, 274–289. doi: 10.1016/j.ebiom.2019.11.026

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics. 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

Burns, T. M., Graham, C. D., Rose, M. R., and Simmons, Z. (2012). Quality of life and measures of quality of life in patients with neuromuscular disorders. Muscle Nerve 46, 9–25. doi: 10.1002/mus.23245

Cánoves, P. M., Scheele, C., Pedersen, B. K., and Serrano, A. L. (2013). Interleukin-6 myokine signaling in skeletal muscle: a double-edged sword? FEBS J. 280, 4131–4148. doi: 10.1111/febs.12338

Cea, L. A., Cisterna, B. A., Puebla, C., Frank, M., Figueroa, X. F., Cardozo, C., et al. (2013). De novo expression of connexin hemichannels in denervated fast skeletal muscles leads to atrophy. Proc. Natl. Acad. Sci. U. S. A. 110, 16229–16234. doi: 10.1073/pnas.1312331110

Cifuentes, D. C., Nicolet, M., and Mège, R. M. (1994). Cell adhesion and development of skeletal muscle. C. R. Seances Soc. Biol. Fil. 188, 505–525.

Delerive, P., De, B. K., Besnard, S., Vanden, B. W., Peters, J. M., Gonzalez, F. J., et al. (1999). Peroxisome proliferator-activated receptor alpha negatively regulates the vascular infammatory gene response by negative cross-talk with transcription factors NF-kappaB and AP-1. J. Biol. Chem. 274, 32048–32054. doi: 10.1074/jbc.274.45.32048

Delerive, P., Gervois, P., Fruchart, J. C., and Staels, B. (2000). Induction of IkappaBalpha expression as a mechanism contributing to the antiinfammatory activities of peroxisome proliferator-activated receptor-alpha activators. J. Biol. Chem. 275, 36703–36707. doi: 10.1074/jbc.M004045200

Deshmukh, A. S. (2016). Insulin-stimulated glucose uptake in healthy and insulin-resistant skeletal muscle. Horm. Mol. Biol. Clin. Investig. 26, 13–24. doi: 10.1515/hmbci-2015-0041

Di, B. B., Li, H. W., Li, W. P., Shen, X. H., Sun, Z. J., and Wu, X. (2014). Pioglitazone inhibits high glucose-induced expression of receptor for advanced glycation end products in coronary artery smooth muscle cells. Mol. Med. Rep. 11, 2601–2607. doi: 10.3892/mmr.2014.3113

Ebert, S. M., Dyle, M. C., Kunkel, S. D., Bullard, S. A., Bongers, K. S., Fox, D. K., et al. (2012). Stress-induced skeletal muscle Gadd45a expression reprograms myonuclei and causes muscle atrophy. J. Biol. Chem. 287, 27290–27301. doi: 10.1074/jbc.M112.374777

Ehmsen, J. T., and Höke, A. (2020). Cellular and molecular features of neurogenic skeletal muscle atrophy. Exp. Neurol. 331:113379. doi: 10.1016/j.expneurol.2020.113379

Furlow, J. D., Watson, M. L., Waddell, D. S., Neff, E. S., Baehr, L. M., Ross, A. P., et al. (2013). Altered gene expression patterns in muscle ring finger 1 null mice during denervation- and dexamethasone-induced muscle atrophy. Physiol. Genom. 45, 1168–1185. doi: 10.1152/physiolgenomics.00022.2013

Huang, Q. K., Qiao, H. Y., Fu, M. H., Li, G., Li, W. B., Chen, Z., et al. (2016). MiR-206 attenuates denervation-induced skeletal muscle atrophy in rats through regulation of satellite cell differentiation via TGF-β1, Smad3, and HDAC4 signaling. Med. Sci. Monit. 22, 1161–1170. doi: 10.12659/msm.897909

Jian, W., Zhang, P., Yin, X., and Jiang, B. (2018). The whole transcriptome involved in denervated muscle atrophy following peripheral nerve injury. Front. Mol. Neurosci. 7:69. doi: 10.3389/fnmol.2018.00069

Josep, M. A., Campos, N., José, M. L., Rueda, R., and Leocadio, R. M. (2016). Skeletal muscle regulates metabolism via interorgan crosstalk: roles in health and disease. J. Ame. Med. Dir. Assoc. 17, 789–796. doi: 10.1016/j.jamda.2016.04.019

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

Kobayashi, H., Robbins, N., and Rutishauser, U. (1992). Neural cell adhesion molecule in aged mouse muscle. Neuroscience 48, 237–248. doi: 10.1016/0306-4522(92)90352-3

Kono, K., Kamijo, Y., Hora, K., Takahashi, K., Higuchi, M., and Kiyosawa, K. (2009). PPAR{alpha} attenuates the proinfammatory response in activated mesangial cells. Am. J. Physiol. Ren. Physiol. 296, F328–F336. doi: 10.1152/ajprenal.00484.2007

Korbecki, J., Bobiński, R., and Dutka, M. (2019). Self-regulation of the inflammatory response by peroxisome proliferator-activated receptors. Inflamm. Res. 68, 443–458. doi: 10.1007/s00011-019-01231-1

Kunkel, S. D., Suneja, M., Ebert, S. M., Bongers, K. S., Fox, D. K., Malmberg, S. E., et al. (2011). mRNA expression signatures of human skeletal muscle atrophy identify a natural compound that increases muscle mass. Cell Metab. 13, 627–638. doi: 10.1016/j.cmet.2011.03.020

Li, J., Chan, M. C., Yu, Y., Bei, Y., Chen, P., Zhou, Q., et al. (2017). miR-29b contributes to multiple types of muscle atrophy. Nat. Commun. 25:15201. doi: 10.1038/ncomms15201

Luo, R., Su, L. Y., Li, G., Yang, J., Liu, Q., Yang, L. X., et al. (2020). Activation of PPARA-mediated autophagy reduces Alzheimer disease-like pathology and cognitive decline in a murine model. Autophagy 16, 52–69. doi: 10.1080/15548627.2019.1596488

Ma, W., Xu, T., Wang, Y., Wu, C., Wang, L., Yang, X., et al. (2018). The role of inflammatory factors in skeletal muscle injury. Biotarget 2018:7. doi: 10.21037/biotarget.2018.04.01

Ma, W. J., Zhang, R., Huang, Z. W., Zhang, Q. Y., Xie, X. Y., Yang, X. M., et al. (2019). PQQ ameliorates skeletal muscle atrophy, mitophagy and fiber type transition induced by denervation via inhibition of the inflammatory signaling pathways. Ann. Transl. Med. 7:440. doi: 10.21037/atm.2019.08.101

Madaro, L., Passafaro, M., Sala, D., Etxaniz, U., Lugarini, F., Proietti, D., et al. (2018). Denervation-activated STAT3-IL-6 signalling in fibro-adipogenic progenitors promotes myofibres atrophy and fibrosis. Nat. Cell Biol. 20, 917–927. doi: 10.1038/s41556-018-0151-y

Melisa, B., Nathalie, R. M., and Silvia, N. L. (2014). Ficus carica L. (Moraceae): an ancient source of food and health. Food Chem. 164, 119–127. doi: 10.1016/j.foodchem.2014.04.112

Minoru, K., Michihiro, A., Susumu, G., Masahiro, H., Mika, H., Masumi, I., et al. (2008). KEGG for linking genomes to life and the environment. Nucleic Acids Res. 36, D480–D484. doi: 10.1093/nar/gkm882

Mitchell, B. R., Kaberi, P. D., John, R., Barbara, A., Christopher, L., and Corton, J. C. (2017). PPARα-independent transcriptional targets of perfluoroalkyl acids revealed by transcript profiling. Toxicology 387, 95–107. doi: 10.1016/j.tox.2017.05.013

Muller, F. L., Song, W., Jang, Y. C., Liu, Y. H., Sabia, M., Richardson, A., et al. (2007). Denervation-induced skeletal muscle atrophy is associated with increased mitochondrial ROS production. Am. J. Physiol. Regul. Integr. Comp. Physiol. 293, R1159–R1168. doi: 10.1152/ajpregu.00767.2006

Odeh, M., Livne, Y. T., Haas, T., and Bengal, E. (2020). P38α MAPK coordinates the activities of several metabolic pathways that together induce atrophy of denervated muscles. FEBS J. 287, 73–93. doi: 10.1111/febs.15070

Onodera, K., Shimojo, D., Ishihara, Y., Yano, M., Miya, F., Banno, H., et al. (2020). Unveiling synapse pathology in spinal bulbar muscular atrophy by genome-wide transcriptome analysis of purified motor neurons derived from disease specific iPSCs. Mol. Brain 13:18. doi: 10.1186/s13041-020-0561-1

Pollock, N., Staunton, C. A., Vasilaki, A., McArdle, A., and Jackson, M. J. (2017). Denervated muscle fibers induce mitochondrial peroxide generation in neighboring innervated fibers: role in muscle aging. Free Radic. Biol. Med. 112, 84–92. doi: 10.1016/j.freeradbiomed.2017.07.017

Qiu, J., Fang, Q., Xu, T., Wu, C., Lai, X., Wang, L., et al. (2018). Mechanistic role of reactive oxygen species and therapeutic potential of antioxidants in denervation- or fasting-induced skeletal muscle atrophy. Front. Physiol. 14:215. doi: 10.3389/fphys.2018.00215

Roberts, A., Trapnell, C., Donaghey, J., Rinn, J. L., and Pachter, L. (2011). Improving RNA-Seq expression estimates by correcting for fragment bias. Genome Biol. 12:R22. doi: 10.1186/gb-2011-12-3-r22

Sander, K. (2014). Integrated physiology and systems biology of PPARα. Mol. Metab. 3, 354–371. doi: 10.1016/j.molmet.2014.02.002

Scalabrin, M., Pollock, N., Staunton, C. A., Brooks, S. V., McArdle, A., Jackson, M. J., et al. (2019). Redox responses in skeletal muscle following denervation. Redox Biol. 26:101294. doi: 10.1016/j.redox.2019.101294

Senf, S. M., Dodd, L. S., Mcclung, J. M., and Judge, A. R. (2008). Hsp70 overexpression inhibits NF-kappaB and Foxo3a transcriptional activities and prevents skeletal muscle atrophy. FASEB J. 22, 3836–3845. doi: 10.1096/fj.08-110163

Shen, Y., Zhang, R., Xu, L., Wan, Q., and Sun, H. (2019). Microarray analysis of gene expression provides new insights into denervation-induced skeletal muscle atrophy. Front. Physiol. 11:1298. doi: 10.3389/fphys.2019.01298

Soares, R. J., Cagnin, S., Chemello, F., Silvestrin, M., Musaro, A., De Pitta, C., et al. (2014). Involvement of microRNAs in the regulation of muscle wasting during catabolic conditions. J. Biol. Chem. 289, 21909–21925. doi: 10.1074/jbc.M114.561845

Soltana, H., Pinon, A., Limami, Y., Zaid, Y., and Hammami, M. (2019). Antitumoral activity of Ficus carica L. on colorectal cancer cell lines. Cell. Mol. Biol. 65, 6–11. doi: 10.14715/cmb/2019.65.6.2

Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., Van Baren, M. J., et al. (2010). Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 28, 511–515. doi: 10.1038/nbt.1621

Umar, Z. U., Moh’D, A., and Tanko, Y. (2013). Effects of ethanol leaf extract of ficus glumosa on fasting blood glucose and serum lipid profile in diabetic rats. Niger. J. Physiol. Sci. 28, 99–104.

Winterbourn, C. C., and Hampton, M. B. (2008). Thiol chemistry and specificity in redox signaling. Free Radic. Biol. Med. 45, 549–561. doi: 10.1016/j.freeradbiomed.2008.05.004

Wu, C., Tang, L., Ni, X., Xu, T., Fang, Q., Xu, L., et al. (2019). Salidroside attenuates denervation-induced skeletal muscle atrophy through negative regulation of pro-inflammatory cytokine. Front. Physiol. 10:665. doi: 10.3389/fphys.2019.00665

Xiong, W.-M., Huang, J.-H., Xie, L., Qiao, Y., Lu, X.-M., Peng, J.-C., et al. (2012). Overexpression of MyoD attenuates denervated rat skeletal muscle atrophy and dysfunction. Neurosci. Med. 3, 387–393. doi: 10.4236/nm.2012.34048

Yang, X. F., Xue, P. P., Liu, X., Xu, X., and Chen, Z. B. (2018). HMGB1/autophagy pathway mediates the atrophic effect of TGF-β1 in denervated skeletal muscle. Cell Commun. Signal. 16:97. doi: 10.1186/s12964-018-0310-6

Zhang, Y., Li, Y., Ma, P., Chen, J., and Xie, W. (2019). Ficus carica leaves extract inhibited pancreatic β-cell apoptosis by inhibiting AMPK/JNK/caspase-3 signaling pathway and antioxidation. Biomed. Pharmacother. 122:109689. doi: 10.1016/j.biopha.2019.109689

Zhong, C. B., Xi, C., Zhou, X. Y., and Wang, X. B. (2017). The role of peroxisome proliferator-activated receptor γ in mediating cardioprotection against ischemia/reperfusion injury. J. Cardiovasc. Pharmacol. Ther. 23, 46–56. doi: 10.1177/1074248417707049

Zhou, J., Aponte-Santamaría, C., Sturm, S., Bullerjahn, J. T., Bronowska, A., and Gräter, F. (2015). Mechanism of focal adhesion kinase mechanosensing. PLoS Comput. Biol. 11:e1004593. doi: 10.1371/journal.pcbi.1004593


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Dai, Xiang, Fu, Xu, Jiang and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Ficus carica L. Attenuates Denervated Skeletal Muscle Atrophy via PPARα/NF-κB Pathway



		INTRODUCTION



		MATERIALS AND METHODS



		Human Muscle Tissue Sample Collection



		RNA-Seq



		Bioinformatic Analysis



		Quality Control and Mapping



		Identification of Differentially Expressed Genes (DEGs) and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Enrichment Analyses







		Animal Procedures



		Wet Weight



		Hematoxylin–Eosin (HE) and Masson’s Trichrome Staining



		Immunohistochemistry



		Quantitative Real-Time PCR (qPCR)



		Western Blot Analysis



		Enzyme-Linked Immunosorbent Assay (ELISA)



		Statistical Analysis







		RESULTS



		Human Muscle Atrophy



		DEGs in Denervated Human Muscle



		GO and KEGG Pathways of DEGs



		FCL. Attenuates Skeletal Muscle Atrophy



		FCL. Inhibits IL-1β and IL-6 Production in Atrophic Muscles



		FCL. Attenuates Skeletal Muscle Atrophy by Stimulating PPARα Expression



		FCL. Suppresses Inflammation in Atrophic Muscle by Inhibiting Nuclear Factor (NF)-κB Activation







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fphys-11-580223-g007.jpg
IL-1B/ IL-6

Inflammation





OPS/images/cover.jpg
frontiers
in Physiology

Ficus carica L. Attenuates
DenervatedSkeletal Muscle

Atrophy via PPARa/NF-«B
Pathway





OPS/images/fphys-11-580223-g006.jpg
B ogq € 61
= oal #

06
e i g4
3 g
g o4 g

S o]

£ g2
T 02

0.0 - o -

Control  Den-Saline Den-FCL. Control  Den-Saline Den-FCL.

°
o«

P-PE5 NF-KB s SN s

o 081 s ¥
* * 5 1.04
P65 NF-kB WD - — = O LT
£ 04 8 05
KBa - — - aoz.- g -
GAPDH DD W 0 00 ﬁ

Control Den-Saline Den-FCL. Control Den-Saline Den-FCL.





OPS/images/fphys-11-580223-g005.jpg
>
S [}
f=1 [ = {

IL-1B(ng/g)
S

Il

Control

Den-Saline Den-FCL.

W

IL-6 (ng/g)

40

w
o

N
o

-
o

0

ok
*
##

Control

Den-Saline Den-FCL.






OPS/images/fphys-11-580223-g004.jpg
60-

S o
$i 4y o P
! ' 23
| 3 ™
Den-Saline Den-FCL Control ;Z
o
Control  Den-Saline Den-FCL
o
“ HE
. O]
IL-1B
¢ =
IL-6

Control Den-Saline Den-FCL






OPS/images/fphys-11-580223-g003.jpg
Celldbesion molecules CAMS):
Geolyss/ Glucoeogeness

PPAR signaling pthvay

P53 sigaling pahvay

Dilid cantomyopaty

Insulinsignling pathvay

MAPK sgnaling pathway

Phenyllnine mtabolisn

Sysemic lups erythematosus

‘Complement and cosgulon cascades:
Hyperophic cadiomyopathy (HCM)
Calcim signling puhvay

Asthma

Intesinal immune network or 1A producion
Alograt eection

Grftaersus host disease

Cadia muscle contracion
TGE-betasignlig pathvay

Type  dibetes el

Trosine metabolism.

Count

.
.
.
o
o
L]
.
L]
.
.
.
.
.
.
.
]

PValue

00
00

oot

sofis PPAR signaiing
sy Pathway |\

3
o

s

Syt
Glucondopenesis






OPS/images/fphys-11-580223-g002.jpg
A 8 SOV - —
vy = H .U
o
* bown
K
T
5o
5 [
Tog2 Fod Change
St o G0 et
c
i
SRRV RSO B I
R U ehE8™ R R
P gl et
P W R B e
o P g






OPS/images/fphys-11-580223-g001.jpg





OPS/images/logo.jpg
, frontiers
in Physiology





