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Background

Age-related muscle atrophy and adipose accumulation begin to occur in young and middle-aged individuals, and exercise at an early age improves body composition. Pyroptosis may play an essential role in age-related low-grade inflammation. This study aimed to explore the alleviation of muscle atrophy by weight-bearing training with increasing age via inhibition of pyroptosis.





Methods

Ninety 8-month-old male SD rats were randomly divided into three groups: (1) normal baseline group (N group, n = 10), sacrificed after adaptive feeding; control group (C group, n = 40); and weight-bearing running group (R group, n = 40). Blood samples, adipose tissue (AT), and extensor digitorum longus (EDL) were collected after 8, 16, 24, and 32-weeks intervention.





Results

The body weight, muscle mass, fat mass, plasma lipid, AT wet weight, adipocyte cross-sectional area (CSA), and apoptosis rates of AT and EDL were increased, while the muscle mass, wet weight, and fiber CSA of EDL were decreased by aging, which were reversed by exercise. Weight-bearing training promoted protein synthesis in EDL, inhibited protein degradation in EDL, and expression of pyroptotic key proteins in EDL and AT in rats.





Conclusion

Weight-bearing training improves body composition and alleviates age-related muscle atrophy in rats, and its mechanism may be related to the inhibition of pyroptosis in the EDL and AT and the improvement of muscle protein metabolism.
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1 Introduction

According to the statistics of the World Health Organization, by 2050, the total number of elderly people over the age of 65 in the world will exceed 2 billion (2003) (1). Skeletal muscle health determines autonomous activity and is a necessary factor for maintaining basic functions in the elderly. Age-related muscle atrophy is closely associated with metabolic diseases. Recently, an increasing number of studies have recognized the relationship between changes in adipose metabolism and distribution caused by aging and muscle health (2). There is an imbalance between muscle and adipose tissue (AT) mass with an increase in age, which is manifested as a decline in muscle mass and function starting at the age of 30 (3), decreasing by 6% every 10 years after middle age, and reducing by 30% at the age of 80 (4). The AT mass increases year by year from the age of 20 years, and reaches a peak at the age of 60–75 years (5), and the distribution shows a significant increase in visceral AT (6). This coexisting clinical state of sarcopenia and obesity is called obese sarcopenia, and its incidence increases with age (7).

Studies have found that degenerative changes and chronic diseases during aging could lead to low-grade inflammation of skeletal muscles, which is called “inflammatory aging” (8). A vicious age-related cycle has been established between AT and skeletal muscle inflammation. Chronic local inflammation (AT and skeletal muscle through paracrine/autocrine regulation) and systemic inflammation (through endocrine regulation) are the main mechanisms of sarcopenia (9). Pyroptosis is an inflammatory cell death pathway that depends on the activity of the cysteinyl aspartate-specific proteinase (caspase) family, and is characterized by the formation of micropores in the plasma membrane and the release of large amounts of pro-inflammatory cytokines. Pyroptosis is mainly mediated by inflammasomes; the NOD-like receptor thermal protein domain associated protein 3 (NLRP3) inflammasome is a typical member, and its complex include NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC) and pro-Caspase1. After activation, active Caspase1 is formed to mature interleukin-1β and 18 (IL-1β/18), causing pyroptosis execution molecule gasdermin (GSDMD) cleavage, resulting in cell perforation, release of contents, and activation of nuclear factor kappa-B (NF-κB) and other inflammatory pathways (10). Studies have found that adipocyte pyroptosis is involved in the pathogenesis of obesity and related diseases (11), and the loss of key pyroptotic proteins leads to muscle atrophy (12).

Maintenance of skeletal muscle mass depends on the balance of protein metabolism. When protein decomposition is stronger than synthesis, muscle mass is lost. The mammalian target of rapamycin (mTOR) participates in skeletal muscle protein synthesis by regulating its downstream eukaryotic translation initiation factor 4E-bingding protein 1 (4E-BP1) (13), and the Forkhead transcription factor O1 (FoxO1)-mediated ubiquitin-proteasome system (UPS) is involved in the regulation of decomposition (14). The NLRP3 inflammasome mediates increased expression of inflammatory markers to promote protein decomposition, while increased IL-1β levels inhibit the mTOR pathway, and increased free fatty acid (FFA) levels caused by obesity inhibit protein synthesis (15). This suggests that pyroptosis plays an important role in the regulation of muscle mass. However, the regulatory effects of pyroptosis in sarcopenia remain unclear.

Weight-bearing running is a common exercise method that promotes muscle hypertrophy in rats (16, 17). Compared to ladder training, it can better control exercise intensity (18). Many studies have confirmed the effect of weight-bearing running training on delaying the process of aging-related muscle atrophy; however, from the perspective of inhibiting the chronic inflammatory state of skeletal muscle, few studies have explored the effect of weight-bearing training on relieving sarcopenia (19). Considering that fast-twitch muscles are more sensitive to aging and more easily promote hypertrophy by weight-bearing training, we chose the extensor digitorum longus (EDL) for further study. In this study, rats underwent weight-bearing running training with an increase in age to detect the levels of pyroptosis in EDL and AT and the metabolism of skeletal muscle proteins, to explore the role of pyroptosis in muscle atrophy, and to provide new targets for the prevention and treatment of age-related muscle atrophy.




2 Material and methods



2.1 Animals

Ninety male Sprague–Dawley rats (8-month-old, weighing 624.22 g± 61.63 g) were purchased from Sipeifu (Beijing) Biotechnology Co., Ltd. All the rats were reared at a temperature of 22 °C ± 2 °C, humidity of 50%–70%, 12-h light/dark cycle, and had ad libitum access to water and rodent chow (purchased from Beijing HFK Bioscience Co., Ltd), with three to four rats per cage (545 mm ∗ 395 mm ∗ 200 mm). After a week of acclimatization to the laboratory environment, 10 rats were randomly selected and sacrificed (N group). The remaining rats were randomly divided into two groups: a control group (C, n = 40) and a weight-bearing running group (R, n = 40). Rats in the C and R groups were sacrificed after 8, 16, 24, and 32 weeks (C/R8, C/R16, C/R24, and C/R32 groups, n = 10 for each group). All experimental protocols were approved by the Ethics Committee of the Sports Science Experiment Ethics Committee of the Beijing Sport University (Ref. No: 2019026A).




2.2 Training protocol

The R group ware performed weight-bearing running training on a slope of 35°. Rats were outfitted with a steel ball-filled load-bearing vest (30% of body weight maximum load), rested for 30 s every 15 s running, four times as a group, rested for 3 min between groups, three groups as a cycle, and rested for 10 min to the next cycle, two cycles per day, as shown in Figure 1 (19). Training was performed once every other day three times per week.




Figure 1 | Training plan of the R group. The vertical axis represents speed (m/min) and the horizontal axis represents time (s).






2.3 Sample collection

Rats were anesthetized with isoflurane in a small animal respiratory anesthesia system (Lab Animal Technology Develop Co., Beijing), and body composition was measured using dual-energy X-ray absorptiometry (DEXA) (Lunar Idxa) after 24 h of fasting every 8 weeks of training; then, blood was collected and stored at −80 °C, EDL and perirenal AT (visceral AT) were dissected and weighed, and histological morphology was observed. RNA levels were by PCR array and protein levels by Western blot.




2.4 Plasma lipid profiles

Plasma total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and free fatty acid (FFA) levels were measured using an automatic biochemical analyzer (Beckman Coulter, AU480) using specific assay kits (Biosino Co., Ltd.).




2.5 Hematoxylin and eosin (H&E) staining

The EDL and AT were immersed in paraformaldehyde stationary solution (Cat. No. G1101, Servicebio, China) for 24 h, dehydrated with graded alcohol, replaced with xylene, soaked in paraffin, and embedded. Sections (4 μm) were dewaxed and stained with a HE Staining Kit (Cat. No. G1005; Servicebio, China), soaked in alcohol, and sealed. After imaging the sections using a microscope (Nikon, Japan), CaseViewer (3DHISTECH, Germany) was used to scan the muscle fiber and adipocyte morphology. Five fields of view were selected from the center and four corners of each slice and Image Pro Plus (IPP) 6.0 (Media Cybernetics, Inc. United States) was used by a third person to calculate muscle fiber and adipocyte cross-sectional area (CSA).




2.6 TdT-mediated dUTP-biotin nick end labeling (TUNEL) staining

EDL and AT paraffin sections were deparaffinized and rehydrated, retrieved with antigen, permeabilized and inactivated endogenous peroxidase, placed at room temperature to equilibrate, incubated in TUNEL reaction solution, mixed with Streptavidin-HRP and TBST, developed, counterstained in nuclei, dehydrated, dried briefly, and mounted with resin mounting medium. Five different fields of view were selected from the center and four corners of each slice, and the ImageJ software was used to count the percentage of TUNEL-positive cells.




2.7 Western blot

The total protein of the EDL was extracted and quantified using a protein assay kit (Thermo Fisher Scientific, USA). Protein samples were loaded onto 15 wells (20 μg total protein per well) of 4%–12% Bis-Tris or 3%–8% Tris Acetate gradient gels (NW04125/EA03755, Invitrogen, USA). After separation by electrophoresis, the proteins were transferred onto a nitrocellulose Regular Stack (IB23001, Invitrogen). Using Odyssey Blocking buffer (LI-COR) as the blocking reagent, the target proteins were blocked and probed overnight at 4°C with anti-mTOR (Abcam, ab134903), anti-p-mTOR (Cell Signaling Technology/CST, 5536T), anti-4E-BP1 (Proteintech, 60246-1-Ig), anti-p-4E-BP1 (CST, 2855), anti-FoxO1 (Santa, sc-374427), anti-p-FoxO1 (Abcam, ab131339), anti-ubiquitin (Santa, sc-8017), anti-NF-κB (CST, 8242), anti-ASC (Proteintech, 10500-1-AP), anti-Caspase1 (CST, 2225), and anti-β-tubulin (Proteintech, 10094-1-AP) antibodies. After washing three times (10 min per wash time) with Tris-buffered saline (TBS) containing Tween-20, the membranes were incubated with goat anti-rabbit or anti-mouse IgG secondary antibodies (LI-COR, 926-68071/926-32210) at 25°C for 1 h. Next, the membranes were washed twice with TBS and signals were detected using a near-infrared spectroscopy detection system (Odyssey CLX, LI-COR). All bands were analyzed semi-quantitatively using Image Studio Ver 5.2.




2.8 Pyroptosis PCR array

Total RNA of EDL was extracted using Trizol, checked for quality by UV absorption assay and agarose gel electrophoresis, and then synthesized into cDNA. The expression of 44 pyroptosis genes was detected using a PCR Array (wc-mRNA0275-R, WcGene Biotech, China). Gene expression was normalized to that of GAPDH and UBB using the 2-△△CT method. P-values were calculated by the t-test [false discovery rate (FDR) analysis showed no differentially expressed genes (DEGs)]. DEGs were screened using the following criteria: p <0.05 and fold change (FC) >1.5.




2.9 Real-time quantitative PCR analysis

Primer 5 software was used to design primers for the amplified genes, and the sequences were as follows: Naip6: forward primer: 5’-AGGGGGCTGTGGAAAGAAAC-3,’ reverse primer: 5’-GTGGTGAAGTCAACTCCCGT-3’; Hmgb1: forward primer: 5’-GCCCATTTTGGGTCACATGG-3,’ reverse primer: 5’-TGCAGGGTGTGTGGACAAAA-3.’ The WCGENE mRNA qPCR Quantification Kit (WC-SJH0002) was used. A two-step PCR amplification standard procedure was used: pre-denaturation at 95°C for 30 s, cycle amplification at 95°C for 5 s, 60°C for 30 s (40 cycles), and addition of a melting curve. GAPDH (forward primer: 5’-AACTCCCATTCCTCCACCTT-3,’ reverse primer: 5’-GAGGGCCTCTCTCTTGCTCT-3’) was used as an internal reference gene, and the relative expression of the target gene was calculated using the ΔΔCt method.




2.10 Immunofluorescence (IF) staining

Paraffin sections of AT were washed with a gradient series of ethanol, rinsed with distilled water, and subjected to antigen retrieval. Next, the sections were quenched for autofluorescence, blocked with 5% bovine serum albumin, and then incubated with anti-NF-κB, ASC, GSDMD, Caspase-1, NLRP3 (Abcam, ab4207) antibodies overnight at 4°C. The next day, the sections were incubated with secondary antibodies (Servicebio, GB21303/926-32210) at room temperature for 50 min. DAPI counterstained for cell nuclei, mounted onto slides, and photographed under a confocal laser scanning microscope. Five different fields of view were selected from the center and four corners of each slice, IPP software (version 6.0) was used for analysis, and the integrated optical density (IOD) value of the selected area was measured (the image acquisition was performed by a third person blinded), indicating the intensity of immunopositivity.




2.11 Statistical analyses

Statistical analyses were performed using SPSS 22.0. All data are presented as the mean ± standard error of the mean. Student’s t-test or one-way ANOVA was used to determine significance. The Bonferroni method was used for the post-hoc test. The significance level was set at P <0.05.





3 Results



3.1 Body composition and degree of muscle atrophy

The body weights of the C group increased with age, and the body weights of the C16, C24, and C32 groups were significantly higher than those of the N group (p <0.05). The body weight of the R group was stable overall, and the weight of the R24 group was significantly higher than that of the N group, which was lower than that of the C24 group (p <0.05). The muscle mass of the C32 and C24 groups was significantly lower than that of the N group, and the percentage of muscle mass (muscle mass/body weight) in the C32 group was significantly lower than that in the N group (p <0.05); The percentage of LBM increased in the R group, and the percentage of LBM in the R8, R24, and R32 groups was significantly higher than that in the the corresponding C groups (p <0.05). The percentage of body fat mass (BFM) (BFM/body weight) of the C16 group was significantly higher than N group (p <0.05), and BFM of R8, R16, R24, and R43 groups were significantly higher than that in the corresponding C groups (p <0.05) (Figure 2A) (The absolute values of body muscle and fat as shown in Figure S1). After 32 weeks of intervention, the levels of serum TC, TG, LDL-C, and FFA in group C were significantly higher than those in N group (p <0.05), and the levels of TG and FFA in group R were significantly lower than those in group C (p <0.05) (Figure 2B). The adipocyte morphology of AT is shown in Figure 2C. The adipocyte CSA in the R32 group was significantly smaller than that in the C32 and N group (p <0.05), and the percentage of AT wet weight (AT wet weight/body weight) in the C32 group was significantly higher than that in the N group, while the R32 group was significantly lower than the C32 and N groups (p <0.05) (Figure 2C). The muscle fiber morphology of the EDL is shown in Figure 2D. Fiber CSA was significantly lower in the C group than in the N group, and CSA in the R24 and R32 groups was significantly higher than that in the C24 and C32 groups, respectively (p <0.05). The wet weight and percentage of EDL wet weight (EDL wet weight/total muscle mass) in the C24 group were significantly lower than those in the N group, and those in the R24 and R32 groups were significantly higher than those in the C24 and C32 groups (p <0.05) (Figure 2D).




Figure 2 | Body composition and degree of muscle atrophy in each rat group. (A) Body weight, muscle mass, muscle mass%, and fat mass% during the intervention (n = 10); (B) Levels of plasma lipid after the intervention (n = 10); (C) Adipocyte morphology, CSA, and AT wet weight% (n = 3); (D) Muscle fiber morphology, fiber CSA, and wet weight and percentage of EDL wet weight (EDL wet weight/total muscle mass) during the intervention (n = 3). *Significant difference compared with the N group; #Significant difference compared with the C group (p <0.05).






3.2 The levels of pyroptosis and apoptosis in AT

The IOD values of NLRP3, Caspase1, GSDMD, and IL-1β in the C32 group were higher than those in the N group (p <0.05). The IOD values of Caspase1, GSDMD, and IL-1β in the R32 group were also higher than those in the N group (p <0.05), and the IOD values of NLRP3, Caspase1, and GSDMD in the R32 group were lower than those in the C32 group (p <0.05) (Figure 3A). The apoptosis level of the C32 group was significantly higher than that of the N group, while decreased in the R32 group (p <0.05) (Figure 3B).




Figure 3 | The level of pyroptosis and apoptosis of AT in rats after the intervention (n = 3). (A) The IF staining (×400) of ASC and NLRP3, Caspase1, and GSDMD, IL-1β, and the IOD of all these proteins in AT. (B) The TUNEL staining (×200) and the rate of apoptosis in AT. DAPI stained in blue, representing nuclei. Merge is a fusion graph. Nucleus stained with hematoxylin are blue. The positive apoptosis cells developed by DAB reagent have brown-yellow nucleus. *Significant difference compared with N group; #Significant difference compared with C group (p <0.05).






3.3 The levels of pyroptosis and apoptosis in EDL

The expression of NF-κB in the C16 and C24 groups was significantly higher than that in the N group, and that in the R16 and R24 groups was significantly lower than that in the C16 and R24 groups (p <0.05). ASC expression in the C16 group was significantly higher than that in the N group, and that in the R16 group was significantly lower than that in the C16 group (p <0.05). The expression of GSDMD in the C16 and C24 groups was significantly higher than that in the N group and that in the R16 group was significantly lower than that in the N and C16 groups (p <0.05). The expression of Caspase1 in the C8, C16, C24, and R8 groups was significantly higher than that in the N group, that in the R16 group was significantly lower than that in the N group, and that in the R group was lower than that in the C group (p <0.05) (Figure 4A). The apoptosis level of the C32 group was significantly higher than that of the N group but decreased in the R32 group (p <0.05) (Figure 4B).




Figure 4 | The levels of pyroptosis and apoptosis in the EDL during the intervention. (A) Protein expression levels of NF-κB, ASC, GSDMD, and Caspase1 (n = 6). (B) TUNEL staining (×200) and rate of apoptosis in the EDL (n = 3). The nucleus stained with hematoxylin are shown in blue. The apoptopic cells developed by DAB reagent had a brown-yellow nucleus. *Significant difference compared with Group N; #Significant difference compared with Group C (p <0.05).






3.4 The expression of pyroptosis-related genes of EDL

With the increase of age, the number of upregulated pyroptotic genes increased; with the prolongation of training time, the number of upregulated pyroptotic genes decreased (Figure 5A). The FC and P-values of the DEGs are shown in volcano plots (Figure 5B). The downregulated gene in the C8/N group was Nlrp1; there were no DEGs in the C16/N group; the upregulated differential gene in the C24/N group was Pyrin; the upregulated gene in the C32/N group was Naip6; the upregulated genes in the R8/C8 group were Casp8, Casp14, and Tnf; the downregulated genes in the R16/C16 group were Naip6, Nlrc4, and Elavl1; and the downregulated gene in the R24/C24 group was Asic1; The downregulated genes in R32/C32 group were Naip6, Casp1, Tlr4, Hmgb1 and Apip. Naip6 and Hmgb1 were selected for qPCR validation. The results showed that the expression of Naip mRNA in the C32 group was significantly higher than that in the N group, the R16 and R32 groups were significantly higher than those in the corresponding C group (p <0.05), and the expression of Hmgb1 mRNA in the R32 group was significantly higher than that in the C32 group (p <0.05) (Figure 5C), which was consistent with the array results.




Figure 5 | Expression of pyroptosis-related genes in the EDL during intervention (n = 3). (A) Cluster diagram of the 44 pyroptosis-related genes. The darker the color, the higher is the differential multiple. (B) Volcano plots of the DEGs in C8/N, C16/N, C24/N, C32/N, R8/C8, R16/C16, R24/C24, and R32/C32 groups. Red indicates upregulated differentially expressed genes and green indicates downregulated genes. (C) Expression levels of Naip6 and Hmgb1 mRNA. *Significant difference compared with the N group; #Significant difference compared with the C group (p <0.05).






3.5 Synthesis and decomposition of skeletal muscle protein of EDL

mTOR, 4E-BP1, and their phosphorylation levels were used as indicators of protein synthesis. There were no significant differences in mTOR and phospho-mTOR (p-mTOR) protein expression and p-mTOR/mTOR ratio in each group; p-4E-BP1 protein expression and p-4E-BP1/4E-BP1 ratio in the C32 group were significantly lower than those in the N group, and p-4E-BP1 protein expression in the R32 group was significantly higher than that in the C group (p <0.05). FoxO1 phosphorylation and protein ubiquitin (Ub) labeling levels reflect protein decomposition. FoxO1 and Ub protein expression in the C32 group was significantly higher than that in the N group, the R32 group was significantly lower than that in the C32 group, the ratio of p-FoxO1/FoxO1 in the C32 group was significantly lower than that in the N group, and the R32 group was significantly higher than that in the C32 group (p <0.05) (Figure 6).




Figure 6 | Synthesis and decomposition of skeletal muscle proteins in the EDL after 32 weeks of intervention (n = 6). Protein expression of mTOR and p-mTOR; ratio of p-mTOR/mTOR; protein expression of 4E-BP1 and p-4E-BP1; ratio of p-4E-BP1/4E-BP1; protein expression of FoxO1 and p-FoxO1; the ratio of p-FoxO1/FoxO1; and protein expression of Ub. *Significant difference compared with the N group; #Significant difference compared with the C group (p <0.05).







4 Discussion



4.1 Weight-bearing training alleviates the process of age-related muscle atrophy and reduces adipose accumulation

As non-drug therapy, weight-bearing training can reverse muscle atrophy or cause adaptive hypertrophy by increasing muscle mass and volume and improving muscle strength (20). In a meta-analysis of 49 studies, including a total of 1,328 subjects aged over 50 years, the average increase in skeletal muscle mass was 1.1 kg after an average of 20.5 weeks of weight-bearing training (2–3 times/week) (21). Therefore, the role of weight-bearing training in the prevention and treatment of age-related muscle atrophy has been widely confirmed. The weight bearing treadmill training cycle generally lasts more than 10 weeks for rats. This exercise method accurately controls the exercise load and is convenient for repeated experiments (22). For the elderly, attention should be paid to avoid skeletal muscle damage caused by excessive exercise intensity and volume. Therefore, this study referred to the most suitable weight-bearing running program obtained by Weng et al. (2013) (23). intervention program. Our results showed that body weight, body fat percentage, AT wet weight, adipocyte CSA, and plasma lipid levels were reduced, but muscle mass and its percentage, EDL wet weight, and FCSA were increased in aged rats after 32 weeks of weight-bearing running training.




4.2 Weight-bearing training promotes protein synthesis and inhibits decomposition in muscle with an increase in age

The promotion of protein synthesis is the general mechanism through which exercise promotes muscle hypertrophy. Protein synthesis is a key factor affecting skeletal muscle mass in healthy organisms. However, in models of atrophy, inhibition of proteolysis may play a more critical role in maintaining or increasing muscle mass (24). Insulin-like growth factor (IGF) is activated by exercise and promotes mTOR phosphorylation, further phosphorylates 4E-BPl, and causes eukaryotic translation initiation factor eukaryotic translation initiation factor 4E (eIF-4E) to decompose to initiate the protein translation process (25). In this study, the levels of p-4E-BP1 and p-4E-BP1/4E-BP1 decreased with increasing age, which was alleviated by p-4E-BP1.

FoxO1 is a key nuclear transcription factor that regulates muscle mass, and its biological activity is lost when it exits the nucleus after phosphorylation. Proteins that are degraded by protease are marked by Ub, which constitutes the main link of the UPS in protein decomposition. Our study showed that the levels of FoxO1 and Ub increased, and the ratio of p-FoxO1/FoxO1 decreased with aging, which was reversed by weight-bearing training.




4.3 Weight-bearing training inhibits pyroptosis and improves body composition of rats with an increase in age

The relationship between exercise and the inflammatory response is complex. Moderate-intensity exercise reduces inflammation through the expression of hormones with immunomodulatory effects and toll-like receptors (TLR). The study found that the levels of plasma IL-6, leptin, and resistin decreased in sedentary women with an average age of 63 years after 16 weeks of weight-bearing training (26), skeletal muscle protein synthesis improve, and body fat mass was reduced by inhibiting the release of pro-inflammatory factors in patients with sarcopenic obesity by weight-bearing training (27).

Pyroptosis is an inflammatory programmed cell death pathway, and an important natural immune response that induces muscle atrophy. Upregulation of NF-κB signaling may enhance inflammasome expression during aging (28), and myotube atrophy can be caused by pyroptosis induced by lipopolysaccharide (LPS) (29). The key pyroptotic protein defect in muscular dystrophy mice alleviates atrophy and improves muscle function (30), and the inhibition of Caspase1/GSDMD/IL-1β pathways ameliorates skeletal muscle pathology in rats with impaired glucose tolerance induced by a high-fat diet (31). These studies suggest that pyroptosis can be inhibited to alleviate age-related muscle atrophy. In this study, the protein expression of NF-κB, ASC, GSDMD, and Caspase1 significantly decreased, and the apoptosis rate also decreased after intervention. The downregulation of pyroptosis-related genes gradually increased with increasing training time. Nucleotide-binding oligomerization domain-like receptor family apoptosis inhibitory protein 6 (Naip6) was upregulated in the C32/N group but downregulated in the R16/C16 and R32/C32 groups. Naip is closely related to the pathogenesis of spinal muscle atrophy, and Gene Ontology (GO) analysis of the ubiquitin protein transferase activity of Naip involved in apoptosis (32). The R32/C32 group down-regulated gene high mobility group box 1 (Hmgb1), which was also closely related to the regulation of muscle atrophy. As the main receptor of Hmgb1, TLR4 and its downstream NF-κB signaling pathways promote muscle protein decomposition(33). Hmgb1 is involved in denervation-induced muscle atrophy, which may be mediated by transforming growth factor β (TGF-β)/Hmgb1 activation of the proteolytic pathway (34). Hmgb1 attracts more attention in sports science in recent years, which is considered as “alarmin: that induces a systemic sterile inflammatory state during acute high-intensity exercise. In contrast, Hmgb1 expression is inhibited and health is improved by long-term regular exercise training (35).

In this study, weight-bearing running training not only inhibited age-related muscle atrophy but also reduced the expression of key proteins involved in pyroptosis in AT. It has been reported that the immune response is the most relevant feature of aging in AT, which can be observed in middle-aged individuals (36). Pro-inflammatory cytokines secreted from AT are considered major elements of systemic chronic low-grade inflammation during aging. AT produces 30% IL-6 in the circulatory system, which is a pro-inflammatory factor, and the level of IL-6 in visceral AT is higher than that in subcutaneous AT (37). We found that blood lipid levels increased with age, and it has been proven that the NLRP3 inflammasome is activated by high levels of LDL-C and TC, while the deletion of NLRP3 prevents lipid deposition in obesity (38). It has been reported that the activation of NLRP3 is inhibited in the AT of obese individuals after 8 weeks of moderate-intensity treadmill training (39). Exercise promotes the release of peroxisome proliferator-activated receptor-gamma coactivator-1 α (PGC1α) and AMP-activated protein kinase (AMPK) from the skeletal muscle into the blood, participating in the inhibition of AT inflammation and improving lipid metabolism by regulating macrophage activity (40).





5 Conclusions

Age-related adipose accumulation and muscle loss were accompanied by increased levels of pyroptosis in the EDL and AT, but could be reversed by weight-bearing training, which could inhibit the expression of pyroptosis-related genes and key proteins, alleviating the imbalance of protein metabolism.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The animal study was reviewed and approved by Ethics Committee of Sports Science Experiment Ethics Committee of Beijing Sport University.





Author contributions

PF, ST, LY, and FM performed most of the study and conducted experiments. PF wrote the original manuscript. LG reviewed the data, revised the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.





Funding

This research was funded by Fundamental Research Funds for the Central Universities of China (grant number 2021TD012).




Acknowledgments

We thank Dr. Hao Su who provided animals for this study.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1202686/full#supplementary-material




References

1. Centers for Disease Control and Prevention (CDC. Trends in aging–United States and worldwide. MMWR Morb Mortal Wkly Rep (2003) 52(6):101–104, 106.

2. Gustafsson, T, and Ulfhake, B. Sarcopenia: what is the origin of this aging-induced disorder? Front Genet (2021) 12:688526. doi: 10.3389/fgene.2021.688526

3. Drenth, H, Zuidema, S, Bautmans, I, and Hobbelen, H. The role of inflammaging and advanced glycation end products on paratonia in patients with dementia. Exp Gerontol (2020) 142:111125. doi: 10.1016/j.exger.2020.111125

4. Janssen, I. Evolution of sarcopenia research. Appl Physiol Nutr Metab (2010) 35(5):707–12. doi: 10.1139/h10-067

5. Drøyvold, WB, Nilsen, TI, Krüger, O, Holmen, TL, Krokstad, S, Midthjell, K, et al. Change in height, weight and body mass index: Longitudinal data from the HUNT Study in Norway. Int J Obes (Lond) (2006) 30(6):935–9. doi: 10.1038/sj.ijo.0803178

6. Zamboni, M, Armellini, F, Harris, T, Turcato, E, Micciolo, R, Bergamo-Andreis, IA, et al. Effects of age on body fat distribution and cardiovascular risk factors in women. Am J Clin Nutr (1997) 66(1):111–5. doi: 10.1093/ajcn/66.1.111

7. Kalinkovich, A, and Livshits, G. Sarcopenic obesity or obese sarcopenia: A cross talk between age-associated adipose tissue and skeletal muscle inflammation as a main mechanism of the pathogenesis. Ageing Res Rev (2017) 35:200–21. doi: 10.1016/j.arr.2016.09.008

8. Goldberg, EL, and Dixit, VD. Drivers of age-related inflammation and strategies for healthspan extension. Immunol Rev (2015) 265(1):63–74. doi: 10.1111/imr.12295

9. Kalinkovich, A, and Livshits, G. Sarcopenia–The search for emerging biomarkers. Ageing Res Rev (2015) 22:58–71. doi: 10.1016/j.arr.2015.05.001

10. Burdette, BE, Esparza, AN, Zhu, H, and Wang, S. Gasdermin D in pyroptosis. Acta Pharm Sin B (2021) 11(9):2768–82. doi: 10.1016/j.apsb.2021.02.006

11. Miao, P, Ruiqing, T, Yanrong, L, Zhuwen, S, Huan, Y, Qiong, W, et al. Pyroptosis: A possible link between obesity-related inflammation and inflammatory diseases. J Cell Physiol (2022) 237(2):1245–65. doi: 10.1002/jcp.30627

12. Oh, S, Yang, J, Park, C, Son, K, and Byun, K. Dieckol attenuated glucocorticoid-induced muscle atrophy by decreasing NLRP3 inflammasome and pyroptosis. Int J Mol Sci (2021) 22(15):8057. doi: 10.3390/ijms22158057

13. Yoshida, T, and Delafontaine, P. Mechanisms of IGF-1-mediated regulation of skeletal muscle hypertrophy and atrophy. Cells (2020) 9(9):1970. doi: 10.3390/cells9091970

14. Chen, L, Chen, L, Wan, L, Huo, Y, Huang, J, Li, J, et al. Matrine improves skeletal muscle atrophy by inhibiting E3 ubiquitin ligases and activating the Akt/mTOR/FoxO3α signaling pathway in C2C12 myotubes and mice. Oncol Rep (2019) 42(2):479–94. doi: 10.3892/or.2019.7205

15. Weltman, A, Weltman, JY, Veldhuis, JD, and Hartman, ML. Body composition, physical exercise, growth hormone and obesity. Eat Weight Disord (2001) 6(3 Suppl):28–37.

16. Tang, L, Gao, X, Yang, X, Zhang, D, Zhang, X, Du, H, et al. Combination of Weight-bearing training and anti-MSTN polyclonal antibody improve bone quality in rats. Int J Sport Nutr Exerc Metab (2016) 26(6):516–24. doi: 10.1123/ijsnem.2015-0337

17. Kang, J, Wang, Y, and Wang, D. Endurance and resistance training mitigate the negative consequences of depression on synaptic plasticity through different molecular mechanisms. Int J Neurosci (2020) 130(6):541–50. doi: 10.1080/00207454.2019.1679809

18. McGlory, C, and Phillips, S. Exercise and the regulation of skeletal muscle hypertrophy. Prog Mol Biol Transl Sci (2015) 135:153–73. doi: 10.1016/bs.pmbts.2015.06.018

19. Su, H, Wen, T, Liu, D, Shao, J, Zhao, L, and Gao, Q. Effect of 32-weeks high-intensity interval training and resistance training on delaying sarcopenia: Focus on endogenous apoptosis. Front Physiol (2022) 13:811369. doi: 10.3389/fphys.2022.811369

20. Abbott, RD, Petrovitch, H, White, LR, Masaki, KH, Tanner, CM, Curb, JD, et al. Frequency of bowel movements and the future risk of Parkinson’s disease. Neurology (2001) 57(3):456–62. doi: 10.1212/WNL.57.3.456

21. Peterson, MD, Rhea, MR, Sen, A, and Gordon, PM. Resistance exercise for muscular strength in older adults: a meta-analysis. Ageing Res Rev (2010) 9(3):226–37. doi: 10.1016/j.arr.2010.03.004

22. Bodine, SC, and Baar, K. Analysis of skeletal muscle hypertrophy in models of increased loading. In:  JX DiMario, editor. Myogenesis: methods and protocols. Totowa, NJ: Humana Press (2012). p. 213–29.

23. Weng, X, Lin, W, Meng, Y, Zhai, S, Wang, Z, Du, Y, et al. Experimental study on establishment of resistance training model for aged rats. Chin J Sports Med (2013) 3:35–41. doi: 10.16038/j.1000-6710.2013.03.003

24. Yoo, S-Z, No, M-H, Heo, J-W, Park, D-H, Kang, J-H, Kim, SH, et al. Role of exercise in age-related sarcopenia. J Exerc Rehabil (2018) 14(4):551–8. doi: 10.12965/jer.1836268.134

25. Yoon, M-S. mTOR as a key regulator in maintaining skeletal muscle mass. Front Physiol (2017) 8:788(788). doi: 10.3389/fphys.2017.00788

26. Prestes, J, Shiguemoto, G, Botero, JP, Frollini, A, Dias, R, Leite, R, et al. Effects of resistance training on resistin, leptin, cytokines, and muscle force in elderly post-menopausal women. J Sports Sci (2009) 27(14):1607–15. doi: 10.1080/02640410903352923

27. Alizadeh Pahlavani, H. Exercise therapy for people with sarcopenic obesity: myokines and adipokines as effective actors. Front Endocrinol (Lausanne) (2022) 13:811751. doi: 10.3389/fendo.2022.811751

28. Valentine, JM, Li, ME, Shoelson, SE, Zhang, N, Reddick, RL, and Musi, N. NFκB regulates muscle development and mitochondrial function. Journals Gerontology: Ser A (2018) 75(4):647–53. doi: 10.1093/gerona/gly262

29. Wang, L, Jiao, XF, Wu, C, Li, XQ, Sun, HX, Shen, XY, et al. Trimetazidine attenuates dexamethasone-induced muscle atrophy via inhibiting NLRP3/GSDMD pathway-mediated pyroptosis. Cell Death Discovery (2021) 7(1):251. doi: 10.1038/s41420-021-00648-0

30. Marín-Aguilar, F, Ruiz-Cabello, J, and Cordero, M. Aging and the inflammasomes. Exp Suppl (2018) 108:303–20. doi: 10.1007/978-3-319-89390-7_13

31. Wei, H, and Cui, D. Pyroptosis and insulin resistance in metabolic organs. Int J Mol Sci (2022) 23(19):11638. doi: 10.3390/ijms231911638

32. Jorgensen, I, and Miao, EA. Pyroptotic cell death defends against intracellular pathogens. Immunol Rev (2015) 265(1):130–42. doi: 10.1111/imr.12287

33. Li, L, Liu, H, Tao, W, Wen, S, Fu, X, and Yu, S. Pharmacological inhibition of HMGB1 prevents muscle wasting. Front Pharmacol (2021) 12:731386. doi: 10.3389/fphar.2021.731386

34. Yang, X, Xue, P, Liu, X, Xu, X, and Chen, Z. HMGB1/autophagy pathway mediates the atrophic effect of TGF-β1 in denervated skeletal muscle. Cell Communication Signaling (2018) 16(1):97. doi: 10.1186/s12964-018-0310-6

35. Goh, J, Hofmann, P, Aw, NH, Tan, PL, Tschakert, G, Mueller, A, et al. Concurrent high-intensity aerobic and resistance exercise modulates systemic release of alarmins (HMGB1, S100A8/A9, HSP70) and inflammatory biomarkers in healthy young men: a pilot study. Trans Med Commun (2020) 5(1):4. doi: 10.1186/s41231-020-00056-z

36. Schaum, N, Lehallier, B, Hahn, O, Pálovics, R, Hosseinzadeh, S, Lee, SE, et al. Ageing hallmarks exhibit organ-specific temporal signatures. Nature (2020) 583(7817):596–602. doi: 10.1038/s41586-020-2499-y

37. Starr, ME, Evers, BM, and Saito, H. Age-associated increase in cytokine production during systemic inflammation: adipose tissue as a major source of IL-6. Journals Gerontology Ser A: Biomed Sci Med Sci (2009) 64(7):723–30. doi: 10.1093/gerona/glp046

38. Johnson, AR, Milner, JJ, and Makowski, L. The inflammation highway: metabolism accelerates inflammatory traffic in obesity. Immunol Rev (2012) 249(1):218–38. doi: 10.1111/j.1600-065X.2012.01151.x

39. Javaid, H, Sahar, N, ZhuGe, D-L, and Huh, JY. Exercise inhibits NLRP3 inflammasome activation in obese mice via the anti-inflammatory effect of meteorin-like. Cells (2021) 10:3480. doi: 10.3390/cells10123480

40. Rao, RR, Long, JZ, White, JP, Svensson, KJ, Lou, J, Lokurkar, I, et al. Meteorin-like is a hormone that regulates immune-adipose interactions to increase beige fat thermogenesis. Cell (2014) 157(6):1279–91. doi: 10.1016/j.cell.2014.03.065




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Fu, Gong, Yang, Tang and Ma. 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.


OEBPS/Images/fendo-14-1202686-g003.jpg
NLRP3 / Caspasel GSDMD

* ¥ . *

10D of AT

ASC  NLRP3 Caspasc1 GSDMD IL-1p

=
g .
N c32 R32 S
2 Y JAY: { Y = *

. § T s
{ N @

TUNEL | b n ] v Z 10
, _ _ g

=
4
= P , S

=0

N C32 R32





OEBPS/Images/fendo-14-1202686-g001.jpg
 —
N

S Speed/m/min

15"30" 3x60"
NV

1 group

10x60"

2 group

Time/s

2220"





OEBPS/Images/fendo-14-1202686-g006.jpg
N C32 R32

MTOR [ Mt S| 289 kD2

15
-1
S
g
I
£
g 05
&

0.0

mTOR p-mTOR  p-mTOR/mTOR
N C32 R32
FoxO1 S | 80KDa

pScr—ZS()-FoxOl_ 78-82 kDa
= 15
2
=
£ -
3 1.0 *
X "y
=
2 0.5

0.0

FoxO1

p-FoxO1  p-FoxO1/FoxO1

€32

g

2.0

1.5

p-4E-BP1/4E-BP1

N C32 R32

p-4E-BP1 E S
B-tubulin - E —

15-20 kDa

50 kDa

Ub

B-tubulin

4E-BP1 p-4E-BP1 p-4E-BP1/4E-BP1

N C32 R32

=
ES

—-
Y

=
=]

50 kDa

Ub relative protein content
e
®x

=
N

N C32 R32

C32
R32





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Weight bearing training alleviates muscle atrophy and pyroptosis of middle-aged rats

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Material and methods

        

          		

            2.1 Animals

          



          		

            2.2 Training protocol

          



          		

            2.3 Sample collection

          



          		

            2.4 Plasma lipid profiles

          



          		

            2.5 Hematoxylin and eosin (H&E) staining

          



          		

            2.6 TdT-mediated dUTP-biotin nick end labeling (TUNEL) staining

          



          		

            2.7 Western blot

          



          		

            2.8 Pyroptosis PCR array

          



          		

            2.9 Real-time quantitative PCR analysis

          



          		

            2.10 Immunofluorescence (IF) staining

          



          		

            2.11 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 Body composition and degree of muscle atrophy

          



          		

            3.2 The levels of pyroptosis and apoptosis in AT

          



          		

            3.3 The levels of pyroptosis and apoptosis in EDL

          



          		

            3.4 The expression of pyroptosis-related genes of EDL

          



          		

            3.5 Synthesis and decomposition of skeletal muscle protein of EDL

          



        



        



        		

          4 Discussion

        

          		

            4.1 Weight-bearing training alleviates the process of age-related muscle atrophy and reduces adipose accumulation

          



          		

            4.2 Weight-bearing training promotes protein synthesis and inhibits decomposition in muscle with an increase in age

          



          		

            4.3 Weight-bearing training inhibits pyroptosis and improves body composition of rats with an increase in age

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2023.1202686_cover.jpg
& frontiers | Frontiers in Endocrinology

Weight bearing training alleviates muscle
atrophy and pyroptosis of middle-aged rats





OEBPS/Images/fendo-14-1202686-g004.jpg
NE-kB

N C8

4 v o >
n > n s

NF-kB protein expression

.4
s

N C8 R8

C32 R332
65 kDa

N €8 RS CI6RI6C24R24C32R32

€32 R32

s, [ R S S S << k0
L

TUNEL

n

GSDMD protein expression

0.0

N C8

R8 C16  R16

C24 R24 (€32 R32

o [ S S e — R <
A L L L L I I X X LS

ASC protein expression

N 8

N (8 R8 CI6RI6GC24R24C32R32

R8 C16 RI16

€24 R2M (32 R

in expression

Caspasel protei

R32

(TUNEL positive cell) % of EDL
g
1

~
Y
]

404

N 32

N C8 R8$ CI6R16C24R24C32R32

i

R32





OEBPS/Images/fendo-14-1202686-g002.jpg
Week/w

N
. 2
H o
o 3]
* - 8
z
o * 2
b w o= w2 ow g
- a8 = 2 &8 2
z (1/10ww) SPAdL Vol
° =
g8 8 8 8 ° - 8
o ssew Jgy Apog £ < <
] * 2
= . <
a H z

=
P
¥ *a A& 3 3
o e (1/10ww) $PA3Y H-TAT
+ w
z
o i o
2
g F 8 2 F % o
o,SseW ApPsnw Kpog W 8
£ z
> o
- 2
¥ E
9] “ e
[]
z = o
o = 2
8
EEEEE i
(8) ssew opsnw Apog Z
=2
2 @ ~ - =
2 (T/10ww) SPAI O,
B
o
¥ 2
%) e 8
= %
+ . P
z <
o - 7z
gsg:zz: £ T T10
= oww) SPAI]
@ 13w Apog m ) SI9A31 DL

g

(i) y§) asodipy

C group

C32

C24

C16

C8

H
]
z
F; R
z
= (]
3
- r4
= O
1 £ T &
m HIYTIIM M LV
g
i
g
=
=
£
oo
-4
. o
I~
)
5
=3
=
£
on
z

32 Week/w

24

16

e

I 02 2 2 3 2

oM 1M 1A

- —
3 4
4
1 —

2 8 % 8 % g8 ®

¥ F 88 & 8 =

() yyom pom 1qa

ON = C =«R

O N = C =+ R

s =

s 2 =
g€ 8 8 2
s H

5000

&

() v§D 2aq14

24 32 Week/w

16

32 Week/w

24

16

24 32 Week/w

16





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1202686-g005.jpg
k]
§ E H
H s H
i i i
L ] m L ]
«
z i g 1
& S8
el 2, 4
S e S e
il ¥
H H =
erevenei—enei— i )
B I S s e <
AR e =
[ 224 2772772 S S S S S ST 8 8, 4+ 4 [s]
R TR T &
1 iil R u
1 2
H 3 x
i 3 =
R . ef 5 5 o
1 H
- | z i m 13) H 2
e ° h-] = 3 £
8 P03 : e
- “ i 2 m g & e g z
. - 1 = 3
i T | 1 :® s
z 8 3 w - L) o - =
1 I H [2A9] uoissaxdxa dAne FgSupy
= L =
D I H H
8 o
I 1 § m 2
z 1 H * o
I 1 i ¥ O
i e 3
(111 L] 8 — 3 &
[ -
N i i I z i s O s 3]
& ® 3 2 > M
B o - 2 m 2 = z
[ s S
H g O,k 7, § Z
3 K <o
- ] s % g 2
dse i H =
prdsed H g %
9 oda T 1 e H S
Ldse)) & & -
z Zd xf d
1dqz;
Bwpso
¥ w = i =
duos) T | [ 1T ([ 1T7] m m m m = =
3 § H & [9A9] uoIssaadxd dane[ 9diwp/
4 g 2 ° L, E0
s 2 s 2
2 : S ;
5 &) 5
© = = ° B
2 3 £ 2 %
Kl
¢ f 3 g & ; g
g e S e ! te
s = S 2 i
I 3 2 H
gz gz H
H H :
HE HID " e
- e - T — -
© < & S
o 0Bo7—






