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Abstract

:

Although exercise-induced humoral factors known as exerkines benefit systemic health, the role of most exerkines has not been investigated. Monocyte chemoattractant protein-1 (MCP-1) is a representative chemokine whose circulating concentrations increase after exercise, and it is one of the exerkines. MCP-1 is a ligand for CC chemokine receptor 2 (CCR2), which is expressed on monocytes, macrophages, and muscle cells. However, there is no information on the role of CCR2 signaling in exercise. Therefore, to investigate the research question, we administrated CCR2 antagonist or PBS to mice to inhibit CCR2 signaling before and after exercise. Our results showed that CCR2 signaling inhibition promoted exercise-induced macrophage infiltration and inflammation 24 h after exercise in muscle. CCR2 signaling inhibition also exacerbated exercise-induced inflammation immediately after exercise in muscle. However, neutrophil infiltration and oxidative stress had no contribution to exercise-induced inflammation by CCR2 signaling inhibition. CCR2 signaling inhibition also exacerbated exercise-induced inflammation immediately after exercise in kidney, liver, and adipose tissues. To summarize, pharmacological inhibition of CCR2 signaling exacerbated exercise-induced inflammation independently of neutrophil infiltration and oxidative stress.
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1. Introduction


Regular physical activity has preventative effects against various diseases (e.g., type 2 diabetes, stroke, cancer, and dementia) [1,2]. A single bout of exercise also benefits systemic health (e.g., stimulation of glucose uptake independently of insulin signaling, improvement of insulin sensitivity, and cognitive function) [3,4]. Recent research has shown that exercise-induced humoral factors known as exerkines contribute to these exercise effects [2]. However, the role of most exerkines has not been investigated. Therefore, it is important to elucidate the role of each exerkine.



Strenuous exercise induces systemic inflammation and increases the circulating concentrations of various inflammatory mediators [5,6,7,8,9]. Among the inflammatory mediators such as cytokines and chemokines whose circulating concentrations fluctuate by exercise, monocyte chemoattractant protein-1 (MCP-1) is a representative chemokine whose concentrations increase following exercise in circulation, urine, and muscles [5,6,7,8,9,10,11,12]. MCP-1 is also secreted from C2C12 myotubes upon electric pulse stimulation, which induces muscle contraction and mimics exercise [13,14,15]. These studies suggest that MCP-1 is one of the exerkines.



MCP-1 exerts chemotactic activity for monocytes/macrophages that remove and repair damaged muscle fibers [16,17]. Following exercise, it has been suggested that MCP-1 is an important mediator for macrophage infiltration in muscle, which contributes to muscle damage and inflammation [10,11,12]. MCP-1 is a ligand for CC chemokine receptor 2 (CCR2), which is expressed on monocytes/macrophages [16,17]. Several studies have reported that in various muscle injury models, CCR2 is essential for macrophage accumulation in muscle [16,17,18]. Therefore, CCR2 signaling may also be an important factor for exercise-induced macrophage infiltration and inflammation. CCR2 is also expressed on muscle cells, myogenic progenitor cells, and satellite cells, and CCR2 signaling contributes to muscle insulin resistance and dysfunction of myogenic progenitor cells [18,19,20,21]. Therefore, muscle cells may also be other targets for CCR2 ligands. However, the role of CCR2 signaling in endurance exercise has not been investigated.



Understanding the molecular mechanisms of exercise-induced inflammation can be helpful in developing appropriate countermeasures (e.g., functional food intake, meal intervention, and pharmacological approaches). In the present study, we hypothesized that CCR2 signaling is essential for macrophage accumulation and regulation of inflammation following exercise. To confirm this hypothesis, we administrated CCR2 antagonist to inhibit CCR2 signaling before and after exercise. In contrast to our expectations, we observed that pharmacological inhibition of CCR2 signaling exacerbates exercise-induced macrophage infiltration and inflammation in muscle, kidney, liver, and adipose tissues.




2. Materials and Methods


2.1. Animals


Male C57BL/6J mice (aged 10–11 weeks) purchased from Takasugi Experimental Animals Supply (Kasukabe, Japan) were used in this study. They were housed in the breeding room under a 12-h light/dark cycle. The mice had free access to standard chow (MF, oriental yeast, Tokyo, Japan) and water. The experimental procedures were approved (2020-A29) and conducted according to the Guiding Principles for the Care and Use of Animals in the Academic Research Ethical Review Committee of Waseda University.




2.2. Experimental Protocols


To investigate the role of CCR2 signaling 24 h after exercise, the mice were randomly divided into four groups as follows: rest with PBS administration, rest with CCR2 antagonist administration, exercise with PBS administration and exercise with CCR2 antagonist administration. The CCR2 antagonist RS-504393 (Abcam, Cambridge, U.K.) was dissolved in PBS (100 µg in 100 µL of PBS; approximately 4 mg/kg body weight), or 100 µL of PBS was administered orally 1 h before and 12 h after the first administration. The exercised mice were sacrificed 24 h after the exercise, and the rest mice were sacrificed in the same time course as the exercised mice (n = 6, per group).



To investigate the role of CCR2 signaling immediately after exercise, mice were randomly divided into four groups in the same manner. Dissolved RS-504393 (100 µg in 100 µL of PBS; approximately 4 mg/kg body weight) or 100 µL of PBS was administered orally 1 h before exercise. The exercised mice were sacrificed immediately after the exercise, and the rest mice were sacrificed in the same time course as the exercise mice (n = 6, per group).



Four days before the experiments, all mice were accustomed to treadmill running at 15 m/min and 7% grade for 10 min. On the experimental days, the mice were subjected to treadmill running at 24 m/min and 7% grade for 60 min. Heparinized blood samples were collected from the abdominal aorta under isoflurane inhalation anesthesia (Abbott, Tokyo, Japan), and then the mice were perfused by PBS to remove blood in the tissues. After cervical dislocation, the gastrocnemius, kidney, liver, and epididymal adipose tissues were harvested and frozen in liquid nitrogen. Plasma samples were obtained from blood centrifuged at 1600× g for 10 min at 4 °C. All samples were stored at −80 °C until analysis.




2.3. Real-Time PCR


Total RNA was extracted from the gastrocnemius, kidney, liver, and adipose tissues using TRIZOL Reagent (Invitrogen, Carlsbad, CA, USA). The purity and concentrations of the extracted total RNA were measured using NanoDrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA). The total RNA was reverse transcribed to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). PCR was performed using the Fast 7500 Real-time PCR system (Applied Biosystems, Foster City, CA, USA) and Fast SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA). The PCR conditions for all genes consisted of one denaturation cycle at 95 °C for 30 s, 40 cycles consisting of denaturing at 95 °C for 3 s, and annealing and elongation at 60 °C for 30 s. Each gene was normalized using 18 s rRNA. Because the difference in kidney β-actin expression between groups was smaller than 18 s rRNA expression (data not shown), we used β-actin for the normalization of kidney gene expression. Although 18 s rRNA expression was significantly different between groups in some tissues, the maximal fold change of each housekeeping gene expression between groups was 1.3 times (Supplemental Figure S1). Therefore, we concluded that the effects of normalization using 18 s rRNA or β-actin are small. All data were calculated using the ΔΔCt method. The specific primer sequences are shown in Table 1.




2.4. Histological Analysis


Cross sections of 10 µm frozen gastrocnemius were used for hematoxylin and eosin (H&E) staining and immunohistochemistry. For immunohistochemistry, the sections were first fixed in 4% paraformaldehyde for 7 min and then incubated with 5% bovine serum albumin (BSA) in PBS for 30 min. Next, the sections were incubated overnight at 4 °C with primary antibodies in PBS with 5% BSA. After washing the sections, they were incubated with the secondary antibodies in PBS with 5% BSA for 1 h at room temperature. After washing, the sections were mounted using the Vectashield mounting medium (H-1800, Vector Laboratories, Burlington, ON, Canada) containing DAPI to visualize the nuclei. The antibodies used in this study are shown in Table 2. The stained sections were observed under a fluorescence microscope BZ-8000 (KEYENCE, Osaka, Japan). Three fields at × 200 magnification were captured per animal to identify the localization of IL-6. The number of M1 and M2 macrophages was quantified according to a previous study [22]. Briefly, we defined M1 macrophages as F4/80+ CD206− cells and M2 macrophages as F4/80+ CD206+ cells in the same section. Two to four fields at ×100 magnification were captured per animal to quantify the number of macrophages. We then calculated the average value of each field as the measured data.




2.5. ELISA and TBARS Assay


Plasma and tissue MCP-1 concentrations were measured using the Mouse MCP-1 DuoSet ELISA kit (R&D Systems, Minneapolis, MN, USA), tissue IL-1β concentrations were measured using the Mouse IL-1β DuoSet ELISA kit (R&D Systems, Minneapolis, MN, USA), and tissue myeloperoxidase (MPO) concentrations were measured using the MPO ELISA kit (Hycult Biotech, Uden, The Netherlands). Gastrocnemius thiobarbituric acid reactive substance (TBARS) concentrations were measured using the TBARS assay kit (Cayman Chemical Co., Ann Arbor, MI, USA). To measure the tissue concentrations of MCP-1, IL-1β, MPO, and TBARS, the tissue was homogenized in the tissue protein extraction reagent (T-PER; Thermo Fisher Scientific, Waltham, MA, USA) containing a protease inhibitor (complete mini protease inhibitor cocktail tablet; Roche Diagnostics, Mannheim, Germany). The homogenate was centrifuged at 10,000× g for 15 min at 4 °C and the supernatant was collected. To avoid tissue debris contamination, we repeated the centrifugation step. Total protein concentrations in the supernatant were measured using the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The supernatant was used for each assay. The tissue concentrations of MCP-1, IL-1β, MPO, and TBARS were normalized using the total protein in the supernatant. The absorbance was measured using Spectra Max iD5 (Molecular Devices Inc., San Jose, CA, USA).




2.6. Statistical Analysis


Data are expressed as mean ± standard error (SE). Two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test was used for analyzing data. Statistical analysis was performed using SPSS V25.0 (IBM Japan, Ltd., Tokyo, Japan), with statistical significance being defined as p < 0.05.





3. Results


3.1. Inhibition of CCR2 Signaling Exacerbates Macrophage Infiltration and Inflammation 24 h after Exercise in Muscle


We had previously reported that exercise induces macrophage infiltration in muscle, which contributes to exercise-induced inflammation [10,11,12,22]. In several studies, we observed macrophage infiltration 24 h after exercise [11,12,22]. To investigate the role of CCR2 signaling in exercise-induced macrophage infiltration and inflammation in muscle, we administrated CCR2 antagonist to inhibit CCR2 signaling before and after exercise, and the gastrocnemius was excised 24 h after exercise. In contrast to our expectation, exercise with CCR2 antagonist administration induced the gene expression of a pan-macrophage marker (F4/80), M1 macrophage markers (CD68, CD11c), an M2 macrophage marker (arginase 1), and chemokine receptors expressed on M1 macrophages (CCR2, CCR5) [17,18,23] (Figure 1A). The histological analysis revealed that exercise with CCR2 antagonist administration promoted the infiltration of M1 macrophages (F4/80+ CD206− cells) (Figure 1B,C). However, exercise with PBS administration did not induce such changes (Figure 1A–C). The histological analysis also revealed that the infiltration of M2 macrophages (F4/80+ CD206+ cells) did not change after exercise with and without CCR2 antagonist administration (Figure 1B,D). Muscle injury induces immune cell infiltration and inflammation [16,17,18,22]. However, we did not observe abnormal muscle fibers (e.g., necrotic fibers) in all groups (Figure 1E). M1 macrophages produce inflammatory cytokines and chemokines [17]. We next investigated the local inflammation. Exercise with CCR2 antagonist administration induced the gene expression of cytokines and chemokines such as interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), IL-10, MCP-1, MCP-3, and macrophage inflammatory protein-1β (MIP-1β) (Figure 1F). However, exercise with PBS administration did not induce such changes (Figure 1F). We next measured the concentrations of plasma MCP-1 to investigate whether inhibition of CCR2 signaling exacerbates systemic inflammation. However, plasma MCP-1 concentrations showed no changes after exercise with and without CCR2 antagonist administration (Figure 1G). These results indicated that the inhibition of CCR2 signaling exacerbated exercise-induced M1 macrophage infiltration and inflammation at a local level 24 h after exercise.




3.2. Inhibition of CCR2 Signaling Exacerbates Exercise-Induced Inflammation Immediately after Exercise Independently of Neutrophil Infiltration in Muscle


We next investigated the role of CCR2 signaling in inflammation immediately after exercise in muscle. Exercise with CCR2 antagonist administration induced the gene expression of cytokines and chemokines such as IL-6, IL-1β, TNF-α, IL-10, MCP-3, and MIP-1β, but not the macrophage marker, F4/80 (Figure 2A). Exercise with CCR2 antagonist administration also induced the increase in IL-1β protein concentrations (Figure 2B). However, exercise with PBS administration did not induce such changes (Figure 2A,B). Moreover, plasma MCP-1 concentrations, as an indicator of systemic inflammation, showed no changes after exercise (Figure 2C). These results indicated that the inhibition of CCR2 signaling exacerbated exercise-induced inflammation at a local level immediately after exercise. We also did not observe necrotic muscle fibers in all groups (Figure 2D), which suggested that necrosis of muscle fibers does not cause this inflammation.



We have previously reported that neutrophils contribute to exercise-induced inflammation in muscle [11]. Therefore, we hypothesized that neutrophil infiltration contributes to exercise-induced inflammation by the inhibition of CCR2 signaling. We found that exercise with and without CCR2 antagonist administration increased the concentrations of gastrocnemius MPO, a neutrophil infiltration marker (Figure 2E). However, the gastrocnemius MPO concentrations showed no difference between exercise with and without CCR2 antagonist administration (Figure 2E). This result suggested that CCR2 signaling inhibition exacerbated exercise-induced inflammation independently of neutrophil infiltration.



We next investigated the localization of IL-6 to identify the source of inflammatory cytokine. The histological analysis revealed that IL-6 is primarily localized in the interfiber space (Figure 2F). However, exercise with CCR2 antagonist administration also induced IL-6 expression in muscle fibers, but the signal was weak compared to that in the interfiber space (Figure 2F). This result suggested that muscle fibers may contribute to exercise-induced inflammation by inhibition of CCR2 signaling.




3.3. Inhibition of CCR2 Signaling Does Not Influence Muscle Oxidative Stress Immediately after Exercise


Oxidative stress is one of the triggers of exercise-induced inflammation [7]. Hence, we next hypothesized that oxidative stress contributes to exercise-induced inflammation by the inhibition of CCR2 signaling. However, we observed that there were no changes in the concentrations of gastrocnemius TBARS, an oxidative stress marker, by exercise with and without CCR2 antagonist administration (Figure 3A). Moreover, the gene expression of the oxidative enzyme NADPH oxidase showed no changes (Figure 3B). These results indicated that oxidative stress does not contribute to exercise-induced inflammation by the inhibition of CCR2 signaling. Because NF-E2-related factor 2 (Nrf2) is known to activate anti-inflammatory systems [24,25], we hypothesized that Nrf2 is an important factor of exercise-induced inflammation by inhibiting CCR2 signaling. Nrf2 gene expression was increased by exercise with and without CCR2 antagonist administration (Figure 3B). However, the downstream genes of Nrf2 such as heme oxygenase-1 (HO-1), glutathione S-transferase (GST), and NADPH quinone dehydrogenase-1 (NQO-1) [24,25] exhibited inconsistent changes (Figure 3B). These results indicated that the Nrf2 pathway did not activate and may not contribute to exercise-induced inflammation by the inhibition of CCR2 signaling.




3.4. Effects of CCR2 Signaling Inhibition on Muscle Gene Expression of ER Stress Marker and Exercise Adaptation-Related Genes Immediately after Exercise


Endoplasmic reticulum (ER) stress is known to induce inflammation [26]; therefore, we next hypothesized that ER stress is an important factor of exercise-induced inflammation by inhibiting CCR2 signaling. The gene expression of the ER stress marker oxygen-regulated protein 150 (ORP150) was induced by exercise with CCR2 antagonist administration (Figure 4). However, the expression of other markers activating transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP) did not increase by exercise (Figure 4). These results indicated that ER stress may not strongly contribute to exercise-induced inflammation by the inhibition of CCR2 signaling. The expression of exercise adaptation-related genes such as peroxisome proliferator-activated receptor coactivator-1α (PGC-1α) and sirtuin 1 (Sirt1) [27] also did not increase by exercise (Figure 4).




3.5. Inhibition of CCR2 Signaling Exacerbates Exercise-Induced Inflammation in Kidney, Liver, and Adipose Tissues


It is known that strenuous exercise induces internal organ damage and inflammation [7]. Hence, we next investigated the effects of CCR2 signaling inhibition on exercise-induced inflammation in kidney, liver, and adipose tissues. In the kidney, exercise with CCR2 antagonist administration induced MCP-1 gene expression but did not change MCP-1 protein concentrations (Figure 5A,B). Kidney IL-1β concentrations also showed no changes after exercise (Figure 5C). In the liver, exercise with CCR2 antagonist administration induced the gene expression of IL-6, IL-1β, MCP-1, and MCP-2, but it did not change MCP-1 protein concentrations (Figure 5D,E). The concentrations of IL-1β in the liver showed an increasing trend after exercise with CCR2 antagonist administration (Figure 5F). In the adipose tissue, exercise with CCR2 antagonist administration induced MCP-3 gene expression but did not change the concentrations of MCP-1 and IL-1β proteins (Figure 5G–I). These results indicated that the inhibition of CCR2 signaling exacerbated exercise-induced inflammation in the kidney, liver, and adipose tissues.




3.6. CCR2 Ligand-Producing Organs


Although the inhibition of CCR2 signaling exacerbates exercise-induced inflammation, the mechanisms underlying this phenomenon are unidentified. Therefore, we hypothesized that increasing concentrations of CCR2 ligands in circulation regulate exercise-induced inflammation. We then focused on plasma MCP-1 concentrations before and immediately after exercise in the PBS-administrated group. However, we observed no changes in plasma MCP-1 concentrations after exercise in the PBS-administrated group (Figure 2C). We next hypothesized that tissue CCR2 ligands act in an autocrine manner. However, we found that the gene expressions of MCP-1, MCP-2, and MCP-3 in the gastrocnemius, kidney, liver, and adipose tissues did not change after exercise in the PBS-administrated group (Figure 2A and Figure 5A,D,G). Moreover, MCP-1 protein concentrations in the kidney, liver, and adipose tissues showed no changes after exercise in the PBS-administrated group (Figure 5B,E,H). These results indicated that increasing concentrations of MCP-1 in circulation and gastrocnemius, kidney, liver, and adipose tissues do not contribute to exercise-induced inflammation by the inhibition of CCR2 signaling. Increasing tissue concentrations of MCP-2 and MCP-3 proteins may also not contribute to exercise-induced inflammation by the inhibition of CCR2 signaling.





4. Discussion


In the present study, in contrast to our expectation that the inhibition of CCR2 signaling inhibits exercise-induced macrophage infiltration, we observed that CCR2 signaling inhibition exacerbated macrophage infiltration following exercise. This result is probably because receptors other than CCR2 mediate macrophage infiltration. Macrophages express various chemokine receptors (e.g., CCR2, CCR5, CCR7, and CXCR1) [17,18,23,28], and several studies have reported that CCR5 and CCR7 contribute to macrophage infiltration in the adipose tissue of obese mice [23,28]. However, in the acute muscle injury model, whether CCR5 and CCR7 contribute to macrophage infiltration remains unexplored. In the present study, the gene expressions of CCR5 and CCR5 ligands, MCP-3 and MIP-1β, were increased 24 h after exercise with CCR2 antagonist administration. Therefore, CCR5 may mediate macrophage infiltration in this model. We did not measure CCR7 gene expression. However, CCR7 and CCR7 ligands may also mediate macrophage infiltration in this model.



We also found that CCR2 signaling inhibition exacerbated exercise-induced inflammation independently of neutrophil activation and oxidative stress immediately after exercise. However, a further concern is about those factors that regulate exercise-induced inflammation by the inhibition of CCR2 signaling. One hypothesis is that increasing levels of CCR2 ligands regulate exercise-induced inflammation. However, we could not identify increasing concentrations of CCR2 ligands by exercise. One possibility is that circulating MCP-2 or MCP-3 concentrations are important, which were not measured in the present study. Another possibility is that organs not investigated in the present study produce CCR2 ligands locally and regulate exercise-induced inflammation in the entire body. Therefore, further studies are required to identify the CCR2 ligands whose levels fluctuate following exercise in circulation and organs. Another hypothesis is that basal CCR2 signaling is essential to regulate exercise-induced inflammation. Because the activation of CCR2 signaling phosphorylates more than 200 proteins [29], inhibiting basal CCR2 signaling may also influence gene expression and protein phosphorylation. These genes or phosphorylated proteins may be essential for regulating exercise-induced inflammation. In the present study, CCR2 antagonist administration alone also regulated the gene expression of GST, ATF4, CHOP, and Sirt1. Further research is necessary to identify key factors that trigger exercise-induced inflammation by CCR2 signaling.



Eotaxin is a natural antagonist for CCR2 [30,31]. Therefore, eotaxin may contribute to exercise-induced inflammation. However, several studies have reported that circulating eotaxin concentrations showed no changes following endurance exercise [32,33], and our unpublished data revealed that eotaxin/CCL11 gene expression does not change following exhaustive exercise in the mice gastrocnemius (data not shown). In contrast, cultured myotubes with electric pulse stimulation secrete eotaxin/CCL11 [15]. Therefore, local eotaxin in each organ may contribute to exercise-induced inflammation.



There is evidence showing that CCR2 antagonist administration improves atherosclerosis and type 2 diabetes [34,35] and is expected to be an effective therapeutic agent. Nevertheless, CCR2 antagonist has not yet led to the development of medicines for the disease. Our findings may contribute to understanding the side effects of CCR2 antagonist.




5. Limitation


In the present study, we orally administrated the CCR2 antagonist RS-504393 to inhibit CCR2 signaling. However, we did not explore whether our administration protocol is appropriate to inhibit CCR2 signaling. Furuichi et al. have reported that the oral administration of the CCR2 antagonist RS-504393 protects ischemia–reperfusion injury in the kidney, and the same results were observed in CCR2-knockout mice [36]. Moreover, we observed the effects of CCR2 antagonist administration in the present study (e.g., exacerbating exercise-induced inflammation). On the basis of these results, we conclude that the inhibition of CCR2 signaling is successful. However, it is important to explore whether this protocol is appropriate for CCR2 signaling (e.g., the experiment whether RS-504393 administration inhibits the response of recombinant MCP-1 protein injection at several time points after RS-504393 administration).



In addition, RS-504393 exerts an antagonizing activity against the α1-adrenergic receptor [37,38]. Exercise increases the concentrations of circulating adrenalin, which modulates immune systems [1]. Therefore, the present study may also indicate the role of the α1-adrenergic receptor. Further studies are necessary using CCR2-knockout mice, or neutralizing antibodies for CCR2 ligands such as MCP-1, MCP-2, and MCP-3 are required to investigate the role of CCR2 signaling in exercise specifically.




6. Conclusions


Pharmacological inhibition of CCR2 signaling using RS-504393 exacerbated exercise-induced inflammation independently of neutrophil infiltration and oxidative stress.
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Figure 1. (A) Gene expression of macrophage markers (n = 5–6). (B) Representative images of gastrocnemius sections using immunofluorescence staining (green, F4/80; red, CD206; blue, DAPI; magnification ×100, n = 5–6). Images were merged with bright field. Arrows indicate M1 macrophages (F4/80+ CD206− cells, n = 5–6). Arrowheads indicate M2 macrophages (F4/80+ CD206+ cells, n = 5–6). Scale bar is 100 µm. (C) The number of M1 macrophages per field. (D) The number of M2 macrophages per field. (E) Representative images of gastrocnemius sections using H&E staining (magnification ×200, n = 3). Arrowheads indicate immune cell infiltration. Scale bar is 50 µm. (F) Gene expression of inflammation (n = 5–6). (G) Plasma MCP-1 concentrations (n = 5–6). Data are shown as mean ± SE. Data were analyzed using two-way ANOVA followed by Bonferroni post hoc test (* p < 0.05, ** p < 0.01). Arg1, Arginase1; CCR, CC chemokine receptor; IL, interleukin; TNF, tumor necrosis factor; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; ANOVA, analysis of variance; SE, standard error. 
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Figure 2. (A) Gene expression of inflammation (n = 5–6). (B) Gastrocnemius IL-1β concentrations (n = 6). (C) Representative images of gastrocnemius sections using immunofluorescence staining (green, dystrophin; red, IL-6; blue, DAPI; magnification ×200, n = 2). Arrowheads indicate IL-6 positive muscle fibers. Scale bar is 50 µm. (D) Representative images of gastrocnemius sections using H&E staining (magnification ×200, n = 2). Scale bar is 50 µm. (E) Plasma MCP-1 concentrations (n = 5–6). (F) Gastrocnemius MPO concentrations (n = 6). Data are shown as mean ± SE. Data were analyzed using two-way ANOVA followed by Bonferroni post hoc test (* p < 0.05, ** p < 0.01). IL, interleukin; TNF-α, tumor necrosis factor-α; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; MPO, myeloperoxidase; ANOVA, analysis of variance; SE, standard error. 
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Figure 3. (A) Gastrocnemius TBARS concentrations (n = 6). (B) Gene expression of an oxidative enzyme, antioxidative enzymes and transcription factors (n = 6). Data are shown as mean ± SE. Data were analyzed using two-way ANOVA followed by Bonferroni post hoc test (* p < 0.05, ** p < 0.01). TBARS, thiobarbituric acid reactive substance; SOD, superoxide dismutase; HO-1, heme oxygenase-1; GST, glutathione S-transferase; NQO, NADPH quinone dehydrogenase; Nrf, NF-E2-related factor; ANOVA, analysis of variance; SE, standard error. 
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Figure 4. Gene expression of endoplasmic reticulum stress marker and inducing exercise adaptation (n = 6). Data are shown as mean ± SE. Data were analyzed using two-way ANOVA followed by Bonferroni post hoc test (** p < 0.01). ATF4, activating transcription factor 4; CHOP, C/EBP homologous protein; ORP150, oxygen-regulated protein 150; PGC-1α, peroxisome proliferator-activated receptor coactivator-1α; Sirt1, sirtuin 1; ANOVA, analysis of variance; SE, standard error. 
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Figure 5. Gene expression of inflammation in (A) kidney, (D) liver and (G) adipose tissues (n = 6, in each tissue). MCP-1 concentrations in (B) kidney, (E) liver and (H) adipose tissues (n = 6, in each tissue). IL-1β concentrations in (C) kidney, (F) liver and (I) adipose tissues (n = 6, in each tissue). Data are shown as mean ± SE. Data were analyzed using two-way ANOVA followed by Bonferroni post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001). IL, interleukin; TNF-α, tumor necrosis factor-α; MCP, monocyte chemoattractant protein; ANOVA, analysis of variance; SE, standard error. 
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Table 1. Primer sequences for Real time-PCR.






Table 1. Primer sequences for Real time-PCR.










	
	Forward
	Reverse





	18 s
	TTCTGGCCAACGGTCTAGACAAC
	CCAGTGGTCTTGGTGTGCTGA



	Arginase1
	CTCCAAGCCAAAGTCCTTAGAG
	AGGAGCTGTCATTAGGGACATC



	ATF4
	AACCTCATGGGTTCTCCAGCGA
	CTCCAACATCCAATCTGTCCCG



	β-actin
	GCGGACTGTTACTGAGCTGCGT
	TGCTGTCGCCTTCACCGTTCC



	CAT
	ACATGGTCTGGGACTTCTGG
	CAAGTTTTTGATGCCCTGGT



	CCR2
	ACAGCTCAGGATTAACAGGGACTTG
	ACCACTTGCATCCACACATGAC



	CCR5
	CATCCGTTCCCCCTACAAGA
	GGAACTGACCCTTGAAAATCCA



	CD11c
	CTGGATAGCCTTTCTTCTGCTG
	GCACACTGTGTCCGAACTC



	CD163
	GGGTCATTCAGAGGCACACTG
	CTGGCTGTCCTGTCAAGGCT



	CD206
	CAAGGAAGGTTGGCATTTGT
	CCTTTCAGTCCTTTGCAAGC



	CD68
	CTTCCCACAGGCAGCACAG
	AATGATGAGAGGCAGCAAGAGG



	CHOP
	TATCTCATCCCCAGGAAACG
	TATCTCATCCCCAGGAAACG



	CX3CL1
	ACGAAATGCGAAATCATGTGC
	CTGTGTCGTCTCCAGGACAA



	F4/80
	CTTTGGCTATGGGCTTCCAGTC
	GCAAGGAGGACAGAGTTTATCGTG



	GSTm3
	GCTCTTACCACGTGCAGCTT
	GGCTGGGAAGAGGAAATGGA



	HO-1
	CACGCATATACCCGCTACCT
	CCAGAGTGTTCATTCGAGCA



	IL-10
	CGCAGCTCTAGGAGCATGTG
	GCTCTTACTGACTGGCATGAG



	IL-1β
	GGGCCTCAAAGGAAAGAATC
	TTGCTTGGGATCCACACTCT



	IL-4
	GGTCTCAACCCCCAGCTAGT
	GCCGATGATCTCTCTCAAGTGAT



	IL-6
	AACGATGATGCACTTGCAGA
	TGGTACTCCAGAAGACCAGAGG



	MCP-1
	CTTCTGGGCCTGCTGTTCA
	CCAGCCTACTCATTGGGATCA



	MCP-2
	AGAGACAGCCAAAGCTGGAA
	CAGGCACCATCTGCTTGTAA



	MCP-3
	CACATTCCTACAGACAGCTC
	AGCTACAGAAGGATCACCAG



	MIP-1α
	ACTGCCTGCTGCTTCTCCTACA
	ATGACACCTGGCTGGGAGCAAA



	MIP-1β
	ACCCTCCCACTTCCTGCTGTTT
	CTGTCTGCCTCTTTTGGTCAGG



	NADPH Oxidase
	TTGGGTCAGCACTGGCTCTG
	TGGCGGTGTGCAGTGCTATC



	NQO1
	GGTATTACGATCCTCCCTCAACATC
	GAGTACCTCCCATCCTCTCTTCTTC



	Nrf1
	GTGGGACAGCAAGCGATTGTAC
	CGCACCACATTCTCCAAAGG



	Nrf2
	CTCGCTGGAAAAAGAAGTGG
	CCGTCCAGGAGTTCAGAGAG



	ORP150
	CAGACTGAAGAGGCGAAACC
	TTCCTGTTCAGGTCCAGCTC



	PGC-1α
	AGCCGTGACCACTGACAACGAG
	GCTGCATGGTTCTGAGTGCTAAG



	Sirt1
	GCAACAGCATCTTGCCTGAT
	GTGCTACTGGTCTCACTT



	SOD1
	GAGACCTGGGCAATGTGACT
	GTTTACTGCGCAATCCCAAT



	SOD2
	TCAAGCGTGACTTTGGGTCT
	AGCGGAATAAGGCCTGTTGT



	TNF-α
	CCTCCCTCTCATCAGTTCTA
	ACTTGGTGGTTTGCTACGAC
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Table 2. Antibodies for immunohistochemistry.
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	Antibodies
	Source
	Identifier
	Dilution (Concentration)





	Goat anti-IL-6 antibody
	R&D Systems, Minneapolis, MN, USA
	Cat# AF406
	10 µg/mL



	Mouse anti-dystrophin antibody (clone 1808)
	Abcam, Cambridge, UK
	Cat# ab3149
	1:400



	Rat anti-F4/80 antibody

(clone BM8)
	Biolegend, San Diego, CA, USA
	Cat# 123101
	1:100



	Goat anti-CD206 antibody
	R&D Systems, Minneapolis, MN, USA
	Cat# AF2535
	2 µg/mL



	Alexa Fluor 555-conjugated rabbit anti-goat IgG antibody
	Thermo Fisher Scientific, Waltham, MA, USA
	Cat# A21431
	1:200



	Fluorescein-conjugate horse anti-mouse IgG antibody
	Vector Laboratories, Burlington, ON, Canada
	Cat# FI-2000
	1:200



	Alexa Fluor 488-conjugated donkey anti-rat IgG antibody
	Thermo Fisher Scientific, Waltham, MA, USA
	Cat# A21208
	1:200



	Alexa Fluor 555-conjugated donkey anti-goat IgG antibody
	Abcam, Cambridge, UK
	Cat# ab150130
	1:200
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