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Abstract

:

Inflammation and oxidative stress are known to be major factors in muscle atrophy. The objective of this study was to evaluate whether the antioxidant activity of Ishige sinicola ethanol extract (ISE) and fractions from ISE could prevent lipopolysaccharide (LPS)-induced muscle atrophy in C2C12 myotubes. IS was extracted with ethanol and fractionated with five organic solvents. Then, ISE and five fractions from ISE were used to evaluate the total antioxidant activity and the protective effect of LPS-induced muscle atrophy in C2C12 myotubes. The ISE and butanol (BuOH) fraction showed higher total antioxidant activity and higher total phenol content than other fractions of ISE. The ISE and BuOH fraction significantly attenuated the LPS-induced diameter of C2C12 myotubes as well as the mRNA and protein expression levels of the muscle-specific E3 ubiquitin ligases. The mRNA expression of forkhead box O type 3α was stimulated by LPS, which was suppressed by the BuOH fraction but not ISE. Furthermore, ISE and the BuOH fraction significantly reduced LPS-stimulated gene expression of pro-inflammatory cytokines and inflammation-inducible enzymes, which was mediated by through the inhibition of the p38/extracellular signal-regulated kinase signaling pathway. Thus, ISE exerts a protective effect against muscle atrophy in LPS-induced C2C12 myotubes through the antioxidant activity and anti-inflammatory effects of ISE.
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1. Introduction


Skeletal muscle accounts for more than 40% of the total body weight in healthy adults [1,2]. Also, skeletal muscle plays essential roles, including regulating physical performance, promoting basal energy metabolism, and serving as a reservoir of essential substrates such as glucose and amino acids [1,2,3,4]. However, various pathological conditions such as aging, malnutrition, muscle injury, and an inactive lifestyle, as well as other acquired diseases such as cancer, diabetes, and sepsis, can stimulate the progression of loss of muscle mass and function into muscle atrophy. Muscle atrophy is defined as a decrease in muscle mass and strength due to an imbalance between protein synthesis and degradation, which can lead to muscle wasting. Therefore, muscle atrophy has been indicated as a major public health concern because of its increased prevalence and how it reduces health-related quality of life [3].



Studies have shown that increased circulating endotoxin levels and persistent systemic inflammation can be observed in patients with disease-related skeletal muscle atrophy, suggesting a crucial role of inflammation in the process of muscle atrophy [2]. In particular, lipopolysaccharides (LPS), a major pathogenic infectious agent of Gram-negative bacteria, activate the ubiquitin-proteasome system and the autophagy-lysosome system. Both systems can cause muscle damage as well as an innate immunity that triggers skeletal muscle protein degradation [3,5]. Thus, as systemic inflammation control can be essential for muscle atrophy, natural bioactive materials possessing potent anti-inflammatory properties combined with antioxidant activity are attractive resources for the management of muscle atrophy.



Ishige sinicola (IS), edible brown algae, has been distributed along the coast of Jeju Island in Republic of Korea, Japan, and China. Studies have demonstrated that IS has antioxidant, anti-inflammatory, antibacterial, osteoblast differentiating, and hair growth-promoting effects. Furthermore, IS has a high content of octaphlorethol A, a type of phlorotannin which has antioxidant, anti-diabetic, anti-inflammatory, and anti-melanogenesis effects [6,7,8,9]. However, whether IS has protective effects on inflammation-induced skeletal muscle atrophy with antioxidants in C2C12 myotubes has never been determined. In this study, IS was extracted with ethanol and fractionated with five organic solvents: Hex (n-hexane), CHCl3 (chloroform), EtOAc (ethyl acetate), BuOH (butanol), and H2O (water), and the antioxidant activity was evaluated. Based on the antioxidant activity of ISE and five fractions of ISE, we selected one of the fractions of ISE with the best antioxidant activity to determine for the first time whether the ISE and its fraction could prevent LPS-induced muscle atrophy in C2C12 myotubes.




2. Materials and Methods


2.1. Chemical Reagents


Folin–Ciocalteu’s phenol reagent, phloroglucinol, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,2′-azobis (2-amidinopropane) dihydrochloride (AAPH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,4,6-tris (2-pyridyl)-s-triazine (TPTZ), and ferric chloride hexahydrate were purchased from Roche (Basel, Switzerland). For cell experiments, Dulbecco’s modified Eagle’s medium (DMEM, high glucose), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromid (MTT), LPS (Escherichia coli O26:B6), and Giemsa stain modified solution were purchased from Sigma-Aldrich. Penicillin-streptomycin solution was purchased from Hyclone (Logan, UT, USA). Fetal bovine serum (FBS) and the bicinchoninic acid (BCA) protein assay kit were purchased from Thermo Fisher Scientific (Waltham, MA, USA).




2.2. Preparation of the Extraction and Fractions


The dried IS was purchased from the local market of Parajeju (Jeju Island, Republic of Korea). The seaweed was ground using a blender and stored at −20 °C. The seaweed was extracted three times, with 100% ethanol for 7 days, 100% ethanol for 3 days, and 70% aqueous ethanol at room temperature. The three extracts were combined and filtered using a filter paper (F1093 grand, Chmlab, Barcelona, Spain) and concentrated using the rotary vacuum evaporator (Büchi Labortechnik AG, Flawil, Switzerland) at 40 °C. The extract was dissolved with deionized water and fractionated by liquid–liquid partitioning using different polarity solvents. The aqueous crude extract was fractionated two or three times with equal volume of Hex, CHCl3, EtOAc, BuOH, and H2O. The fractions were concentrated using the rotary vacuum evaporator (Büchi Labortechnik AG) to quantify the yield for each fraction.




2.3. Total Phenolic Content


The total phenolic amount of ISE and five fractions of ISE was determined using Folin–Ciocalteu method [10]. Briefly, 10 µL of ISE or each fraction (1000 µg/mL) was mixed with 130 µL of distilled water and 10 µL of Folin–Ciocalteu reagent in a 96-well plate. After a 6 min reaction, 100 µL of 7% sodium carbonate solution was subsequently added into mixture and incubated at room temperature for 90 min. The absorbance of blue-colored samples was measured at 750 nm using a microplate reader (Hangzhou Allsheng Instruments Co., Ltd., Hangzhou, China). The total phenolic content (TPC) was expressed as mg phloroglucinol equivalents (PAE)/g dry weight of the ISE or fractions of ISE compared to a calibration curve produced with standard phloroglucinol.




2.4. DPPH Radical Scavenging Activity


DPPH radical scavenging activity was determined as previously described [10]. Briefly, the DPPH solution was prepared by mixing 7.89 mg of DPPH and 200 µL of 80% aqueous methanol to make a concentration of 0.1 mM. This solution was diluted with 80% aqueous methanol to an absorbance of 0.700 ± 0.020 at 517 nm using a microplate reader (Hangzhou Allsheng Instruments Co., Ltd.). A total of 5 µL ISE, or each fraction of ISE, was mixed with 295 µL DPPH solution and incubated at room temperature in the dark for 30 min. The absorbance was measured at 517 nm using a microplate reader (Hangzhou Allsheng Instruments Co., Ltd.). 80% aqueous methanol and vitamin C were used as the blank and the standard, respectively. DPPH radical scavenging activity was expressed as mg vitamin C equivalents (VCE)/g of dry weight of the ISE or fractions of ISE.




2.5. ABTS Radical Scavenging Assay


ABTS radical scavenging activity was measured as previously described [10]. In brief, the ABTS radical solution was prepared by mixing 1.0 mM AAPH and 2.5 mM ABTS in 100 mL of phosphate-buffered solution (PBS) and incubated at 80 °C for 40 min in the dark to generate the ABTS radical. The radical solution was filtered using a 0.45 µm PVDF filter and diluted with PBS to an absorbance of 0.650 ± 0.020 at 734 nm using a microplate reader (Hangzhou Allsheng Instruments Co., Ltd.). A total of 5 µL of ISE and each fraction of ISE was mixed with 245 µL ABTS radical solution and incubated at 37 °C in the dark for 10 min. Then, the absorbance was measured at 734 nm using a microplate reader (Hangzhou Allsheng Instruments Co., Ltd.). ABTS radical scavenging activity was expressed as mg vitamin C equivalents (VCE)/g of dry weight of the ISE or fractions of ISE.




2.6. Ferric Reducing Antioxidant Power Assay


The ferric-reducing antioxidant power (FRAP) of the ISE and fractions of ISE was measured as described previously with slight modifications [10]. The FRAP solution was prepared by mixing a 300 mM acetate buffer (pH 3.6), 10 mM TPTZ solution (in 40 mM HCl), and 20 mM ferric chloride hexahydrate (FeCl3·6H2O) solution at a ratio of 10:1:1 (v/v), respectively. The FRAP solution was kept at 37 °C until use. A total of 6 µL of ISE or each fraction of ISE was mixed with a 200 µL FRAP solution and incubated at 37 °C for 4 min. The absorbance was measured at 593 nm using a microplate reader (Hangzhou Allsheng Instruments Co., Ltd.). Distilled water and ferrous sulphate (FeSO4, 0.1 mM to 1 mM) were used as the blank and the standard, respectively. FRAP was expressed as mM FeSO4 equivalents (FSE)/g of dry weight of the ISE or fractions of ISE.




2.7. Cell Culture and Differentiation


C2C12 cells, a murine myoblast cell line, were obtained from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured and maintained in high-glucose DMEM supplemented with 10% FBS and antibiotics (100 units/mL penicillin A and 100 µg/mL streptomycin) at 37 °C under a 5% CO2 humidified atmosphere. When C2C12 cells reached 90% confluence, the growth medium was changed to a differentiation medium (DM) consisting of high-glucose DMEM, 2% FBS, and antibiotics to induce differentiation into the myotube. Differentiation was continued for 4 days and the DM was refreshed every 2 days. After 4 days, fully differentiated C2C12 myotubes was treated with 1 μg/mL LPS and an ISE or BuOH fraction at 0–100 µg/mL for 48 h.




2.8. Cell Viability


Cell viability was determined with a colorimetric MTT assay. C2C12 myotubes were treated with various concentrations (0–100 µg/mL) of ISE and BuOH fractions for 48 h. After sample treatment, the MTT solution (500 μg/mL) was added to the cells and incubated at 37 °C for 1 h. Subsequently, the MTT solution was removed and insoluble formazan dye was dissolved using dimethyl sulfoxide. Absorbance at 570 nm was determined spectrophotometrically by using a BioTek Cytation 5 Image reader (Winooski, VT, USA).




2.9. C2C12 Myotube Diameter Measurement


The analysis of the diameter of C2C12 myotubes was performed via Giemsa staining. After the indicated treatments, C2C12 myotubes were washed with PBS and fixed with 100% methanol for 10 min. Myotubes were incubated with the Giemsa staining solution for 10 min at room temperature and washed three times with distilled water to measure the morphological changes of C2C12 cells. Myotube diameters were estimated by a BioTek Cytation 5 Image reader (Winooski) at ×20 magnification. The diameters of three different sites in each myotube were determined using ImageJ software (ImageJ bundled with 64-bit Java 8, National Institutes of Health, Bethesda, MD, USA), using at least 100 myotubes in 10 random fields. The results were expressed as percentages of the diameter in the control group.




2.10. Quantitative Real Time PCR (qRT-PCR)


Total RNA was extracted from C2C12 myotubes using homemade Trizol reagent according to the manufacturer’s instructions. The RNA (1 µg) was reverse-transcribed into cDNA with a Compact cDNA Synthesis Kit (Smart Gene, Daejeon, Republic of Korea) in a GeneAmp PCR System 9700 (PerkinElmer, Inc., Waltham, MA, USA). qRT-PCR was conducted using the SYBR Green Q-PCR Master Mix (Smart Gene) in a QuantStudio™ 1 Real-Time PCR system (Thermo Fisher Scientific) under the standard thermal cycle conditions: polymerase activation for 2 min at 95 °C followed by 40 cycles of denaturation for 5 s at 95 °C, then annealing/extension for 30 s at 60 °C. The list of primers is provided in Table 1. All mRNA levels were normalized using the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. Relative expression values were calculated using 2−ΔΔCt method.




2.11. Western Blot Analysis


C2C12 myotubes for Western blot analysis were treated with LPS (1 µg/mL) and ISE or BuOH fractions (50, 75 and 100 µg/mL) for 24 or 48 h. C2C12 myoblasts were lysed using a CETi lysis buffer (TransLab, Daejeon, Republic of Korea). The lysate protein concentrations were measured using the Pierce™ BCA protein assay kit. Equal amounts of protein in each sample were separated by 8% SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and PVDF membranes. The membranes were blocked using a blocking buffer at room temperature for 1 h, and then incubated at 4 °C overnight with primary antibodies against muscle atrophy F-box (MAFbx; also known to atrogin-1), muscle RING-finger 1 (MuRF1), inducible NO synthase (iNOS), cyclooxygenase-2 (COX2), phospho-p38 (p-p38), total-p38 (t-p38), p-extracellular signal-regulated kinase (p-ERK), t-ERK, and β-Actin (1:1000 dilution, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA and Cell Signaling Technology, Danvers, MA, USA). After washing three times in Tris-buffered saline containing 0.1% Tween 20, the membranes were incubated with goat anti-mouse and goat anti-rabbit IgG-conjugated secondary antibodies (1:10,000 dilution, Bethyl Laboratories Inc., Montgomery, TX, USA) for 1 h at room temperature. Proteins were detected with an ECL detection solution and visualized with the ImageQuant LAS 500 (GE Health Care, Chalfont Saint Giles, UK). The relative intensity of each protein band was quantified using Image Studio Lite Western Blot Quantification version 5.2 software and normalized to that of the corresponding loading control.




2.12. Statistical Analysis


One-way analysis of variance (ANOVA) with Tukey’s post-hoc test was performed using Graphpad 9.0 (GraphPad Software La Jolla, CA, USA). p values less than 0.05 were considered statically significant. All data were expressed as mean ± standard deviation.





3. Results


3.1. Total Phenolic Content


Phenolic compounds in plants have a hydroxyl substituted benzene ring, which can have interesting biological activities such as antioxidant, anti-inflammatory, antiproliferative, and antibacterial activity [10,11]. We measured the TPC of ISE and five different fractions—Hex, CHCl3, EtOAc, BuOH, and H2O (Table 2). The TPC of ISE and the five different fractions of ISE range from 18.21 to 286.25 mg PGE/g of dry weight. BuOH (188.44 ± 11.77) had the highest TPC, followed by EtOAc (88.01 ± 9.82), H2O (77.58 ± 3.08), ISE (76.29 ± 8.95), CHCl3 (20.38 ± 0.99), and Hex (10.16 ± 0.00). The BuOH fraction showed the highest TPC compared to other fractions of ISE.




3.2. Antioxidant Capacity


We determined the antioxidant capacity using ABTS, DPPH, and FRAP assays, which are known to be the most commonly used methods to evaluate total antioxidant capacity (Table 2). For ABTS radical scavenging activity, the BuOH fraction showed the highest ABTS radical scavenging capacity among the five fractions of ISE, with 286.25 ± 14.61 mg VCE/g of dry weight, followed by EtOAc (120.32 ± 8.14), H2O (109.26 ± 8.94), CHCl3 (25.40 ± 3.86), and Hex (18.21 ± 4.43). Furthermore, ISE showed the third highest ABTS radical scavenging capacity, with 119.26 ± 9.28 mg VCE/g of dry weight compared to the five fractions of ISE. The DPPH radical scavenging capacity was the highest in BuOH (82.14 ± 12.13), followed by EtOAc (53.29 ± 6.84), ISE (44.85 ± 5.96), H2O (36.76 ± 3.49), CHCl3 (12.21 ± 1.36), and Hex (11.63 ± 0.38). In the case of FRAP activity, BuOH (0.40 ± 0.05) had the highest, followed by EtOAc (0.15 ± 0.01), H2O (0.16 ± 0.01), ISE (0.12 ± 0.01), CHCl3 (0.05 ± 0.01), and Hex (0.04 ± 0.00). We further conducted the Pearson correlation analysis to estimate the association between the TPC and three antioxidant assays (Table 3). The TPC assay was significantly positively correlated with the ABTS (r = 1.00, p < 0.01), DPPH (r = 0.98, p < 0.01), and FRAP (r = 0.99, p < 0.01) assays, which indicated that polyphenol compounds in ISE have strong total antioxidant capacity.




3.3. Effect of ISE on LPS-Induced C2C12 Myotube Atrophy


Compounds with antioxidant properties are known to have the ability to delay muscle atrophy [12]. We first investigated the protective effects of ISE on muscle atrophy in LPS-induced C2C12 myotubes. When the cytotoxicity of ISE was measured at 0–100 µg/mL on C2C12 myotubes, cells viability was not significantly changed at 100 µg/mL ISE (Figure 1a). Thus, the following experiments were performed at ISE concentrations under 100 µg/mL. LPS significantly decreased the diameter of C2C12 myotubes, which were significantly reversed by ISE (Figure 1b,c). The maximal effect was observed at 100 µg/mL of ISE, which increased myotube diameter by 46.5% compared to the LPS-treated myotubes. Forkhead box O type 3α (FoxO3α) transcription factors induce muscle atrophy by upregulating muscle-specific E3 ubiquitin ligases, such as MAFbx and MuRF1 [13]. The mRNA expression levels of MAFbx and MuRF1 were significantly increased by LPS, whereas only 75 and 100 µg/mL of ISE significantly decreased MAFbx and MuRF1 expression levels (Figure 1d). Furthermore, increases in the protein expression of MAFbx and MuRF1 by LPS were markedly suppressed by ISE (Figure 2). However, ISE did not alter the mRNA expression of FoxO3α in LPS-induced C2C12 myotubes.




3.4. Effect of BuOH Fraction on LPS-Induced C2C12 Myotube Atrophy


As the BuOH fraction showed the highest TPC and total antioxidant capacity among the five fractions from ISE, we further confirmed the effect of the BuOH fraction on muscle atrophy in LPS-induced C2C12 myotubes. We measured the cell viability of the BuOH fraction in C2C12 myotubes and found that more than 95% of cells were viable when treated with 0–100 µg/mL of BuOH fraction (Figure 3a). Reduced myotube diameter by LPS was significantly increased by the BuOH fraction at 75 and 100 µg/mL (Figure 3b,c). The diameter of LPS-treated myotubes was reduced by 63.6% compared to the control (LPS-untreated myotubes), while 75 and 100 µg/mL of the BuOH fraction increased by 43.5% and 56.5%, respectively, compared to the LPS-treated myotubes. The gene expression levels of FoxO3α, MAFbx, and MuRF1 were significantly increased by LPS, and were significantly reduced by the BuOH fraction (Figure 3d). Furthermore, LPS-stimulated protein expression levels of MAFbx and MuRF1 were noticeably attenuated by the BuOH fraction (Figure 2).




3.5. Anti-Inflammatory Effects of ISE and BuOH Fraction through Inhibition of p38/ERK Signaling Pathway in LPS-Induced C2C12 Myotube Atrophy


As inflammation is known to be a major factor in skeletal muscle atrophy [14], we measured the expression of pro-inflammatory cytokines and inflammation-inducible enzymes in LPS-induced C2C12 myotube atrophy. LPS significantly increased the expression of pro-inflammatory cytokines (interleukin-6 (IL-6) and IL-1β) and inflammation-inducible enzymes (iNOS and COX2) (Figure 4a,b) in C2C12 myotubes. ISE significantly reduced IL-1β and COX2 mRNA expression, but not IL-6 and iNOS mRNA expression. On the other hand, the BuOH fraction significantly reduced both the mRNA expression of pro-inflammatory cytokines and inflammation-inducible enzymes. In particular, ISE markedly abolished the LPS-stimulated protein expression of iNOS and COX2 in C2C12 myotubes (Figure 5a). However, the BuOH fraction markedly reduced the LPS-stimulated iNOS protein expression in C2C12 myotubes, but not COX2 protein expression. Furthermore, since LPS-stimulated gene expression of pro-inflammatory cytokines and inflammation-inducible enzymes are mainly activated by the mitogen-activated protein kinase (MAPK) signaling pathway [15], we further investigated the effect of both the ISE and the BuOH fraction on the inhibition of the p38/ERK pathway. LPS markedly increased the phosphorylation of p38 and ERK, which was markedly attenuated by the ISE and the BuOH fraction, but had no dose-dependent effects (Figure 5b,c).





4. Discussion


Since the regulation of inflammation and oxidative stress is essential for muscle atrophy, seaweeds with potent anti-inflammatory and antioxidant activity are an attractive natural resource for the management of muscle atrophy [14,16]. Studies have demonstrated IS exerts anti-inflammatory and antioxidant properties. ISE and its active compounds suppressed pro-inflammatory cytokines and nitric oxide production by inhibiting the MAPK/nuclear factor κB (NF-κB) signaling pathway in LPS-induced RWA 264.7 macrophages [7,17]. Also, IS methanol extract showed high hydrogen peroxide and DPPH free radical scavenging activity [10,18]. ISE has inhibitory effects on inflammatory cytokines and oxidative stress and therefore likely exert muscle atrophy effects in LPS-induced C2C12 myotubes. In this study, we found that ISE and the BuOH fraction exert anti-muscle atrophy effects in C2C12 myotubes by attenuating LPS-induced expression of muscle-specific E3 ubiquitin ligases and pro-inflammatory through inhibition of the p38/ERK MAPK signaling pathway, which was accompanied by high TPC and total antioxidant activity.



Skeletal muscle atrophy depends on the relative balance between protein degradation and synthesis [19]. When muscle atrophy occurs, protein breakdown exceeds protein synthesis. Protein synthesis is mainly regulated through activation of the mTOR pathway. The mTOR signaling pathway is mediated by mTORC1 (mTOR complex 1), which regulates protein synthesis, and mTOR complex 2 (mTORC2), which regulates cell survival and metabolism. mTORC1 is activated through the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB/Akt) pathway to increase protein synthesis by phosphorylating the downstream targets, 70 kDa ribosomal protein S6 kinase 1 (70S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1). On the other hand, the primary regulatory mechanism of protein degradation in skeletal muscle is the ubiquitin-proteasome pathway [19]. Muscle-specific E3 ubiquitin ligases, such as MAFbx and MuRF1, are instrumental in the processes underlying protein degradation and are highly stimulated by the transcription factor FoxO3α [20,21]. In skeletal muscle cells, muscle-specific E3 ubiquitin ligases are activated by dephosphorylation of FoxO3α, which influences its transcriptional activity [22]. In this study, the BuOH fraction attenuated the LPS-induced mRNA expression of MAFbx and MuRF1 in C2C12 myotubes by significantly suppressing the transcription factor FoxO3a. In addition, the BuOH fraction increased myotube diameter against LPS-induced myotube atrophy, which might be associated with the suppression of MAFbx and MuRF1 expression by the BuOH fraction. Thus, the anti-muscle-atrophy effect of the BuOH fraction is likely mediated by inhibiting FoxO3α activation. These results suggest that the BuOH fraction of ISE can prevent the development of muscle atrophy.



Although ISE significantly reduced LPS-induced MAFbx and MuRF1 mRNA and protein expression in C2C12 myotubes, the effect on FoxO3a expression was minimal. However, the BuOH fraction significantly attenuated the expression of MAFbx and MuRF1 through inhibiting the expression of FoxO3a. The reason for the different effects of ISE and BuOH fractions could be due to the higher TPC and total antioxidant capacity of the BuOH fraction compared to ISE. Antioxidants can potentially prevent skeletal muscle atrophy by inhibiting reactive oxygen species (ROS) production [12]. High cellular ROS levels increase the expression of proteins required for the ubiquitin-proteasome system [12]. Furthermore, studies have shown that strong antioxidant properties and high polyphenol content are closely related to inhibition of muscle atrophy-related ubiquitin ligases. Polyphenols, such as catechin and quercetin, have been shown to prevent clinorotation-induced expression of MAFbx and MuRF1 in C2C12 myotubes [23]. Rutin, one of the flavonoids, prevented dexamethasone-induced muscle loss in C2C12 myotubes and mouse models by controlling FOXO3-dependent signaling [24]. Didrovaltrate, an active compound of Valeriana fauriei, has ROS scavenging activity and has inhibited dexamethasone-induced muscle atrophy in C2C12 myotubes and C57BL/6 mice [25]. The higher TPC and antioxidant capacity of the BuOH fraction compared to ISE may contribute to the repressed expression of muscle-specific E3 ubiquitin ligases genes by the BuOH fraction in LPS-induced C2C12 myotubes. Thus, the study to find bioactive compounds of the BuOH fraction from ISE with potent muscle atrophy effects is warranted to test this possibility.



Inflammation is an important factor that causes skeletal muscle atrophy [14]. Pro-inflammatory cytokines can trigger muscle atrophy mediated by the activating ubiquitin-proteasome and NF-κB/MAPK signaling pathways [26,27]. MAPKs including ERK, c-Jun N-terminal kinase, and p38 regulate MAFbx and MuRF1 expression of muscles under oxidative stress and inflammatory conditions. In particular, elevated phosphorylation of p38 and ERK induces overexpression of MAFbx and MuRF1 in C2C12 myotubes [28]. Also, studies have demonstrated that systemic administration of LPS can stimulate the expression of MAFbx and MuRF1 through an increase of NF-κB activity and its downstream inflammatory mediator, such IL-6, IL-1β, and COX2 [26,29]. In the present study, we observed that ISE and the BuOH fraction significantly decreased the expression of pro-inflammatory cytokines and inflammation-inducible enzymes in LPS-induced C2C12 myotubes. Also, ISE and the BuOH fraction noticeably attenuated the LPS-stimulated increase in protein expression of phosphorylation of p38 and ERK in C2C12 myotubes. Thus, the decreased mRNA expression of IL-6, IL-1β, iNOS, and COX2 by ISE and the BuOH fraction is mediated through inhibition of the p38/ERK MAPK signaling pathway. This can contribute to the suppressed expression of muscle atrophy-related ubiquitin ligases by ISE and the BuOH fraction in LPS-induced C2C12 myotubes. Also, since oxidants produced by infiltrating immune cells can directly cause muscle damage, the effect of ISE and the BuOH fraction on muscle atrophy is likely accompanied by the antioxidant and anti-inflammatory effects of ISE and BuOH fraction.




5. Conclusions


In summary, the present study provides the first evidence that ISE and the BuOH fraction from ISE has a protective effect on muscle atrophy in LPS-induced C2C12 myotubes. ISE and the BuOH fraction inhibited LPS-induced myotube atrophy by suppressing muscle-specific E3 ubiquitin ligase genes through the inactivation of FoxO3α in C2C12 myotubes. Also, ISE and BuOH not only exhibit high total antioxidant capacity, but also suppress inflammatory mediator expression through the inhibition of p38 and ERK phosphorylation, which likely contributes to the inhibitory effect of ISE and BuOH fractions on muscle atrophy. However, further studies are required to investigate bioactive compounds of the BuOH fraction from ISE with a potent muscle atrophy effect. Therefore, our findings suggest that ISE has excellent potential as a nutraceutical material for the prevention and treatment of muscle atrophy.
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Figure 1. Inhibitory effects of ISE on muscle atrophy in LPS-induced C2C12 myotubes. C2C12 myotubes were treated with LPS (1 µg/mL) and ISE (50, 75, and 100 µg/mL) for 48 h. (a) Cell viability of ISE in C2C12 myotubes. C2C12 myotubes were treated with 0–100 µg/mL of ISE to measure the cell viability. (b) Giemsa staining was performed to visualize C2C12 myotube morphology (magnification 20×, scale bar = 100 μm). (c) Myotube diameters (μm) were observed from randomly selected fields and were quantified using the ImageJ program. The mRNA expression of (d) FoxO3a, MAFbx, and MuRF1 was analyzed by RT-PCR. GAPDH was used as internal controls. Bars with a different letter are significantly different from the control (p < 0.05). 
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Figure 2. Effects of ISE and BuOH on the protein expression of muscle-specific E3 ubiquitin ligases in LPS-induced C2C12 myotubes. C2C12 myotubes were treated with LPS (1 µg/mL) and ISE or BuOH fraction of ISE (50, 75, and 100 µg/mL) for 48 h. The protein expression of MAFbx and MuRF1 was analyzed using Western blot analysis. β-Actin was employed as a loading control. 






Figure 2. Effects of ISE and BuOH on the protein expression of muscle-specific E3 ubiquitin ligases in LPS-induced C2C12 myotubes. C2C12 myotubes were treated with LPS (1 µg/mL) and ISE or BuOH fraction of ISE (50, 75, and 100 µg/mL) for 48 h. The protein expression of MAFbx and MuRF1 was analyzed using Western blot analysis. β-Actin was employed as a loading control.



[image: Applsci 13 10115 g002]







[image: Applsci 13 10115 g003] 





Figure 3. Inhibitory effects of the BuOH fraction from ISE on muscle atrophy in LPS-induced C2C12 myotubes. C2C12 myotubes were treated with LPS (1 µg/mL) and the BuOH fraction of ISE (50, 75, and 100 µg/mL) for 48 h. (a) Cell viability of BuOH fraction in C2C12 myotubes. C2C12 myotubes were treated with 0–100 µg/mL of BuOH fraction to measure the cell viability. (b) Giemsa staining was performed to visualize C2C12 myotube morphology (magnification 20×, scale bar = 100 μm). (c) Myotube diameters (μm) were observed from randomly selected fields and were quantified using the ImageJ program. The mRNA expression of (d) FoxO3a, MAFbx, and MuRF1 was analyzed by RT-PCR. GAPDH was used as internal controls. Bars with a different letter are significantly different from control (p < 0.05). 
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Figure 4. Effects of ISE and the BuOH fraction of ISE on the expression of pro-inflammatory cytokines and inflammation-inducible enzymes in LPS-treated C2C12 myotubes. C2C12 myotubes were treated with LPS (1 µg/mL) and the (a) ISE or (b) BuOH fraction of ISE (50, 75, and 100 µg/mL) for 24 h. The mRNA expression of IL-6, IL-1β, iNOS, and COX2 was determined using RT-PCR. GAPDH was used as the internal controls. Bars with a different letter are significantly different from the control (p < 0.05). 
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Figure 5. Effects of ISE and BuOH on the protein expression of inflammation-inducible enzymes and phosphorylation of p38 and ERK in LPS-induced C2C12 myotubes. C2C12 myotubes were treated with LPS (1 µg/mL) and ISE, or the BuOH fraction of ISE (50, 75, and 100 µg/mL) for 24 h. (a) The protein expression of iNOS and COX2 was analyzed by Western blot analysis. β-Actin was employed as a loading control. (b) The protein expression of p-p38 and t-p38 was analyzed by Western blot analysis. Phosphorylation p38 was calculated as a ratio of p-p38/t-p38 and expressed relative to LPS. (c) The protein expression of p-ERK and t-ERK was analyzed by Western blot analysis. Phosphorylation ERK was calculated as a ratio of p-ERK/t-ERK and expressed relative to LPS. 
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Table 1. Primers for real-time PCR amplification of gene expression.
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Primer

	
F/R

	
Sequences (5′ to 3′ Direction)






	
FoxO3a

	
F

	
GAG TGA CTC CAG CAG CCT TG




	
R

	
ATT CCA AGC TCC CAT TGA AC




	
MuRF1

	
F

	
TGG AAA CGC TAT GGA GAA CC




	
R

	
AAC GAC CTC CAG ACA TGG AC




	
MAFbx

	
F

	
CTC TGC TGT GAG TGC CAC AT




	
R

	
CAA TGA GCC TGG GTA CCA CT




	
IL-6

	
F

	
CCC ACC AAG AAC GAT AGT CA




	
R

	
CTC CGA CTT GTG AAG TGG TA




	
IL-1β

	
F

	
GTC ACA AGA AAC CAT GGC ACA T




	
R

	
GCC CAT CAG AGG CAA GGA




	
iNOS

	
F

	
AAT CTT GGA GCG AGT TGT GG




	
R

	
CAG GAA GTA GGT GAG GGC TTG




	
COX-2

	
F

	
GCC TAC TAC AAG TGT TTC TTT TTG CA




	
R

	
CAT TTT GTT TGA TTG TTC ACA CCA T




	
GAPDH

	
F

	
GGT GGT CTC CTC TGA CTT CAA CA




	
R

	
GTT GCT GTA GCC AAA TTC GTT GT











 





Table 2. Extraction yield, total anti-oxidant capacity, and total phlorotannin content of the ISE and its fractions.
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Extract/Fractions

	
Extraction Yield

	
TPC(mg PGE/g)

	
ABTS(mg VCE/g)

	
DPPH(mg VCE/g)

	
FRAP(mM FSE/g)




	
% (w/w)

	
g






	
ISE

	
15.00

	
75.00

	
76.29 ± 8.95 b

	
119.26 ± 9.28 b

	
44.85 ± 5.96 b

	
0.12 ± 0.01 b




	
Hex

	
13.87

	
6.25

	
10.16 ± 0.00 c

	
18.21 ± 4.43 c

	
11.63 ± 0.38 c

	
0.04 ± 0.00 c




	
CHCl3

	
4.32

	
1.95

	
20.38 ± 0.99 c

	
25.40 ± 3.86 c

	
12.21 ± 1.36 c

	
0.05 ± 0.01 c




	
EtOAc

	
5.31

	
2.40

	
88.01 ± 9.82 b

	
120.32 ± 8.14 b

	
53.29 ± 6.84 b

	
0.15 ± 0.01 b




	
BuOH

	
4.26

	
1.92

	
188.44 ± 11.77 a

	
286.25 ± 14.61 a

	
82.14 ± 12.13 a

	
0.40 ± 0.05 a




	
H2O

	
29.08

	
13.11

	
77.58 ± 3.08 b

	
109.26 ± 8.94 b

	
36.76 ± 3.49 b

	
0.16 ± 0.01 b








TPC, total phenolic content; ABTS, ABTS radical scavenging capacity; DPPH, DPPH radical scavenging capacity; FRAP, ferric-reducing antioxidant power. The values are expressed as the means ± SD (n = 3). Different letters in the same column indicated significant difference (p < 0.05).













 





Table 3. Pearson’s correlation between TPC and three total antioxidant capacity results in ISE and its fractions.
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	Antioxidant Activity
	TPC
	ABTS Assay
	DPPH Assay
	FRAP Assay





	TPC
	1
	1.00 (p < 0.01)
	0.98 (p < 0.01)
	0.99 (p < 0.01)



	ABTS assay
	
	1
	0.97 (p < 0.01)
	0.99 (p < 0.01)



	DPPH assay
	
	
	1
	0.94 (p < 0.01)



	FRAP assay
	
	
	
	1







The correlation was analyzed by Pearson’s correlation with p < 0.01 for a significant difference.
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