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Pyropia yezoensis protein protects against TNF-a-induced myotube
atrophy in C2C12 myotubes via the NF-kB signaling pathway
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Abstract. The protein extracted from red algae
Pyropia yezoensis has various biological activities, including
anti-inflammatory, anticancer, antioxidant, and antiobesity
properties. However, the effects of P. yezoensis protein (PYCP)
on tumor necrosis factor-a (TNF-a)-induced muscle atrophy
are unknown. Therefore, the present study investigated the
protective effects and related mechanisms of PYCP against
TNF-a-induced myotube atrophy in C2C12 myotubes.
Treatment with TNF-a (20 ng/ml) for 48 h significantly reduced
myotube viability and diameter and increased intracellular
reactive oxygen species levels; these effects were significantly
reversed in a dose-dependent manner following treatment
with 25-100 yg/ml PYCP. PYCP inhibited the expression of
TNF receptor-1 in TNF-a-induced myotubes. In addition,
PYCP markedly downregulated the nuclear translocation of
nuclear factor-kB (NF-«xB) by inhibiting the phosphorylation
of inhibitor of kB. Furthermore, PYCP treatment suppressed
20S proteasome activity, IL-6 production, and the expression
of the E3 ubiquitin ligases, atrogin-1/muscle atrophy
F-box and muscle RING-finger protein-1. Finally, PYCP
treatment increased the protein expression levels of myoblast
determination protein 1 and myogenin in TNF-a-induced
myotubes. The present findings indicate that PYCP may
protect against TNF-a-induced myotube atrophy by inhibiting
the proinflammatory NF-kB pathway.

Introduction

Skeletal muscle atrophy is caused by various chronic diseases,
including obesity, cancer, diabetes, heart failure, AIDS,
sepsis, and rheumatoid arthritis (1). Atrophy also occurs
in aging, starvation, and muscle denervation, as well as in
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genetic myopathies, such as muscular dystrophies, leading to
a decrease in muscle strength and mass (2). Muscle atrophy
is caused by decreased protein synthesis and increased
proteolysis, due primarily to hyperactivation of major cellular
degradation pathways, including the ubiquitin-proteasome
and autophagy-lysosomal systems (3-5). Proinflammatory
cytokines, such as tumor necrosis factor-o. (TNF-a), interleukin
(IL)-1pB, and IL-6, have been shown to promote the breakdown
of myofibrillar proteins and reduce protein synthesis, leading
directly to muscle loss (3-5). Among the cytokines, TNF-a
induces ubiquitin-dependent proteolysis by activating various
intracellular factors, including reactive oxygen species (ROS),
nuclear factor-kB (NF-kB), atrogin-1/muscle atrophy F-box
(MAFbx), and muscle RING-finger protein-1 (MuRF1),
as well as apoptosis (3-5).

TNF-a, a proinflammatory cytokine, has been implicated
in muscle catabolic conditions and has an important role
in a variety of biological processes, including cell growth
and differentiation (6), inflammation (7), apoptosis, and
necrosis (8). Among its various effects on skeletal muscle
protein, TNF-a induces anabolic and catabolic effects regulated
by different signaling pathways. TNF-a acts by binding to
TNF receptor-1 (TNF-R1) and TNF-R2 and acts as a potent
activator of the NF-xB pathway by promoting endogenous
production of ROS via mitochondrial electron transport in
various cell types, including muscle (9). Phosphorylation and
proteasomal degradation of the NF-«kB inhibitory protein,
inhibitor of kB (IxB), lead to the activation and nuclear
translocation of NF-xB (10). Activated NF-xB causes skeletal
muscle atrophy through three potential mechanisms. First,
NF-kB can increase the protein expression of components
of the ubiquitin-proteasome system, which is involved in
the degradation of specific muscle proteins during muscle
atrophy (11,12). Second, NF-xB can increase the expression
of inflammation-related molecules, such as IL-1 and IL-6,
which directly or indirectly activate muscle wasting (13).
Finally, NF-kB can inhibit the expression of muscle
differentiation-related genes, such as myoblast determination
protein 1 (MyoD) and myogenin, which are involved in the
regeneration of atrophied skeletal muscle (14,15). MyoD
and myogenin are myogenic transcription factors that have
an important role in regulating muscle differentiation, and
activation of NF-kB is known to reduce the cellular MyoD
and myogenin protein levels through post-transcriptional
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mechanisms (16). In summary, NF-kB appears to increase
the ubiquitin-proteasome pathway activity, increase IL-6
expression, and inhibit myogenesis, promoting muscle protein
breakdown, and leading to muscle atrophy.

Panduratin A has been shown to increase the
TNF-a-induced decrease in MyoD and myogenin mRNA
expression and attenuate the TNF-a-induced increase in
atrogin-1/MAFbx and MAFbx mRNA expression, and
significantly inhibit the production of ROS by increasing
the mRNA expression of catalase and superoxide dismutase
in L6 myotubes (5). Furthermore, S-allyl cysteine inhibits
TNF-a-induced muscle atrophy by suppressing endogenous
pro-inflammatory molecules TNF-a, IL-6, TNF-like weak
inducer of apoptosis (TWEAK), TWEAK receptor fibro-
blast growth factor-inducible receptor 14, IL-1p, NF-«xB,
and E3 ubiquitin ligases, and inhibiting the degradation of
muscle-specific structural protein, fast myosin heavy chain
(MHCf) (7). Therefore, regulating both TNF-a-induced
oxidative stress and the NF-kB pathway is an important
strategy for improving muscle disorders, such as muscle
atrophy.

Pyropia yezoensis is a commercially important edible
red alga in Southeast Asia, including Korea, China, Japan,
and Taiwan (17). P. yezoensis contains biologically active
phytochemicals, such as proteins, polysaccharides, essential
fatty acids, vitamins, minerals, tocopherols, carotenoids,
and phytocyanins (17). In particular, its high protein content
(25-50%, dry matter basis) serves as a source of bioactive
peptides with antimuscular atrophy (18), antioxidant (19),
anticancer (20), anti-inflammatory (21), collagen synthesis (22),
and hepatoprotective effects (23). A previous study on the
muscle atrophy protection mechanism of P. yezoensis protein
(PYCP) showed that PYCP prevented dexamethasone-induced
muscle atrophy in mice by increasing protein synthesis
and decreasing protein degradation via inhibiting the
ubiquitin-proteasome and autophagy-lysosomal pathways (18).
However, the efficacy of PYCP in the prevention of muscle
atrophy due to chronic low-grade inflammation has not yet
been demonstrated. Therefore, the present study investigated
the protective mechanisms and therapeutic potential of PYCP
on TNF-a-induced myotube atrophy in C2C12 myotubes.

Materials and methods

Preparation of PYCP. P. yezoensis was purchased from
Suhyup, the National Federation of Fisheries Cooperatives
(Busan, Korea), washed several times with tap water to remove salt
and visible epiphytes and stored at -50°C until use. P. yezoensis
powder (8 g) was diluted with 300 ml Tris-HCI buffer (50 mM,
pH 7.8) and stirred at 4°C for 1 h. The solution was centrifuged
at 3,134 x g at 4°C for 20 min and vacuum-filtered through
a crucible. The supernatant was added to 80% (NH,),SO,
and stirred at 4°C for 24 h, then centrifuged at 173,502 x g at
4°C for 30 min. After dissolving the precipitate in Tris-HCI
buffer, the salt was removed by dialysis at 4°C for 72 h using
a Spectra/Por membrane (Spectrum Laboratories, Ltd.) with a
molecular weight cutoff of 3.5 kDa. The dialyzed solution was
distributed into 1.5-ml tubes and freeze-dried. The lyophilized
powder (termed PYCP) was stored at -70°C until use. PYCP was
solubilized in phosphate-buffered saline (PBS) for use in assays.

C2C12 cell culture and differentiation. Myoblasts derived
from mouse skeletal muscle (cat. no. CRL-1772; American Type
Culture Collection) were cultured in 6-well plates containing
Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml
penicillin, and 100 pg/ml streptomycin (Gibco; Thermo Fisher
Scientific, Inc.) at 37°C in a humidified atmosphere of 5% CO,.
When myoblasts were approximately 80-90% confluent,
myotube differentiation was initiated by replacing the growth
medium with differentiation medium: DMEM supplemented
with 2% FBS. Differentiation was allowed to proceed for
6 days, with the medium changed every 48 h, at which stage
90-100% of the cells had fused into myotubes.

Treatment of cells with recombinant TNF-o and PYCP. TNF-a
(PeproTech, Inc.) was dissolved in PBS to a final concentration
of 10 pug/ml for the stock solution and then diluted to the
indicated concentrations. Differentiated myotubes were
treated with 20 ng/ml TNF-a, various concentrations of PYCP
(25, 50 or 100 pg/ml), or both factors in combination for 48 h.
For the control group, the myotubes were incubated with
differentiation medium and PBS only.

Cell viability assay. Cell viability was determined
using the CellTiter 96 Aqueous Cell Proliferation Assay
(Promega Corporation), which is based on the formation
of a formazan product from the tetrazolium compound
(3-4,5-dimethythiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfonyl)-2H-tetrazolium (MTS). Cells (1.5x10* cells/well)
were seeded into 96-well plates in 100 ] DMEM supplemented
with 10% FBS and were allowed to attach at 37°C for 24 h.
Following differentiation as aforementioned, the cells
were incubated with 20 ng/ml TNF-a and PYCP (25, 50,
or 100 pg/ml) at 37°C for 48 h. MTS solution (10 ul) was
added, and the cells were incubated at 37°C for 30 min.
The absorbance at 490 nm was measured using a Gen5
microplate reader (BioTek Instruments, Inc.). Experiments
were performed in triplicate.

Measurement of myotube diameter. Myotube cultures were
photographed under a phase-contrast microscope at x20
magnification following treatment with 20 ng/ml TNF-a and
25, 50, or 100 pg/ml PYCP for 48 h. Myotube diameters were
determined based on the method described by Castillero et al
and Menconi et al (24,25). The average diameter of each
myotube was calculated as the mean of five different myotube
measurements in 10 different fields (n=50) using Imagel
software (version 4.16; National Institutes of Health). The
measurements were conducted by a researcher blinded to the
origin of the experimental groups.

Measurement of intracellular ROS production. Intracellular
ROS were detected using the redox-sensitive fluorescent dye
2'-7'-dichlorofluorescein diacetate [DCF-DA (C,,H,,C,,0,);
Sigma-Aldrich; Merck KGaA). Cells were plated at
1.5x10* cells/well in 96-well plates overnight and differentiated
into myotubes for 6 days. Following differentiation, the cells
were incubated with 20 ng/ml TNF-a and PYCP (25, 50,
or 100 pug/ml) at 37°C for 48 h. At the end of the treatment,
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cells were washed with cold PBS and incubated with 20 xM
DCF-DA at 37°C for 30 min. Following incubation, the cells
were washed with cold PBS. Fluorescence intensities of the
stained cells were determined at excitation and emission
wavelengths of 485 and 535 nm, respectively, using a Gen5
microplate fluorescence reader (BioTek Instruments, Inc.).

Measurement of IL-6 production. IL-6 was measured in
the supernatant using an ELISA kit (cat. no. M6000B; R&D
Systems, Inc.), according to the manufacturer's instructions.
Briefly, a monoclonal antibody specific for mouse IL-6 was
coated onto the microplates. After adding 50 ul of standard or
sample, 50 pl of assay diluent (RD1-14) was added to the center
of each well. Wells were incubated at room temperature for
2 h, then washed five times. Afterward, 100 pl of mouse IL-6
conjugate was added to each well, and the plate was incubated
for another 2 h, followed by repeated washing. Lastly, wells
were incubated in 100 ul of substrate solution for 30 min and
stopped with stop solution. The optical density of each well
was determined at 450 nm and corrected at 570 nm.

Measurement of 20S proteasome activity. The
chymotrypsin-like activity of the 20S proteasome
was measured based on changes in the fluorescence of
7-amino-4-methylcoumarin (AMC) conjugated to the
chymotrypsin peptide substrate LLVY using a 20S proteasome
activity kit (Chemicon; Thermo Fisher Scientific, Inc.). In brief,
cells were suspended in RIPA lysis buffer (50 mM Tris-HCI,
pH 7.5, 150 mM NacCl, 0.5% sodium deoxycholate, 1% Triton
X-100, 0.1% SDS, and 2 mM EDTA) containing protease
inhibitors (1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml
pepstatin A, 200 mM Na;VO,, 500 mM NaF, and 100 mM
PMSF) and centrifuged at 16,000 x g at 4°C for 10 min. The
protein concentration of supernatants was determined with a
bicinchoninic acid (BCA) protein assay (Pierce; Thermo Fisher
Scientific, Inc.). The cell lysates were incubated with a labeled
substrate, LLVY-AMC, at 37°C for 90 min. The cleavage
activity was monitored by detecting the free fluorophore AMC
using a Gen5 microplate reader (BioTek Instruments, Inc.) (18).

Preparation of total cell lysate. After C2C12 myoblasts were
differentiated for 6 days, myotubes were treated with 20 ng/ml
TNF-a and PYCP (25, 50, or 100 pg/ml) at 37°C for 48 h. Cells
were washed twice with PBS (Gibco; Thermo Fisher Scientific,
Inc.) and lysed with extraction buffer [1% NP-40, 0.25%
sodium deoxycholate, 1 mM ethylene glycol-bis(f3-aminoethyl
ether)-N,N,N'N'-tetra-acetic acid, 150 mM NaCl, and 50 mM
Tris-HCI, pH 7.5] containing protease inhibitors (I mg/ml
aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin A, 200 mM
Na,VO,, 500 mM NaF, and 100 mM PMSF) on ice. After
incubation at 4°C for 30 min, the extracts were centrifuged
at 16,000 x g at 4°C for 10 min. The protein levels in the
supernatants were quantified using a BCA protein assay kit
(Pierce; Thermo Fisher Scientific, Inc.), according to the
manufacturer's instructions. The supernatant was then used in
western blot analysis (18).

Preparation of cytosolic and nuclear extracts. Cells were
treated and harvested as described for the total cell lysate
extraction. Cells were then lysed with hypotonic lysis buffer

(25 mM HEPES pH 7.5, 5 mM EDTA, 5 mM MgCl,, and
5 mM DTT) containing protease inhibitors (1 mg/ml aprotinin,
1 mg/ml leupeptin, 1 mg/ml pepstatin A, 200 mM Na;VO,,
500 mM NaF, and 100 mM PMSF), and incubated on ice for
10 min. Cells were further lysed by adding ice-cold NP-40 to
a final concentration of 2.5%. The tubes were vortexed on the
highest setting for 5 sec. After incubation on ice for another
10 min, the tubes were vortexed again on the highest setting
for 5 sec, then centrifuged at 16,000 x g at 4°C for 5 min. The
supernatant (cytoplasmic extract) was immediately transferred
to clean, pre-chilled tubes. The insoluble (pellet) fraction
containing nuclei was resuspended in ice-cold cell extraction
buffer (10 mM HEPES pH 7.9, 100 mM NaCl, 1.5 mM MgCl,,
0.1 mM EDTA, and 0.2 mM DTT) containing protease inhib-
itor. The samples were placed on ice and vortexed for 15 sec
every 10 min for a total of 40 min. The tubes were centrifuged
at 16,000 x g at 4°C for 10 min. The supernatant (nuclear
extract) was immediately transferred to clean, pre-chilled
tubes. Protein levels were determined using a BCA protein
assay kit (Pierce; Thermo Fisher Scientific, Inc.), according to
the manufacturer's instructions. Both extracts were then used
in western blot analysis (18).

Western blot analysis. Equal amounts of protein (30 ug) were
separated using 7-12.5% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred to polyvinylidene
fluoride membranes (EMD Millipore). The membranes were
blocked by incubation with 1% bovine serum albumin
(BSA) in TBS-T (10 mM Tris-HCI, 150 mM NacCl, and 0.1%
Tween-20) at room temperature for 90 min, and then incubated
with specific primary antibodies at room temperature for 3 h
(Table I). The membranes were washed three times with
TBS-T and incubated for 90 min at room temperature with
the appropriate horseradish peroxidase-conjugated secondary
anti-rabbit IgG (cat. no. 7074S; Cell Signaling Technology, Inc.),
anti-mouse IgG (cat. no. 7076S; Cell Signaling Technology,
Inc.), or donkey anti-goat IgG antibodies (cat. no. A50-101P;
Bethyl Laboratories, Inc.), diluted at 1:10,000-1:20,000 in
TBS-T containing 1% BSA. Signals were detected using
an enhanced chemiluminescence western blot analysis kit
(Thermo Fisher Scientific, Inc.). Experiments were performed
in triplicate, and densitometry analysis was performed using
Multi-Gauge software version 3.0 (Fujifilm Life Sciences).
GAPDH, f-actin, or lamin Bl were used as internal controls
for equal protein loading in total cell, cytoplasmic or nuclear
extracts, respectively (18).

Statistical analysis. The results are presented as the
mean + standard deviation of at least three independent
experiments. Data were analyzed by one-way analysis
of variance followed by the Duncan multiple-range test
using SPSS software version 18.0 (SPSS, Inc.). P<0.05 was
considered to indicate a statistically significant difference.

Results

Effects of PYCP on cell viability. To examine the cytotoxic
effects of PYCP on mouse skeletal muscle cells, cell viability
was measured using the MTS assay. C2C12 myotubes were
incubated without or with PYCP at various concentrations
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Table I. List of primary antibodies used in western blot analysis.

Antibody Catalog number Species of origin Dilution
Atrogin-1/MAFbx sc-27645 Goat 1:1,000
[-actin sc-47778 Mouse 1:1,000
GAPDH sc-25778 Mouse 1:1,000
IxkBa sc-7218 Rabbit 1:1,000
Lamin B1 sc-377000 Mouse 1:1,000
MuRF1 sc-27642 Goat 1:1,000
MyoD sc-377186 Mouse 1:1,000
Myogenin sc-12732 Mouse 1:1,000
NF-«xB p65 sc-8008 Mouse 1:500

p-IkBa sc-8404 Mouse 1:1,000
TNF-R1 sc-8436 Mouse 1:1,000

All antibodies were purchased from Santa Cruz Biotechnology, Inc. MAFbx, muscle atrophy F-box; IxBa, inhibitor of kB a; MuRF1, muscle
RING-finger protein-1; MyoD, myoblast determination protein 1; NF-«B, nuclear factor-«B; p-, phosphorylated; TNF-R1, TNF receptor-1.

(25-100 pug/ml). As shown in Fig. 1A, no significant
toxicity was observed in myotubes treated with PYCP for
48 h. To examine the protective effects of PYCP against
TNF-a-induced myotube damage, mouse skeletal muscle
C2C12 cells were incubated with various concentrations
of PYCP (25, 50, or 100 ug/ml). As shown in Fig. 1B, the
cell viability of TNF-a-treated myotubes was decreased
compared with non-treated myotubes. However, treatment
with PYCP protected cells from the TNF-a-induced decrease
in cell viability (Fig. 1B). Therefore, 25, 50 and 100 pg/ml
PYCP were used for further experiments.

Effects of PYCP on myotube diameter. To investigate whether
PYCP protects against myotube atrophy in TNF-a-stimulated
C2C12 myotubes, the myotube diameter was measured. As
shown in Fig. 2, the myotube diameter in TNF-a-treated
myotubes was decreased compared with non-treated myotubes.
However, TNF-a-treated myotubes showed a significant
increase in myotube diameter in the presence of PYCP (Fig. 2).

Effects of PYCP on TNF-a-induced intracellular ROS
production. To examine whether PYCP functions as a scav-
enger of TNF-a-induced ROS production, intracellular ROS
levels were measured. As shown in Fig. 3, the production of
ROS in TNF-a-treated myotubes was significantly increased
compared with non-treated myotubes. However, TNF-a-treated
myotubes exhibited a significant decrease in ROS production
in the presence of PYCP in a dose-dependent manner (Fig. 3).
These results indicated that PYCP inhibited the intracellular
accumulation of ROS in mouse skeletal muscle cells damaged
by TNF-a-mediated oxidative stress.

Effects of PYCP on TNF-RI expression. To determine whether
PYCP treatment altered the expression levels of TNF-R1
in TNF-a-treated C2C12 myotubes, the TNF-R1 protein
expression levels were examined by western blot analysis. As
shown in Fig. 4, the TNF-R1 protein expression levels were
significantly increased in TNF-a-treated C2C12 myotubes.

However, the TNF-a-induced upregulation of TNF-R1 was
significantly attenuated by PYCP treatment (Fig. 4).

Effects of PYCP on the NF-xB signaling pathway. To
further explore the mechanism underlying transcriptional
control by PYCP, C2C12 myotubes were treated with TNF-a
(20 ng/ml) and PYCP (25, 50, or 100 pg/ml) for 48 h, and
proteins associated with NF-xB/p65 subunit nuclear trans-
location were examined by western blot analysis. As shown
in Fig. 5A, the phosphorylation of IkxBa, which induces
NF-kB/p65 activation, was inhibited by PYCP treatment
in TNF-a-induced C2C12 myotubes. Consequently, the
nuclear NF-kB/p65 levels were significantly decreased
by PYCP treatment compared with TNF-a-only treated
C2C12 myotubes (Fig. 5B). The results indicated that PYCP
treatment effectively blocked the nuclear translocation and
activation of NF-kB/p65 by inhibiting TNF-a-induced IkBa
phosphorylation.

Effects of PYCP on the ubiquitin-proteasome system. To
confirm that the ubiquitin-proteasome system is regulated by
NF-«B, the protein expression levels of E3 ubiquitin ligases in
C2C12 myotubes were investigated by western blot analysis.
As shown in Fig. 6A, TNF-a treatment significantly increased
atrogin-1/MAFbx and MuRF1 expression levels. However,
treatment with PYCP attenuated the TNF-a-induced increase
in the expression of atrogin-1/MAFbx and MuRF1 (Fig. 6A).
In addition, to assess the protective effect of PYCP on 20S
proteasome activity, the proteolytic activity of 20S proteasome
was monitored by measuring the AMC fluorescence. As
shown in Fig. 6B, TNF-a treatment significantly increased
20S proteasome activity, but this was significantly attenuated
by PYCP treatment.

Effects of PYCP on IL-6 production. To evaluate the effect of
PYCP on proinflammatory cytokines regulated by the tran-
scription factor NF-«xB, IL-6 production in C2C12 myotubes
was measured using an ELISA kit. Increased IL-6 levels in
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Figure 1. Effects of TNF-a and PYCP on the cytotoxicity of C2C12 myotubes. (A) The cell viability of C2C12 myotubes in the presence of 0, 12.5, 25, 50, and
100 pg/ml PYCP for 24 h. (B) The cell viability of C2C12 myotubes treated with 25, 50, and 100 pg/ml PYCP for 24 h and cotreated with 20 ng/ml TNF-a. for
24 h."P<0.05 vs. control untreated cells; “P<0.05 vs. TNF-a-only treated cells. PYCP, Pyropia yezoensis protein; TNF-a, tumor necrosis factor-a.
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Figure 2. Effects of PYCP on myotube diameter in TNF-a-treated C2C12 myotubes. Representative images and quantification of myotube diameters are shown
for C2C12 myotubes treated with 20 ng/ml TNF-a and PYCP (25, 50, or 100 pg/ml) for 48 h. Images were captured at x20 magnification (scale bar, 50 ym).
Data are presented as the mean + standard deviation of three independent experiments. “P<0.05 vs. untreated cells; “P<0.05 vs. TNF-a-only treated cells. PYCP,

Pyropia yezoensis protein; TNF-a, tumor necrosis factor-a.
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Figure 3. Effects of PYCP on the production of intracellular ROS in
TNF-a-treated C2C12 myotubes. C2C12 myotubes were treated with
20 ng/ml TNF-a and PYCP (25, 50, or 100 #g/ml) for 48 h. Intracellular ROS
production was measured using DCF-DA and fluorescence intensity analysis.
Data are presented as the mean =+ standard deviation of three independent
experiments. "P<0.05 vs. untreated cells; “P<0.05 vs. TNF-a-only treated
cells. PYCP, Pyropia yezoensis protein; ROS, reactive oxygen species;
TNF-a, tumor necrosis factor-a.

TNF-a-treated C2C12 myotubes were significantly reduced by
PYCP treatment in a dose-dependent manner (Fig. 7).

Effects of PYCP on myogenesis. To determine whether PYCP
treatment altered myogenic differentiation in TNF-a-treated
C2C12 myotubes, MyoD and myogenin protein expression
levels were examined by western blot analysis. As shown in
Fig. 8, both MyoD and myogenin protein expression levels were
significantly decreased in TNF-a-stimulated C2C12 myotubes
compared with control untreated myotubes. However, the
TNF-a-mediated downregulation of MyoD and myogenin was
significantly reversed by treatment with PYCP (Fig. 8).

Discussion

In the present study, the antiatrophic activities and
mechanisms of PYCP were investigated using TNF-a-treated
C2C12 myotubes. The main findings demonstrated that PYCP
efficiently inhibited the expression of E3 ubiquitin ligases, 20S
proteasome activity, and IL-6 secretion via suppression of the
NF-«xB pathway by inhibiting TNF-R1 expression and ROS
production in TNF-a-induced C2C12 myotubes. In addition,
PYCP effectively increased MyoD and myogenin expression
in TNF-a-induced C2C12 myotubes. The present results
indicated that TNF-a-induced inflammation-related muscle
atrophy could be attenuated by PYCP treatment.
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Figure 4. Effects of PYCP on the expression of TNF-R1 in TNF-a-treated C2C12 myotubes. TNF-R1 protein expression levels were detected by western
blot analysis. GAPDH was used as an internal standard. Data are presented as the mean + standard deviation of three independent experiments. 'P<0.05 vs.
untreated cells; “P<0.05 vs. TNF-a-only treated cells. PYCP, Pyropia yezoensis protein; TNF-R1, TNF receptor-1; TNF-a, tumor necrosis factor-a.
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Figure 5. Effects of PYCP on the activation and translocation of NF-kB/p65 in TNF-a-treated C2C12 myotubes. (A) p-IkBa, IkBa, and NF-kB/p65 protein
expression levels of cytosolic fractions were detected by western blot analysis. (B) NF-kB/p65 levels were measured in the nuclear fractions by western blot
analysis. B-actin and lamin B1 were used as internal controls for the cytosolic and nuclear fractions, respectively. Data are presented as the mean + standard
deviation of three independent experiments. "P<0.05 vs. untreated cells; “P<0.05 vs. TNF-a-only treated cells. PYCP, Pyropia yezoensis protein; NF-«xB,

nuclear factor-kB; TNF-a, tumor necrosis factor-a; p-, phosphorylated; IxkBa., inhibitor of kB a.

‘Inflammaging’, the chronic low-grade inflammation that  Additionally, an increase in body fat due to aging causes fat
characterizes aging, is associated with muscle catabolism (26).  to be deposited in muscle tissue, and the accumulation of
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Figure 6. Effects of PYCP on the ubiquitin-proteasome system in TNF-a-treated C2C12 myotubes. (A) The atrogin-1/MAFbx and MuRF1 protein expression
levels were detected by western blot analysis. GAPDH was used as an internal standard. (B) 20S proteasome activity was assessed by detecting AMC in cell
lysates after cleavage from the AMC-tagged peptide LLVY. Data are presented as the mean + standard deviation of three independent experiments. "P<0.05
vs. untreated cells; “P<0.05 vs. TNF-a-only treated cells. PYCP, Pyropia yezoensis protein; TNF-a, tumor necrosis factor-a; MAFbx, muscle atrophy F-box;

MuRF1, muscle RING-finger protein-1; AMC, 7-amino-4-methylcoumarin.
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Figure 7. Effects of PYCP on the production of IL-6 in TNF-a-treated C2C12
myotubes. C2C12 myotubes were treated with 20 ng/ml TNF-a and PYCP
(25, 50, or 100 pug/ml) for 48 h. IL-6 in the culture media was measured
using ELISA. Data are presented as the mean + standard deviation of three
independent experiments. P<0.05 vs. untreated cells; “P<0.05 vs. TNF-a-only
treated cells. PYCP, Pyropia yezoensis protein; IL-6, interleukin-6; TNF-a.,
tumor necrosis factor-o.

intramuscular fat can increase the secretion of inflammatory
cytokines, such as TNF-a and IL-6 (27,28). Muscle atrophy

caused by the inflammatory cytokine TNF-a is character-
ized by decreases in cell survival, fiber diameter, and protein
content (29,30). In the present study, TNF-a reduced the
viability and myotube diameter of C2C12 myotubes; these
effects were recovered by PYCP treatment. These results
indicated that PYCP may protect C2C12 myotubes against
myotube atrophy caused by TNF-a exposure.

The mechanisms underlying muscle atrophy are complex.
The majority of the biological functions of TNF-a occur
by TNF-a binding to TNF-R1 (31). Muscle atrophy caused
by TNF-a results in loss of total muscle protein, reportedly
regulated by NF-kB (32,33). Li et al showed that overexpression
of IkBa sequesters NF-kB in an inactive state in skeletal
muscle, resulting in resistance to TNF-a-stimulated protein
degradation (34). Furthermore, the suppression of NF-kB
activation in vivo improves skeletal muscle regeneration
following trauma (35). Therefore, a clear association exists
between TNF-a-induced muscle atrophy and NF-«B
activation. In addition, the loss of muscle protein caused
by NF-kB has been correlated with the stimulation of the
ubiquitin-proteasome system and augmented by the production
of intracellular ROS (36). In the present study, PYCP treatment
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Figure 8. Effects of PYCP on the expression of MyoD and myogenin in TNF-a-treated C2C12 myotubes. MyoD and myogenin protein expression levels
were detected by western blot analysis. GAPDH was used as an internal standard. Data are presented as the mean + standard deviation of three independent
experiments. "P<0.05 vs. untreated cells; “P<0.05 vs. TNF-a-only treated cells. PYCP, Pyropia yezoensis protein; MyoD, myoblast determination protein 1;

TNF-a, tumor necrosis factor-a.

significantly decreased the TNF-a-stimulated intracellular
ROS production in C2C12 myotubes, indicating that PYCP
exerts antioxidant activity. Intracellular ROS contributes to the
induction of E3 ubiquitin ligases by stimulating translocation
of NF-«xB to the nucleus through phosphorylation of IkBa
in cultured C2C12 myotubes (36,37). In the present study,
PYCP treatment inhibited the TNF-a-stimulated TNF-R1
expression and significantly inhibited IkBa phosphorylation
and translocation of NF-«xB to the nucleus. In addition, PYCP
inhibited the expression of atrogin-1/MAFbx and MuRF1, and
20S proteasome activity stimulated by TNF-a. Therefore, it
can be speculated that inhibition of the ubiquitin-proteasome
system in the TNF-a-induced C2C12 myotubes was
predominantly associated with the regulation of the NF-xB
pathway through intracellular ROS removal by the antioxidant
activity of PYCP.

Skeletal muscle is considered an endocrine organ capable of
releasing certain cytokines and chemokines (38). The expression
and release of inflammatory cytokines are promoted in
TNF-a-treated C2C12 myotubes (39,40). Furthermore, cytokine
and chemokine release from C2C12 myotubes is regulated
by NF-kB, a transcription factor mediated by the production
of free radicals, such as ROS (40). Inflammation due to the
release of catabolic cytokines, such as IL-6, may contribute
to muscle atrophy progression by causing muscle protein
degradation (38-40). Therefore, the plasma concentration of IL.-6
may be a biochemical indicator of muscle atrophy. In the present
study, the TNF-a-stimulated production of IL-6 was reduced by
PYCP treatment. Based on these results, the inhibitory effects
of PYCP on the production of cytokines may be regulated by
the NF-kB pathway through blockade of ROS production, which
has a similar intrinsic antioxidant activity to PYCP. Thus, the
reduction of IL-6 production from C2C12 myotubes may be
primarily associated with the regulation of the NF-xB pathway
through ROS removal due to the antioxidant activity of PYCP.

Regarding the mechanisms by which NF-«kB influences
myogenic differentiation, activation of NF-«kB by TNF-a
inhibits muscle differentiation through the destabilization of
the MyoD and myogenin protein via a post-transcriptional
mechanism (16,41). TNF-a and IL-1p have been shown to
inhibit myogenic differentiation of cultured C2C12 myoblasts
via activation and translocation of NF-xB (42). Furthermore,
TWEAK, a structural homologue of TNF-a, can block
myoblast terminal differentiation by activating NF-xB (43). In
the present study, PYCP treatment restored the TNF-a reduced
MyoD and myogenin expression in C2C12 myotubes. These
findings are consistent with previous studies that activation of
NF-«B by proinflammatory cytokines leads to the destabili-
zation of MyoD and myogenin expression in skeletal muscle
cells (44-46). The present data indicated that muscle atrophy
progression caused by TNF-a may be alleviated by the
PYCP-induced recovery of MyoD and myogenin expression
suppressed by activation of NF-kB.

Overall, the present study demonstrated that the antiat-
rophic effects of PYCP in TNF-a-stimulated C2C12 myotubes
were associated with the inactivation of the NF-xB pathway
through intracellular ROS removal by antioxidant activity.
Preliminary mass spectrometry (Q-TOF MS/MS) analysis
of PYCP revealed a photosystem II 12-kDa extrinsic protein
(PSBU_PYRYE, PsbU, P. yezoensis) (data not shown). Thus,
the active ingredient of PYCP may be PsbU, an exogenous
protein localized in the lumen side of photosystem II and
found mostly in red algae and cyanobacteria (47). PsbU has
been demonstrated to protect cells from ROS produced as
an inevitable by-product of photosynthesis, by improving the
thermal stability of photosystem II (48,49). Therefore, PYCP
may perform the same functions as those of PsbU. Further
investigations are warranted to fully elucidate the active
components in PYCP and their functions and mechanisms.
The results of the present study indicated that the antiatrophic
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effect of PYCP in C2C12 myotubes stimulated by TNF-a was
associated to the inactivation of NF-«kB through intracellular
ROS removal.
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