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Abstract: Glucocorticoids (GCs), which are endocrine hormones released under stress conditions,
can cause skeletal muscle atrophy. This study investigated whether Pyropia yezoensis crude protein
(PYCP) inhibits synthetic GCs dexamethasone (DEX)-induced myotube atrophy associated with
proteolytic systems. Mouse skeletal muscle C2C12 myotubes were treated with DEX in the presence
or absence of PYCP. DEX exposure (100 µM) for 24 h significantly decreased myotube diameter
and myogenin expression, which were all increased by treatment with 20 and 40 µg/mL PYCP.
Additionally, PYCP significantly reduced the nuclear expression of the forkhead box transcription
factors, FoxO1 and FoxO3a, and ubiquitin-proteasome pathway activation. Further mechanistic
research revealed that PYCP inhibited the autophagy-lysosome pathway in DEX-induced C2C12
myotubes. These findings indicate that PYCP prevents DEX-induced myotube atrophy through the
regulation of FoxO transcription factors, followed by the inhibition of the ubiquitin-proteasome and
autophagy-lysosome pathways. Therefore, we suggest that inhibiting these two proteolytic processes
with FoxO transcription factors is a promising strategy for preventing DEX-related myotube atrophy.
Keywords: Pyropia yezoensis; protein; dexamethasone; muscle atrophy; forkhead box O; proteolytic
system

1. Introduction
Skeletal muscle accounts for more than 40% of the body and has important functions in
metabolism, energy consumption, physical strength, and physical performance, and skeletal muscle
mass is maintained by the relative balance of protein synthesis and degradation [1]. Skeletal muscle
atrophy occurs when protein degradation exceeds protein synthesis as a result of long periods of
rest, sedentary lifestyle, aging, starvation, and many pathological conditions (e.g., diabetes, cancer,
HIV, sepsis, immune disorders, and kidney or heart failure) [2,3]. Among them, many pathological
conditions are associated with increased circulating levels of glucocorticoids (GCs), which cause muscle
atrophy. Recent studies have shown that sepsis-induced muscle atrophy is induced by a reduction
in function of the cross-bridges between actin and myosin, which is at least partially regulated by
GCs [4].
Although the mechanisms involved in GCs-induced skeletal muscle atrophy are not fully
understood, some researchers have suggested that the inhibition of protein anabolism or stimulation
of protein catabolism is responsible [5,6]. Previous studies have shown that GCs-induced skeletal
muscle atrophy is mediated by the activation of major cellular proteolytic systems, such as the
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ubiquitin-proteasome system and the autophagy-lysosome system [7]. In the ubiquitin-proteasome
system, ubiquitin causes protein degradation within the proteasome by binding to target proteins via
three E1 (an ubiquitin-activating enzyme), E2 (an ubiquitin-conjugating enzyme), and E3 (an ubiquitin
ligase) enzymes [8]. Two muscle-specific E3 ubiquitin ligases, atrogin-1/Muscle Atrophy F-Box
(MAFbx) and muscle RING finger 1 (MuRF1), are reportedly involved in muscle protein degradation
and are upregulated in muscle atrophy [9–11]. In previous studies, atrogin-1/MAFbx was reportedly
increased 8–40-fold in muscle atrophy due to renal failure, cancer, and diabetes, and a 3-fold increase
in muscle atrophy was induced by immobilization, denervation, and hindlimb suspension [9]. It has
also been reported to be increased up to 10-fold in a cachectic or dexamethasone (DEX)-treated muscle
atrophy model [10]. Furthermore, GCs increase the expression of the lysosomal protease cathepsin-L,
leading to autophagy-lysosome-dependent muscle protein degradation [12,13]. Recent evidence
indicates that the administration of DEX increases cathepsin-L and light chain 3 (LC3)-I/II expression
in rat skeletal muscles [14,15]. These findings suggest that skeletal muscle atrophy induced by GCs
exposure is mediated by the activation of the ubiquitin-proteasome and autophagy-lysosome systems.
Seaweeds are rich in minerals and various vitamins and are known to contain polysaccharides,
proteins, lipids, and polyphenols [16,17]. They are an interesting potential source of food proteins,
particularly owing to high protein levels and rich amino acid composition. The major seaweed species
cultured in Korea are Pyropia spp., Undaria spp., and Saccharina spp. Among them, approximately
133 species of the marine red algae, Pyropia (Bangiales, Rhodophyta), have been reported from all
over the world, including 28 species from Japan, 30 species from the North Atlantic coasts of Europe
and America, and 27 from the Pacific coast of Canada [18]. Pyropia spp. include P. tenera, P. yezoensis,
P. suborbiculata, and P. dentate. Among them, the species cultivated the most in Korea is P. yezoensis
(Ueda) [19]. P.yezoensis is one of the most valuable seaweeds; it is widely cultivated in eastern Asian
countries as well as Korea and has an annual global production of more than 1 million ton (fresh
weight) and a market value of over US$ 1.5 billion per year [20]. In addition, P. yezoensis contains
25%–50% protein, 20%–40% polysaccharides, various vitamins, and essential minerals [21]. Moreover,
it exerts various physiological effects, including anti-tumorigenic [22], anti-inflammatory [23],
anti-photoaging [24], and anti-oxidant effects [25]. Previous studies reported that glycoproteins
derived from P. yezoensis help reduce inflammatory stress induced by lipopolysaccharides in RAW264.7
cells and hepatotoxicity induced by ethanol in a rat model [23,26]. Moreover, P. yezoensis glycoproteins
prevented cytotoxicity induced by D-galactosamine in Hepa 1c1c7 cells and acetaminophen-induced
liver injury in a rat model [27,28]. These results imply that P. yezoensis is an effective natural substance
for controlling various stress-related dysfunctions.
Our previous study confirmed the protective effect of P. yezoensis peptides on dexamethasone
(DEX)-induced myotube atrophy [29]. However, peptides are limited to oral ingestion due to chemical
instability, such as degradation and aggregation of peptides by proteolytic enzymes present in the
gastrointestinal tract. Therefore, in this study, we investigated the influence of Pyropia yezoensis crude
protein (PYCP) on FoxO translocation and proteolytic systems in DEX-induced myotube atrophy.
2. Results
2.1. Effect of PYCP on Cell Viability
An MTS assay was performed to evaluate the cytotoxic effects of PYCP on C2C12 myotubes.
C2C12 myotubes were incubated for 24 h with 100 µM DEX and PYCP at concentrations of 0 µg/mL
to 40 µg/mL. The DEX (100 µM) dose was determined according to a previous study [29]. As shown
in Figure 1, PYCP did not affect cell viability up to a concentration of 40 µg/mL. Thus, 100 µM DEX
and 20 µg/mL or 40 µg/mL PYCP treatments were used to investigate the mechanism underlying the
protective effects of PYCP against DEX-induced myotube atrophy in vitro.
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Figure 1. Effects of dexamethasone (DEX) and Pyropia yezoensis crude protein (PYCP) on the viability
of mouse skeletal muscle C2C12 myotubes. Viability was determined using the 3-(4,5-dimethythiazolFigure 1.
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Figure 2. Effects of PYCP on myotube diameter and myogenin expression in DEX-stimulated C2C12
myotubes. (A) Representative images of C2C12 myotubes treated with 100 μM DEX and PYCP (20
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Figure 4. Effects of PYCP on mRNA and protein expression of E3 ubiquitin ligase in DEX-stimulated
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3. Discussion
GCs have been used to treat various chronic inflammatory diseases, such as rheumatoid
arthritis [31], sarcoidosis [32], and bronchial asthma [33]. Many previous studies have shown that
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administering high doses of GCs results in skeletal muscle atrophy [34,35]. We investigated the effects
of PYCP on skeletal muscle atrophy induced by DEX in an in vitro model.
Myogenin plays a dual role as a regulator of muscle development and as an inducer of
neurogenic atrophy, such as denervation [36–38]. Recent studies have demonstrated that DEX reduces
myotube diameter [39] and myogenin expression [36], thus leading to muscle atrophy. In particular,
DEX reportedly induces the expression of glucocorticoid-induced leucine zipper (GILZ), thereby
reducing the expression of myogenin [37]. Conversely, myogenin acts as an upstream inducer of
E3 ubiquitin ligases in the denervation atrophy model [38]. Thus, myogenin can exert opposing
effects, such as promoting differentiation or degradation, depending on developmental or pathological
conditions in skeletal muscle. In the present study, the diameter of C2C12 myotubes decreased
following DEX exposure, but was rescued by PYCP treatment. Similarly, the expression of myogenin,
which was inhibited by DEX exposure, was upregulated by PYCP treatment. GCs can induce muscle
atrophy by inhibiting muscle development through downregulation of myogenin expression, which is
essential for satellite cell differentiation into muscle fibers [40]. Therefore, these results indicate that
PYCP prevents muscle atrophy by promoting muscle development through the activation of myogenin
expression suppressed by DEX exposure.
FoxO transcription factors regulate muscle atrophy and play an essential role in regulating the
expression of atrogenes, such as atrogin-1/MAFbx, MuRF1, and cathepsin-L [41]. The FoxO family of
transcription factor in skeletal muscles comprises three isoforms, FoxO1, FoxO3, and FoxO4, and the
translocation of FoxO is regulated by Akt [42,43]. Previous studies have consistently reported that Akt
blocks the upregulation of atrogin-1/MAFbx and MuRF1 by phosphorylating FoxO and inhibiting its
translocation to the nucleus during myotube atrophy [36,44]. DEX-induced myotube atrophy results in
reduced phosphorylation of Akt, FoxO1, and FoxO3a, and increased expression of atrogin-1/MAFbx
and MuRF1 [44]. In addition, the overexpression of FoxO3 in L6 myotubes strongly activates expression
of atrogin-1/MAFbx [45]. Therefore, we assessed the protein expression of two FoxO family members,
FoxO1 and FoxO3a, following treatment with DEX and PYCP in C2C12 myotubes. Our results show
that the expression of FoxO1 and Foxo3a was inhibited by PYCP treatment, resulting in decreased
nuclear translocation. Several previous studies have shown that the DEX-induced increased expression
of FoxO1 and FoxO3a leads to the activation of a gene transcription program that results in muscle
atrophy [46]. Although the underlying mechanism is unclear, the ubiquitin-proteasome system is
the proteolytic system currently considered the most important mechanism of muscle atrophy [7].
The protein targeted for degradation by the ubiquitin-proteasome system should be labeled with
the covalent attachment of the ubiquitin molecular chain comprising 76 amino acids [47]. Ubiquitin
is activated by three consecutive enzymes before binding the target protein and then induces the
degradation of the target protein by the proteasome (20S or 26S) [48]. E3 ubiquitin ligase plays a
crucial role in identifying and targeting proteins for proteasomal degradation [49,50]. Previous studies
characterized two muscle-specific E3 ubiquitin ligases, atrogin-1/MAFbx and MuRF1, as markers
of skeletal muscle atrophy [11]. Therefore, we determined the mRNA and protein expression of
atrogin-1/MAFbx and MuRF1 in C2C12 myotubes after DEX and PYCP treatment. This data revealed
that the DEX-stimulated expression of atrogin-1/MAFbx and MuRF1 was downregulated by PYCP
treatment. Similarly, 20S proteasomal activity was enhanced by DEX treatment and downregulated by
PYCP treatment. In addition, previous studies have confirmed that the autophagy-lysosome system
is activated in muscle cells under catabolic conditions [14,51,52]. In skeletal muscles, DEX induces
muscle atrophy by increasing the expression of cathepsin-L and promoting the conversion of LC3-I
and LC3-II [53]. In this study, the DEX-induced expression of cathepsin-L and conversion of LC3-I
to LC3-II was downregulated by PYCP treatment. These results reveal that PYCP prevented the
DEX-induced myotube atrophy by downregulating the nuclear translocation of FoxO transcription
factors and downregulating the ubiquitin-proteasome and autophagy-lysosome systems.
In conclusion, this study revealed that DEX plays a role in regulating FoxO transcription factors
and activating the muscle atrophy-related E3 ubiquitin ligase, thus supporting the hypothesis that DEX
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exerts its pro-catabolic action via this pathway. In addition, the results provide molecular evidence that
the anti-muscle atrophy effects of PYCP are at least partially regulated by FoxO transcription factors
and reflect inhibited upregulation of the ubiquitin-proteasome and autophagy-lysosome systems.
4. Materials and Methods
4.1. Preparation of PYCP
P. yezoensis was purchased in 2017 (Suhyup, Busan, Korea), washed several times with tap water
to remove salt and visible epiphytes, and stored at −20 ◦ C until use. P. yezoensis powder (40 g) was
diluted with 1 L distilled water and stirred for 4 h at room temperature. The solution was centrifuged
at 3000× g at 4 ◦ C for 10 min, and vacuum filtered through a crucible. A 3 × volume of ethanol
was added to the solution (total quantity of filtrate × 3). After 24 h, the solution was filtered and
concentrated using rotary evaporation at 40 ◦ C. The supernatant was added to 80% ammonium sulfate
and stirred for 24 h at 4 ◦ C. Salts were then removed through a 3500-Da MW Spectra/Pormembrane
(Spectrum Labs, Rancho Dominguez, CA, USA) for 48 h at 4 ◦ C. The resulting solution was dialyzed
against distilled water and then concentrated. The concentrated solution was distributed into 1.5 mL
tubes and freeze-dried to produce a powder. The powder was stored at −70 ◦ C until use, and named
PYCP. The PYCP extracts were solubilized with ddH2 O for use in the assays.
4.2. Cell culture and Differentiation
C2C12 mouse skeletal muscle cells (ATCC CRL-1772; American Type Culture Collection,
Manassas, VA, USA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco; Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco; Thermo Fisher
Scientific) at a temperature of 37 ◦ C in a humidified atmosphere of 5% CO2 . C2C12 myoblasts were
grown to 70%–80% confluence in culture dishes (10 mm) at 37 ◦ C, then trypsinized and seeded
(4 × 104 cells/well) into six-well culture plates for experiments. Cells were grown to 70%–80%
confluence in DMEM supplemented with 10% FBS at 37 ◦ C for 24 h, at which time the medium
was replaced with DMEM containing 2% FBS to induce differentiation into myotubes, and the medium
was replaced every 2 days. Cells were allowed to differentiate for 6 days, at which point 90% of the
cells had fused into myotubes.
4.3. Treatment with DEX and PYCP
Following 6 days of differentiation, C2C12 myotubes were subdivided into four groups: The control
group, in which cells were incubated in serum-free medium (SFM; DMEM containing 100 U/mL
penicillin and 100 µg/mL streptomycin); the DEX group, in which cells were treated with 100 µM DEX;
the DEX + PYCP group, in which cells were treated with 100 µM DEX and 20 µg/mL PYCP; and the
DEX + PYCP group, in which cells were treated with 100 µM DEX and 40 µg/mL PYCP. All groups
were incubated in serum-free medium at 37 ◦ C for 24 h prior to harvesting cells for experiments.
4.4. MTS Assay
Cell viability was measured using the CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay (Promega Corporation, Madison, WI, USA), which is based on the formation
of a formazan product from tetrazolium compound MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium). Briefly, cells (1.5 × 104 cells/well) were
seeded in 96-well plates in 100 µL DMEM supplemented with 10% FBS and were allowed to attach at
37 ◦ C for 24 h. After differentiation, the cells were incubated with 100 µM DEX and PYCP (10, 20, and
40 µg/mL) for 24 h at 37 ◦ C. MTS solution (10 µL) was added and the cells were incubated at 37 ◦ C for
30 min. The absorbance at 490 nm was measured using a Gen5 ELISA (Bio-Tex, Houston, TX, USA).
Experiments were performed in triplicate.
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4.5. Measurement of Myotube Diameters
Myotube cultures were photographed under a phase contrast microscope at 200 magnification
after treatment with 100 µM DEX and 20 µg/mL and 40 µg/mL PYCP for 24 h. Myotube diameters
were measured using a method of Hasselgren et al. [6,54,55]. The diameters were measured in a total
of 50 myotubes from at least 10 random fields using Image J software (version 4.16; National Institutes
of Health, Bethesda, MD, USA). The measurements were conducted in a “blinded” fashion with the
researcher being unaware from which experimental group the cultures originated.
4.6. Real-Time Polymerase Chain Reaction
The mRNA expression levels of specific genes were evaluated using real-time PCR. Total RNA
was isolated from C2C12 myotubes using TRIzol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA). RNA concentration and purity were evaluated by determining the ratio of absorbance
readings at 260 nm and 280 nm (A260/A280). A RevoScript Reverse Transcriptase PreMix Kit (Intron
Biotechnology Co., Ltd., Seongnam, Korea) was used to prepare cDNA according to the manufacturer’s
instructions, and the samples were stored at −50 ◦ C. Real-time PCR was conducted in 20 µL reactions
using a QuantiMix SYBR kit (PhilKorea Technology, Inc., Daejeon, Korea) and an Illumina Eco
Real-Time PCR system (Illumina, Inc., Hayward, CA, USA). All mRNA levels were normalized
using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. The primers used
for amplification are shown in Table 1.
Table 1. Oligonucleotide primer sequences used in real-time PCR.
Gene

Accession No.

Sequence (50 –30 )

Amplicon Size (bp)

Atrogin-1/MAFbx

NM_026346.3

F: ATGCACACTGGTGCAGAGAG
R: TGTAAGCACACAGGCAGGTC

168

Cathepsin-L

M20495.1

F: GACCGGGACAACCACTGTG
R: CCCATCAATTCACGACAGGAT

61

MuRF1

DQ229108.1

F: TGTCTGGAGGTCGTTTCCG
R: GTGCCGGTCCATGATCACTT

59

GAPDH

NM_008084.3

F: ACTCCACTCACGGCAAATTCA
R: CGCTCCTGGAAGATGGTGAT

91

4.7. Preparation of Total Cell Lysates
Cells were allowed to differentiate for 6 days at 37 ◦ C, followed by incubation at 37 ◦ C for 24 h in
either SFM (control group) or SFM containing 100 µM DEX (DEX group), 100 µM DEX + 20 µg/mL
PYCP (DEX + PYCP group), and 100 µM DEX + 40 µg/mL PYCP (DEX+PYCP group). Cells were
washed with cold PBS and lysed with extraction buffer [1% NP-40, 0.25% sodium deoxycholate,
1 mM ethylene glycol-bis (β-aminoethyl ether)-N,N,N 0 ,N 0 -tetraacetic acid, 150 mM NaCl, and 50 mM
Tris-HCl, pH 7.5] containing protease inhibitors (1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL
pepstatin A, 200 mM Na3 VO4 , 500 mM NaF, and 100 mM PMSF) on ice. Extracts were centrifuged
at 16,000× g for 10 min at 4 ◦ C, and protein levels were quantified using a bicinchoninic acid (BCA)
protein assay kit (Pierce; Thermo Fisher Scientific) according to the manufacturer’s instructions.
The supernatant was then used in Western blot analysis.
4.8. Preparation of Cytosolic and Nuclear Extracts
Cells were treated and harvested as described above, lysed with hypotonic lysis buffer [25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES; pH 7.5), 5 mM EDTA, 5 mM MgCl2 ,
and 5 mM dithiothreitol (DTT)], and incubated for 15 min on ice. NP-40 (2.5%) was added and the cells
were lysed for an additional 10 min. Nuclei were collected by centrifugation at 7500× g for 15 min at
4 ◦ C. The supernatant was collected as the cytosolic fraction. Nuclear proteins were resuspended in
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extraction buffer (10 mM HEPES, pH 7.9, 100 mM NaCl, 1.5 mM MgCl2 , 0.1 mM EDTA, and 0.2 mM
DTT) and incubated for 20 min at 4 ◦ C. Extracts were centrifuged at 16,000× g for 10 min, and protein
levels were determined using a BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.) according
to the manufacturer’s instructions. Both fractions were then used for Western blot analysis.
4.9. Western Blot Analysis
Equal amounts of proteins (30 µg) were separated by 6%–12.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane
(Millipore, Bedford, MA, USA). The membrane was blocked at room temperature with 1% bovine
serum albumin (BSA) in TBS-T (10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween-20) and then
incubated with primary antibodies (Table 2). The secondary antibodies (diluted 1:10,000–1: 20,000)
were horseradish peroxidase-conjugated anti-rabbit IgG (7074S; Cell Signaling Technology, Inc., Beverly,
MA, USA), donkey anti-goat IgG (A50-101P; Bethyl Laboratories, Inc., Montgomery, TX, USA), or goat
anti-mouse IgG (sc-2031; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Signals were detected
using an enhanced chemiluminescence Western blot analysis kit (Thermo Fisher Scientific, Rockford,
IL, USA). Experiments were performed in triplicate and densitometry analysis was performed using
Multi-Gauge software version 3.0 (Fujifilm Life Science, Tokyo, Japan).
Table 2. Primary antibodies used in Western blot analysis.
Name of Antibody

Manufacturer and Catalog No.

Species Raised in
Monoclonal or Polyclonal

Dilution Rate

Atrogin-1/MAFbx
β-actin
Cathepsin-L
FoxO1
FoxO3a
GAPDH
Lamin B
LC3-I/II
MuRF1
Myogenin
p-FoxO1
p-FoxO3a

Santa Cruz Biotechnology: sc-27645
Santa Cruz Biotechnology: sc-47778
Santa Cruz Biotechnology: sc-6498
Santa Cruz Biotechnology: sc-374427
Santa Cruz Biotechnology: sc-9813
Santa Cruz Biotechnology: sc-25778
Santa Cruz Biotechnology: sc-377000
Cell Signaling: #4108S
Santa Cruz Biotechnology: sc-27642
Santa Cruz Biotechnology: sc-12732
Cell Signaling: #9461S
Cell Signaling: #9466S

Rabbit
Mouse
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Rabbit
Goat
Rabbit
Rabbit
Rabbit

1: 2000
1: 1000
1: 1000
1: 500
1: 1000
1: 1000
1: 1000
1: 1000
1: 2000
1: 1000
1: 500
1: 1000

4.10. 20S Proteasome Activity Assay
The chymotrypsin-like activity of the 20S proteasome was measured by changes in the fluorescence
of 7-amino-4-methylcoumarin (AMC) conjugated to the chymotrypsin peptide substrate LLVY, using
a 20S proteasome activity assay kit (Chemicon, Temecula, CA, USA). In brief, cells were suspended
in RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM sodium chloride, 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 Na3 VO4 , 500 mM NaF, and 100 mM PMSF) and
centrifuged at 16,000× g for 10 min at 4 ◦ C. The protein concentration of supernatants was determined
with a BCA protein assay (Pierce, Rockford, IL, USA). The cell lysates were incubated for 90 min at
37 ◦ C with a labeled substrate, LLVY-AMC, and the cleavage activity was monitored by detecting the
free fluorophore AMC using a fluorescence plate reader (Gen5 ELISA; Bio-Tek).
4.11. Statistical Analysis
Mean values were assessed by analysis of variance using SPSS version 10.0 (SPSS Inc., Chicago,
IL, USA). Values are presented as means ± standard deviation. Different letters indicate significant
differences between groups, according to Duncan’s multiple-range test.
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