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Abstract: Inflammation affects various organs of the human body, including skeletal muscle.
Phlorotannins are natural biologically active substances found in marine brown algae and exhibit
anti-inflammatory activities. In this study, we focused on the effects of phlorotannins on
anti-inflammatory activity and skeletal muscle cell proliferation activity to identify the protective
effects on the inflammatory myopathy. First, the five species of marine brown algal extracts
dramatically inhibited nitric oxide (NO) production in lipopolysaccharide (LPS)-induced RAW
264.7 cells without toxicity at all the concentrations tested. Moreover, the extracts collected from
Ishige okamurae (I. okamurae) significantly increased cell proliferation of C2C12 myoblasts compared
to the non-treated cells with non-toxicity. In addition, as a result of finding a potential tumor
necrosis factor (TNF)-α inhibitor that regulates the signaling pathway of muscle degradation in
I. okamurae-derived natural bioactive compounds, Diphlorethohydroxycarmalol (DPHC) is favorably
docked to the TNF-α with the lowest binding energy and docking interaction energy value. Moreover,
DPHC down-regulated the mRNA expression level of pro-inflammatory cytokines and suppressed
the muscle RING-finger protein (MuRF)-1 and Muscle Atrophy F-box (MAFbx)/Atrgoin-1, which are
the key protein muscle atrophy via nuclear factor-κB (NF-κB), and mitogen-activated protein kinase
(MAPKs) signaling pathways in TNF-α-stimulated C2C12 myotubes. Therefore, it is expected that
DPHC isolated from IO would be developed as a TNF-α inhibitor against inflammatory myopathy.

Keywords: inflammation; pro-inflammatory cytokines; myopathy; inflammatory myopathy;
marine algae; phlorotannin

1. Introduction

Cytokines are intracellular signaling molecules, potent mediators of a number of cell functions
and are essential in coordinating inflammatory responses [1]. In skeletal muscle, tumor necrosis factor
(TNF)-α, one of the pro-inflammatory cytokines, influences satellite cell proliferation and accelerates
the G1 to S phase transition [2]. Moreover, in dystrophic muscle, elevated levels of TNF-α inhibit the
regenerative potential of satellite cells and are associated with loss of muscle [3,4]. Excessive TNF-α
release enhances protein degradation of insulin-like growth factor I (IGF-1) and induces early activation
of the atrogin-1 gene expression [5]. The loss of muscle by inflammation is called inflammatory
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myopathy, muscle wasting, and muscle atrophy. Therefore, TNF-α inhibitors are developed and used
as anti-inflammatory and therapeutic agents. However, it is specific to the treatment of rheumatism,
dry arthritis, and spondylitis. Moreover, it has the characteristics of injection, and the injection site is
known to have side effects such as fever, pain, itching, and virus infection [6].

Marine organisms are rich sources of structurally diverse bioactive compounds with various
biological activities. Especially, marine brown algae contain a variety of bioactive substances including
phlorotannins, polysaccharide, and pigments and exhibit different biological activities [7,8] and
potential health benefits such as antioxidant activity [9], anti-inflammatory activity [10], anti-cancer
activity [11], antidiabetic activity [12], antihypertensive effects [13], and anti-obesity activity [14].
Especially, phlorotannins found only in brown algae, is a polyphenolic compound, the most important
group of biological substances that determine the value of functional foods or pharmaceuticals [15].
These phlorotannins are among the most common classes of secondary metabolites derived from a unit
of polymerized phloroglucinol [15]. However, studies on its effect of muscle growth and myopathy are
scarce. Kunkel et al. [16] reported that ursolic acid increases skeletal muscle, and Kim et al. [17] revealed
that carnosic acid induces muscle growth and differentiation through an in vivo study. Ursolic acid
carnosic acid are natural polyphenols obtained from apple peel, and rosemary, respectively. From these
studies, we considered that polyphenols contained in marine algae would also be positive for muscle
growth, so we isolated polyphenol from marine algae and searched that act as a potential TNF-α
inhibitor in muscle from them. Therefore, in this study, a prospective TNF-α inhibitor among diverse
natural compounds from marine algae was searched.

2. Results

2.1. Effects of Marine Brown Algal Methanol Extracts on Nitric Oxide (NO) Production against
Lipopolysaccharides (LPS)-Stimulated RAW 264.7 Cells

Prior to the evaluation of the NO inhibitory activity of the methanol extracts from marine brown
algae, their cytotoxic effects on the viability of RAW 264.7 cells were examined. All the methanol
extracts showed no cytotoxic effect on RAW 264.7 cells at the tested concentrations (6.25, 12.5, 25, 50,
100, and 200 µg/mL, data not shown). Thus, those concentrations were used in subsequent experiments.
To examine the potential anti-inflammatory properties of the five marine brown algal methanol extracts
on LPS-induced NO production in RAW 264.7 cells, cells were treated with or without extracts (6.25,
12.5, 25, 50, 100, and 200 µg/mL) for 24 h. NO production in the culture supernatants was measured by
the Griess assay. The level of NO production is significantly increased in the LPS-treated cells compared
to the untreated cells. However, all the methanol extracts significantly inhibited the LPS-induced NO
production (Figure 1). All methanolic extracts did not affect the cytotoxic of RAW 264.7 cells at the
tested concentrations except for Myelophcus caespitosus extract (MCE) (Figure 2).
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Figure 1. Anti-inflammatory effects of marine brown algal extracts against LPS-stimulated RAW 264.7 

macrophage cells. Inhibition effects of IOE (a), ECE (b), HFE (c), MCE (d), and SHE (e) on NO 

production against LPS-induced cells. Experiments were performed in triplicate and the data were 

expressed as mean ± S.E.M.; ## p < 0.01 as compared to the untreated group. ** p < 0.01 as compared 

to the LPS-treated group. IOE, Ishige okamurae extract; ECE, Ecklonia cava extract; HFE, Hizikia fusiforme 

extract; MCE, Myelophcus caespitosus extract; SHE, Sargassum horneri extract. 
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Figure 1. Anti-inflammatory effects of marine brown algal extracts against LPS-stimulated RAW
264.7 macrophage cells. Inhibition effects of IOE (a), ECE (b), HFE (c), MCE (d), and SHE (e) on NO
production against LPS-induced cells. Experiments were performed in triplicate and the data were
expressed as mean ± S.E.M.; ## p < 0.01 as compared to the untreated group. ** p < 0.01 as compared to
the LPS-treated group. IOE, Ishige okamurae extract; ECE, Ecklonia cava extract; HFE, Hizikia fusiforme
extract; MCE, Myelophcus caespitosus extract; SHE, Sargassum horneri extract.
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Figure 2. Cell protective effects of marine brown algal extracts against LPS-stimulated inflammatory
RAW 264.7 macrophage cells. Cell viability of IOE (a), ECE (b), HFE (c), MCE (d), and SHE (e) on
LPS-induced inflammatory cells. Experiments were performed in triplicate and the data were expressed
as mean ± S.E.M.; ## p < 0.01 as compared to the untreated group. * p < 0.05 as compared to the
LPS-treated group. IOE, Ishige okamurae extract; ECE, Ecklonia cava extract; HFE, Hizikia fusiforme extract;
MCE, Myelophcus caespitosus extract; SHE, Sargassum horneri extract.

2.2. Skeletal Muscle Cell Proliferation Activities of Marine Brown Algalmethanol Extracts on C2C12 Cells

Prior to evaluating the cell proliferation effect of marine brown algal methanol
extracts, their cytotoxic effects on the viability of C2C12 myoblasts were examined with
3-(4-5-dimethyl-2yl)-2-5-diphynyltetrasolium bromide (MTT) assay and all the extracts showed a
non-cytotoxic effect on C2C12 cells at the concentrations tested (Figure 3). Thus, those concentrations
were used in subsequent experiments. The skeletal muscle cell proliferation activity of the different
marine brown algal methanol extracts was measured using 5-bromo-2’-deoxyuridine (BrdU) cell
proliferation assay. BrdU cell proliferation assay is a non-isotopic assay for the in vitro quantitative
detection of newly synthesized DNA of actively proliferating cells. Among the extracts, Ishige okamurae
(I. okamurae) extract (IOE) significantly increased the proliferation of myoblast compared to the
non-treated cells. However, IOE did not intensify cell proliferation than the cells treated with
Octacosanol (OCT, µg/mL) used as a positive control. Four other extracts [Ecklonia cava extract (ECE),



Mar. Drugs 2020, 18, 529 5 of 18

Hizikia fusimorme extract (HFE), Myelophcus caespitosus extract (MCE), and Sargassum horneri extract
(SHE)] did not affect cell proliferation on C2C12 cells (Figure 4).
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Figure 3. Cell toxicity of marine brown algal extracts on C2C12 skeletal myoblast cells. (a), IOE-treated
cells; (b), ECE-treated cells; (c), HFE-treated cells; (d), MCE-treated cells; (e), SHE-treated cells.
Experiments were performed in triplicate and the data were expressed as mean ± S.E.M.; * p < 0.05,
and ** p < 0.01 as compared to the untreated group. IOE, Ishige okamurae extract; ECE, Ecklonia cava
extract; HFE, Hizikia fusiforme extract; MCE, Myelophcus caespitosus extract; SHE, Sargassum horneri extract.
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Figure 4. Skeletal cell proliferation activities of marine brown algal extracts on C2C12 skeletal myoblast
cells during differentiation periods. (a), IOE-treated cells; (b), ECE-treated cells; (c), HFE-treated
cells; (d), MCE-treated cells; (e), SHE-treated cells. Experiments were performed in triplicate and
the data were expressed as mean ± S.E.M.; * p < 0.05, and ** p < 0.01 as compared to the untreated
group. IOE, Ishige okamurae extract; ECE, Ecklonia cava extract; HFE, Hizikia fusiforme extract; MCE,
Myelophcus caespitosus extract; SHE, Sargassum horneri extract; OCT, Octacosanol as a positive control
(µg/mL).

2.3. In Silico Docking Simulation of Marine-Derived Bioactive Compounds to TNF-α

Bioactive compounds possess multi-functional activities based on their structural characteristics
such as hydrophobicity, charge, microelement binding activity. To explore a TNF-α inhibitor from
marine-derived products, the biological network dynamic between TNF-α and these marine-derived
natural compounds were simulated in computational space. The crystal structure of TNF-α was
allocated from Protein Data Bank (PDB, http://www.pdb.org) (PDB ID: 2AZ5). Among the five marine
algae extracts, we selected IOE and isolated bioactive compounds, Diphlorethohydroxycarmalol
(DPHC) and Ishophloroglucin A (IPA) from IOE, which exhibit both anti-inflammatory and skeletal
muscle cell proliferation activities which might be TNF-α inhibitor candidates materials. They are
polyphenols of phlorotannin types, which are repeated units of phloroglucinol. Their two-dimensional
structures are indicated in Figure 5. As shown in Figure 6, of the TNF-α inhibitor candidates, only the

http://www.pdb.org
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DPHC was stably bound to TNF-α (2AZ5) in a total of 4 poses. DPHC-2AZ5 was stable combined
with the lowest binding energy value (−53.73 kcal/mol) and CDOCKER interaction energy value
(−40.33 kcal/mol). However, IPA could not bind TNF-α (2AZ5), and therefore, we could not obtain
the binding form, the binding energy and CDOCKER interaction energy value. The OCT used as a
positive control was combined with more diverse poses than the number of poses in which DPHC was
combined with 2AZ5. However, the lowest binding energy value (−44.01 kcal/mol) and CDOCKER
interaction energy value (−31.83 kcal/mol) of the total 49 poses of OCT-2AZ5 was higher than that of
DPHC-2AZ5 (Table 1).
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Figure 5. Crystal structure of TNF-α allocated from protein data bank (PDB ID: 2AZ5) (a). (b–d),
The structure of marine brown algal-derived compounds and OCT. Structure of DPHC, IPA, and OCT
were drawn by ChemDraw Ultra 12.0 (Chemistry.Com.Pk) and obtained by converting to 3D structure
in the Accelrys DS 3.5 program. (b), Diphlorethohydroxycarmalol (DPHC); (c) Ishophloroglucin A
(IPA); (d), Octacosanol (OCT, positive control).
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Figure 6. Computational prediction of binding 3-dimensional (3D) structures by docking simulation of
2AZ5, a 3D model of TNF-α provided from Protein Data Bank (PDB), and DPHC, IPA, and OCT (as a
positive control). (a), 2AZ5-DPHC means a complex of 2AZ5 and DPHC. DPHC was combined with
2AZ5 in four different poses (2AZ5-DPHC (1), 2AZ5-DPHC (2), 2AZ5-DPHC (3), and 2AZ5-DPHC
(4)). (b), 2AZ5-IPA means a complex of 2AZ5-IPA. However, IPA did not bind to TNF-α. Therefore,
we expressed the result picture as no result. (c), 2AZ5-OCT means a complex of 2AZ5 and OCT. OCT was
combined with TNF-α in a total of 49 poses. We show two complexes combined with the lowest binding
energy value (2AZ5-OCT (1), and 2AZ5-OCT (2), respectively), and one complex combined with the
highest binding energy value (2AZ5-OCT (3)). Diphlorethohydroxycarmalol (DPHC); Ishophloroglucin
A (IPA); Octacosanol (OCT, positive control).

Table 1. Results of docking simulations of IOE-derived polyphenol compounds with TNF-α (PDB ID:
2AZ5). OCT is octacosanol as a positive control.

Ligands Total Binding Pose with
2AZ5 (Number)

The Lowest Binding
Energy (kcal/mol)

The Lowest-CDOCKER
Interaction Energy (kcal/mol)

DPHC 4 −53.73 40.33
IPA 0 0 0
OCT 49 −44.01 31.83

2.4. Effects of DPHC on NO Production and Pro-Inflammatory Cytokines in TNF-α-Induced Inflammatory
Myopathy Cells

NO is a representative indicator, one of various inflammatory factors, that is inflammatory
responses against various inflammation stimuli such as pro-inflammatory cytokines and oxidative
stresses. Therefore, the protective effect of DPHC was assessed for the production of NO in skeletal
muscle cells stimulated by TNF-α. The level of NO generation is significantly increased in the
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TNF-α-stimulated cells compared to the untreated cells (Figure 7). However, when the NO production
produced in C2C12 cells by TNF-α was calculated as 100.00%, NO production was significantly
inhibited to 85.03%, 78.91%, 74.15%, and 74.15% due to treatment of each concentration (1.56, 3.125,
6.25, and 12.5 µg/mL) of DPHC. (Figure 7). The inflammation process is activated by inflammatory
stimulation secrets NO, prostaglandin, and cytokines such as interleukin-1β (IL-1β), interleukin-6
(IL-6), and TNF-α. These pro-inflammatory mediators play an important role in various inflammatory
diseases targets. To evaluate the protective effects of DPHC on TNF-α-induced inflammatory myopathy,
the levels of inflammatory cytokines, including IL-1β, IL-6, and TNF-α mRNA were analyzed by
qRT-PCR. As a result, the expression of levels of TNF-α, IL-1β, and IL-6 mRNA increased to about
2.40, 2.28, and 2.43-folds in TNF-α-treated cells, respectively, compared to the control. However,
their mRNA expression levels were reduced to about 0.41, 0.68, and 0.57-folds by DPHC pre-treatment
(at 12.5 µg/mL). The results clearly demonstrated that the expression of pro-inflammatory cytokines
mRNA was sufficiently suppressed by DPHC treatment compared to the TNF-α-stimulated cells
(Figure 7).
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Figure 7. Protective effect of DPHC on TNF-α-induced inflammatory myopathy C2C12 cells.
(a), Cell toxicity of DPHC on C2C12 myotubes; (b), Cell viability of DPHC on TNF-α-induced
inflammatory myopathy C2C12 cells; (c), NO production by DPHC on TNF-α-induced inflammatory
myopathy C2C12 cells; (d–f), Pro-inflammatory cytokines expression by DPHC on TNF-α-induced
inflammatory myopathy C2C12 cells. (d), TNF-α cytokine mRNA expression; (e), IL-1β cytokine
mRNA expression; (f), IL-6 cytokine mRNA expression. Experiments were performed in triplicate and
the data were expressed as mean ± S.E.M.; ## p < 0.01 as compared to the untreated group. * p < 0.05,
and ** p < 0.01 as compared to the TNF-α-treated group.

2.5. Protective Effects of DPHC on Inflammatory Myopathy through Nuclear Factor-κB (NF-κB) and
Mitogen-Activated Protein Kinase (MAPKs) Signaling Pathways

To investigate whether the regulation of inflammatory response by DPHC mediated through a
NF-κB and MAPK pathways, phosphorylation of NF-κB (P-NF-κB) and MAPK protein expressions
were analyzed. As shown in Figure 8, TNF-α significantly promoted the protein expression levels
of p-inhibitor of nuclear factor kappa B (IκB)α and p-p65 NF-κB to 1.58 and 1.53-folds, respectively
compared to the non-treated in C2C12 cells. However, due to DPHC pre-treatment, the protein
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expression level of p-IκBα decreased to 0.62-fold and 0.42-fold (at 6.25, and 12.5 µg/mL, respectively).
In addition, the expression level of p-p65 NF-κB protein was decreased to 0.51-fold at a concentration
of 6.25 µg/mL DPHC, and p-p65 NF-κB protein was not expressed at a high concentration of
DPHC (12.5 µg/mL). Especially, DPHC suppressed the p-p65 NF-κB expressions increased by TNF-α.
The phosphorylations of MAPKs [c-Jun N-terminal kinase (JNK) and p38)] were not stimulated by
TNF-α, but DPHC suppressed the p-JNK and p-p38. These results suggest that TNF-α induces
inflammatory myopathy through p65 NF-κB rather than MAPKs and DPHC also represents protective
effects via p65 NF-κB pathways. In addition, to determine whether DPHC can inhibit TNF-α-induced
the Muscle RING-finger protein (MuRF)-1 and Muscle Atrophy F-box (MAFbx)/Atrogin-1 expression
in myocytes, MuRF-1 and MAFbx/Atrogin-1 protein expressions were analyzed. As shown in
Figure 8, TNF-α significantly promoted the protein expression levels of MuRF-1 and MAFbx/Atrogin-1
to 1.40-fold and 1.15-fold, respectively, compared to non-treated cells, but DPHC (12.5 µg/mL)
significantly inhibited the protein expression levels of the MuRF-1 and MAFbx/Atrogin-1 promoted
by TNF-α to 0.60-fold and 0.56-fold. These results indicate that TNF-α clearly causes inflammatory
myopathy through NF-κB rather than MAPKs pathways and DPHC has protective effects against
inflammatory myopathy.Mar. Drugs 2020, 18, x 11 of 19 
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Figure 8. The protein expressions related with inflammatory myopathy in DPHC-treated myotubes
against TNF-α-stimulated inflammatory myopathy C2C12 cells. (a), Bands of protein expressions;
(b), p-IκB-α protein expression; (c), p-p65 NF-κB protein expression; (d), p-JNK protein expression;
(e), p-p38 protein expression; (f), MuRF-1 protein expression; (g), MAFbx/Atrogin-1 protein expression.
All expression levels of proteins of cytosol (p-IκB-α, p-p65 NF-κB, p-JNK, and p-p38) were measured
for β-Actin and those (MuRF-1, and MAFbx/Atrogin-1) in the nucleus for Lamin B by densitometry.
Experiments were performed in triplicate and the data were expressed as mean ± S.E.M.; ## p < 0.01 as
compared to the untreated group. ** p < 0.01 as compared to the TNF-α-treated group.
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3. Discussion

Inflammation is an important host defense system response to external physical or chemical
infection and injury, and it plays a role in maintaining health state against variety stimuli.
The inflammatory process is regulated by inflammatory cells including macrophages, neutrophils,
eosinophils, and mononuclear phagocytes [18]. Normal inflammatory responses are mediated
by a correlation between down-regulation of pro-inflammatory proteins and up-regulation of
anti-inflammatory proteins [19]. Inflammation can be classified into two phases as acute and chronic.
The acute phase is associated with the accumulation of fluids, elevated blood flow, the increase of the
number of leukocytes and inflammatory mediators, whereas the chronic inflammation is associated
with progression of specific humeral and cellular immune responses [20]. Inflammation affects
various organs of the body, and also is associated with disruption of anabolic signals initiating muscle
growth. Therefore, inflammation is an important contributor to the pathology diseases implicated in
skeletal muscle dysfunction [21]. While acute or chronic inflammation disease states exhibit different
pathologies, all have in common the loss skeletal muscle mass and a deregulated skeletal muscle
physiology. In the acute inflammation, neutrophils and pro-inflammatory macrophages (M1) massively
accumulated in the injured muscle and the M1 macrophages release a variety of pro-inflammatory
agents including TNF-α [22,23]. In chronic inflammation, the persistence of neutrophils impairs
macrophage conversion from M1 to M2 macrophages profile and these cells adopt a hybrid phenotype,
which impairs muscle healing and triggers fibrosis by releasing an exaggerate amount transforming
growth factor (TGF)-beta [23–26]. TNF-α is an inflammatory cytokine implicated in muscle atrophy
conditions associated with various diseases [26]. TNF-α belongs to a family of secreted cell surface
proteins that mediate immune and inflammatory responses [27]. Anti-TNF-α biologics currently on
the market for the treatment of inflammatory disease [28]. The synthetic antibodies such as etanercept,
infliximab, and adalimumab, approved for the treatment of inflammatory diseases bind to TNF-α
directly, and leads to prevent its association with the TNF receptor [29]. However, despite considerable
developments, they have the potential to cause serious side effects such as eliciting an autoimmune
anti-antibody response or the weakening of the body’s immune defenses to opportunistic infections [29].
Therefore, it is important to be able to regulate the excessive released TNF-α to prevent it from working
in skeletal muscle. Thus, we focused on finding molecules, marine brown algae-derived biological
substances that could directly inhibit TNF-α.

Prior to carrying out the potential ability to act as a TNF-α inhibitor in the natural biological
substances from marine brown algae, we examined both the anti-inflammatory activity and skeletal
muscle cell proliferation activity of brown algae extracts in vitro. In the present study, five species of
marine brown algae collected from Jeju Island were used for screening experiments. All separated from
algal extracts showed non-cytotoxic effect on RAW 264.7 macrophages and C2C12 skeletal myocytes.
In addition, they dramatically inhibited NO production against LPS-induced inflammation. Especially,
the IOE significantly induced skeletal muscle cell proliferation compared to non-treated cells. However,
ECE, HFE, MCE, and SHE did not affect cell proliferation on C2C12 cells. From these results, therefore,
we explored biological substances within I. okamurae that indicate anti-inflammatory effects and muscle
cell proliferation activity.

I. okamuare, an edible brown alga called ‘pae’ in South Korea, is widely inhabited from South
Korea to China and Japan. In this study, I. okamuare in the temperate coastal area of Jeju Island of
South Korea was used. The I. okamuare has shown various biological activities in vitro and in vivo,
such as antioxidant, antidiabetes, and neuroprotective effects [30–32]. Especially, DPHC found
in IOE has been consistently reported to represent a variety of biological effectiveness [33–36].
In particular, DPHC is phlorotannin isolated from the EtOAc fraction of IOE, and DPHC was
confirmed to be the main compound from the result of high performance liquid chromatography
(HPLC) of the EtOAc fraction [37], and it was reported that it is the main compound showing
various bioactivities via HPLC [34–36,38]. In addition, DPHC has been reported that exhibit
anti-inflammatory activity [39–41], and it has also been reported to exhibit various bioactivities
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by regulating NF-κB signaling pathways, are a major pleiotropic transcription factor modulating
immune, inflammatory, cell survival, and proliferative responses [35,42–44]. IPA, another novel main
phlorotannin identified from I. okamurae, was recently found to be involved metabolism such as diabetes
and fat accumulation [45–47]. Thus, we selected DPHC, which exhibits anti-inflammatory activity and
regulates NF-κB signaling pathways, as the candidate material. The IPA identified in the I. okamurae has
not been reported to be involved in inflammation relief, but it has been selected as a candidate because
it has recently been newly identified as another main phlorotannin in I. okamurae. Numerous reports
have associated TNF-α and NF-κB with muscle wasting diseases and myopathy [48–50]. In addition,
Bakkar et al. [51] reported that binding of TNF-α to its receptor, initiates a IKK-γ dependent signaling
cascade that activates the inactive p50/p65 heterodimer and causes its translocation into the nucleus
where it decreases the expression of the pro-myogenic transcription factor, MyoD. Therefore, in order to
prevent the combination of TNF-α and its receptor, we performed in silico molecular docking
simulation tool to determine whether the candidates DPHC and IPA can be bind into their binding site.
Molecular docking has been used in several studies [52–54] as an efficient computational method to
study interaction patterns or predict potential binding modes of small molecules or ligands within the
active site of a known three-dimensional protein or receptor for drug design [55]. In particular, it may
be used to predict the strength of association or binding affinity between two molecules using binding
and interaction energies [53]. In this study, we obtained a molecular model from PDB that could explore
TNF-α inhibitors and used it as a model [56,57]. As a results, especially, TNF-α-ligands complexes
were well-performed with DPHC and OCT (positive control) stably posed in the pocket of the TNF-α.
The binding energy and CDOCKER interaction energy value respectively represent the following
meaning. The electron is the energy value when there is no shape change (angle, etc.) in the structure
of the receptor, and only the structure of the ligand is changed. The latter is energy value when changes
occur in both the structure of the receptor and ligand. Because their energy values are expressed in
negative form, the lower the energy values, the stronger the coupling is. The docking analysis results
indicated that the DPHC stably binds to TNF-α with lowest binding energy value (−53.73 kcal/mol) and
CDOCKER interaction energy (−40.33 kcal/mol) compared to OCT, positive control (binding energy,
−44.01 kcal/mol; CDOCKER interaction energy, −31.83 kcal/mol). However, IPA has a result that does
not combine with TNF-α.

As mentioned above, recent studies have identified NF-κB as an important transcription
factor involved in skeletal muscle atrophy caused by TNF-α [48–50]. In differentiating myoblasts,
TNF-α induced activation of NF-κB led the reduced expression of the differentiation markers myogenin
and myosin chain [48]. In addition, Li [58] have demonstrated that an increase the expression
of MuRF-1 and MAFbx/Atrogin-1 proteins through NF-κB and MAPKs pathways in C2C12 cells
exposed to TNF-α. NF-κB also inhibits satellite cell activation and differentiation by inhibiting MyoD
expression [49]. Overexpression of MAFbx/Atrogin-1 in cultured C2C12 myotubes produces cell
atrophy and mice knocked out of the MAFbx/Atrogin-1 gene is more resistant to muscle wasting that
results from muscular denervation than their wild-type littermates [59]. This evidence suggests that
MAFbx/Atrogin-1 plays a pivotal role in TNF-α-induced muscle atrophy. In this study, therefore,
we analyzed the protective activity of DPHC against TNF-α-induced inflammatory myopathy through
p65 NF-κB and MAPKs pathways in C2C12 cells. Prior to this work, we isolated DPHC from
IOE. However, the method used by previous researchers to isolated and purify DPHC requires
various and complex processes, such as the use of silica gel, Sephadex-LH20 column chromatography,
and preparative HPLC [34–36,38]. These conventional methods have several disadvantages such as
takes a long time, requires a limited amount of compound, as well as target compounds, are irreversibly
adsorbed on the stationary phase during separation [9]. In this study, therefore, we isolated DPHC
from IOE using high performance centrifugal partition chromatography (HPCPC) to compensate for
these shortcomings. HPCPC is one of the best techniques for purification with a higher sample loading
capacity, accuracy, and speed; less solvent use; and reproducible separation of target compounds
in a single step process [37]. DPHC was isolated from IOE using HPCPC as follows according
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to the method described in Kim et al. [37] and evaluated DPHC activity against TNF-α-induced
inflammatory myopathy. As the results, DPHC down-regulated the protein expression levels of
MuRF-1 and MAFbx/Atrogin-1, which are the key protein of muscle atrophy through NF-κB and
MAPKs signaling pathways in TNF-α-stimulated inflammatory myopathy C2C12 cells. Therefore,
it was expected that DPHC exhibit better TNF-α inhibitory activity and lead to protect the skeletal
muscle degradation by TNF-α.

4. Materials and Methods

4.1. Chemicals and Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), horse serum (HS),
penicillin-streptomycin, trypsin-EDTA, and Dulbecco’s Phosphate Buffered Saline (DPBS) were
purchased from Gibco-BRL (Burlington, ON, Canada) All the other chemicals used were of
analytical grade.

4.2. Preparation of Crude Extract and Bioactive Compound from Marine Brown Algae

Five species of marine brown algae were collected on the coast of Jeju Island (Table 2). The dried
algae (500 g) were extracted with 80% (v/v) aqueous methanol (5 L) under stirring at room temperature
(RT) for 24 h. The extract was evaporated in vacuo. The yield of the extracts is as shown in Table 2.
In order to isolate the bioactive compound DPHC from IOE, the process followed the method used in
our previous study [37]. DPHC (0.39%, ≥85% purity, Figure 9) from IOE (14.10%) was compared by
previously reported 1H and 13C NMR data [60]. In addition, QTOF-MS was shown [M+H]+ ion at m/z
513.14 in positive mode.

Table 2. The list of marine brown algae used in the experiments and the yield of these brown
algae extracts.

No. Scientific Name Abbreviation of Extract Yield (%)

1 Ishige okamurae IOE 14.10 ± 0.14
2 Ecklonia cava ECE 20.87 ± 1.89
3 Hizikia fusiforme HFE 7.00 ± 1.83
4 Myelophcus caespitosus MCE 6.30 ± 0.14
5 Sargassum horneri SHE 5.47 ± 0.12

Mar. Drugs 2020, 18, x 14 of 19 

 

4.2. Preparation of Crude Extract and Bioactive Compound from Marine Brown Algae 

Five species of marine brown algae were collected on the coast of Jeju Island (Table 2). The dried 

algae (500 g) were extracted with 80% (v/v) aqueous methanol (5 L) under stirring at room 

temperature (RT) for 24 h. The extract was evaporated in vacuo. The yield of the extracts is as shown 

in Table 2. In order to isolate the bioactive compound DPHC from IOE, the process followed the 

method used in our previous study [37]. DPHC (0.39%, ≥85% purity, Figure 9) from IOE (14.10%) was 

compared by previously reported 1H and 13C NMR data [60]. In addition, QTOF-MS was shown 

[M+H]+ ion at m/z 513.14 in positive mode. 

Table 2. The list of marine brown algae used in the experiments and the yield of these brown algae 

extracts. 

No. Scientific Name Abbreviation of Extract Yield (%) 

1 Ishige okamurae IOE 14.10 ± 0.14 

2 Ecklonia cava ECE 20.87 ± 1.89 

3 Hizikia fusiforme HFE 7.00 ± 1.83 

4 Myelophcus caespitosus MCE 6.30 ± 0.14 

5 Sargassum horneri SHE 5.47 ± 0.12 

 

Figure 9. Chemical structure of Diphlorethohydroxycarmolol (DPHC). 

4.3. Anti-Inflammatory Activities of Marine Brown Algal Extracts 

4.3.1. Cytotoxic Assessment Using MTT Assay 

The murine macrophage cell line RAW 264.7 was purchased from the Korean Cell Line Bank 

(KCLB, Seoul, Korea). RAW 264.7 cells were cultured in DMEM supplemented with 10% heat-

inactivated FBS, streptomycin (100 µg/mL), and penicillin (100 unit/mL) at 37 °C under 5% CO2 

humidified incubator. Exponential phase cells were used throughout the experiments. Then, RAW 

264.7 cells (1.5 × 104 cells/mL) plated in 24-well plates were fore 16 h and then treated with LPS (1 

µg/mL) plus aliquots of the five marine brown algal methanol extract. The cells were then incubated 

for an additional 24 h at 37 °C under 5% CO2 humidified incubator. After incubation, the cytotoxic 

assessment was performed using an MTT assay. The formazan crystals were dissolved in dimethyl 

sulfoxide (DMSO), and the absorbance was measured using an ELISA plate reader at 540 nm (BioTek 

Instruments, Inc., Winooski, VT, USA). The optical density of the formazan generated in non-treated 

control cells was considered to represent 100% viability. 

4.3.2. Determination of Nitric Oxide (NO) Production 

RAW 264.7 cells (1.5 × 104 cells/mL) were seeded in 24-well plates and incubated for 16 h and 

then treated with five marine brown algae methanol extracts for 1 h and stimulated LPS (1 µg/mL) 

for 24 h. After, the quantity of nitrite accumulated in the culture medium was measured as an 

indicator of NO production using the protocol described in [10]. 

Figure 9. Chemical structure of Diphlorethohydroxycarmolol (DPHC).

4.3. Anti-Inflammatory Activities of Marine Brown Algal Extracts

4.3.1. Cytotoxic Assessment Using MTT Assay

The murine macrophage cell line RAW 264.7 was purchased from the Korean Cell Line Bank (KCLB,
Seoul, Korea). RAW 264.7 cells were cultured in DMEM supplemented with 10% heat-inactivated
FBS, streptomycin (100 µg/mL), and penicillin (100 unit/mL) at 37 ◦C under 5% CO2 humidified
incubator. Exponential phase cells were used throughout the experiments. Then, RAW 264.7 cells
(1.5 × 104 cells/mL) plated in 24-well plates were fore 16 h and then treated with LPS (1 µg/mL) plus
aliquots of the five marine brown algal methanol extract. The cells were then incubated for an additional
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24 h at 37 ◦C under 5% CO2 humidified incubator. After incubation, the cytotoxic assessment was
performed using an MTT assay. The formazan crystals were dissolved in dimethyl sulfoxide (DMSO),
and the absorbance was measured using an ELISA plate reader at 540 nm (BioTek Instruments, Inc.,
Winooski, VT, USA). The optical density of the formazan generated in non-treated control cells was
considered to represent 100% viability.

4.3.2. Determination of Nitric Oxide (NO) Production

RAW 264.7 cells (1.5 × 104 cells/mL) were seeded in 24-well plates and incubated for 16 h and
then treated with five marine brown algae methanol extracts for 1 h and stimulated LPS (1 µg/mL) for
24 h. After, the quantity of nitrite accumulated in the culture medium was measured as an indicator of
NO production using the protocol described in [10].

4.4. Skeletal Muscle Cell Proliferation Activities of Marine Brown Algae

4.4.1. Myoblast Cell Culture and Differentiation

The murine C2C12 skeletal myoblasts were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA) were cultured in DMEM supplemented with 10% heat-inactivated FBS,
streptomycin (100 mg/mL), and penicillin (100 unit/mL) at 37 ◦C under 5% CO2 humidified incubator.
To induce differentiation, 80% confluent cultures were switched to DMEM containing 2% HS for 4 days
with medium changes every other day.

4.4.2. Cytotoxic Assessment and Cell Proliferation Activity

The cytotoxic assessment was performed using MTT assay. The formazan crystals were dissolved
in DMSO, and the absorbance was measured using an ELISA plate reader at 540 nm (BioTek Instruments,
Inc., Winooski, VT, USA). The optical density of the formazan generated in non-treated control cells
was considered to represent 100% viability. To assess the skeletal muscle cell proliferation effects of
five marine brown algae extract, activities were determined using BrdU assay (Millipore, Billerica,
MA, USA). C2C12 cells (5.0 × 104 cells/mL) plated in 48-well plates were pre-incubated for 48 h and
then converted into a differentiation medium (DMEM containing 2% HS) and treated with five marine
brown algae methanol extracts every other day. Cell proliferation was calculated by comparison with
the absorbance at 450 nm of standard solutions of BrdU in the non-treated cells.

4.5. Protective Effects of Marine Biological Active Compound against TNF-α-Induced Inflammatory Myopathy

4.5.1. In Silico Docking Study of New Inhibitor Candidates to TNF-α

To verify the marine brown algae-derived bioactive compounds can act acts as TNF-α
inhibitor, molecular docking studies including the docking simulation of the protein-ligand complex,
the possibility of binding, and value of binding energy were performed using flexible docking tool
in Accelrys Discovery Studio (DS) 3.5 (BIOVIA, CA, USA). The crystal structure of TNF-α was
allocated from PDB and shown in Figure 5. The structural information of candidate compounds was
provided from our previous studies [37,45,60], and the structures were drawn by ChemDraw Ultra
12.0 (Chemistry.Com.Pk, Figure 5). For molecular docking analysis, we performed the following steps:
(1) conversion of the 2D structure into 3D structure of ligands; (2) preparing protein and defining the
binding site; (3) preparing ligands; (4) flexible docking simulation; (5) calculation binding energies.

4.5.2. Determination of NO Production and Pro-Inflammatory Cytokines Expression against
TNF-α-Induced Inflammatory Myopathy Cells

To determine the inhibitory effects of natural biological active substance from IO on NO production and
pro-inflammatory cytokines expression in inflammatory C2C12 myotubes, C2C12 cells were differentiated
with new inhibitor candidate and then induced inflammation using TNF-α. NO production was detected
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using Griess assay and pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) total RNA expression was
analyzed using quantitative RT-PCR (qRT-PCR, Roche, Basel, Switzerland).

4.5.3. Western Blot Analysis of New Inhibitor Candidate against TNF-α-Induced Inflammatory
Myopathy Cells

In order to verify the effects of natural biological active substance from IO as new inhibitor of
TNF-α, protein expression levels in the cytoplasm and nucleus, which are key molecules involved
in skeletal muscle atrophy were analyzed. Nucleic and cytoplasmic proteins were extracted from
the cells, and p-IκB-α, p-p65NF-κB, MAPKs (p-JNK, and p-p38), MuRF-1, and MAFbx/Atrogin-1
protein expression were detected using specific primary rabbit/mouse polyclonal antibodies and goat
anti-rabbit or –mouse IgG HRP conjugated secondary antibodies. Signals were developed using an
enhanced chemiluminescence (ECL) Western blotting detection kit (Amersham, Arlington Heights,
IL, USA) and exposed to FUSION Solo6S program equipped with eVo-6 camera (Vilber Lourmat,
Marne-La-Vallée, France). The basal levels of each protein were normalized by analyzing the level of
β-Actin or Lamin B protein by using the ImageJ program.

4.6. Statistical Analysis

All experiments were conducted in triplicate (n = 3) and an one-way analysis of variance (ANOVA)
test (using SPSS 12.0 statistical software) was to analyze the data. Significant differences between the
means of parameters were determined by using Tukey test to analyze the difference. p-values of less
than 0.05 (p < 0.05) and 0.01 (p < 0.01) was considered as significant.

5. Conclusions

DPHC was identified as a TNF-α inhibitor agent in a structure-based virtual analysis study.
In addition, The IOE that contains the DPHC indicated that the anti-inflammatory effects and
skeletal muscle cell proliferation activity without cytotoxicity. Furthermore, DPHC suppressed the
inflammatory myopathy related protein expression through NF-κB (p-IκB-α/p-p65NF-κB), and MAPKs
(p-JNK/p-p38) signaling cascades. It was expected that DPHC is therefore a promising candidate for the
development of safe pharmacological agent that have potent inhibitory effects against inflammatory
myopathy by TNF-α instead of synthetic drugs.

Author Contributions: Conceived and designed the experiments: S.-Y.K., Y.-J.J.; Performed the experiments:
S.-Y.K., H.-S.K., J.-G.J.; Analyzed data: S.-Y.K., G.A., H.-S.K., K.-N.K.; Contributed reagents/materials/analysis
tools: S.-Y.K.; G.A.; Wrote the paper: S.-Y.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIT) (No. NRF-2019R1C1C1005608).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Salomonsson, S.; Lundberg, I.E. Cytokines in idiopathic inflammatory myopathies. Autoimmunity 2006,
39, 177–190. [CrossRef] [PubMed]

2. Li, Y.P. TNF-alpha is a mitogen in skeletal muscle. Am. J. Physiol. Cell Physiol. 2003, 285, C370–C376.
[CrossRef] [PubMed]

3. Acharyya, S.; Sharma, S.M.; Cheng, A.S.; Ladner, K.J.; He, W.; Kline, W.; Wang, H.; Ostrowski, M.C.; Huang, T.H.;
Guttridge, D.C. TNF Inhibits Notch-1 in Skeletal Muscle Cells by Ezh2 and DNA Methylation Mediated Repression:
Implications in Duchenne Muscular Dystrophy. PLoS ONE 2010, 5, e12479. [CrossRef] [PubMed]

4. Farber, M.O.; Mannix, E.T. Tissue wasting in patients with chronic obstructive pulmonary disease, the acquired
immune deficiency syndrome, and congestive heart failure. Neurol. Clin. 2000, 18, 245–262. [CrossRef]

5. Dehoux, M.J.M.; Beneden, R.P.; Femández-Celemín, L.; Lause, P.L.; Thissen, J.P.M. Induction of MafBx and Murf
ubiquitin ligase mRNAs in rat skeletal muscle after LPS injection. FEBS Lett. 2003, 544, 214–217. [CrossRef]

http://dx.doi.org/10.1080/08916930600622256
http://www.ncbi.nlm.nih.gov/pubmed/16769651
http://dx.doi.org/10.1152/ajpcell.00453.2002
http://www.ncbi.nlm.nih.gov/pubmed/12711593
http://dx.doi.org/10.1371/journal.pone.0012479
http://www.ncbi.nlm.nih.gov/pubmed/20814569
http://dx.doi.org/10.1016/S0733-8619(05)70188-2
http://dx.doi.org/10.1016/S0014-5793(03)00505-2


Mar. Drugs 2020, 18, 529 16 of 18

6. Scheinfeld, N. A comprehensive review and evaluation of the side effects of the tumor necrosis factor alpha
blockers etanercept, infliximab and adalimumab. J. Dermatol. Treat. 2004, 15, 280–294. [CrossRef]

7. Pozharitskaya, O.N.; Obluchinskaya, E.D.; Shikov, A.N. Mechanisms of Bioactivities of Fucoidan from the
Brown Seaweed Fucus vesiculosus L. of the Barents Sea. Mar. Drugs 2020, 18, 275. [CrossRef]

8. Dong, X.; Bai, Y.; Xu, Z.; Shi, Y.; Sun, Y.; Janaswamy, S.; Yu, C.; Qi, H. Phlorotannins from Undaria pinnatifida
Sporophyll: Extraction, Antioxidant, and Anti-Inflammatory Activities. Mar. Drugs 2019, 17, 434. [CrossRef]

9. Kim, H.H.; Kim, H.S.; Ko, J.Y.; Kim, C.Y.; Lee, J.H.; Jeon, Y.J. A single-step isolation of useful antioxidant
compounds from Ishige okamurae by using centrifugal partition chromatography. Fish. Aquat. Sci. 2016,
19, 22. [CrossRef]

10. Sanjeewa, K.K.A.; Fernando, I.P.S.; Kim, E.A.; Ahn, G.; Jee, Y.; Jeon, Y.J. Anti-inflammatory activity of a
sulfated polysaccharide isolated from an enzymatic digest of brown seaweed Sargassum horneri in RAW 264.7
cells. Nutr. Res. Pract. 2017, 11, 3–10. [CrossRef]

11. Fernando, I.P.S.; Sanjeewa, K.K.A.; Lee, H.G.; Kim, H.S.; Vaas, A.P.J.P.; Silva, H.I.C.; Nanayakkara, C.M.;
Abeytunga, D.T.U.; Lee, D.S.; Lee, J.S.; et al. Fucoidan Purified from Sargassum polycystum Induces Apoptosis
through Mitochondria-Mediated Pathway in HL-60 and MCF-7 Cells. Mar. Drugs 2020, 18, 196. [CrossRef]

12. Lee, J.H.; Zhang, C.; Ko, J.Y.; Lee, J.S.; Jeon, Y.J. Evaluation on Anticancer Effect Against HL-60 Cells and
Toxicity in vitro and in vivo of the Phenethyl Acetate Isolated from a Marine Bacterium Streptomyces griseus.
Fish. Aquat. Sci. 2015, 18, 35–44. [CrossRef]

13. Kim, E.A.; Lee, S.H.; Lee, J.H.; Kang, N.; Oh, J.Y.; Chan, S.H.; Ahn, G.; Ko, S.C.; Fernando, S.P.; Kim, S.Y.; et al.
A marine algal polyphenol, dieckol, attenuates blood glucose levels by Akt pathway in alloxan induced
hyperglycemia zebrafish model. RSC Adv. 2016, 6, 78570–78575. [CrossRef]

14. Wijesinghe, W.A.J.P.; Ko, S.C.; Jeon, Y.J. Effect of phlorotannins isolated from Ecklonia cava on angiotensin
I-converting enzyme (ACE) inhibitory activity. Nutr. Res. Pract. 2011, 5, 93–100. [CrossRef] [PubMed]

15. Lee, S.H.; Jeon, Y.J. Anti-diabetic effects of brown algae derived phlrotoannins, marine polyphenols through
diverse mechanisms. Fitoterapia 2013, 86, 129–136. [CrossRef]

16. Kunkel, S.D.; Elmore, C.J.; Bongers, K.S.; Ebert, S.M.; Fox, D.K.; Dyle, M.C.; Bullard, S.A.; Adams, C.M. Ursolic
Acid Increases Skeletal Muscle and Brown Fat and Decreases Diet-Induced Obesity, Glucose Intolerance and
Fatty Liver Disease. PLoS ONE 2012, 7, e39332. [CrossRef] [PubMed]

17. Kim, J.H.; Jin, D.H.; Kim, Y.D.; Jin, H.J. Effects of Carnosic Acid on Muscle Growth in Zebrafish (Danio rerio).
Korean J. Ichthyol. 2014, 26, 171–178.

18. Kang, M.C.; Kang, N.; Kim, S.Y.; Lima, I.S.; Ko, S.C.; Kim, Y.T.; Kim, Y.B.; Jeung, H.D.; Choi, K.S.; Jeon, Y.J.
Popular edible seaweed, Gelidium amansii prevents against diet-induced obesity. Food Chem. Toxicol. 2016,
90, 181–187. [CrossRef]

19. Kim, S.Y.; Kim, E.A.; Kang, M.C.; Lee, J.H.; Yang, H.W.; Lee, J.S.; Lim, T.I.; Jeon, Y.J. Polyphenol-rich fraction
from Ecklonia cava (a brown alga) processing by-product reduces LPS-induced inflammation in vitro and
in vivo in a zebrafish model. Algae 2014, 29, 165–174. [CrossRef]

20. Lawrence, T.; Willoughby, D.A.; Gilroy, D.W. Anti-inflammatory lipid mediators and insights into the
resolution of inflammation. Nat. Rev. Immunol. 2002, 2, 787–795. [CrossRef] [PubMed]

21. Fernando, I.P.S.; Nah, J.W.; Jeon, Y.J. Potential anti-inflammatory natural products from marine algae.
Environ. Toxicol. Pharmacol. 2016, 48, 22–30. [CrossRef] [PubMed]

22. Londhe, P.; Guttridge, D.C. Inflammation induced loss of skeletal muscle. Bone 2015, 80, 131–142. [CrossRef]
[PubMed]

23. Arnold, L.; Henry, A.; Poron, F.; Baba-Amer, Y.; Rooijen, N.; Plonquet, A.; Gherardi, R.K.; Chazaud, B.
Inflammatory monocytes recruited after skeletal muscle injury switch into anti inflammatory macrophages
to support myogenesis. J. Exp. Med. 2007, 204, 1057–1069. [CrossRef] [PubMed]

24. Duchesne, E.; Dufresne, S.S.; Dumont, N.A. Impact of Inflammation and Anti-inflammatory Modalities on
Skeletal Muscle Healing: From Fundamental Research to the Clinic. Phys. Ther. 2017, 97, 807–817. [CrossRef]

25. Mann, C.J.; Perdiguero, E.; Kharraz, Y.; Aguilar, S.; Pessina, P.; Serrano, A.L.; Muñoz-Cánoves, P. Aberrant
repair and fibrosis development in skeletal muscle. Skelet. Muscle 2011, 1, 21. [CrossRef] [PubMed]

26. Lemos, D.R.; Babaeijandaghi, F.; Low, M.; Chang, C.K.; Lee, S.T.; Fiore, D.; Zhang, R.H.; Natarajan, A.;
Nedospasov, S.A.; Rossi, F.M.V. Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting
TNF-mediated apoptosis of fibro/adipogenic progenitors. Nat. Med. 2015, 21, 786–794. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/09546630410017275
http://dx.doi.org/10.3390/md18050275
http://dx.doi.org/10.3390/md17080434
http://dx.doi.org/10.1186/s41240-016-0023-y
http://dx.doi.org/10.4162/nrp.2017.11.1.3
http://dx.doi.org/10.3390/md18040196
http://dx.doi.org/10.5657/FAS.2015.0035
http://dx.doi.org/10.1039/C6RA12724J
http://dx.doi.org/10.4162/nrp.2011.5.2.93
http://www.ncbi.nlm.nih.gov/pubmed/21556221
http://dx.doi.org/10.1016/j.fitote.2013.02.013
http://dx.doi.org/10.1371/journal.pone.0039332
http://www.ncbi.nlm.nih.gov/pubmed/22745735
http://dx.doi.org/10.1016/j.fct.2016.02.014
http://dx.doi.org/10.4490/algae.2014.29.2.165
http://dx.doi.org/10.1038/nri915
http://www.ncbi.nlm.nih.gov/pubmed/12360216
http://dx.doi.org/10.1016/j.etap.2016.09.023
http://www.ncbi.nlm.nih.gov/pubmed/27716532
http://dx.doi.org/10.1016/j.bone.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/26453502
http://dx.doi.org/10.1084/jem.20070075
http://www.ncbi.nlm.nih.gov/pubmed/17485518
http://dx.doi.org/10.1093/ptj/pzx056
http://dx.doi.org/10.1186/2044-5040-1-21
http://www.ncbi.nlm.nih.gov/pubmed/21798099
http://dx.doi.org/10.1038/nm.3869
http://www.ncbi.nlm.nih.gov/pubmed/26053624


Mar. Drugs 2020, 18, 529 17 of 18

27. Zhou, J.; Liu, B.; Liang, C.; Li, Y.; Song, Y.H. Cytokine Signaling in Skeletal Muscle Wasting.
Trends Endocrinol. Metab. 2016, 27, 335–347. [CrossRef]

28. Mancini, F.; Toro, C.M.; Mabilia, M.; Giannangeli, M.; Pizna, M.; Milanese, C. Inhibition of tumor necrosis
factor-α (TNF-α)/ TNF-α receptor binding by structural analogues of suramin. Biochem. Pharmacol. 1999,
58, 851–859. [CrossRef]

29. Leung, C.H.; Chan, D.S.H.; Kwan, M.H.T.; Cheng, Z.; Wong, C.Y.; Zhu, G.Y.; Fong, W.F.; Ma, D.L. Structure-Based
Repurposing of FDA-Approved Drugs as TNF-α Inhibitors. ChemMedChem 2011, 6, 765–768. [CrossRef]

30. Chan, D.S.H.; Lee, H.M.; Yang, F.; Che, C.M.; Wong, C.C.L.; Abagyan, R.; Leung, C.H.; Ma, D.L.
Structure-Based Discovery of Natural-Product-like TNF-α Inhibitors. Angew. Chem. Int. Ed. 2010,
49, 2860–2864. [CrossRef]

31. Heo, S.J.; Cha, S.H.; Kim, K.N.; Lee, S.H.; Ahn, G.; Kang, D.H.; Oh, C.; Choi, Y.U.; Affan, A.; Kim, D.; et al.
Neuroprotective Effect of Phlorotannin Isolated from Ishige okamurae Against H2O2-Induced Oxidative Stress
in Murine Hippocampal Neuronal Cells, HT22. Appl. Biochem. Biotechnol. 2012, 166, 1520–1532. [CrossRef]

32. Min, K.H.; Kim, H.J.; Jeon, Y.J.; Han, J.S. Ishige okamurae ameliorates hyperglycemia and insulin resistance in
C57BL/KsJ-db/db mice. Diabetes Res. Clin. Pract. 2011, 93, 70–76. [CrossRef]

33. Park, S.J.; Jeon, Y.J.; Kim, H.J.; Han, J.S. Anti-obesity Effects of Ishige okamurae Extract in C57BL/6J mice Fed
High-fat Diet. Korean J. Food Sci. Technol. 2013, 45, 199–205. [CrossRef]

34. Heo, S.J.; Hwang, J.Y.; Choi, J.I.; Han, J.S.; Kim, H.J.; Jeon, Y.J. Diphlorethohydroxycarmalol isolated from
Ishige okamurae, a brown algae, a potent α-glucosidase and α-amylase inhibitor, alleviates postprandial
hyperglycemia in diabetic mice. Eur. J. Pharmacol. 2009, 615, 252–256. [CrossRef]

35. Heo, S.J.; Hwang, J.Y.; Choi, J.I.; Lee, S.H.; Park, P.J.; Kang, D.H.; Oh, C.; Kim, D.W.; Han, J.S.;
Jeon, Y.J.; et al. Protective effect of diphlorethohydroxycarmalol isolated from Ishige okamurae against
high glucose-induced-oxidative stress in human umbilical vein endothelial cells. Food Chem. Toxicol. 2010,
48, 1448–1454. [CrossRef]

36. Lee, S.H.; Choi, J.I.; Heo, S.J.; Park, M.H.; Park, P.J.; Jeon, B.T.; Kim, S.K.; Han, J.S.; Jeon, Y.J.
Diphlorethohydroxycarmalol isolated from Pae (Ishige okamurae) protects high glucose-induced damage in
RINm5F pancreatic β cells via its antioxidant effects. Food Sci. Biotechnol. 2012, 21, 239–246. [CrossRef]

37. Kim, H.S.; Wang, L.; Jayawardena, T.U.; Kim, E.A.; Heo, S.J.; Fernando, I.P.S.; Lee, J.H.;
Jeon, Y.J. High-performance centrifugal partition chromatography (HPCPC) for efficient isolation of
diphlorethohydroxycarmalol (DPHC) and screening of its antioxidant activity in a zebrafish model.
Process Biochem. 2020, 88, 189–196. [CrossRef]

38. Kang, M.C.; Ding, Y.; Kim, H.S.; Jeon, Y.J.; Lee, S.H. Inhibition of Adipogenesis by Diphlorethohydroxycarmalol
(DPHC) through AMPK Activation in Adipocytes. Mar. Drugs 2019, 17, 44. [CrossRef]

39. Kang, N.J.; Han, S.C.; Kang, G.J.; Koo, D.H.; Koh, Y.S.; Hyun, J.W.; Lee, N.H.; Ko, M.H.; Kang, H.K.; Yoo, E.S.
Diphlorethohydroxycarmalol Inhibits Interleukin-6 Production by Regulating NF-κB, STAT5 and SOCS1 i
nLipopolysaccharide-Simulated RAW264.7 Cells. Mar. Drugs 2015, 13, 2141–2157. [CrossRef]

40. Fernando, I.P.S.; Kim, H.S.; Sanjeewa, K.K.A.; Oh, J.Y.; Jeon, Y.J.; Lee, W.W. Inhibition of
inflammatory responses elicited by urban fine dust particles in keratinocytes and macrophages by
diphlorethohydroxycarmalol isolated from a brown alga Ishige okamurae. Algae 2017, 32, 261–273. [CrossRef]

41. Cha, S.H.; Hwang, Y.; Heo, S.J.; Jun, H.S. Diphlorethohydroxycarmalol Attenuates Palmitate-Induced Hepatic
Lipogenesis and Inflammation. Mar. Drugs 2020, 18, 475. [CrossRef] [PubMed]

42. Ihn, H.J.; Kim, J.A.; Cho, H.S.; Shin, H.I.; Kim, G.Y.; Choi, Y.H.; Jeon, Y.J.; Park, E.K. Diphlorethohydroxycarmalol
from Ishige okamurae Suppresses Osteoclast Differentiation by Downregulating the NF-κB Signaling Pathway. Int. J.
Mol. Sci. 2017, 18, 2635. [CrossRef] [PubMed]

43. Lei, W.; Kim, H.S.; Oh, J.Y.; Je, J.G.; Jeon, Y.J.; Ryu, B.M. Protective effect of diphlorethohydroxycarmalol
isolated from Ishige okamurae against UVB-induced damage in vitro in human dermal fibroblasts and in vivo
in zebrafish. Food Chem. Toxicol. 2020, 136, 110963–110970.

44. Mourkioti, F.; Kratsios, P.; Luedde, T.; Song, Y.H.; Delafontaine, P.; Adami, R.; Parente, V.; Bottinelli, R.;
Pasparakis, M.; Rosenthal, N. Targeted ablation of IKK2 improves skeletal muscle strength, maintains mass,
and promotes regeneration. J. Clin. Investig. 2006, 116, 2945–2954. [CrossRef]

45. Ryu, B.M.; Jiang, Y.; Kim, H.S.; Hyun, J.M.; Lim, S.B.; Li, Y.; Jeon, Y.J. Ishophloroglucin A, a Novel Phlorotannin
for Standardizing the Anti-α-Glucosidase Activity of Ishige okamurae. Mar. Drugs 2018, 16, 436. [CrossRef]

http://dx.doi.org/10.1016/j.tem.2016.03.002
http://dx.doi.org/10.1016/S0006-2952(99)00150-1
http://dx.doi.org/10.1002/cmdc.201100016
http://dx.doi.org/10.1002/anie.200907360
http://dx.doi.org/10.1007/s12010-012-9545-7
http://dx.doi.org/10.1016/j.diabres.2011.03.018
http://dx.doi.org/10.9721/KJFST.2013.45.2.199
http://dx.doi.org/10.1016/j.ejphar.2009.05.017
http://dx.doi.org/10.1016/j.fct.2010.02.025
http://dx.doi.org/10.1007/s10068-012-0031-3
http://dx.doi.org/10.1016/j.procbio.2019.09.027
http://dx.doi.org/10.3390/md17010044
http://dx.doi.org/10.3390/md13042141
http://dx.doi.org/10.4490/algae.2017.32.8.14
http://dx.doi.org/10.3390/md18090475
http://www.ncbi.nlm.nih.gov/pubmed/32962167
http://dx.doi.org/10.3390/ijms18122635
http://www.ncbi.nlm.nih.gov/pubmed/29211036
http://dx.doi.org/10.1172/JCI28721
http://dx.doi.org/10.3390/md16110436


Mar. Drugs 2020, 18, 529 18 of 18

46. Fernando, K.H.N.; Yang, H.W.; Jiang, Y.; Jeon, Y.J.; Ryu, B.M. Ishige okamurae Extract and Its Constituent
Ishophloroglucin A Attenuated In Vitro and In Vivo High Glucose-Induced Angiogenesis. Int. J. Mol. Sci.
2019, 20, 5542. [CrossRef]

47. Kang, N.; Oh, S.; Kim, H.S.; Ahn, H.; Choi, J.; Heo, S.J.; Byun, K.; Jeon, Y.J. Ishophloroglucin A, derived
from Ishige okamurae, regulates high-fat-diet-induced fat accumulation via the leptin signaling pathway,
associated with peripheral metabolism. Algal Res. 2020, 50, 101974–101978. [CrossRef]

48. Guttridge, D.C.; Mayo, M.W.; Madrid, L.V.; Wang, C.Y.; Baldwin, A.S., Jr. NF-κB-Induced Loss of MyoD Messenger
RNA: Possible Role in Muscle Decay and Cachexia. Science 2000, 289, 2363–2366. [CrossRef] [PubMed]

49. Li, Y.P.; Reid, M.B. NF-kB mediates the protein loss induced by TNF-α in differentiated skeletal muscle
myotubes. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2000, 279, R1165–R1170. [CrossRef]

50. Zaho, Q.; Yang, S.T.; Wnag, J.J.; Zhou, J.; Xing, S.S.; Shen, C.C.; Wang, X.X.; Yue, Y.X.; Song, J.; Chen, M.; et al.
TNF alpha inhibits myogenic differentiation of C2C12 cells through NF-kB activation and impairment of
IGF-1 signaling pathway. Biochem. Biophys. Res. Commun. 2015, 458, 790–795. [CrossRef]

51. Bakkar, N.; Wang, J.; Ladner, K.J.; Wang, H.; Dahlman, J.M.; Carathers, M.; Acharyya, S.; Rudnicki, M.A.;
Hollenbach, A.D.; Guttridge, D.C. IKK/NF-κB regulates skeletal myogenesis via a signaling switch to inhibit
differentiation and promote mitochondrial biogenesis. J. Cell. Biol. 2008, 180, 787–802. [CrossRef] [PubMed]

52. Kang, N.; Lee, J.H.; Lee, W.W.; Ko, J.Y.; Kim, E.A.; Kim, J.S.; Heu, M.S.; Kim, G.H.; Jeon, Y.J. Gallic acid
isolated from Spirogyra sp. Improves cardiovascular disease through a vasorelaxant and antihypertensive
effect. Environ. Toxicol. Pharmacol. 2015, 39, 764–772. [CrossRef]

53. Ko, J.Y.; Kang, N.; Lee, J.H.; Kim, J.S.; Kim, W.S.; Park, S.J.; Kim, Y.T.; Jeon, Y.J. Angiotensin I-converting
enzyme inhibitory peptides from an enzymatic hydrolysate of flounder fish (Paralichthys olivaceus) muscle as
a potent anti-hypertensive agent. Process Biochem. 2016, 51, 535–541. [CrossRef]

54. Oh, J.Y.; Kim, E.A.; Lee, H.; Kim, H.S.; Lee, J.S.; Jeon, Y.J. Antihypertensive effect of surimi prepared from
olive flounder (Paralichthys olivaceus) by angiotensin-I converting enzyme (ACE) inhibitory activity and
characterization of ACE inhibitory peptides. Process Biochem. 2019, 80, 164–170. [CrossRef]

55. Li, X.; Yang, H.W.; Jiang, Y.; Oh, J.Y.; Jeon, Y.J.; Ryu, B. Ishophloroglucin A Isolated from Ishige okamurae
Suppresses Melanogenesis Induced by α-MSH: In Vitro and In Vivo. Mar. Drugs 2020, 18, 470. [CrossRef]
[PubMed]

56. He, M.M.; Smith, A.S.; Oslob, J.D.; Flanagan, W.M.; Braisted, A.C.; Whitty, A.; Cancilla, M.T.; Wang, J.; Lugovskoy, A.A.;
Yoburn, J.C.; et al. Small-Molecule Inhibition of TNF-α. Science 2005, 310, 1022–1025. [CrossRef] [PubMed]

57. Xu, S.; Peng, H.; Wang, N.; Zhao, M. Inhibition of TNF-α and IL-1 by compounds from selected plants for
rheumatoid arthritis therapy: In vivo and in silico studies. Trop. J. Pharm. Res. 2018, 17, 277–285. [CrossRef]

58. Li, Y.P.; Chen, Y.; John, J.; Moylan, J.; Jin, B.; Mann, D.L.; Reid, M.B. TNF-α acts via p38 MAPK to stimulate
expression of the ubiquitin ligase atrogin1/MAFbx in skeletal muscle. FASEB J. 2005, 19, 362–370. [CrossRef]

59. Bodine, S.C.; Latres, E.; Baumheuter, S.; Lai, V.K.M.; Nunez, L.; Clarke, B.A.; Poueymirou, W.T.; Panaro, F.J.;
Na, E.; Dharmarajan, K.; et al. Identification of Ubiquitin Ligases Required for Skeletal Muscle Atrophy.
Science 2001, 294, 1704–1708. [CrossRef]

60. Fernando, K.H.N.; Yang, H.W.; Jiang, Y.; Jeon, Y.J.; Ryu, B. Diphlorethohydroxycarmalol Isolated from Ishige
okamurae Represses High Glucose-Induced Angiogenesis In Vitro and In Vivo. Mar. Drugs 2018, 16, 375.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijms20225542
http://dx.doi.org/10.1016/j.algal.2020.101974
http://dx.doi.org/10.1126/science.289.5488.2363
http://www.ncbi.nlm.nih.gov/pubmed/11009425
http://dx.doi.org/10.1152/ajpregu.2000.279.4.R1165
http://dx.doi.org/10.1016/j.bbrc.2015.02.026
http://dx.doi.org/10.1083/jcb.200707179
http://www.ncbi.nlm.nih.gov/pubmed/18299349
http://dx.doi.org/10.1016/j.etap.2015.02.006
http://dx.doi.org/10.1016/j.procbio.2016.01.009
http://dx.doi.org/10.1016/j.procbio.2019.01.016
http://dx.doi.org/10.3390/md18090470
http://www.ncbi.nlm.nih.gov/pubmed/32957728
http://dx.doi.org/10.1126/science.1116304
http://www.ncbi.nlm.nih.gov/pubmed/16284179
http://dx.doi.org/10.4314/tjpr.v17i2.12
http://dx.doi.org/10.1096/fj.04-2364com
http://dx.doi.org/10.1126/science.1065874
http://dx.doi.org/10.3390/md16100375
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effects of Marine Brown Algal Methanol Extracts on Nitric Oxide (NO) Production against Lipopolysaccharides (LPS)-Stimulated RAW 264.7 Cells 
	Skeletal Muscle Cell Proliferation Activities of Marine Brown Algalmethanol Extracts on C2C12 Cells 
	In Silico Docking Simulation of Marine-Derived Bioactive Compounds to TNF- 
	Effects of DPHC on NO Production and Pro-Inflammatory Cytokines in TNF–Induced Inflammatory Myopathy Cells 
	Protective Effects of DPHC on Inflammatory Myopathy through Nuclear Factor-B (NF-B) and Mitogen-Activated Protein Kinase (MAPKs) Signaling Pathways 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Preparation of Crude Extract and Bioactive Compound from Marine Brown Algae 
	Anti-Inflammatory Activities of Marine Brown Algal Extracts 
	Cytotoxic Assessment Using MTT Assay 
	Determination of Nitric Oxide (NO) Production 

	Skeletal Muscle Cell Proliferation Activities of Marine Brown Algae 
	Myoblast Cell Culture and Differentiation 
	Cytotoxic Assessment and Cell Proliferation Activity 

	Protective Effects of Marine Biological Active Compound against TNF–Induced Inflammatory Myopathy 
	In Silico Docking Study of New Inhibitor Candidates to TNF- 
	Determination of NO Production and Pro-Inflammatory Cytokines Expression against TNF–Induced Inflammatory Myopathy Cells 
	Western Blot Analysis of New Inhibitor Candidate against TNF–Induced Inflammatory Myopathy Cells 

	Statistical Analysis 

	Conclusions 
	References

