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Abstract: Polysiphonia morrowii is a well-known red alga that has promising pharmacological char-
acteristics. The current study evaluates the protective effect of 3-bromo-4,5-dihydroxybenzaldehyde
(BDB) isolated from P. morrowii on tumor necrosis factor (TNF)-a/interferon (IFN)-y-stimulated in-
flammation and skin barrier deterioration in HaCaT keratinocytes. The anti-inflammatory effect of
BDB in TNF-a/IFN-y-stimulated HaCaT keratinocytes is evaluated by investigating nuclear factor
kappa B (NF-«B) and mitogen-activated protein kinase (MAPK) pathways, inflammatory cytokines,
and chemokines. Further, the interaction between BDB and the skin barrier functions in stimulated
HaCaT keratinocytes is investigated. The findings of the study reveal that BDB dose-dependently
increases cell viability while decreasing intracellular reactive oxygen species (ROS) production. BDB
downregulates the expression of inflammatory cytokines, interleukin (IL)-6, -8, -13, IFN-y, TNF-q,
and chemokines, Eotaxin, macrophage-derived chemokine (MDC), regulated on activation, normal
T cells expressed and secreted (RANTES), and thymus and activation-regulated chemokine (TARC)
by modulating the MAPK and NF-«B signaling pathways in TNF-o/IFN-y-stimulated HaCaT
keratinocytes. Furthermore, BDB increases the production of skin hydration proteins and tight junc-
tion proteins in stimulated HaCaT keratinocytes by preserving skin moisturization and tight junc-
tion stability. These findings imply that BDB exhibits a protective ability against inflammation and
deterioration of skin barrier via suppressing the expression of inflammatory signaling in TNF-
o/IFN-y-stimulated HaCaT keratinocytes.

Keywords: Polysiphonia morrowii; 3-bromo-4,5-dihydroxybenzaldehyde; HaCaT keratinocyte;
anti-inflammation; skin barrier

1. Introduction

Seaweed is an extensive natural resource, highly valued around the world. The iden-
tification of bioactive components from seaweeds, including phenolic chemicals, polysac-
charides, sterols, proteins, and pigments, has therefore been the subject of various inves-
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tigations [1]. Such marine-derived compounds possess diverse biological activities, com-
prising anti-cancer, antioxidative, anti-inflammatory, antiviral, anti-allergy, anti-diabetes,
and anti-lipogenesis [2-6]. Bromophenol is a type of phenolic compound that is biosyn-
thesized in marine algae with the existence of bromoperoxidases, hydrogen peroxide, and
bromide and is often found in marine red algae secondary metabolites with numerous
bioactivities [7-10]. Polysiphonia morrowii, a red alga that belongs to the Rhodomelaceae
family, has been discovered in the sea nearby Japan, China, and Korea [6]. Previous stud-
ies have reported that the bromophenols from P. morrowii have a wide range of bioactivi-
ties, such as anti-allergy, anti-inflammatory, antiviral, anti-senescence, and anti-wrinkle
[5,6,11,12]. One of the studies indicated that bromophenol, 3-bromo-4,5-dihydroxybenzal-
dehyde (BDB) isolated from P. morrowii, exhibits an anti-allergic effect in immunoglobu-
lin/bovine serum albumin-stimulated mouse bone marrow-derived cultured mast cells
and passive cutaneous anaphylaxis in mice [5]. The photoprotective effect of bromophe-
nol against ultraviolet (UV)-B radiation-exposed HaCaT keratinocytes in vitro has been
investigated [13]. In addition, anti-inflammatory activities of BDB in mice with atopic der-
matitis (AD) induced by 2,4-dinitrochlorobenzene (DNCB) and in macrophages triggered
by lipopolysaccharide were discovered [11].

Inflammation can be defined as a set of complex immune-vascular responses against
external or internal harmful stimulant factors, such as microbial, chemical, and thermal
factors [3,14]. Nevertheless, chronic inflammatory disorders, including cancers, cardio-
vascular diseases, bronchitis, and rheumatoid arthritis, can be caused by unregulated in-
flammatory reactions [15]. Besides, inflammatory responses have been connected to oxi-
dative stress. It results from the excessive production of intracellular reactive oxygen spe-
cies (ROS) [16,17]. When keratinocytes, which are primarily found in the epidermal of the
skin, are exposed to inflammatory stimuli, they produce ROS and activate nuclear factor
kappa B (NF-«xB) and mitogen-activated protein kinase (MAPK) signaling involved in in-
flammatory responses [3,14]. Furthermore, the expression of inflammatory mediators,
such as inflammatory cytokines and chemokines, increased during inflammation by acti-
vation of the inflammatory signaling pathways [14,18,19]. However, the nuclear factor
erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling activates the ex-
pression of antioxidant genes, which eventually exhibit anti-inflammatory activities by
modulating the generated ROS [14,16-18]. In addition, keratinocytes are subjected to in-
flammatory stimulant factors, which promote skin barrier dysfunction associated with
cellular damage. The primary factor contributing to the degeneration of the skin barrier
has been identified as crucial upstream mediators of inflammatory signaling, NF-«xB, and
MAPK pathways [20]. Thus, marine bioactive compounds which possess anti-inflamma-
tory effects are promising treatments for skin barrier deterioration in HaCaT keratinocytes
by preserving skin moisturization and tight junction stability [3,21].

The synergistic effect of inflammatory mediators TNF-a and IFN-y would be a major
factor contributing to inflammation in a biological framework [14]. Therefore, disease
models using TNF-a and IFN-vy together are frequently developed to evaluate the phar-
macodynamic efficiency of drugs [14,18]. Recent research findings provide strong affir-
mation that TNF-a/IFN-y can trigger inflammatory-mediated signaling pathways and the
production of cytokines and chemokines which cause inflammatory responses in cells
[18,19]. Nevertheless, the anti-inflammatory effect and the effect of BDB on the skin barrier
functions in TNF-a/IFN-y-stimulated HaCaT keratinocytes have not been reported. The
BDB isolated from P. morrowii is used in this investigation, with the hypothesis that it
inhibits the expression of inflammatory mediators in TNF-o/IFN-y-stimulated HaCaT
keratinocytes to suppress inflammatory responses and skin barrier deterioration.
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2. Results

2.1. BDB Effectively Increases Cell Viability and Suppresses the Intracellular ROS Production in
TNF-a/IFN-y-Stimulated HaCaT Keratinocytes

None of the tested BDB concentrations up to 288 uM exhibited a significant cytotox-
icity effect on HaCaT keratinocytes, as indicated in Figure 1A. According to the findings,
TNF-o/IFN-y stimulation decreases cell viability while increasing dose-dependently with
BDB up to 288 uM. However, due to the significant increase in cell viability at 72, 144, and
288 uM doses of BDB, these concentrations were used throughout the investigation (Fig-
ure 1B). Figure 1C illustrates that intracellular ROS production in TNF-o/IFN-y-stimu-
lated HaCaT keratinocytes dramatically increased and, was dose-dependently decreased
by BDB treatment. Additionally, 2’,7’-Dichlorofluorescin diacetate (DCE-DA) flow cy-
tometric analysis and DCF-DA fluorescence imaging, which are shown in Figure 1D, E,
strengthened these findings.
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Figure 1. Cytoprotective effect of BDB in TNF-a/IFN-y-stimulated HaCaT keratinocytes. (A) Dose-
response cytotoxicity, (B) Cell viability, and (C) Fluorometric intracellular ROS generation. Further
analysis of ROS level by (D) flow cytometry and (E) fluorescence microscopy, with and without
TNF-a/IFN-vy stimulation. Cells were treated with DCF-DA for intracellular ROS assays. The values
are presented as the mean + standard error (SE) and represent data from three different experiments
(n = 3). Different letters produce significantly different error bars (p < 0.05).
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2.2. BDB Downregulates the Expression Levels of Inflammatory Cytokines and Chemokines in
TNF-a/IFN-y-Stimulated HaCaT Keratinocytes

Enzyme-linked immunosorbent assay (ELISA) was used to evaluate the inhibitory
effect of BDB, against the production of TNF-a/IFN-y-stimulated inflammatory cytokines
interleukin (IL)-6, -8, -13, TNF-a, and IFN-y in HaCaT keratinocytes. As indicated in Fig-
ure 2A, in contrast with the control group, TNF-a/IFN-y stimulation significantly in-
creased the production of inflammatory cytokines, while decreasing with BDB treatment
dose-dependently. Furthermore, the mRNA expression levels of key inflammatory cyto-
kines were assessed using the reverse transcription polymerase chain reaction (RT-PCR).
Figure 2B reveals that the expression levels of epithelial and epidermal innate cytokines,
IL-25, -33, and thymic stromal lymphopoietin (TSLP) increase in TNF-ot/IFN-y-stimulated
HaCaT keratinocytes while being significantly decreased by BDB treatment. TNF-o/IFN-
v stimulation raised the mRNA expression levels of the inflammatory cytokines IL-6, -8, -
13, TNF-a, and IFN-y (Figure 2C) and the chemokines Eotaxin, macrophage-derived
chemokine (MDC), regulated on activation, normal T cell expressed and secreted
(RANTES), and thymus and activation-regulated chemokine (TARC) (Figure 2D) in Ha-
CaT keratinocytes, whereas, remarkably these were downregulated by BDB treatment.
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Figure 2. Inhibitory effects of BDB on inflammatory cytokines and chemokines productions in TNF-
o/IFN-y-stimulated HaCaT keratinocytes. (A) Analysis of cytokine production in TNF-a/IFN-vy-
stimulated HaCaT keratinocytes using ELISA kits. Effect of BDB on mRNA expression of (B) epi-
thelial and epidermal innate cytokines, (C) inflammatory cytokines, and (D) chemokines. Data are
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represented as mean + SE of three independent determinations (1 = 3). Error bars for each molecule
with different letters are notably different (p <0.05).

2.3. BDB Effectively Suppresses the Activation of NF-xB and MAPK Signaling Pathways in
TNF-a/IFN-y-Stimulated HaCaT Keratinocytes

Western blot analysis was used to determine the inhibitory effect of BDB on the pro-
tein expression of the NF-kB and MAPK signaling pathways in TNF-o/IFN-y-stimulated
HaCaT Keratinocytes. As illustrated in Figure 3A, the phosphorylation of cytosolic IxBa,
NF-«xB p65, and NF-xB p65 nuclear translocation upgraded in stimulated cells. Con-
versely, the BDB treatment considerably suppressed the phosphorylation of NF-kB medi-
ators, along with the nuclear translocation of NF-kB p65, in a dose-dependent manner.
Moreover, the nuclear translocation of NF-kB p65 was evaluated by immunofluorescence
analysis (Figure 3B). The vivid green, fluorescent signals suggest enhanced nuclear trans-
location of NF-kB p65 in stimulated HaCaT keratinocytes. The results show that, in com-
parison with the control, TNF-a/IFN-y stimulation increases nuclear translocation of NF-
kB p65; however, BDB treatment inhibits it dose-dependently. Furthermore, TNF-a/IFN-
v stimulation significantly increases the phosphorylation of p38, ERK, and JNK MAPK
mediators, whereas these decrease with BDB treatment dose-dependently (Figure 3C).
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Figure 3. Inhibitory effects of BDB on NF-kB and MAPK molecular mediators in TNF-a/IFN-y-stim-
ulated HaCaT keratinocytes. (A) Western blot analysis of NF-kB, (B) Immunofluorescence analysis
of NF-kB p65 nuclear translocation, and (C) western blot analysis of MAPK protein expression in
TNF-a/IFN-y-stimulated HaCaT keratinocytes affected by BDB treatment. All experiments were
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carried out in triplicate (n = 3), and the results are shown as means + SE. Error bars with different
letters show a significant difference (p < 0.05) for each molecular mediator.

2.4. BDB Activates the Nrf2/HO-1 Signaling in TNF-a/IFN-y-Stimulated HaCaT Keratinocytes

The protective effect of BDB on cytosolic HO-1 and nuclear-translocated Nrf2 was
examined using western blot analysis. As Figure 4A indicates, TNF-a/IFN-y stimulation
reduced cytosolic HO-1 and nuclear-translocated Nrf2 relative to the control group, while
these were considerably elevated with the BDB treatment in a dose-dependent manner in
HaCaT keratinocytes. In addition, the cytoprotective effect of BDB was investigated in
terms of cell viability and intracellular ROS production in TNF-a/IFN-y-stimulated Ha-
CaT keratinocytes with the presence of zinc protoporphyrin IX (ZnPP), an HO-1 inhibitor,
by downregulating HO-1 activity [14,15]. TNF-o/IFN-y stimulation reduced cell viability
while increasing ROS production, whereas the BDB treatment significantly enhanced cell
viability and lowered ROS production in a dose-dependent manner. However, ZnPP con-
siderably eliminated the cell viability increment, whereas it increased ROS production,
which was decreased by the BDB treatment (Figure 4B, C).
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Figure 4. Cytoprotective effect of BDB on activation of the Nrf2/HO-1 signaling in TNF-a/IFN-vy-
stimulated HaCaT keratinocytes. (A) Dose-dependent response of BDB on cytosolic HO-1 and nu-
clear Nrf2 protein expression by western blot analysis. Effect of ZnPP on BDB treated (B) cell via-
bility, and (C) intracellular ROS production in TNF-a/IFN-y-stimulated HaCaT keratinocytes. The
repeatability of results was ensured with three independent determinations (2 =3, mean + SE). Error
bars with different letters differ significantly (p < 0.05).

2.5. BDB Ameliorates the Deterioration of Skin Barrier Proteins in TNF-a/IFN-y-Stimulated
HaCaT Keratinocytes

Protein mediators associated with skin stratum corneum hydration and barrier in-
tegrity were evaluated using western blot analysis. TNF-a/IFN-y stimulation simultane-
ously decreased LEKTI, involucrin, and filaggrin protein levels while raising the KLK5,
PAR-2, and PLA-2 levels in HaCaT keratinocytes, representing potential skin barrier de-
terioration. Nevertheless, BDB treatment reduced the KLK5, PAR-2, and PLA-2 levels
while dose-dependently increasing LEKTI, involucrin, and filaggrin levels, preserving
skin moisturization (Figure 5A). Besides, the levels of tight junction proteins; occludin,



Mar. Drugs 2022, 20, 563

7 of 15

Z0O-1, claudin-1, claudin-4, claudin-7, and claudin-23; were protectively regulated by the
BDB treatment in a dose-dependent manner (Figure 5B). Furthermore, as shown in Figure
5C, BDB increased the synthesis of hyaluronic acid (HA) against TNF-ot/IFN-y stimulated
skin damage in a dose-dependent manner.
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Figure 5. Protective effect of BDB on skin barrier function in TNF-a/IFN-y-stimulated HaCaT
keratinocytes. Western blot analysis of (A) skin moisturization controlling key proteins, (B) tight
junction proteins expression, and (C) ELISA of HA synthesis. The repeatability of results was en-
sured with three independent determinations (n = 3, mean + SE). Error bars with different letters
differ significantly (p <0.05).

3. Discussion

Skin inflammation is one of the major concerns among researchers due to its propen-
sity to be chronic. In response to consumer demand for anti-inflammatory products, nat-
ural resources are gaining attention as renewable therapeutic alternatives to petroleum-
derived products. A variety of secondary metabolites with biological activity are pro-
duced by marine algae, one of the greatest sources of natural bioactive compounds. Sev-
eral studies have investigated the protective effects of marine-derived compounds on in-
flammatory reactions and skin barrier functions [18,20-22]. Instead of P. morrowii, marine
red algae, Rhodomela confervoides, and Polysiphonia urceolata have been used to isolate the
BDB [23]. BDB has been reported for numerous biological activities on skin protection in
previous studies, including antioxidant, anti-inflammatory, anti-allergy, anti-senescence,
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and anti-wrinkle effects [11,12,23,24]. Extracellular matrix degradation with matrix met-
alloproteinases 1 (MMP-1) accelerates skin aging caused by excessive ROS generation
from UVB exposure. A prior study showed that BDB, as a preventative measure against
skin photo-aging, reduced MMP-1 expression and inhibited MAPK pathway activation in
UVB-induced HaCaT keratinocytes [23]. The development of wrinkles is significantly in-
fluenced by oxidative stress. In order to prevent and treat the onset of wrinkles, it is crucial
to discover compounds that can increase the production of collagen and inhibit MMPs
and elastase. According to the previous study, BDB decreased ROS generation in H20»-
induced HDF, preventing premature senescence. This was accomplished by restoring the
antioxidant enzyme glutathione peroxidase 1 [12]. In addition, AD symptoms in DNCB-
applied mice were reduced by lowering immunoglobulin E levels in serum, smaller
lymph nodes, and reducing inflammatory cell infiltration levels in the ear suppressed by
BDB treatment [11]. The current study was focused on investigating the protective effects
of BDB on inflammatory responses and skin barrier deterioration in TNF-o/IFN-y-stimu-
lated HaCaT keratinocytes.

Previous studies reported that TNF-o/IFN-y-stimulation increases the production of
intracellular ROS in HaCaT keratinocytes, which causes oxidative stress and subsequently
initiates inflammatory reactions [14,18]. In the current investigation, the DCF-DA assays
were implemented to examine the inhibitory effect of BDB on intracellular ROS generation
in TNF-a/IFN-y-stimulated HaCaT keratinocytes. The findings reveal that dose-depend-
ent reduction of intracellular ROS and increment of cell viability in stimulated HaCaT
keratinocytes ensure the potency of BDB to diminish oxidative stress. Furthermore, TNF-
o/IFN-y-stimulated keratinocytes were reported in prior studies to induce the abnormal
production of inflammatory cytokines and chemokines, resulting in skin inflammation
[19,25,26]. The innate cytokines IL-25, -33, and TSLP, which are produced by epithelial
and epidermal cells, play a significant role in the initiation of inflammatory reactions by
stimulating the production of type-2 cytokines [27-29]. IL-25, -33, and TSLP mRNA ex-
pression levels in TNF-a/IFN-y-stimulated HaCaT keratinocytes increased significantly
as compared with a control group of cells, according to previous research [14,19]. Accord-
ing to the findings of the current examination, the TNF-a/IFN-y-stimulated mRNA ex-
pression of TSLP, IL-25, and IL-33 in HaCaT keratinocytes were markedly suppressed by
BDB treatment. Exposure of HaCaT keratinocytes to TNF-a/IFN-y-stimulation leads to
the abnormal expression of the inflammatory cytokines IL-6, -8, -13, TNF-a, IFN-y, and
the chemokines Eotaxin, MDC, RANTES, and TARC [14,15,19,30]. IL-6 has multiple bio-
logical actions that can influence immune responses, inflammation, and hematopoiesis, in
addition to stimulating lymphocyte adhesion molecules and chemokine production [31].
IL-8 plays a role in allergic reactions that are linked with the severity of chronic inflam-
mation [32]. TARC, MDC, and RANTES are the most prominent inflammatory chemo-
kines and ligands for the CC chemokine receptor 4, which is mostly found on keratino-
cytes, while RANTES is a critical modulator of continuing inflammatory reactions [32]. In
the current study, the mRNA expression of IL-6, -8, -13, TNF-a, and IFN-vy, as well as
Eotaxin, MDC, RANTES, and TARC, were increased in TNF-a/IFN-y-stimulated HaCaT
keratinocytes compared with the control group, whereas it was dose-dependently inhib-
ited by BDB treatment, indicating its anti-inflammatory potential.

The NF-xB and MAPK signaling pathways are activated in cells during oxidative
stress [3]. The MAPK and NF-kB pathways are interconnected, and they both mediate
phosphorylation events that lead to the activation of many inflammation-related tran-
scription factors [18]. Different inflammatory genes which encode inflammatory cytokines
are activated by inflammation-related transcription factors [33]. The human MAPK super-
family has three key members; ERK, p38, and JNK [34]. The phosphorylation of ERK, p38,
and JNK in HaCaT keratinocytes, which induce inflammatory responses, was dramati-
cally elevated due to the TNF-a/IFN-y-stimulation. Previous research has reported that
lowering the phosphorylation of MAPK molecules reduces inflammatory responses
[3,19]. NF-«B is a downstream molecule pathway of the MAPK which contributes to the
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inflammation-related molecular gene expression [18]. Moreover, NF-kB p65 and IkBa are
prominent NF-«xB dimers typically found in the cytosol. In stimulated keratinocytes, cy-
tosolic NF-xB p65 and IkBa are phosphorylated and NF-«xB p65 is translocated into the
nucleus, triggering the transcription of genes, encoding inflammatory mediators such as
cytokines and chemokines [3,14]. The phosphorylation of MAPKs, cytosolic NF-«B signal-
ing mediators, and nuclear translocation of NF-kB p65 in stimulated HaCaT keratinocytes
was increased, while it was significantly suppressed by BDB treatment in a dose-depend-
ent manner. These outcomes demonstrate that BDB has a considerable protective impact
against the expression of inflammatory mediators in TNF-o/IFN-y-stimulated HaCaT
keratinocytes via suppressing inflammatory signaling pathways.

Previous findings revealed that antioxidants play a key role in decreasing inflamma-
tion [17]. The Nrf2/HO-1 signaling pathway can be engaged to prevent inflammation from
progressing by increasing the expression of Nrf2-mediated antioxidant genes, which
eventually exert anti-inflammatory activities by inhibiting ROS production [17,35]. The
cytosolic Nrf2 interacts with its negative regulator, actin-binding protein Keap1l (Kelch-
like ECH-associated protein 1). However, Nrf2 is released from Keapl and translocates
into the nucleus from the cytoplasm under oxidative stress. Nrf2 promotes the transcrip-
tion of the antioxidant genes, including HO-1, in the nucleus by binding to the antioxi-
dant-response element (ARE) in its promoter region [20,36,37]. HO-1 is an antioxidant en-
zyme that effectively inhibits the generation of intracellular ROS, which causes oxidative
stress and inflammation [20,35]. The current study investigated the cytoprotective effect
of BDB on the Nrf2/HO-1 signaling pathway. The expression of HO-1 in the cytosol and
Nrf2 in the nucleus were significantly decreased in TNF-o/IFN-y-stimulated HaCaT
keratinocytes, whereas BDB effectively increased it in a dose-dependent manner, exhibit-
ing a cytoprotective effect. Subsequently, the inhibition of HO-1 expression following the
application of HO-1 inhibitor ZnPP was examined. The suppression of HO-1 expression
with ZnPP exacerbated the increase in intracellular ROS generation and cell death in stim-
ulated HaCaT keratinocytes. According to that, the cytoprotective effect of BDB against
TNEF-a/IFN-y-stimulation was considerably decreased upon inhibition of HO-1.

Increment in cytokine expression via the activation of the NF-xB and MAPK signal-
ing due to exposing cells to inflammatory stimuli can result in the dysfunction of the skin
barrier, which can lead to skin aging, as well as the development of a variety of diseases,
such as atopic dermatitis and psoriasis [3,38]. The destruction of the epidermal barrier is
associated with the downregulation of important protein mediators involved in skin
moisturization that are crucial for the development of the barrier, such as LEKTL filaggrin,
and involucrin [3,39,40]. LEKTI is a selective inhibitor of epidermal proteinases KLK 5, 7,
and 14, which perform a proinflammatory function by activating PLA-2 and IL-1p [41].
Furthermore, inflammatory responses are correlated with PAR-2 activity. IL-8 secretion is
increased by PAR-2 activation via the ERK1/2 and NF-«B signaling pathways [42]. Major
proteins including filaggrin and involucrin are crucial for the development of the epider-
mal skin barrier. Filaggrin is involved in creating a strong skin barrier and triggers the
formation of molecules that helps to maintain skin hydration [43]. Involucrin improves
skin barrier repair apart from the association with skin hydration [44]. In the current
study, the protein levels of LEKTI, involucrin, and filaggrin were increased with BDB
treatment, while the KLK5, PAR-2, and PLA-2 levels in TNF-o/IFN-y-stimulated keratino-
cytes were reduced, demonstrating the anti-inflammatory potential and protective effect
of BDB against the loss of skin moisturization. Moreover, the stratum granulosum con-
tains the tight junction proteins claudins, occludin, and ZO-1, which are necessary for cell
differentiation, proliferation, and the development of the permeability barrier [3]. The im-
pairment of tight junctions is a significant contributor to the breakdown of the epidermal
barrier and increases inflammatory reactions [21]. Claudins create paracellular barriers
and pores that control the permeability of tight junctions [45]. The occludin can generate
filaments to resemble the lacked tight junctions after translocating into the cells [46]. Ad-
ditionally, ZO-1 creates cytosolic scaffolds that control tight junction construction [47].
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BDB reduces the cellular damage caused by TNF-a/IFN-y stimulation by markedly in-
creasing the levels of important protein mediators involved in the establishment of tight
junctions in cells. HA, a glycosaminoglycan is mainly found in the extracellular matrix
which is involved in hydrating the skin. It acts on the skin like a sponge to hold onto
moisture and prevent skin dryness [48]. The molecular size of HA determines its charac-
teristics. While low-molecular-weight HA is a strong proinflammatory molecule, high-
molecular-weight HA has anti-inflammatory and immunosuppressive effects [49]. In the
current study, BDB increased HA synthesis in TNF-a/IFN-y-stimulated cells, reducing
skin damage. The findings of the current study demonstrated that the BDB has skin pro-
tective characteristics via enhancing skin moisturization and barrier performance.

4. Materials and Methods
4.1. Materials

The 80% aqueous methanol extract of P. morrowii was used to obtain BDB. A detailed
method of the extraction and purification of BDB was described in one of our previous
studies [5]. In brief, immiscible liquid-liquid separation of crude methanol extract was
implemented to separate compounds based on polarity. The silica open column with step-
wise elution of chloroform and methanol mixtures was used for the further separation of
the chloroform fraction. The resulting fractions were pooled, and further purification was
carried out by using high-performance liquid chromatography equipped with a reverse
phase separatory column. The purified compound was resolved based on the data ob-
tained from the nuclear magnetic resonance spectroscopy. Dulbecco’s modified eagle me-
dium (DMEM) and a penicillin/streptomycin mixture were obtained from GibcoBRL
(Grand Island, NY, USA). Fetal bovine serum (FBS) was purchased from Welgene
(Gyeongsan-si, Korea). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), DCF-DA, dimethyl sulfoxide (DMSO), bovine serum albumin, ethidium bromide,
agarose, paraformaldehyde, Triton™ X-100, TRIzol, chloroform, isopropanol, and ZnPP
were provided by Sigma-Aldrich (St. Louis, MO, USA). Recombinant TNF-a and IFN-y
were obtained from R&D Systems (Minneapolis, MN, USA). An Ace-a-® cDNA synthesis
kit was obtained from ReverTra (Toyobo, Osaka, Japan). Skim milk powder was supplied
by BD Difco™ (Sparks, MD, USA). A BCA protein assay kit, NE-PER® nuclear and cyto-
plasmic extraction kit, 1-Step transfer buffer, Pierce™ RIPA buffer, protein ladder, and
diethyl pyrocarbonate water were purchased from Thermo Fisher Scientific (Rockford, IL,
USA). The primers for RT-PCR were purchased from Bioneer Co. (Deadeock-gu, Daejeon,
Korea). Primary and secondary antibodies, Prolong® Gold antifade reagent with DAPI,
normal goat serum, and DyLightTM 554 Phalloidin were provided by Cell Signaling Tech-
nology (Beverly, MA, USA). IL-6, -8, -13, TNF-a, and IFN-y human ELISA kits were pur-
chased from BioLegend (San Diego, CA, USA).

4.2. Cell Culture and Viability Assay

Korean Cell Line Bank (Seoul, Korea) provided the HaCaT cell line, which was grown
at 37 °C in a humidified atmosphere with 5% CO:2 in a DMEM medium containing 10%
FBS and 1% penicillin and streptomycin mixture. Variation of HaCaT keratinocytes (1x
104 cells/well in 96 well-plate) cell viability after 24 h incubation with the BDB samples
was evaluated by MTT assay, as mentioned in one of the previous studies [14].

4.3. Evaluation of Intracellular ROS Production

The intracellular ROS production was measured using the DCF-DA assay. In brief,
cells (1x 10 cells/well) were seeded in 96 well-plates for 24 h and treated with different
concentrations of BDB for 1 h. After 1 h of TNF-a/IFN-y (1:1) stimulation, cells were
treated with DCF-DA solution. Intracellular ROS production was measured using a Spec-
traMax M2 microplate reader (Molecular Devices, Silicon Valley, CA, USA) at the excita-
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tion and emission wavelengths of 485 and 528 nm, respectively. In addition to fluorome-
try, ROS production was confirmed by Thermo Fisher Scientific EVOS M5000 imaging
fluorescence microscope (Rockford, IL, USA) and CytoFLEX flow cytometer (Beckman
Coulter, Brea, CA, USA) analysis of DCF-DA stained cells.

4.4. Western Blot Analysis

HaCaT cells were harvested and lysed to isolate nuclear and cytoplasmic proteins
using the NE-PER® nuclear and cytoplasmic extraction kits. After detecting protein con-
centrations with a BCA protein assay kit, 30 g of protein from each lysate was electro-
phoresed on 10% polyacrylamide gels to segregate proteins based on molecular weights.
Determined protein bands were electrotransferred onto nitrocellulose membranes (Merck
Millipore, Ireland). After blocking with 5% (W/V) skim milk, they were incubated with
monoclonal primary and secondary antibodies sequentially. Antibody binding was visu-
alized by using enhanced chemiluminescence reagents (Cyanagen Srl, Bologna, Italy) on
a Core Bio Davinch-ChemiTM imaging system (Seoul, Korea).

4.5. ELISA Analysis

Cells were treated with various BDB concentrations for 1 h after 24 h of cell seeding,
and then they were stimulated with TNF-a/IFN-y for another 24 h. Subsequently, cell-
cultured media were collected in the multi-well plates. Following the manufacturer’s in-
structions, the production levels of inflammatory cytokines IL-6, -8, -13, TNF-a, and IFN-
v in cell-cultured media were analyzed using human ELISA kits. In brief, samples were
added to the coated plates and incubated for 2 h. After, samples were washed with wash-
ing buffer before being treated with the detection antibody. A working dilution of strep-
tavidin-HRP was added to each well, and a stop solution was applied after 30 min. A
SpectraMax M2 microplate reader was used to detect absorbance at 450 nm. Samples were
normalized using the standard curves.

4.6. RT-PCR Analysis

The RT-PCR analysis was performed using the methodology outlined in the prior
study [14]. According to the manufacturer’s instructions, extracted total RNA was used to
synthesize cDNA using the ReverTra Ace-a-® cDNA synthesis kit. A TaKaRa PCR system
(TaKaRa Bio Inc., Otsu, Japan) was used to amplify the synthesized cDNA. The RT-PCR
products were electrophoresed on 1% agarose gels with 0.5 pg/mL ethidium bromide be-
fore being visualized with a Wisd WUV-L20 UV transilluminator (Daihan Scientific Co.,
Wonju-si, Korea). A list of primer sequences for RT-PCR is presented in Table 1.
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Table 1. List of primer sequences used for RT-PCR.
Target Gene Primer Sequence (5’ to 3’ Direction)
1195 Forward CTC AACAGCAGGGCCACTC
Reverse GTC TGT AGG CTG ACG CAGTGT G
1133 Forward GAT GAG ATG TCT CGG CTG CTIT G
Reverse AGC CGT TAC GGA TAT GGT GGT C
TSLP Forward TAT GAG TGG GAC CAA AAGTACCG
Reverse GGG ATT GAA GGT TAG GCT CTG G
-6 Forward GAT GGC TGA AAA AGATGG ATGC
Reverse TGG TTG GGT CAG GGG TGG TT
-8 Forward ACA CTG CGC CAA CAC AGA AATTA
Reverse CAG GCA GTT GGG CAT TGG TG
113 Forward ACA CTG CGC CAA CACAGA AATTA
Reverse CAG GCA GTT GGG CAT TGG TG
TNF-ot Forward GGC AGT CAG ATC ATCTTC TCG AA
Reverse GAA GGC CTA AGGTCC ACT TGT GT
IFN-y Forward TCT TGG CTT TTC AGC TCT GCA TCG
Reverse GCT GGC GAC AGT TCA GCC ATC A
Eotaxin Forward AAC ATG GCG GGC TCT GCT AC
Reverse CCT GCCTTG GGA CAG ATGCT
MDC Forward AGG ACA GAG CAT GGC TCG CCT ACA GA
Reverse TAA TGG CAG GGA GGT AGG GCT CCT GA
RANTES Forward CCC CGT GCC GAG ATC AAGGAGTATTT
Reverse CGT CCA GCCTGG GGA AGGTTTTTGTA
TARC Forward ACT GCT CCA GGG ATGCCATCGTITTT
Reverse ACA AGG GGA TGG GAT CTC CCT CAC TG
GAPDH Forward CGT CTA GAA AAA CCT GCC AA
Reverse TGA AGT CAA AGG AGA CCA CC

4.7. Immunofluorescence Analysis

The immunofluorescence analysis followed the procedure outlined in the prior study
[50]. Briefly, chamber slides with 1 x 10* cells/chamber were seeded, and the BDB samples
were treated after 24 h of incubation in a humidified environment. The chambers were
cleaned with PBS and preserved with 4% formaldehyde following 30 min of TNF-a/IFN-
v stimulation. After washing with PBS, the cells were incubated with blocking buffer for
1 h (PBS containing 5% normal goat serum and 0.3% TritonTM X-100) before being incu-
bated overnight with the primary antibody (anti-NF-«kB p65). Then, the cells were treated
with Alexa Fluor® 488 conjugated anti-mouse IgG for 2 h. Following PBS washing, the
slides were covered with coverslips using a Prolong® Gold antifade reagent containing
DAP]I, and a Thermo Fisher Scientific EVOS M5000 Imaging fluorescence microscope was
used to visualize the cells.

4.8. Statistical Analysis

Experiments were conducted in triplicate (1 = 3), and data were expressed as mean +
standard error (SE). Significant differences between the means of each group were as-
sessed using a one-way analysis of variance with Duncan’s multiple range test using IBM
SPSS software (Version 24.0, Chicago, IL, USA), with a p < 0.05 regarded as statistically
significant.
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5. Conclusions

The outcomes of the study suggest that BDB effectively inhibits TNF-a/IFN-y-stimu-
lated inflammatory activities by reducing the expression of inflammatory mediators via
modulating the NF-kB and MAPK signaling pathways. Moreover, BDB suppresses the
deterioration of skin barrier by preserving skin moisturization and tight junction stability
in stimulated HaCaT keratinocytes. Therefore, it concludes that BDB has potent anti-in-
flammatory and protective effects against skin barrier dysfunctions in TNF-o/IFN-y-stim-
ulated HaCaT keratinocytes. Based on the findings, in vivo studies can be suggested for
the development of cosmeceuticals from bioavailable BDB.

Author Contributions: Conceptualization, S.-J.H. and G.A.; Data Curation, A.M.K.J.,, and KGLS.K,;
Formal analysis, AM.KJ, E.-].H,, and K.G.I.S K,; Investigation, AM.K.]., E-] H,, KG.LS.K, LP.S.F.,
J.K,, and K.-N.K; Methodology, AM.K], E.-].H, E.-AK, K], K-N.XK, S.-J.H, and G.A.; Resources,
E.-AK, JK, KJ,K-NK, S.-J.H., and G.A.; Visualization, AM.KJ.,, KG.I.S.K,, and I.P.S.F.; Valida-
tion, E.-].H. and I.P.S.F.; Writing-original draft, A.M.K.J.; Supervision, E.-].H., S.-].H., and G.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (2017R1D1A1B04035921).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References

1.

10.

11.

12.

Wang, L.; Jayawardena, T.U.; Yang, H.-W.; Lee, H.G.; Kang, M.-C.; Sanjeewa, K.; Oh, ].Y.; Jeon, Y.-J. Isolation, characterization,
and antioxidant activity evaluation of a fucoidan from an enzymatic digest of the edible seaweed, Hizikia fusiforme. Antioxidants
2020, 9, 363.

Chen, C.-Y,; Wang, S.-H.; Huang, C.-Y.; Dong, C.-D.; Huang, C.-Y.; Chang, C.-C.; Chang, J.-S. Effect of molecular mass and
sulfate content of fucoidan from Sargassum siliqguosum on antioxidant, anti-lipogenesis, and anti-inflammatory activity. J. Biosci.
Bioeng. 2021, 132, 359-364.

Dias, M.K.H.M.; Madusanka, D.M.D.; Han, E.J.; Kim, H.-S.; Jeon, Y.-].; Jee, Y.; Kim, K.-N.; Lee, K.; Fernando, I.P.S.; Ahn, G.
Sargassum horneri (Turner) C. Agardh ethanol extract attenuates fine dust-induced inflammatory responses and impaired skin
barrier functions in HaCaT keratinocytes. J. Ethnopharmacol. 2021, 273, 114003.

Wang, L.; Oh, J.-Y.; Lee, W.; Jeon, Y.-]. Fucoidan isolated from Hizikia fusiforme suppresses ultraviolet B-induced photodamage
by down-regulating the expressions of matrix metalloproteinases and pro-inflammatory cytokines via inhibiting NF-xB, AP-1,
and MAPK signaling pathways. Int. J. Biol. Macromol. 2021, 166, 751-759.

Han, E.J; Fernando, I.P.S.; Kim, E.-A.; Kim, J.; Jung, K; Kim, S.-Y.; Cha, S.-H.; Kim, K.-N.; Heo, S.-J.; Ahn, G. 5-Bromo-3, 4-
dihydroxybenzaldehyde from Polysiphonia morrowii attenuate IgE/BSA-stimulated mast cell activation and passive cutaneous
anaphylaxis in mice. Biochem. Pharmacol. 2020, 178, 114087.

Kim, S.-Y.; Kim, S.R.; Oh, M.-]; Jung, S.-].; Kang, S.Y. In vitro antiviral activity of red alga, Polysiphonia morrowii extract and its
bromophenols against fish pathogenic infectious hematopoietic necrosis virus and infectious pancreatic necrosis virus. J. Micro-
biol. 2011, 49, 102-106.

Liu, M.; Hansen, P.E.; Lin, X. Bromophenols in marine algae and their bioactivities. Mar. Drugs 2011, 9, 1273-1292.

Duan, X.-J.; Li, X.-M.; Wang, B.-G. Highly brominated mono-and bis-phenols from the marine red alga Symphyocladia latiuscula
with radical-scavenging activity. ]. Nat. Prod. 2007, 70, 1210-1213.

Xu, N; Fan, X,; Yan, X,; Li, X.; Niu, R.; Tseng, C. Antibacterial bromophenols from the marine red alga Rhodomela confervoides.
Phytochemistry 2003, 62, 1221-1224.

Lee, ].-H.; Lee, T.-K.; Kang, R.-S.; Shin, H.-].; Lee, H.-S. The in vitro antioxidant activities of the bromophenols from the red alga
Tichocarpus crinitus and phenolic derivatives. ]. Korean Magn. Reson. Soc. 2007, 11, 56—63.

Kang, N.-J.; Han, S5.-C.; Kang, H.-].; Ko, G.; Yoon, W.-J.; Kang, H.-K.; Yoo, E.-S. Anti-inflammatory effect of 3-bromo-4, 5-dihy-
droxybenzaldehyde, a component of Polysiphonia morrowii, in vivo and in vitro. Toxicol. Res. 2017, 33, 325-332.

Cho, S.-H.; Ko, E.-Y.; Heo, S.-].; Kim, S.-Y.; Ahn, J.; Kim, K.-N. Anti-senescence and anti-wrinkle activities of 3—Bromo—4,5—
dihydroxybenzaldehyde from Polysiphonia morrowii Harvey in human dermal fibroblasts. Asian Pac. |. Trop. Biomed. 2021, 11,
74-80.



Mar. Drugs 2022, 20, 563 14 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

36.

Hyun, Y.J.; Piao, M.].; Zhang, R.; Choi, Y.H.; Chae, S.; Hyun, ].W. Photo-protection by 3-bromo-4, 5-dihydroxybenzaldehyde
against ultraviolet B-induced oxidative stress in human keratinocytes. Ecotoxicol. Environ. Saf. 2012, 83, 71-78.

Jayasinghe, A.M.K,; Kirindage, K.G.1.S.; Fernando, I.P.S.; Han, E.J.; Oh, G.-W_; Jung, W.-K.; Ahn, G. Fucoidan Isolated from
Sargassum confusum Suppresses Inflammatory Responses and Oxidative Stress in TNF-o/IFN-y-Stimulated HaCaT Keratino-
cytes by Activating Nrf2/HO-1 Signaling Pathway. Mar. Drugs 2022, 20, 117.

Han, E.J.; Kim, H.-S.; Jung, K.; Sanjeewa, K.K.A.; Herath, KH.LN.M.; Lee, W_; Jee, Y.; Jeon, Y.-]; Lee, J.; Kim, T. Sargassum horneri
ethanol extract ameliorates TNF-a/IFN-y-induced inflammation in human keratinocytes and TPA-induced ear edema in mice.
Food Biosci. 2021, 39, 100831.

Kirindage, K.G.L.S.; Fernando, L.P.S.; Jayasinghe, AM.K.; Han, E.-J.; Dias, M.K.H.M.; Kang, K.-P.; Moon, S.-I.; Shin, T.-S.; Ma,
A.; Ahn, G. Moringa oleifera Hot Water Extract Protects Vero Cells from Hydrogen Peroxide-Induced Oxidative Stress by Regu-
lating Mitochondria-Mediated Apoptotic Pathway and Nrf2/HO-1 Signaling. Foods 2022, 11, 420.

Saha, S.; Buttari, B.; Panieri, E.; Profumo, E.; Saso, L. An overview of Nrf2 signaling pathway and its role in inflammation.
Molecules 2020, 25, 5474.

Han, E.-J.; Fernando, L.P.S.; Kim, H.-S.; Lee, D.-S.; Kim, A; Je, J.-G.; Seo, M.-].; Jee, Y.-H.; Jeon, Y.-J.; Kim, S.-Y. (-)-Loliolide
Isolated from Sargassum horneri Suppressed Oxidative Stress and Inflammation by Activating Nrf2/HO-1 Signaling in IFN-
Y/TNF-a-Stimulated HaCaT Keratinocytes. Antioxidants 2021, 10, 856.

Cho, S.-H.; Kim, H.-S.; Lee, W.; Han, E.J.; Kim, S.-Y.; Fernando, 1.S.; Ahn, G.; Kim, K.-N. Eckol from Ecklonia cava ameliorates
TNF-a/IFN-y-induced inflammatory responses via regulating MAPKs and NF-kB signaling pathway in HaCaT cells. Int. Im-
munopharmacol. 2020, 82, 106146.

Fernando, LP.S.; Dias, M.K.H.M.; Madusanka, D.M.D.; Han, E.J.; Kim, M.]; Jeon, Y.-].; Ahn, G. Fucoidan refined by Sargassum
confusum indicate protective effects suppressing photo-oxidative stress and skin barrier perturbation in UVB-induced human
keratinocytes. Int. |. Biol. Macromol. 2020, 164, 149-161.

Fernando, I.P.S.; Dias, M.K.H.M.; Madusanka, D.M.D.; Han, E.J.; Kim, M.].; Heo, S.-].; Lee, K.; Cheong, S.H.; Ahn, G. Low mo-
lecular weight fucoidan fraction ameliorates inflammation and deterioration of skin barrier in fine-dust stimulated keratino-
cytes. Int. J. Biol. Macromol. 2021, 168, 620-630.

Sanjeewa, K.A.; Jayawardena, T.U.; Kim, H.-S.; Kim, S.-Y.; Fernando, 1.S.; Wang, L.; Abetunga, D.; Kim, W.-S; Lee, D.-S.; Jeon,
Y.-J. Fucoidan isolated from Padina commersonii inhibit LPS-induced inflammation in macrophages blocking TLR/NF-kB signal
pathway. Carbohydr. Polym. 2019, 224, 115195.

Piao, M.].; Kang, K.A; Ryu, Y.S,; Shilnikova, K.; Park, J.E.; Hyun, Y.J.; Zhen, A.X,; Kang, HK_; Koh, Y.S.; Ahn, M.]. The red algae
compound 3-bromo-4, 5-dihydroxybenzaldehyde protects human keratinocytes on oxidative stress-related molecules and path-
ways activated by UVB irradiation. Mar. Drugs 2017, 15, 268.

Kim, K.C.; Hyun, Y.J.; Hewage, SRK.M.; Piao, M.].; Kang, K.A.; Kang, HK.; Koh, Y.S.; Ahn, M.].; Hyun, J.W. 3-Bromo-4,5-
dihydroxybenzaldehyde enhances the level of reduced glutathione via the Nrf2-mediated pathway in human keratinocytes.
Mar. Drugs 2017, 15, 291.

Park, J.-H.; Kim, M.-S;; Jeong, G.-S.; Yoon, J. Xanthii fructus extract inhibits TNF-a/IFN-y-induced Th2-chemokines production
via blockade of NF-«xB, STAT1 and p38-MAPK activation in human epidermal keratinocytes. J. Ethnopharmacol. 2015, 171, 85—
93.

Sung, Y.-Y.; Kim, Y.S.; Kim, H.K. lllicium verum extract inhibits TNF-a-and IFN-y-induced expression of chemokines and cyto-
kines in human keratinocytes. J. Ethnopharmacol. 2012, 144, 182-189.

Yi, L.; Cheng, D.; Zhang, K,; Huo, X;; Mo, Y.; Shi, H,; Di, H.,; Zou, Y.; Zhang, H.; Zhao, J. Intelectin contributes to allergen-
induced IL-25, IL-33, and TSLP expression and type 2 response in asthma and atopic dermatitis. Mucosal Immunol. 2017, 10,
1491-1503.

Fort, M.M.; Cheung, J.; Yen, D.; Li, ].; Zurawski, S.M.; Lo, S.; Menon, S.; Clifford, T.; Hunte, B.; Lesley, R. IL-25 induces IL-4, IL-
5, and IL-13 and Th2-associated pathologies in vivo. Immunity 2001, 15, 985-995.

Al-Shami, A.; Spolski, R.; Kelly, J.; Keane-Myers, A.; Leonard, W.]J. A role for TSLP in the development of inflammation in an
asthma model. J. Exp. Med. 2005, 202, 829-839.

Ryu, M.J.; Chung, H.S. Anti-inflammatory activity of fucoidan with blocking NF-kB and STAT1 in human keratinocytes cells.
Nat. Prod. Sci. 2015, 21, 205-209.

Hashizume, M.; Mihara, M. The roles of interleukin-6 in the pathogenesis of rheumatoid arthritis. Arthritis 2011, 2011, 765624.
Lim, H.-S;; Yeji, K.; Seo, C.-S.; Yoo, S.-R;; Jin, S.-E.; Shin, H.-K; Jeong, S.-J. Chungsimyeonja-eum inhibits inflammatory responses
in RAW 264.7 macrophages and HaCaT keratinocytes. BMC Complement. Altern. Med. 2015, 15, 371.

Frattaruolo, L.; Carullo, G.; Brindisi, M.; Mazzotta, S.; Bellissimo, L.; Rago, V.; Curcio, R.; Dolce, V.; Aiello, F.; Cappello, A.
Antioxidant and Anti-Inflammatory Activities of Flavanones from Glycyrrhiza glabra L.(licorice) Leaf Phytocomplexes: Identifi-
cation of Licoflavanone as a Modulator of NF-kB/MAPK Pathway. Antioxidants 2019, 8, 186.

Arbabi, S.; Maier, R.V. Mitogen-activated protein kinases. Crit. Care Med. 2002, 30, S74-579.

Luo, J.-F.; Shen, X.-Y.; Lio, C.K,; Dai, Y.; Cheng, C.-S,; Liu, J.-X.; Yao, Y.-D.; Yu, Y.; Xie, Y.; Luo, P. Activation of Nrf2/HO-1
pathway by nardochinoid C inhibits inflammation and oxidative stress in lipopolysaccharide-stimulated macrophages. Front.
Pharmacol. 2018, 9, 911.

Li, R; Jia, Z.; Zhu, H. Regulation of Nrf2 signaling. React. Oxyg. Species 2019, 8, 312-322.



Mar. Drugs 2022, 20, 563 15 of 15

37.

38.
39.

40.

41.

42.

43.
44.

45.
46.
47.
48.
49.

50.

Hayes, ].D.; McMahon, M.; Chowdhry, S.; Dinkova-Kostova, A.T. Cancer chemoprevention mechanisms mediated through the
Keap1-Nrf2 pathway. Antioxid. Redox Signal. 2010, 13, 1713-1748.

Hanel, K.H.; Cornelissen, C.; Liischer, B.; Baron, ].M. Cytokines and the skin barrier. Int. ]. Mol. Sci. 2013, 14, 6720-6745.

Furue, M. Regulation of filaggrin, loricrin, and involucrin by IL-4, IL-13, IL-17A, IL-22, AHR, and NRF2: Pathogenic implications
in atopic dermatitis. Int. J. Mol. Sci. 2020, 21, 5382.

Morizane, S.; Sunagawa, K.; Nomura, H.; Ouchida, M. Aberrant Serine Protease Activities in Atopic Dermatitis. . Dermatol. Sci.
2022, 107, 2-7.

Deraison, C.; Bonnart, C.; Lopez, F.; Besson, C.; Robinson, R.; Jayakumar, A.; Wagberg, F.; Brattsand, M.; Hachem, J.P.;
Leonardsson, G. LEKTI fragments specifically inhibit KLK5, KLK7, and KLK14 and control desquamation through a pH-de-
pendent interaction. Mol. Biol. Cell 2007, 18, 3607-3619.

Joo, Y.A; Chung, H.; Yoon, S.; Park, ].I; Lee, ].E.; Myung, C.H.; Hwang, J.S. Skin barrier recovery by protease-activated receptor-
2 antagonist lobaric acid. Biomol. Ther. 2016, 24, 529-535.

Brown, S.J.; McLean, W.I. One remarkable molecule: Filaggrin. J. Investig. Dermatol. 2012, 132, 751-762.

Razia, S.; Park, H.; Shin, E.; Shim, K.-S.; Cho, E.; Kim, S.-Y. Effects of Aloe vera flower extract and its active constituent isoorientin
on skin moisturization via regulating involucrin expression: In vitro and molecular docking studies. Molecules 2021, 26, 2626.
Giinzel, D.; Yu, A.S. Claudins and the modulation of tight junction permeability. Physiol. Rev. 2013, 93, 525-569.
Gonzalez-Mariscal, L.; Betanzos, A.; Nava, P.; Jaramillo, B. Tight junction proteins. Prog. Biophys. Mol. Biol. 2003, 81, 1-44.
Fanning, A.S.; Anderson, ].M. Zonula occludens-1 and-2 are cytosolic scaffolds that regulate the assembly of cellular junctions.
Ann. N. Y. Acad. Sci. 2009, 1165, 113-120.

Draelos, Z.D. New treatments for restoring impaired epidermal barrier permeability: Skin barrier repair creams. Clin. Dermatol.
2012, 30, 345-348.

Litwiniuk, M.; Krejner, A.; Speyrer, M.S.; Gauto, A.R.; Grzela, T. Hyaluronic acid in inflammation and tissue regeneration.
Wounds 2016, 28, 78-88.

Kirindage, K.G.I.S.; Jayasinghe, AM.K,; Han, E.-J; Jee, Y.; Kim, H.-].; Do, S.G.; Fernando, I.P.S.; Ahn, G. Fucosterol Isolated
from Dietary Brown Alga Sargassum horneri Protects TNF-a/IFN-y-Stimulated Human Dermal Fibroblasts Via Regulating
Nrf2/HO-1 and NF-«xB/MAPK Pathways. Antioxidants 2022, 11, 1429.



