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Abstract: Recent studies have revealed that marine brown seaweeds contain numerous bioactive
compounds which exhibit various bioactivities. The present study investigated the effect of low
molecular weight fucoidan (SCF) isolated from Sargassum confusum, a brown alga, on inflammatory
responses and oxidative stress in HaCaT keratinocytes stimulated by tumor necrosis factor (TNF)-
α/interferon (IFN)-γ. SCF significantly increased the cell viability while decreasing the intracellular
reactive oxygen species (ROS) production in TNF-α/IFN-γ-stimulated HaCaT keratinocytes. In
addition, SCF effectively reduced inflammatory cytokines (interleukin (IL)-1β, IL-6, IL-8, IL-13,
TNF-α, and IFN-γ) and chemokines (Eotaxin, macrophage-derived chemokine (MDC), regulated on
activation, normal T cell expressed and secreted (RANTES), and thymus and activation-regulated
chemokine (TARC)) expression, by down-regulating the expression of epithelial and epidermal innate
cytokines (IL-25, IL-33, and thymic stromal lymphopoietin (TSLP)). Furthermore, SCF suppressed
the activation of TNF-α/IFN-γ-stimulated mitogen-activated protein kinase (MAPK) and nuclear
factor-κB (NF-κB) signaling pathways, while activating the nuclear factor erythroid 2-related factor 2
(Nrf2)/heme oxygenase-1 (HO-1) signaling pathway. The cytoprotective effect of SCF against TNF-
α/IFN-γ stimulation was considerably reduced upon inhibition of HO-1 activity by ZnPP. Overall,
these results suggest that SCF effectively suppressed inflammatory responses and oxidative stress in
TNF-α/IFN-γ-stimulated HaCaT keratinocytes via activating the Nrf2/HO-1 signaling pathway.

Keywords: fucoidans; Sargassum confusum; inflammation; oxidative stress; HaCaT keratinocytes;
(Nrf2)/(HO-1) signaling pathway

1. Introduction

The skin, which is divided into two major compartments known as the dermis and the
epidermis, is the primary interface between the internal body and the external environment,
serving as the first line of defense against exogenous stimuli, such as microbial, chemical,
and thermal agents [1,2]. HaCaT keratinocytes which are mainly present in the skin’s
epidermis external layer are activated and produce inflammatory mediators that induce
inflammation when exposed to inflammatory stimuli [3,4].
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Inflammation is an important process for maintaining homeostasis in the body which
is a part of the complex biological response of body tissues against harmful stimuli [5,6].
Nevertheless, inflammatory responses can be accompanied by oxidative stress, which
may increase the risk of many diseases [7]. An increase in intracellular reactive oxygen
species (ROS), which is thought to be the most potent inflammatory mediator, is defined as
oxidative stress [8]. Uncontrolled inflammatory reactions take place to damage tissues and
cause chronic inflammatory illnesses, such as atopic dermatitis, cardiovascular diseases,
cancer, bronchitis, and asthma [5]. Tumor necrosis factor (TNF)-α and interferon (IFN)-γ
are inflammatory mediators that promote oxidative stress and inflammatory reactions
in HaCaT keratinocytes [9]. Exposure of the HaCaT keratinocytes to TNF-α and IFN-γ
stimulates abnormal expression of cytokines, chemokines, and inflammatory mediated
signaling pathways [10]. According to previous studies, TNF-α strongly induces regulated
on activation, normal T cell expressed and secreted (RANTES) and interleukin (IL)-8
inflammatory mediators in addition to phosphorylation of mitogen-activated protein kinase
(MAPK), while IFN-γ performs weak phosphorylation of MAP kinases and, with or without
TNF-α, rapidly promotes the secretion of macrophage-derived chemokine (MDC) [11,12].
TNF-α or IFN-γ alone slightly induces thymus and activation-regulated chemokine (TARC)
and MDC; nevertheless, when both were applied at the same time together, they were
greatly stimulated [12–14]. The synergistic action of TNF-α and IFN-γ would be a strong
driving factor of inflammation in a biological context. Therefore, those are widely used
together to create disease models for assessing drug pharmacodynamic efficacy [1,5].

TNF-α/IFN-γ stimulation activates the nuclear transcription factor κB (NF-κB) path-
way, which promotes phosphorylation of IκBα and NF-κB and allows the NF-κB p65
subunit to enter the nucleus from the cytosol, regulating the production of inflammatory
mediators [9]. In addition, inflammatory responses are stimulated due to the activation
of the MAPK pathway [5]. In HaCaT keratinocytes, TNF-α/IFN-γ-stimulated activation
of NF-κB and MAPK signaling pathways induces the production of inflammatory cy-
tokines (IL-1β, IL-6, IL-8, IL-13, TNF-α, and IFN-γ), and chemokines (Eotaxin, MDC, TARC,
RANTES) in HaCaT keratinocytes [1,5,9,15]. The cytoprotective gene HO-1 is induced
by activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1
(HO-1) signaling pathway, which is mediated by Nrf2, and plays a crucial role in protecting
cells against inflammatory reactions and oxidative damage [8,9]. Accordingly, inhibiting
the expression of inflammatory mediators and oxidative stress may be important in the
treatment of inflammatory skin conditions.

Natural resource-derived materials have recently piqued the interest of drug discovery
researchers due to the availability of several bioactive compounds. Among them, marine-
derived compounds are structurally diverse and have been reported to possess a wide
range of biological actions [16,17]. Marine brown seaweeds contain a variety of bioactive
compounds with varied bioactivities [5]. Fucoidan is a sulfated polysaccharide derived
from marine brown algae that have antioxidant, anti-inflammatory, anti-obesity, anticancer,
antitumor, antiviral, and antidiabetic properties [16,18–20]. The composition, source, molec-
ular weight, purity level, and structure of fucoidan affect the features and efficacy of
various biological activities, which can differ from species to species [21]. A previous study
indicated that low MW fucoidan from Sargassum coreanum has great antioxidant capabilities
that comprise its ultraviolet (UV)B-protective benefits [22]. Furthermore, substantial anti-
photoaging and anti-melanogenesis properties of fucoidan from Hizikia fusiforme have been
reported in an earlier study [23]. In addition, fucoidan is known for its anti-inflammatory
and immunomodulatory effects [21]. Several prior studies have exhibited that fucoidan
and fucoidan-containing extracts have anti-inflammatory activities in vitro and in vivo in
several experimental models. The anti-inflammatory activity of Sargassum horneri fucoidan,
as well as its protective benefits against fine dust-induced inflammation and deterioration
of skin barrier functions in HaCaT keratinocytes, were examined in a prior study [24].
One of the previous in vitro investigations revealed that fucoidan isolated from Padina
commersonii brown seaweed substantially reduced lipopolysaccharide (LPS)-induced in-
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flammation in macrophages through downregulating the production of nitric oxide (NO),
pro-inflammatory cytokines, and reducing activation of the NF-κB signaling pathway [25].

Sargassum confusum is one of the marine brown algae that is widely distributed along
the coasts of China, Korea, and Japan which contains rich sulfated polysaccharides, such
as fucoidans, amino acids, vitamins, dihomo-gammalinolenic acid, and trace elements,
and possesses a wide range of biological activities [19,26]. In a recent study, the UVB
protective effect of low molecular weight (MW) fucoidan isolated from S. confusum in
HaCaT keratinocytes was investigated [26]. Nevertheless, there is no evidence of the anti-
inflammatory and antioxidant effects of a fucoidan from S. confusum against TNF-α/IFN-γ
stimulation. The current study was carried out by hypothesizing that low MW fucoidan
of S. confusum (SCF) ameliorates inflammatory responses and oxidative stress in TNF-
α/IFN-γ-stimulated HaCaT keratinocytes by suppressing the expression of inflammatory
mediators and promoting the Nrf2/HO-1 signaling pathway.

2. Results
2.1. SCF Effectively Increases Cell Viability by Suppressing the Production of Intracellular ROS in
TNF-α/IFN-γ-Stimulated HaCaT Keratinocytes

Time-dependent cell viability for 15.6, 31.3, and 62.5 µg/mL SCF concentrations
with TNF-α/IFN-γ-stimulation was measured using MTT assay. As shown in Figure 1A,
TNF-α/IFN-γ stimulation decreased cell viability in HaCaT keratinocytes, whereas SCF
treatment resulted in a dose-dependent increase in cell viability. At a given concentration,
it was observed that there was a gradual decrease in the value of the cell viability over time.
All SCF concentrations showed a uniform pattern of change in cell viability over time. The
results of the DCF-DA assay using a microplate reader indicated an increment in intra-
cellular ROS levels in TNF-α/IFN-γ-stimulated HaCaT keratinocytes (Figure 1B), while
significantly decreasing with SCF treatment dose-dependently. As depicted in Figure 1C,
TNF-α/IFN-γ-stimulated HaCaT keratinocytes produced high fluorescence, indicating an
increase in intracellular ROS levels, whereas SCF treatment resulted in a dose-dependent de-
crease in fluorescence intensity. Furthermore, flow cytometric analysis of DCF-DA stained
cells revealed an increase in intracellular ROS levels in TNF-α/IFN-γ-stimulated HaCaT
keratinocytes (Figure 1D), which was diminished in a dose-dependent manner with SCF
treatment. N-acetylcysteine (NAC) was used as a positive control for ROS scavenging.

2.2. SCF Downregulates the Expression of Inflammatory Cytokines and Chemokines in
TNF-α/IFN-γ-Stimulated HaCaT Keratinocytes

The expression levels of key inflammatory cytokines and chemokines were evalu-
ated by Reverse Transcription Polymerase Chain Reaction (RT-PCR) and Enzyme-linked
immunosorbent assay (ELISA) analysis. According to Figure 2A, TNF-α/IFN-γ stimula-
tion upregulated mRNA expression levels of epithelial and epidermal innate cytokines,
including IL-25, IL-33, and TSLP, compared to the control group while downregulated by
SCF treatment markedly. Stimulation of TNF-α/IFN-γ upregulated the mRNA expression
levels of IL-1β, IL-6, IL-8, IL-13, TNF-α, and IFN-γ inflammatory cytokines (Figure 2B),
and Eotaxin, MDC, RANTES, and TARC chemokines (Figure 2C) in HaCaT keratinocytes,
whereas SCF treatment markedly suppressed the mRNA expression levels of inflammatory
cytokines and chemokines in TNF-α/IFN-γ-stimulated HaCaT keratinocytes. Densito-
metry analysis of inflammatory cytokines and chemokines expression was indicated by
Figure 2D. According to the ELISA analysis, SCF dose-dependently reduced IL-6, IL-8,
TNF-α, TSLP, and TARC production in TNF-α/IFN-γ-stimulated HaCaT keratinocytes
(Figure 2E).
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Figure 1. Protective effect of SCF in TNF-α/IFN-γ-stimulated HaCaT keratinocytes. (A) Time-
dependent cell viability, (B) intracellular ROS generation, analysis of ROS level with and without
TNF-α/IFN-γ stimulation by (C) fluorescence microscopy, and (D) flow cytometer. For ROS assays,
cells were treated with DCF-DA. The results represent data from three independent experiments
(n = 3), and values are indicated as the means ± SE. Error bars with different letters are significantly
different (p < 0.05).

2.3. SCF Suppresses the Activation of MAPK and NF-κB Signaling Pathways in
TNF-α/IFN-γ-Stimulated HaCaT Keratinocytes

The NF-κB and MAPK signaling pathways are critical in upstream interconnected
signaling pathways that are responsible for inflammatory responses [27]. Based on Western
blot analysis, TNF-α/IFN-γ stimulation significantly increased the phosphorylation of
p38, ERK, and JNK MAPK mediators compared to the control while decreasing with SCF
treatment dose-dependently (Figure 3A). Besides, phosphorylation of NF-κB mediators,
including cytosolic IκBα and NF-κB p65, increased by TNF-α/IFN-γ stimulation while
increasing nuclear translocation of NF-κB p65 (Figure 3B). Nevertheless, SCF treatment
considerably reduced phosphorylation of NF-κB mediators as well as nuclear translocation
of the NF-κB p65 dose-dependent manner. Similarly, nuclear translocation of NF-κB p65
was evaluated by immunofluorescence analysis (Figure 3C). The presence of green fluores-
cence in the nucleus can be used to identify NF-κB p65 nuclear translocation. The increased
nuclear translocation of NF-κB p65 is indicated by the bright green fluorescent signals. Ac-
cording to the immunofluorescence analysis, TNF-α/IFN-γ-stimulation increased nuclear
translocation of NF-κB p65 compared to the control, while treatment of SCF attenuated it
dose-dependently.
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Figure 2. Inhibitory effect of SCF on mRNA expression of inflammatory cytokines and chemokines.
Effect of SCF against the mRNA expression of (A) epithelial and epidermal innate cytokines, (B) in-
flammatory cytokines, (C) chemokines, (D) densitometry analysis, and (E) ELISA analysis of cytokines
and chemokines production in TNF-α/IFN-γ-stimulated HaCaT keratinocytes. The reproducibility
of the results was confirmed by three independent determinant determinations (n = 3, mean ± SE).
Error bars with different letters show a significant difference (p < 0.05).
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Figure 3. Inhibitory effect of SCF on MAPK and NF-κB molecular mediators in TNF-α/IFN-γ-
stimulated HaCaT keratinocytes. (A) Western blot analysis of key MAPK mediators, (B) phosphory-
lation and nuclear translocation of NF-κB molecular mediators. (C) Immunofluorescence analysis of
NF-κB p65 nuclear translocation. All experiments were performed in triplicate (n = 3), and values are
indicated as the means ± SE. Error bars with different letters show a significant difference (p < 0.05).



Mar. Drugs 2022, 20, 117 7 of 14

2.4. SCF Activates the Nrf2/HO-1 Signaling Pathway in TNF-α/IFN-γ-Stimulated
HaCaT Keratinocytes

The Nrf2/HO-1 signaling pathway is a key mediator in protecting cells from ox-
idative damage [28]. To assess whether SCF affects the Nrf2/HO-1 signaling pathway,
levels of cytosolic HO-1, NQO1, and nuclear-translocated Nrf2 were investigated using
Western blot analysis. As shown in Figure 4A, cytosolic HO-1 and NQO1 were down-
regulated following cellular stimulation with TNF-α/IFN-γ, while significantly increased
by the SCF treatment dose-dependently. Moreover, TNF-α/IFN-γ stimulation decreased
nuclear translocation of Nrf2, while SCF treatment dose-dependently increased nuclear
Nrf2 expression compared to TNF-α/IFN-γ-stimulated HaCaT keratinocytes, revealing its
cytoprotective effect (Figure 4B).
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Figure 4. Cytoprotective effect of SCF on the activation of Nrf2/HO-1 signaling pathway. (A) Dose-
dependent response of the SCF on activation of HO-1 and NQO1, and (B) nuclear-translocated Nrf2
in TNF-α/IFN-γ-stimulated HaCaT keratinocytes by Western blot analysis. Data are represented
as mean ± SE of three independent determinations (n = 3). Mean values with different letters are
significantly different (p < 0.05).

2.5. Effect of the ZnPP in TNF-α/IFN-γ-Stimulated HaCaT Keratinocytes with the Treatment
of SCF

The cytoprotective effect of SCF on TNF-α/IFN-γ-stimulated HaCaT keratinocytes
was investigated concerning variations in time-dependent cell viability and ROS production
in the presence of ZnPP by inhibiting HO-1 activity. As shown in Figure 5A,B, TNF-α/IFN-γ
stimulation significantly decreased cell viability and increased intracellular ROS production,
while SCF treatment effectively increased cell viability by reducing the production of ROS
dose-dependent manner. Nevertheless, the HO-1 inhibitor ZnPP significantly abolished the
increment of cell viability and caused a reduction of intracellular ROS production. Similarly,
the effect of the ZnPP on intracellular ROS production in SCF treated TNF-α/IFN-γ-
stimulated HaCaT keratinocytes was investigated by fluorescence microscopy DCF-DA
assay (Figure 5C). Besides, the effect of SCF on cell viability in TNF-α/IFN-γ-stimulated
HaCaT keratinocytes gradually decreased with time. As expected, ZnPP reduced the cell
viability which had been increased by SCF over time.
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stimulated HaCaT keratinocytes. The results represent data from three independent experiments
(n = 3), and values are indicated as the means ± SE. Error bars with different letters show a significant
difference (p < 0.05).

3. Discussion

Various kinds of seaweeds have been used in traditional medicine in the Asian region
due to their excellent characteristics for centuries and have recently gained significant
interest as a supplement in the functional food industry due to their availability and
functional properties [25]. Brown algae are rich in bioactive compounds which produce
numerous secondary metabolites with interesting biological activities, such as polysaccha-
rides, phlorotannin, and diterpene [29]. Fucoidan is a sulfated polysaccharide found in the
cell walls of several types of brown algae [30]. Numerous protective effects of fucoidan
isolated from various brown algae have been reported in previous studies [16,20,25]. One
of the prior investigations examined the effects of fucoidan on reducing apoptosis-related
processes comprising apoptotic body formation and DNA damage, demonstrating its
UVB protective ability. Fucoidan treatment suppressed the changes in important skin
barrier proteins and molecular mediators that preserve integrity and moisturization in
UVB-stimulated cells [26]. Increased production of NO, inducible forms of nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), and inflammatory
cytokines, such as TNF-α, IL-1β, and IL-6, cause inflammation in macrophages as a result
of LPS stimulation. In a dose-dependent way, treatment of fucoidan substantially inhibited
NO production and expression of iNOS, COX-2, PGE2, and proinflammatory cytokines [25].
Numerous studies have shown that low MW fucoidans with a higher degree of sulfation
reduce intracellular ROS levels and inhibit NF-kB and MAPK inflammatory mediated
pathways, which regulate gene expression of inflammatory cytokines and chemokines
that cause inflammation [18,24,26]. In addition, the protective effects of low MW fucoidan
isolated from S. confusum (SCF) against inflammatory responses and oxidative stress in
TNF-α/IFN-γ-stimulated HaCaT keratinocytes were investigated in this study.

HaCaT keratinocytes are capable of producing cytokines and chemokines which
contribute to initiating and regulating cutaneous inflammatory reactions [31]. A range of
concentrations (15.6, 31.3, and 62.5 µg/mL) of SCF were used for further studies. One of the
key factors that contribute to inflammatory disorders is oxidative stress, which is caused by
the overproduction and accumulation of ROS in live cells. Generation of ROS reduces with
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fucoidan due to the immunomodulatory effects of sulfated polysaccharides [26]. According
to the findings, SCF dose-dependently increased the cell viability, whereas a decrease
in intracellular ROS production in TNF-α/IFN-γ-stimulated HaCaT keratinocytes. The
cell viability of all SCF concentrations changed in a consistent pattern throughout time.
The protective effect of SCF was further confirmed by fluorescence microscopy and flow
cytometry analysis of DCF-DA stained cells. In a nutshell, the above results indicated that
SCF possesses a considerable protective effect against oxidative stress by decreasing the
production of ROS.

TNF-α/IFN-γ-stimulated HaCaT keratinocytes can cause the expression of inflamma-
tory mediators such as cytokines, chemokines, and adhesion molecules, leading to skin
inflammation [1,9]. In the current study, RT-PCR and ELISA analysis confirmed the effect
of SCF on the mRNA expression levels of inflammatory mediators. The mRNA expres-
sion levels of IL-25, IL-33, and TSLP significantly increased in TNF-α/IFN-γ-stimulated
HaCaT keratinocytes compared to the control group, same as reported in previous stud-
ies [5,17]. IL-25, IL-33, and TSLP are epithelial and epidermal innate cytokines that play an
important role in the initiation of inflammatory disorders by regulating the production of
cytokines [32]. Inflammatory cytokines and chemokines are produced predominantly by ac-
tivated HaCaT keratinocytes and are conducive to mediating inflammatory responses [33].
TNF-α/IFN-γ-stimulated HaCaT keratinocytes induce the expression of inflammatory
cytokines IL-1β, IL-6, IL-8, IL-13, TNF-α, IFN-γ, and chemokines Eotaxin, MDC, RANTES,
and TARC [1,9]. The most well-known mediators in inflammatory cells migration, ker-
atinocyte proliferation, and the production of additional cytokines by keratinocytes are
IL-1β and IL-6 [34]. Chemokines are small proteins that are secreted by a variety of cell types
and influence immune cell movement to the site of inflammation or infection [35]. TARC,
MDC, and RANTES are typical inflammatory chemokines that bind to CC chemokine
receptor 4 (CCR4), which is found mainly on keratinocytes [35]. Another inflammatory
mediator involved in allergic responses and linked to the severity of chronic inflammation
is IL-8 [36]. In the current study, expression of inflammatory cytokines IL-1β, IL-6, IL-8,
IL-13, TNF-α, IFN-γ, and chemokines Eotaxin, MDC, RANTES, TARC were increased in
TNF-α/IFN-γ-stimulated HaCaT keratinocytes compared to the control and markedly
suppressed by SCF treatment. The cumulative expression of the above results confirmed
the effect of SCF on TNF-α/IFN-γ-stimulated inflammation in HaCaT keratinocytes. The
protective effect of the SCF against the production of inflammatory mediators was further
confirmed by the results of the ELISA analysis.

Multiple signaling pathways comprising NF-κB and MAPK interact with the inflam-
matory responses in HaCaT keratinocytes via activating and producing inflammatory
mediators [24]. The NF-κB pathway is interconnected with the MAPK signaling pathway,
which mediates phosphorylation processes that lead to the activation of several transcrip-
tion factors involved in inflammation [9]. These factors, together with NF-kB, activate
the transcription of different inflammatory genes, including those encoding for the in-
flammatory mediators [6]. In the present study, the expression of phosphorylated p38,
ERK, and JNK MAPK mediators was significantly increased in TNF-α/IFN-γ-stimulated
HaCaT keratinocytes. However, reduction of inflammatory responses through decreasing
phosphorylation of MAPK mediators has been reported in previous studies [15]. Similarly,
the treatment of SCF significantly reduced the activation of the MAPK pathway stimulated
by TNF-α/IFN-γ dose-dependently. In the cytosol, the most prominent NF-κB dimer is
found in an inactive state bound to IκBα, a natural NF-κB inhibitor. Activation of NF-κB, in-
volving phosphorylation and release of IκBα followed by NF-κB p65 nuclear translocation,
is induced by harmful inflammatory stimuli [37]. The expression of different inflammatory
mediated genes was increased followed by translocation of NF-κB p65 into the nucleus [38].
As results obtained in the present study show, phosphorylation of cytosolic IκBα, NF-κB p65
and nuclear translocation of NF-κB p65 in TNF-α/IFN-γ-stimulated HaCaT keratinocytes
were increased while effectively suppressed by SCF treatment, dose-dependently evidenced
by both Western blot and immunofluorescence analysis.



Mar. Drugs 2022, 20, 117 10 of 14

The activation of the Nrf2/HO-1 signaling pathway in HaCaT keratinocytes is a well-
known cytoprotective cellular mechanism that involves curing various diseases related to
oxidative stress [8,39]. Nrf2 typically interacts with a cytosolic actin-binding protein called
Keap1(Kelch-like ECH-associated protein 1), an inhibitor of Nrf2 [40]. Nrf2 dissociates
from Keap1, becomes stabilized, and translocates into the nucleus under the conditions
of oxidative stress. Following that, it activates the transcription of numerous antioxidant
genes, including NQO1 and HO-1 [26]. HO-1 is an inducible cytoprotective enzyme
that effectively downregulates the expression of molecules related to the development of
oxidative stress and inflammatory responses in the range of cell lines [8,26]. The current
study investigated the capability of SCF to stimulate the activation and nuclear translocation
of Nrf2 as well as the activation of NQO1 and HO-1 antioxidant gene transcription. The
results of this study indicated that expression of HO-1 and NQO1 found in the cytosol and
nuclear-translocated Nrf2 was decreased in TNF-α/IFN-γ-stimulated HaCaT keratinocytes.
Conversely, the antioxidant potential of SCF dose-dependently increased the activation of
the Nrf2/HO-1 signaling pathway. Furthermore, we investigated the effect of ZnPP (HO-1
inhibitor) on the inhibitory effect of ROS production by SCF in TNF-α/IFN-γ-stimulated
HaCaT keratinocytes and examined that ZnPP weakened the ROS scavenging activity
of SCF [41]. These findings indicated that the protective effect of SCF on TNF-α/IFN-γ-
stimulated oxidative stress and inflammatory responses in HaCaT keratinocytes is mediated
by activation of the Nrf2/HO-1 signaling pathway and that the protective role of SCF on
TNF-α/IFN-γ-stimulated HaCaT keratinocytes was dependent on HO-1.

4. Materials and Methods
4.1. Materials

The low MW fucoidan derived from S. confusum (SCF) was obtained during the previ-
ous study [26]. Dulbecco’s Modified Eagle Medium (DMEM), and penicillin/streptomycin
mixture were purchased from GibcoBRL (Grand Island, NY, USA). Fetal bovine serum
(FBS) was obtained from Welgene (Gyeongsangbuk-do, South Korea). Recombinant TNF-
α and IFN-γ were purchased from R&D Systems (Minneapolis, MN, USA). The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 2´,7´-Dichlorofluorescin
diacetate (DCF-DA), dimethyl sulfoxide (DMSO), bovine serum albumin (BSA), ethidium
bromide, agarose, TritonTM X-100, paraformaldehyde, TRIzol, chloroform, isopropanol,
and zinc protoporphyrin IX (ZnPP) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). BCA protein assay kit, NE-PER® nuclear and cytoplasmic extraction kit, 1-Step
transfer buffer, Pierce™ RIPA buffer, protein ladder, and diethyl pyrocarbonate (DEPC)
water were obtained from Thermo Fisher Scientific (Rockford, IL, USA). Ace-α-®cDNA
synthesis kit was purchased from ReverTra (Toyobo, Osaka, Japan). Skim milk powder
was obtained from BD Difco™ (Sparks, MD, USA). Primary and secondary antibodies,
Prolong® Gold antifade reagent with DAPI, normal goat serum, and DyLightTM 554 Phal-
loidin were obtained from Cell Signaling Technology (Beverly, MA, USA). The primers for
reverse transcription-polymerase chain reaction (RT-PCR) were purchased from Bioneer
Co. (Deadeock-gu, Daejeon, Korea). ELISA kits for human IL-6, IL-8, TNF-α, TSLP, and
TARC were obtained from BioLegend (San Diego, CA, USA).

4.2. Cell Culture and SCF Treatment

HaCaT keratinocytes purchased from the Korean Cell Line Bank (Seoul, Korea) were
cultured at 37 ◦C in an incubator with a humidified environment of 5% CO2 in DMEM
medium supplemented with 10% FBS and 1% penicillin/streptomycin mixture. Once every
two days, cells were sub-cultured until an exponential growth was observed that was
suitable for seeding. SCF was diluted with PBS before use in the experiments to adjust the
final treatment concentrations.
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4.3. Cell Viability Assay

To evaluate cell viability, the MTT assay was used [42]. In brief, cells were seeded
in 96-well plates at a density of 1 × 104 cells per well and incubated for 24 h. Cells were
treated for 1 h with different concentrations of SCF ranging from 15.6–62.5 µg/mL before
being stimulated with TNF-α and IFN-γ mixture ratio 1:1. After 24 h of TNF-α/IFN-γ
stimulation, 15 µL of MTT reagent (5 mg/mL) was added to cells and incubated for 4 h at
37 ◦C. After removing the medium, the formed formazan crystals were dissolved in DMSO
for 30 min. Absorbance was measured at 570 nm using a SpectraMax M2 microplate reader
(Molecular Devices, Silicon Valley, CA, USA).

4.4. Analysis of Intracellular ROS Production

The effect of SCF on intracellular ROS production in TNF-α/IFN-γ-stimulated HaCaT
keratinocytes was investigated using the DCF-DA assay. After 24 h of 1 × 105 cells/well
were seeded in 24 well plates, treated with SCF sample concentrations of 15.6, 31.3, and
62.5 µg/mL, and incubated for 1 h before stimulation with TNF-α/IFN-γ. After 1 h
incubation, DCF-DA was added to cells and intracellular ROS production was measured.
For fluorometric analysis, a SpectraMax M2 microplate reader was used with excitation and
emission wavelengths of 485 and 528 nm, respectively. Aside from fluorometry, the DCF
DA-treated cells were examined using a Thermo Fisher Scientific EVOS M5000 Imaging
fluorescent microscope (Rockford, IL, USA) and a CytoFLEX flow cytometer (Beckman
Coulter, Brea, CA, USA).

4.5. Western Blot Analysis

A total of 1 × 106 cells/dish were seeded in 6 cm culture dishes for 24 h and treated
with 15.6, 31.3, and 62.5 µg/mL of SCF treatment before TNF-α/IFN-γ stimulation. After
that, cells were harvested and lysed using the NE-PER® nuclear and cytoplasmic extraction
kit. Totals of 30 µg of protein of each lysate were electrophoresed on 10% polyacrylamide
gels after protein concentrations in cell lysate were estimated using a BCA protein assay kit.
Resolved protein bands were transferred onto nitrocellulose membranes (Merck Millipore,
Ireland), and blocked for 2 h with 5% skim milk in TBST. Then, sequentially incubated
with monoclonal primary antibodies (1:1000) and HRP-conjugated secondary antibodies
(1:3000). Identified protein bands were visualized by adding enhanced chemiluminescence
(ECL) reagent on a Core Bio Davinch-ChemiTM imaging system (Seoul, Korea).

4.6. RNA Extraction and RT-PCR Analysis

The cells were seeded in 6 cm culture dishes for 24 h and treated with different
doses of SCF before TNF-α/IFN-γ stimulation. This was followed by cell collection and
homogenization with TRIzol reagent. The homogenized cells were treated with chloroform
to separate the phases and centrifuged at 12,000 rpm for 15 min at 4 ◦C. The upper layer
of supernatant was collected and mixed with isopropanol, then centrifuged for 15 min
at 15,000× g at 4 ◦C. To obtain total RNA, the supernatant was removed, and the pellet
was dissolved in DEPC water. The ReverTra Ace-α-® cDNA synthesis kit was used to
synthesize cDNA from total RNA according to the manufacturer’s instructions. RT-PCR
was performed on the prepared cDNA using the relevant primers. In a TaKaRa PCR
Thermal Cycler (TaKaRa Bio Inc., Otsu, Japan), 30 PCR cycles of denaturation at 94 ◦C
for 1 min, annealing at 55–60 ◦C for 1 min, and extension at 72 ◦C for 20 min, were
performed. After 0.5 µg/mL ethidium–bromide treatment, the amplified PCR products
were electrophoresed for 30 min at 100 V on 1.5% agarose gel and visualized under UV
illumination. ImageJ software (Version 1.52a, US National Institutes of Health, Bethesda,
MD, USA) was used to quantify the relative intensities of expression levels, which were
normalized with GAPDH.
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4.7. ELISA Analysis

After 24 h of cell seeding, cells were treated for 1 h with different SCF concentrations
before being stimulated with TNF-α/IFN-γ for 24 h. The supernatants were collected in
the multi-well plates using the interchangeable centrifuge rotor (400× g, Hanil Science
Industrial, Incheon, Korea). The production of IL-6, IL-8, TNF-α, TSLP, and TARC were
then evaluated using the ELISA assay kits according to the manufacturer’s instructions.
In brief, the sample was added to the coated plate and incubated for 2 h before being
washed 5 times with 1× washing buffer. It was immediately treated with the detection
antibody, and after 1 h, Avidin-HRP buffer was added and incubated for 30 min. The stop
solution was added to the plates and measured at 450 nm with SpectraMax M2 microplate
reader [5].

4.8. Immunofluorescence Analysis

The analysis was conducted following the previous study [26]. In brief, 1 × 104 cells/well
were seeded in eight well chamber slides and incubated for 24 h in a humidified envi-
ronment before SCF sample treatment. Wells were rinsed with PBS and fixed with 4%
formaldehyde after 30 min of TNF-α/IFN-γ stimulation. After PBS washing, cells were in-
cubated for 1 h in blocking buffer (PBS containing 5% normal goat serum and 0.3% TritonTM

X-100). The wells were treated for 2 h with Alexa Fluor®488 conjugated Anti-Mouse IgG af-
ter being incubated overnight with a primary antibody (anti-NF-kB p65). Followed by PBS
washing, slides were covered with coverslips using Prolong® Gold antifade reagent with
DAPI, and cells were visualized using a Thermo Fisher Scientific EVOS M5000 Imaging
fluorescence microscope.

4.9. Statistical Analysis

All data were expressed as the mean ± standard error (SE) of at least three independent
determinants. Statistical comparisons were carried out by one-way analysis of variance
(ANOVA) followed by Duncan’s multiple range test using IBM SPSS software (Version 24.0,
Chicago, IL, USA), and p < 0.05 was considered to indicate statistical significance.

5. Conclusions

In summary, the present study revealed that SCF effectively suppressed the oxidative
stress and the inflammatory responses in TNF-α/IFN-γ-stimulated HaCaT keratinocytes
by reducing the expression of inflammatory mediators through regulation of NF-κB and
MAPKs signaling pathways via activating Nrf2/HO-1 signaling.
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2. Jevtić, M.; Loewa, A.; Nováčková, A.; Kováčik, A.; Kaessmeyer, S.; Erdmann, G.; Vávrová, K.; Hedtrich, S. Impact of intercellular
crosstalk between epidermal keratinocytes and dermal fibroblasts on skin homeostasis. Biochim. Biophys. Acta (BBA)-Mol. Cell Res.
2020, 1867, 118722. [CrossRef] [PubMed]

3. Wittmann, M.; Werfel, T. Interaction of keratinocytes with infiltrating lymphocytes in allergic eczematous skin diseases. Curr.
Opin. Allergy Clin. Immunol. 2006, 6, 329–334. [CrossRef] [PubMed]

4. Huang, W.-C.; Dai, Y.-W.; Peng, H.-L.; Kang, C.-W.; Kuo, C.-Y.; Liou, C.-J. Phloretin ameliorates chemokines and ICAM-1
expression via blocking of the NF-κB pathway in the TNF-α-induced HaCaT human keratinocytes. Int. Immunopharmacol. 2015,
27, 32–37. [CrossRef]

5. Han, E.J.; Kim, H.-S.; Jung, K.; Sanjeewa, K.K.A.; Herath, K.H.I.N.M.; Lee, W.; Jee, Y.; Jeon, Y.-J.; Lee, J.; Kim, T. Sargassum horneri
ethanol extract ameliorates TNF-α/IFN-γ-induced inflammation in human keratinocytes and TPA-induced ear edema in mice.
Food Biosci. 2021, 39, 100831. [CrossRef]

6. 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:
Identification of Licoflavanone as a Modulator of NF-kB/MAPK Pathway. Antioxidants 2019, 8, 186.

7. Kwon, D.H.; Cha, H.-J.; Choi, E.O.; Leem, S.-H.; Kim, G.-Y.; Moon, S.-K.; Chang, Y.-C.; Yun, S.-J.; Hwang, H.J.; Kim, B.W. Schisan-
drin A suppresses lipopolysaccharide-induced inflammation and oxidative stress in RAW 264.7 macrophages by suppressing the
NF-κB, MAPKs and PI3K/Akt pathways and activating Nrf2/HO-1 signaling. Int. J. Mol. Med. 2018, 41, 264–274. [CrossRef]

8. 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. [CrossRef]

9. Han, E.-J.; Fernando, I.P.S.; Kim, H.-S.; Lee, D.-S.; Kim, A.; Je, J.-G.; Seo, M.-J.; 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-γ/TNF-α-
Stimulated HaCaT Keratinocytes. Antioxidants 2021, 10, 856. [CrossRef]

10. Ju, S.M.; Song, H.Y.; Lee, S.J.; Seo, W.Y.; Sin, D.H.; Goh, A.R.; Kang, Y.-H.; Kang, I.-J.; Won, M.-H.; Yi, J.-S. Suppression of
thymus-and activation-regulated chemokine (TARC/CCL17) production by 1,2,3,4,6-penta-O-galloyl-β-d-glucose via blockade of
NF-κB and STAT1 activation in the HaCaT cells. Biochem. Biophys. Res. Commun. 2009, 387, 115–120. [CrossRef]

11. Sebastiani, S.; Albanesi, C.; De Pità, O.; Puddu, P.; Cavani, A.; Girolomoni, G. The role of chemokines in allergic contact dermatitis.
Arch. Dermatol. Res. 2002, 293, 552–559. [CrossRef] [PubMed]

12. Komine, M.; Kakinuma, T.; Kagami, S.; Hanakawa, Y.; Hashimoto, K.; Tamaki, K. Mechanism of thymus-and activation-regulated
chemokine (TARC)/CCL17 production and its modulation by roxithromycin. J. Investig. Dermatol. 2005, 125, 491–498. [CrossRef]
[PubMed]

13. Park, J.-H.; Kim, M.-S.; Jeong, G.-S.; Yoon, J. Xanthii fructus extract inhibits TNF-α/IFN-γ-induced Th2-chemokines production
via blockade of NF-κB, STAT1 and p38-MAPK activation in human epidermal keratinocytes. J. Ethnopharmacol. 2015, 171, 85–93.
[CrossRef] [PubMed]

14. Jung, M.-r.; Lee, T.H.; Bang, M.-H.; Kim, H.; Son, Y.; Chung, D.K.; Kim, J. Suppression of thymus-and activation-regulated
chemokine (TARC/CCL17) production by 3-O-β-D-glucopyanosylspinasterol via blocking NF-κB and STAT1 signaling pathways
in TNF-α and IFN-γ-induced HaCaT keratinocytes. Biochem. Biophys. Res. Commun. 2012, 427, 236–241. [CrossRef]

15. Yang, J.-H.; Hwang, Y.-H.; Gu, M.-J.; Cho, W.-K.; Ma, J.Y. Ethanol extracts of Sanguisorba officinalis L. suppress TNF-α/IFN-γ-
induced pro-inflammatory chemokine production in HaCaT cells. Phytomedicine 2015, 22, 1262–1268. [CrossRef]

16. 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 siliquosum on antioxidant, anti-lipogenesis, and anti-inflammatory activity. J. Biosci. Bioeng.
2021, 132, 359–364. [CrossRef]

17. Dias, M.K.H.M.; Madusanka, D.M.D.; Han, E.J.; Kim, H.-S.; Jeon, Y.-J.; 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. [CrossRef]

18. Phull, A.R.; Kim, S.J. Fucoidan as bio-functional molecule: Insights into the anti-inflammatory potential and associated molecular
mechanisms. J. Funct. Foods 2017, 38, 415–426. [CrossRef]

19. Yang, C.; Chen, Y.; Chen, M.; Jia, R.; Liu, B.; Zhao, C. The antidiabetic activity of brown seaweed Sargassum confusum polysaccha-
ride hydrolysates in insulin resistance HepG2 cells in vitro. Res. J. Biotechnol. 2017, 12, 1–9.

20. Fernando, I.P.S.; Dias, M.K.H.M.; Madusanka, D.M.D.; Han, E.J.; Kim, M.J.; Jeon, Y.-J.; Lee, K.; Cheong, S.H.; Han, Y.S.; Park, S.R.
Human keratinocyte UVB-protective effects of a low molecular weight fucoidan from Sargassum horneri purified by step gradient
ethanol precipitation. Antioxidants 2020, 9, 340. [CrossRef]

21. Ahmad, T.; Eapen, M.S.; Ishaq, M.; Park, A.Y.; Karpiniec, S.S.; Stringer, D.N.; Sohal, S.S.; Fitton, J.H.; Guven, N.; Caruso, V.
Anti-inflammatory activity of fucoidan extracts in vitro. Mar. Drugs 2021, 19, 702. [CrossRef] [PubMed]

http://doi.org/10.1016/j.intimp.2019.106146
http://www.ncbi.nlm.nih.gov/pubmed/32088638
http://doi.org/10.1016/j.bbamcr.2020.118722
http://www.ncbi.nlm.nih.gov/pubmed/32302667
http://doi.org/10.1097/01.all.0000244792.95615.3a
http://www.ncbi.nlm.nih.gov/pubmed/16954785
http://doi.org/10.1016/j.intimp.2015.04.024
http://doi.org/10.1016/j.fbio.2020.100831
http://doi.org/10.3892/ijmm.2017.3209
http://doi.org/10.3389/fphar.2018.00911
http://doi.org/10.3390/antiox10060856
http://doi.org/10.1016/j.bbrc.2009.06.137
http://doi.org/10.1007/s00403-001-0276-9
http://www.ncbi.nlm.nih.gov/pubmed/11876523
http://doi.org/10.1111/j.0022-202X.2005.23840.x
http://www.ncbi.nlm.nih.gov/pubmed/16117790
http://doi.org/10.1016/j.jep.2015.05.039
http://www.ncbi.nlm.nih.gov/pubmed/26051830
http://doi.org/10.1016/j.bbrc.2012.08.087
http://doi.org/10.1016/j.phymed.2015.09.006
http://doi.org/10.1016/j.jbiosc.2021.06.005
http://doi.org/10.1016/j.jep.2021.114003
http://doi.org/10.1016/j.jff.2017.09.051
http://doi.org/10.3390/antiox9040340
http://doi.org/10.3390/md19120702
http://www.ncbi.nlm.nih.gov/pubmed/34940701


Mar. Drugs 2022, 20, 117 14 of 14

22. Fernando, I.P.S.; Dias, M.K.H.M.; Madusanka, D.M.D.; Han, E.J.; Kim, M.J.; Heo, S.-J.; Ahn, G. Fucoidan Fractionated from
Sargassum coreanum via Step-Gradient Ethanol Precipitation Indicate Promising UVB-Protective Effects in Human Keratinocytes.
Antioxidants 2021, 10, 347. [CrossRef] [PubMed]

23. Wang, L.; Oh, J.-Y.; Kim, Y.-S.; Lee, H.-G.; Lee, J.-S.; Jeon, Y.-J. Anti-photoaging and anti-melanogenesis effects of fucoidan isolated
from Hizikia fusiforme and its underlying mechanisms. Mar. Drugs 2020, 18, 427. [CrossRef] [PubMed]

24. Fernando, I.P.S.; Dias, M.K.H.M.; Madusanka, D.M.D.; Han, E.J.; Kim, M.J.; Heo, S.-J.; Lee, K.; Cheong, S.H.; Ahn, G. Low molecu-
lar weight fucoidan fraction ameliorates inflammation and deterioration of skin barrier in fine-dust stimulated keratinocytes. Int.
J. Biol. Macromol. 2021, 168, 620–630. [CrossRef] [PubMed]

25. Sanjeewa, K.A.; Jayawardena, T.U.; Kim, H.-S.; Kim, S.-Y.; Fernando, I.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-κB signal
pathway. Carbohydr. Polym. 2019, 224, 115195. [CrossRef]

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

27. Fernando, I.S.; Jayawardena, T.U.; Kim, H.-S.; Vaas, A.; De Silva, H.; Nanayakkara, C.; Abeytunga, D.; Lee, W.; Ahn, G.; Lee,
D.-S. A keratinocyte and integrated fibroblast culture model for studying particulate matter-induced skin lesions and therapeutic
intervention of fucosterol. Life Sci. 2019, 233, 116714. [CrossRef]

28. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development, oxidative stress
response and diseases: An evolutionarily conserved mechanism. Cell. Mol. Life Sci. 2016, 73, 3221–3247. [CrossRef]

29. Gupta, S.; Abu-Ghannam, N. Bioactive potential and possible health effects of edible brown seaweeds. Trends Food Sci. Technol.
2011, 22, 315–326. [CrossRef]

30. Holdt, S.L.; Kraan, S. Bioactive compounds in seaweed: Functional food applications and legislation. J. Appl. Phycol. 2011, 23,
543–597. [CrossRef]

31. Raingeaud, J.; Pierre, J. Interleukin-4 downregulates TNFα-induced IL-8 production in keratinocytes. FEBS Lett. 2005, 579,
3953–3959. [CrossRef] [PubMed]

32. 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.
[CrossRef] [PubMed]

33. Akdis, M.; Aab, A.; Altunbulakli, C.; Azkur, K.; Costa, R.A.; Crameri, R.; Duan, S.; Eiwegger, T.; Eljaszewicz, A.; Ferstl, R.
Interleukins (from IL-1 to IL-38), interferons, transforming growth factor β, and TNF-α: Receptors, functions, and roles in diseases.
J. Allergy Clin. Immunol. 2016, 138, 984–1010. [CrossRef] [PubMed]

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

35. 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. [CrossRef] [PubMed]

36. Casas, C.; Ribet, V.; Alvarez-Georges, S.; Sibaud, V.; Guerrero, D.; Schmitt, A.M.; Redoules, D. Modulation of Interleukin-8 and
staphylococcal flora by Avène hydrotherapy in patients suffering from chronic inflammatory dermatoses. J. Eur. Acad. Dermatol.
Venereol. 2011, 25, 19–23. [CrossRef] [PubMed]

37. Lisi, S.; Sisto, M.; Lofrumento, D.D.; D’Amore, M. Altered IkBα expression promotes NF-kB activation in monocytes from primary
Sjögren’s syndrome patients. Pathology 2012, 44, 557–561. [CrossRef]

38. Simmons, L.J.; Surles-Zeigler, M.C.; Li, Y.; Ford, G.D.; Newman, G.D.; Ford, B.D. Regulation of inflammatory responses by
neuregulin-1 in brain ischemia and microglial cells in vitro involves the NF-kappa B pathway. J. Neuroinflammation 2016, 13, 237.
[CrossRef]

39. Ryu, M.J.; Chung, H.S. Fucoidan reduces oxidative stress by regulating the gene expression of HO-1 and SOD-1 through the
Nrf2/ERK signaling pathway in HaCaT cells. Mol. Med. Rep. 2016, 14, 3255–3260. [CrossRef]

40. Li, R.; Jia, Z.; Zhu, H. Regulation of Nrf2 signaling. React. Oxyg. Species (Apex NC) 2019, 8, 312. [CrossRef]
41. Park, C.; Cha, H.-J.; Hong, S.H.; Kim, G.-Y.; Kim, S.; Kim, H.-S.; Kim, B.W.; Jeon, Y.-J.; Choi, Y.H. Protective effect of phloroglucinol

on oxidative stress-induced DNA damage and apoptosis through activation of the Nrf2/HO-1 signaling pathway in HaCaT
human keratinocytes. Mar. Drugs 2019, 17, 225. [CrossRef] [PubMed]

42. Kumar, P.; Nagarajan, A.; Uchil, P.D. Analysis of cell viability by the MTT assay. Cold Spring Harb. Protoc. 2018,
2018, pdb-prot095505. [CrossRef] [PubMed]

http://doi.org/10.3390/antiox10030347
http://www.ncbi.nlm.nih.gov/pubmed/33652609
http://doi.org/10.3390/md18080427
http://www.ncbi.nlm.nih.gov/pubmed/32824148
http://doi.org/10.1016/j.ijbiomac.2020.11.115
http://www.ncbi.nlm.nih.gov/pubmed/33220376
http://doi.org/10.1016/j.carbpol.2019.115195
http://doi.org/10.1016/j.ijbiomac.2020.07.136
http://doi.org/10.1016/j.lfs.2019.116714
http://doi.org/10.1007/s00018-016-2223-0
http://doi.org/10.1016/j.tifs.2011.03.011
http://doi.org/10.1007/s10811-010-9632-5
http://doi.org/10.1016/j.febslet.2005.06.019
http://www.ncbi.nlm.nih.gov/pubmed/16004996
http://doi.org/10.1038/mi.2017.10
http://www.ncbi.nlm.nih.gov/pubmed/28224996
http://doi.org/10.1016/j.jaci.2016.06.033
http://www.ncbi.nlm.nih.gov/pubmed/27577879
http://doi.org/10.1186/s12906-015-0902-2
http://www.ncbi.nlm.nih.gov/pubmed/26474855
http://doi.org/10.1111/j.1468-3083.2010.03898.x
http://www.ncbi.nlm.nih.gov/pubmed/21175870
http://doi.org/10.1097/PAT.0b013e3283580388
http://doi.org/10.1186/s12974-016-0703-7
http://doi.org/10.3892/mmr.2016.5623
http://doi.org/10.20455/ros.2019.865
http://doi.org/10.3390/md17040225
http://www.ncbi.nlm.nih.gov/pubmed/31013932
http://doi.org/10.1101/pdb.prot095505
http://www.ncbi.nlm.nih.gov/pubmed/29858338

	Introduction 
	Results 
	SCF Effectively Increases Cell Viability by Suppressing the Production of Intracellular ROS in TNF-/IFN–Stimulated HaCaT Keratinocytes 
	SCF Downregulates the Expression of Inflammatory Cytokines and Chemokines in TNF-/IFN–Stimulated HaCaT Keratinocytes 
	SCF Suppresses the Activation of MAPK and NF-B Signaling Pathways in TNF-/IFN–Stimulated HaCaT Keratinocytes 
	SCF Activates the Nrf2/HO-1 Signaling Pathway in TNF-/IFN–Stimulated HaCaT Keratinocytes 
	Effect of the ZnPP in TNF-/IFN–Stimulated HaCaT Keratinocytes with the Treatment of SCF 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture and SCF Treatment 
	Cell Viability Assay 
	Analysis of Intracellular ROS Production 
	Western Blot Analysis 
	RNA Extraction and RT-PCR Analysis 
	ELISA Analysis 
	Immunofluorescence Analysis 
	Statistical Analysis 

	Conclusions 
	References

