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Abstract: Atopic dermatitis (AD) is a chronic inflammatory skin disease caused by immune hypersen-
sitivity reaction. The cause of AD is unclear, but its symptoms have a negative effect on quality of life;
various treatment methods to alleviate these symptoms are underway. In the present study, we aimed
to evaluate in vitro antioxidant and anti-inflammatory effects of Rubus coreanus water extract (RCW)
on AD. Total phenolic compounds and flavonoid content of RCW were 4242.40 ± 54.84 mg GAE/g
RCE and 1010.99 ± 14.75 mg CE/g RCW, respectively. RCW reduced intracellular reactive oxygen
species level and increased the action of antioxidant enzymes, such as catalase, superoxide dismutase,
and glutathione peroxidase in tumor necrosis factor-α (TNF-α)/interferon-γ (IFN-γ)-stimulated
HaCaT cells. Moreover, mRNA expression of the pro-inflammatory cytokines, including TNF-α,
interleukin-1β, and interleukin-6, was downregulated by RCW in the TNF-α/IFN-γ-stimulated
cells. The levels of inflammatory chemokines (thymus- and activation-regulated chemokine; eotaxin;
macrophage-derived chemokine; regulated on activation, normal T-cell expressed and secreted;
and granulocyte-macrophage colony-stimulating factor) and intercellular adhesion molecule-1 were
decreased in the TNF-α/IFN-γ-stimulated HaCaT cells after RCW treatment. Additionally, the
mRNA expression levels of filaggrin and involucrin, proteins that form the skin, were increased by
RCW. Furthermore, RCW inhibited the nuclear factor kappa-light-chain-enhancer of the activated B
cells pathway in the TNF-α/IFN-γ-stimulated HaCaT cells. Collectively, the present investigation
indicates that RCW is a potent substance that inhibits AD.

Keywords: atopic dermatitis; Rubus coreanus; antioxidant; anti-inflammatory; HaCaT cell

1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin disease with repeated long-
term recovery and recurrence [1]. AD is classified as a type of allergic disease, such as
allergic rhinitis and asthma, and presents symptoms such as skin dryness, erythema,
edema, pruritus, and desquamation [2]. These symptoms are not life-threatening; how-
ever, they not only reduce the quality of life, but are also difficult to treat, as they may
occur due to both environmental and genetic factors [3,4]. Although the etiology of AD
remains unclear, keratinocytes play a crucial role in being closely associated with exces-
sive T-helper (Th)-2 cells (Th2) immune response [5,6]. Keratinocytes that have initiated
an inflammatory response can produce Th2-related chemokines, including thymus- and
activation-regulated chemokine (TARC/CCL17); eotaxin (CCL11); macrophage-derived
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chemokine (MDC/CCL22); and regulated on activation, normal T-cell expressed and se-
creted (RANTES/CCL5) [7,8]. Moreover, granulocyte-macrophage colony-stimulating
factor (GM-CSF) is secreted to differentiate precursor cells such as granulocytes and
macrophages and acts as a growth factor for leukocytes. These chemokines prompt the
infiltration of immune cells, such as T lymphocytes, monocytes, and mast cells into the
skin lesion, thereby inducing inflammatory skin diseases [9]. Additionally, intercellular
adhesion molecule-1 (ICAM-1) is excessive expressed in AD skin, causing leukocyte infil-
tration into the skin [10]. As a result, the proteins that form the skin, such as filaggrin and
involucrin, are less expressed, leading to skin spongiosis and edema [11]. Furthermore,
the production of pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α),
interleukin-1β (IL-1β), and interleukin-6 (IL-6), is increased in keratinocytes by Th-1 cell
(Th1) related cytokines [12].

Further, oxidative stress is induced in the skin in constant contact with oxygen ow-
ing to reactive oxygen species (ROS) generation [13]. ROS is produced by the immune
system and is used as a defense mechanism against the invasion of foreign substances;
however, when it exists in high concentrations in the body, the number of genes expressing
inflammatory cytokines increases, thereby causing the inflammatory response to persist
and worsen [14]. Thus, patients with AD are particularly sensitive to ROS-induced skin
damage [15]. Nevertheless, these patients exhibit antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) as a protective mech-
anism against ROS. Therefore, removal of ROS via activation of antioxidant enzymes is
closely associated with alleviation and treatment of AD symptoms [16,17].

Korean blackberry (Rubus coreanus, RC) is a perennial deciduous shrub belonging to
the Rosaceae family and is a native variety that grows naturally throughout Korea [18].
RC is an affluent source of ascorbic acid and phenolic compounds such as anthocyanin
and ellagic acid [19,20]. RC is also well known for its antioxidant activities via radical
scavenging, as well as its anti-stress, anti-cancer, and anti-inflammatory effects [21,22].
Recent studies have reported anti-inflammatory effects, in addition to these antioxidant
effects. Among the phenolic compounds of RC, anthocyanin and ellagic acid reduce the
inflammatory response via the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) pathway [23,24].

In the present study, effects of RC water extract (RCW) on intracellular ROS levels
and antioxidant enzyme activity was examined using HaCaT cells. Furthermore, by
evaluating changes in the expression of inflammation-related cytokines, atopic dermatitis-
related chemokines, and genes related to skin formation proteins, we aimed to confirm the
molecular mechanism underlying the anti-inflammatory activity of RCW.

2. Materials and Methods
2.1. Preparation of RCW

RC used in the experiment was purchased from Jeollanam-do. Dried and milled fruits
of RC were extracted by using 20 times of water at 250 ◦C for 3 h and then extract was
filtered (Whatman No. 6; Whatman, Maidstone, UK). The filtered eluate was concentrated
using a rotary evaporator in vacuum condition and lyophilized using freeze-dryer. Freeze-
dried RCW was stored at −20 ◦C before use.

2.2. Determination of Total Phenolic Compounds and Flavonoid Contents

Total phenolic compounds content of RCW was determined by the Folin–Ciocalteu
method of Meda A et al. [25]. RCW was dissolved in deionized water. Dissolved RCW
solution (1 mL) was mixed with 9 mL of distilled deionized water (dd H2O) and treated
1 mL of Folin-Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA). After reacting in
room temperature for 5 min, this solution was mixed with 10 mL of 7% sodium carbonate
(Na2CO3) and 4 mL of dd H2O. The mixture was stood at room temperature for 90 min,
and the absorbance was measured at 750 nm by a fluorescence microplate reader (BioTek
Instruments, Winooski, VT, USA). Gallic acid (GA, Sigma-Aldrich, St. Louis, MO, USA)
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was used as a standard. The data was expressed as mg GA equivalents (GAE)/100 g
lyophilized RCW powder.

Flavonoid content of RCW was determined by the aluminum chloride (AlCl3) col-
orimetric assay [26]. RCW was dissolved in deionized water. Dissolved RCW solution
(1 mL) was mixed with 4 mL of dd H2O and treated 0.3 mL of 5% sodium nitrate (NaNO2).
After 6 min in room temperature, 0.3 mL of 5% AlCl3, 2 mL of 1 M sodium hydroxide
(NaOH), and 2.4 mL dd H2O were added. Additionally, the absorbance was then measured
at 510 nm by a fluorescence microplate reader. Catechin hydrate (Sigma-Aldrich, St. Louis,
MO, USA) was used as a standard. The data was expressed as mg catechin equivalents
(CE)/100 g lyophilized RCW powder.

2.3. Cell Culture and Treatment

HaCaT cells were obtained from the Cell Line Service (Eppelheim, Germany). The
cells were grown in Dulbecco′s minimal essential medium (DMEM; Gibco BRL, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco BRL) and 1%
penicillin streptomycin (Gibco BRL). Thereafter, the cells were incubated at 37 ◦C in a
humid atmosphere of 5% CO2.

2.4. Cytotoxicity

HaCaT cells were seeded at a density of 1 × 104 cells/well in a 96-well culture plate
and were stabilized at 37 ◦C for 24 h in an incubator. Subsequently, diverse concentrations
of RCW (0–1000 µg/mL) were added to the cells. After treatment for 24 h, the cells were
stained using 40 µL of stain reagent, which includes 100 mM phenazine methosulfate (PMS;
Sigma-Aldrich) in 1 mg/mL sodium salt of 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-
tetrazolium-5-carboxyanilide (XTT; Sigma-Aldrich) dissolved in phenol red-free DMEM
(PMS:XTT = 1:800). Thereafter, 160 µL of phosphate buffered saline (PBS; Hyclone, Labora-
tories, Logan, UT, USA) was added to individual wells and incubated for 2 h. Cell viability
was estimated using a fluorescence microplate reader with absorbance at 450 nm.

2.5. Inducion of Inflammation Using TNF-α/IFN-γ Mixture

HaCaT cells were cultured at a concentration of 1 × 105 cells/well in 6-well culture
plates or 2× 104 cells/well in a 24-well culture plate and incubated for 24 h. Thereafter, they
were treated with RCW. Immediately, they were treated simultaneously with TNF-α/IFN-γ
mixture (20 ng/mL each) for inducing inflammation.

2.6. Assessment of Intracellular ROS Formation

Intracellular ROS levels were assessed using the fluorescence method. HaCaT cells
were seeded at a density of 2 × 104 cells/well in a 24-well culture plate and were further
incubated for 24 h. Thereafter, the cells were treated with RCW (100 and 200 µg/mL) and
TNF-α/IFN-γ mixture for 24 h. Next, the cells were incubated at 37 ◦C for 30 min while
they were exposed to 30 µM 2′7′-dichlorofluorescein diacetate (DCF-DA; Sigma-Aldrich)
under light-protected condition. Eventually, the fluorescence intensity of the cells was
determined using a fluorescence microplate reader with 485 nm excitation wavelength and
530 nm emission wavelength.

2.7. Evaluation of Antioxidant Enzyme Activity

For determining antioxidant enzyme activity, the cells treated with RCW and TNF-
α/IFN-γ mixture were lysed using radioimmunoprecipitation assay (RIPA) buffer (Thermo
Fisher Scientific, Waltham, MA, USA). The supernatant was obtained via centrifugation at
10,000 rpm at 4 ◦C for 10 min and was used for the connected assay. The amount of protein
was measured via Bradford method using bovine serum albumin (BSA) as the standard
reference material. Moreover, CAT activity was evaluated using the spectrophotometric
assay based on the decomposition reaction of hydrogen peroxide (H2O2), as described by
Aebi [27]. SOD activity was quantified via microtiter plate assay by Peskin et al. [28], using
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a water-soluble tetrazolium salt (WST-1; Dojindo, Rockville, MD, USA), xanthine (Sigma-
Aldrich), and xanthine oxidase (Sigma-Aldrich). Furthermore, the activity of GPx, which
catalyzes the oxidation of GSH to GSSG was determined using the spectrophotometric
method of Thomsom et al. [29].

2.8. Total RNA Isolation and Real-Time Polymerase Chain Reaction (PCR)

Total RNA was extracted from the RCW and TNF-α/IFN-γ mixture-treated cells
using the easy-BLUE™ total RNA extraction kit (Intron Biotechnology, Seongnam, Korea),
according to manufacturer’s instructions. Thereafter, complementary DNA (cDNA) was
synthesized using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA,
USA) with 150 ng of purified total RNA. Real-time PCR was carried out using the SYBR
green Real-time PCR kit (Bio-Rad) with 1 µL synthesized cDNA. Next, cDNA was amplified
with 40 cycles of denaturation (95 ◦C for 30 s), annealing (55 ◦C for 30 s), and extension
(72 ◦C for 60 s), using custom-designed primers (Table 1).

Table 1. Sequence of real-time PCR primers.

Gene Primer Sequence (5′ to 3′)

TNF-α Forward 5′- CCACTTCGAAACCTGGGATTC-3′

Reverse 5-′TTAGTGGTTGCCAGCACTTCA-3′

IL-6 Forward 5′-AGGGCTCTTCGGCAAATGTA-3′

Reverse 5′-GAAGGAATGCCCATTAACAACAA-3′

IL-1β Forward 5′-GCATCCAGCTACGAATCTCC-3′

Reverse 5′-GGAACCAGCATCTTCCTCAG-3′

CCL17/TARC Forward 5′-GAAGACGTGGTACCAGACATCTGA-3′

Reverse 5′-CCCTGCACAGTTACAAAAACGA-3′

CCL11/Eotaxin Forward 5′-GCGACTAGAGAGCTACAGGAGAATC-3′

Reverse 5′-GGTCTTGAAGATCACAGCTTTCTG-3′

CCL22/MDC Forward 5′-GTTGTCCTCGTCCTCCTTGC-3′

Reverse 5′-GGAGTCTGAGGTCCAGTAGAAGTG-3′

CCL5/RANTES Forward 5′-AGTGTGTGCCAACCCAGAGA-3′

Reverse 5′-AGCAAGCAGAAACAGGCAAA-3′

GM-CSF Forward 5′-ACTTCCTGTGCAACCCAGATT-3′

Reverse 5′-CATCTGGCCGGTCTCACTC-3′

ICAM-1 Forward 5′-CAAGGCCTCAGTCAGTGTGA-3′

Reverse 5′-CCTCTGGCTTCGTCAGAATC-3′

Filaggrin Forward 5′-GCAAGGTCAAGTCCAGGAGAA-3′

Reverse 5′-CCCTCGGTTTCCACTGTCTC-3′

Involucrin Forward 5′-CTGCCTGAGCAAGAATGTGA-3′

Reverse 5′-AGCTGCTGATCCCTTTGTGT-3′

NF-κB Forward 5′-CTCCTGTGCGTGTCTCCATG-3′

Reverse 5′-TTACGTTTCTCCTCAATCCG-3′

IκBα Forward 5′-GAAATACCCCCCTACACCTT-3′

Reverse 5′-GACACCAAAAGCTCCACGAT-3′

GAPDH Forward 5′-CTGCTCCTCCTGTTCGACAGT-3′

Reverse 5′-CCGTTGACTCCGACCTTCAC-3′

2.9. Western Blotting

After treatment with the stimulant and sample, the cells washed with PBS were lysed
for 20 min with RIPA buffer containing protease inhibitor and phosphatase inhibitor. The
supernatant collected after centrifugation was quantified via Bradford assay to determine
the amount of protein, and each sample containing 30 µg of protein was loaded on 10%
sodium dodecyl sulfonate-polyacrylamide gel electrophoresis (SDS-PAGE) for separation.
Next, after transferring the whole protein to the polyvinylidene fluoride (PVDF) membrane,
it was blocked with 3% BSA in PBS for 1 h. Thereafter, the primary antibodies diluted
in 0.5% BSA in PBS at 1:1000 were treated and reacted at 4 ◦C overnight. After washing
thrice with tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST), the secondary
antibody diluted in 0.5% BSA dissolved in PBS at 1:5000 was treated for 1 h. In order to
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identify the target protein, the enhanced chemiluminescence (ECL) substrate (Bio-Rad,
Rad Laboratories, Hercules, CA, USA) was reacted for 1 min. The target protein band was
observed and photographed by Chemidoc XRS+ (Bio-Rad, Rad Laboratories, Hercules,
CA, USA).

2.10. Statistical Analysis

Data are presented as mean ± standard deviation (S.D.). The data were statistically
analyzed by applying one-way analysis of variance (ANOVA) using SPSS statistical pro-
cedures for Windows (SPSS PASW Statistics 25.0; SPSS Inc., Chicago, IL, USA). In this
case, significant differences between groups were compared with Duncan′s multiple range
test (p < 0.05). Furthermore, to compare the significant differences between two groups,
Student′s t-test were used (p < 0.05).

3. Results
3.1. Total Phenolic Compounds and Flavonoid Content of RCW

The results showed that the total phenolic compounds and flavonoid content in the
RCW. Total phenolic compounds content was 4242.40 ± 54.84 mg GAE/100 g RCW and
flavonoid content was 1010.99 ± 14.75 mg CE/100 g RCW (Table 2). According to the
results of our study, RCW appears to have enough antioxidants. Therefore, we tried to
study the effect of RCW on inflammatory skin disease.

Table 2. Total phenolic compounds and flavonoid content of RCW.

Total Phenolic Compounds Content
(mg GAE/100 g RCW)

Flavonoid Content (mg
CE/100 g RCW)

RCW 4242.40 ± 54.84 1010.99 ± 14.75

3.2. Cytotoxicity of RCW in HaCaT Cells

To know the safety range, the cytotoxicity of RCW in HaCaT cells was assessed by
treating the cells with diverse concentrations of RCW (0–1000 µg/mL). The cell viability was
remarkably decreased at a concentration of 600 µg/mL (Figure 1). Then, 100–200 µg/mL
RCW, representing the nontoxic range, was used in further study for assessing its antioxi-
dant and AD inhibitory effect.
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Figure 1. Cell viability of RCW in HaCaT cells. Data express the mean ± S.D. The asterisks above the
bar indicate significant difference from the 0 µg/mL group using Student’s t-test (p < 0.05).

3.3. Effect of RCW on Intracellular ROS Level in TNF-α/IFN-γ-Stimulated HaCaT Cells

Excessive ROS in the body is interrelated to the occurrence of inflammatory re-
sponse [14]. The intracellular ROS level of the TNF-α/IFN-γ-stimulated HaCaT cells
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was prominently higher than that of the control. When the TNF-α/IFN-γ-stimulated Ha-
CaT cells were treated with 100 and 200 µg/mL RCW, the intracellular ROS level decreased
in a dose-dependent manner (Figure 2). This result suggests that RCW has the ability to
remove intracellular ROS in TNF-α/IFN-γ-stimulated HaCaT cells.
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Figure 2. Effect of RCW on intracellular ROS level in TNF-α/IFN-γ-stimulated HaCaT cells. Data ex-
press the mean± S.D. CON, non-stimulated HaCaT cells; T/I, TNF-α/IFN-γ-stimulated HaCaT cells;
RCW100, treatment of 100 µg/mL RCW in TNF-α/IFN-γ-stimulated HaCaT cells; RCW200, treat-
ment of 200 µg/mL RCW in TNF-α/IFN-γ-stimulated HaCaT cells. The different letters above the
bar indicate significant difference between groups using the Duncan′s multiple range test (p < 0.05).

3.4. Effects of RCW on Antioxidant Enzyme Activity in TNF-α/IFN-γ-Stimulated HaCaT Cells

The activity of antioxidant enzyme was significantly lower in the TNF-α/IFN-γ-
treated cells than in the control; however, this activity was significantly recovered when
TNF-α/IFN-γ in HaCaT cells were treated with RCW. In particular, Gpx activity attained a
similar level as that of control when treated with 200 µg/mL RCW (Table 3). The results
suggest that RCW exhibits antioxidant activity in AD-like state-simulated HaCaT cells.

Table 3. Effects of RCW on antioxidant enzyme activity in TNF-α/IFN-γ-stimulated HaCaT cells.

CAT (U/mg Protein) SOD (U/mg Protein) GPx (U/mg Protein)

CON 4.48 ± 0.66 a 62.35 ± 2.94 a 0.0102 ± 0.0001 a

T/I 2.02 ± 0.08 c 34.70 ± 2.23 d 0.0058 ± 0.0001 c

RCW 100 2.20 ± 0.17 c 39.28 ± 1.85 c 0.0075 ± 0.0002 b

RCW 200 2.92 ± 0.27 b 50.72 ± 1.09 b 0.0099 ± 0.0004 a

CON, non-stimulated HaCaT cells; T/I, TNF-α/IFN-γ-stimulated HaCaT cells; RCW100, treatment of 100 µg/mL
RCW in the TNF-α/IFN-γ-stimulated HaCaT cells; RCW200, treatment of 200 µg/mL RCW in the TNF-α/IFN-
γ-stimulated HaCaT cells. Data express the mean ± S.D. The different letters above the bar indicate significant
differences between groups using the Duncan′s multiple range test (p < 0.05).

3.5. Effects of RCW on Proinflammatory Cytokines in TNF-α/IFN-γ-Stimulated HaCaT Cells

Proinflammatory cytokines including TNF-α, IL-6, and IL-1β promote systemic inflam-
matory responses [30]. The TNF-α/IFN-γ-stimulated HaCaT cells showed a remarkable
increase in the mRNA expression levels of TNF-α, IL-6, and IL-1β, compared to those in
TNF-α/IFN-γ-nontreated HaCaT cells. When TNF-α/IFN-γ-stimulated HaCaT cells were
treated with RCW, the mRNA expression levels of TNF-α, IL-6, and IL-1β decreased in a
dose dependent manner (Figure 3). These results suggest that RCW efficiently reduces
inflammation.
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Figure 3. Effects of RCW on gene expression of proinflammatory cytokines in TNF-α/IFN-γ-stimulated HaCaT cells.
Relative expression levels of all genes were examined using real-time PCR. GAPDH was used as the internal control to
standardize the expression levels in each sample. (a) Relative mRNA expression level of TNF-α. (b) Relative mRNA
expression level of IL-6. (c) Relative mRNA expression level of IL-1β. Data express the mean ± S.D. The different letters
above the bar indicate significant difference between groups using the Duncan′s multiple range test (p < 0.05).

3.6. Effects of RCW on Chemokines and Adhesion Molecule in TNF-α/IFN-γ-Stimulated
HaCaT Cells

The mRNA expression levels of inflammatory chemokines, such as CCL17/TARC,
CCL11/Eotaxin, CCL22/MDC, CCL5/RANTES, and GM-CSF, were significantly increased in
TNF-α/IFN-γ-stimulated HaCaT cells. The group simultaneously treated with TNF-α/IFN-
γ mixture and RCW revealed that the mRNA expression level of chemokines reduces in a
dose-dependent manner; however, a significant decrease was observed when compared
to that in the group treated with only TNF-α/IFN-γ mixture. Moreover, the expression
level of ICAM-1, an adhesion molecule, was increased in the presence of cytokines such
as TNF-α and IL-6, after treatment with TNF-α/IFN-γ in HaCaT cells [31]; however, it
was decreased when these TNF-α/IFN-γ-stimulated HaCaT cells were treated with RCW
(Figure 4).
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Figure 4. Effects of RCW on gene expression of inflammatory chemokines and adhesion molecule in HaCaT cells. Relative
expression levels of all genes were verified using real-time PCR. GAPDH was used as the internal control for standardizing
expression levels in each sample. (a) Relative mRNA expression level of CCL17/TARC. (b) Relative mRNA expression level of
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(e) Relative mRNA expression level of GM-CSF. (f) Relative mRNA expression level of ICAM-1. Data express the mean ±
S.D. The different letters above the bar indicate significant difference between groups using the Duncan′s multiple range
test (p < 0.05).

3.7. Effects of RCW on Expression of Genes Related to Skin Formation in
TNF-α/IFN-γ-Stimulated HaCaT Cells

The mRNA expression levels of genes related to skin formation, including filaggrin
and involucrin, were declined in TNF-α/IFN-γ-stimulated HaCaT cells. The aforemen-
tioned results occur because these proteins constitute the skin barrier and protect them-
selves from various external stimuli; hence, in AD, the skin barrier is disrupted and leads
to inflammatory reaction [32]. In contrast, the expression levels of these genes were notably
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increased in RCW-treated groups (Figure 5), thereby indicating that RCW restores the skin
barrier damaged by AD.
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Figure 5. Effects of RCW on expression of genes related to skin formation in HaCaT cells. Relative expression of all genes
were verified using real-time PCR. GAPDH was used as the internal control for standardizing expression levels in each
sample. (a) Relative mRNA expression level of filaggrin. (b) Relative mRNA expression level of involucrin. Data express the
mean ± S.D. The different letters above the bar indicate significant difference between groups using the Duncan′s multiple
range test (p < 0.05).

3.8. Effects of RCW on the NF-κB Pathway in TNF-α/IFN-γ-Stimulated HaCaT Cells

The NF-κB signaling pathway regulates inflammatory factors such as IL-6, TARC,
MDC, and RANTES in HaCaT cells [33,34]. When TNF-α/IFN-γ was treated in HaCaT
cells, increased gene expression level was observed for NF-κB. In contrast, inhibitor of NF-
κB alpha (IκBα) gene expression level was decreased in TNF-α/IFN-γ-stimulated HaCaT
cells; however, RCW exerted opposite effect (Figure 6). Therefore, these results indicate that
the anti-inflammatory effect of RCW on AD is mediated via the NF-κB signaling pathway.
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3.9. Effects of RCW on the NF-κB Pathway in TNF-α/IFN-γ-Stimulated HaCaT Cells

Based on the previous results, we performed Western blot to quantify the expression of
NF-κB p65, its phosphorylation form and IκBα. When TNF-α/IFN-γ mixture was added to
HaCaT cells, the phosphorylated form of NF-kB p65 increased; however, it was decreased
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in a concentration-dependent manner by RCW. In contrast, IκBα level decreased in TNF-
α/IFN-γ-stimulate HaCaT cells, but increased in a concentration-dependent manner after
RCW treatment (Figure 7).
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Figure 7. Effects of RCW on protein levels of NF-κB and IκBα in HaCaT cells. Relative expression of all genes was
determined by Western blotting. GAPDH was used as the internal control for standardizing the expression levels in
each sample. (a) Representative Western blots of p65, phospho-p65, IκBα, and GAPDH. (b) Normalized protein level of
phospho-p65/p65. (c) Normalized protein level of IκBα. Data express the mean ± S.D. The different letters above the bar
indicate significantly difference between groups using the Duncan′s multiple range test (p < 0.05).

4. Discussion

In this study, we evaluated the antioxidant and anti-inflammatory effects of RCW on
TNF-α/IFN-γ-stimulated HaCaT cells, which are human-derived keratinocytes. RCW con-
tains 4242.40± 54.84 mg GAE/100 g RCW total phenolic compounds and 1010.99 ± 14.75 mg
CE/100 g RCW flavonoids. Therefore, it is confirmed as a material that is rich in bioactive
compounds capable of antioxidant activity. Keratinocytes protect the outer barrier of epi-
dermis using their own immune responses, including secretion of inflammatory cytokines
and induction of immune cell infiltration [35,36]. As reported in previous studies, treatment
with TNF-α/IFN-γ mixture triggers the aforementioned immune response, because TNF-α
is known to promote immunity and trigger inflammation in chronic diseases; moreover,
IFN-γ is a cytokine that plays a pivotal role in inflammation and immune response in the
skin and regulates the activity of various cells [37,38]. This suggests that reducing excessive
immune responses by targeting TNF-α and IFN-γ can aid in the treatment of AD.

Oxidative stress caused by excess ROS damages the skin barrier and allows the in-
flammatory response to persist [15]. This occurs because AD is caused by an immune
hypersensitivity reaction [39]. Therefore, ROS reduction in patients with AD has remark-
able effects on the relief and recovery of symptoms. We confirmed that the intracellular
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ROS increased significantly when TNF-α and IFN-γ were added to HaCaT cells; however,
it decreased in a dose-dependent manner when these TNF-α/IFN-γ stimulated cells were
treated with RCW (Figure 2). Moreover, antioxidant enzymes, such as SOD, CAT, and
GPx, can reduce oxidative stress by removing ROS from the body, thereby relieving the
AD symptoms [16,17]. From these results, it was confirmed that RCW exhibits effective
antioxidant activity in TNF-α/IFN-γ-stimulated keratinocytes.

Keratinocytes stimulated by TNF-α and IFN-γ secrete the inflammatory cytokines
TNF-α, IL-6, and IL-1β, which further increase the expression level of the chemokines
(CCL17/TARC, CCL11/Eotaxin, CCL22/MDC, CCL5/RANTES, and GM-CSF) and the
adhesion molecule, ICAM-1 (Figures 3 and 4). CCL17/TARC is a chemokine that deposits
T cells in the epidermis, causes apoptosis of keratinocytes, and induces spongiosis of the
skin [40]. Furthermore, chemokines affect the accumulation of various immune cells in the
skin tissue, such as CCL11/Eotaxin to eosinophils; CCL22/MDC to monocytes and natural
killer (NK) cells; and CCL5/RANTES to eosinophils, mast cells and monocytes [41–44]. GM-
CSF promotes the differentiation and maturation of progenitor cells such as granulocytes
and macrophages, which is associated with chronic AD and severe inflammation [44].
ICAM-1 is a ligand for receptors of leukocytes and is involved in leukocyte penetration
during inflammatory reactions [10,45].

In patients with AD, the skin barrier is damaged due to the skin inflammatory reaction
promoted by the infiltration of the allergen and decrease in the expression levels of filaggrin
and involucrin, which are crucial components of stratum corneum in the skin [11,46].
Filaggrin and involucrin are present in the keratinocyte membrane and allow aggregation
of keratin fibers and binding of structural proteins, thereby resulting in a hard and flat
structure [47]. Their reduction decreases the adhesion between keratinocytes and increases
transepidermal water loss, thereby reducing overall skin barrier function, and increasing
the penetration of allergens, and facilitating allergic reactions [48]. Moreover, pyrrolidone
carboxylic acid and urocanic acid, which are separated units from filaggrin, are natural
moisturizing factors that help to hydrate the stratum corneum, normalize pH, and have
antibacterial and anti-inflammatory effects [49,50]. Therefore, recovery of filaggrin and
involucrin, which are reduced in AD conditions, may help in relieving symptoms such as
skin dryness, erythema, psoriasis, and desquamation.

The NF-κB signaling pathway triggers the inflammatory responses in TNF-α/IFN-γ-
stimulated keratinocytes [51]. This pathway is known to regulate the expression of TNF-
α, IL-1β, IL-6, GM-CSF, CCL5/RANTES, CCL11/Eotaxin, and ICAM-1 in AD [52,53]. We
demonstrated that the expression of NF-κB was downregulated by RCW in TNF-α/IFN-
γ-stimulated keratinocytes. Conversely, the expression level of IκBα, which inhibits the
activity of NF-κB, was increased by RCW treatment (Figure 6). Hence, it was confirmed
that the NF-κB signaling pathway in HaCaT cells is inhibited by RCW to improve AD.

5. Conclusions

The present study shows that RCW relieves AD symptoms in an in vitro model
(TNF-α/IFN-γ-stimulated HaCaT cells) by exerting antioxidant effects; suppressing inflam-
matory mediators; and increasing the levels of proteins that form the skin, via regulating
the NF-κB signaling pathway. Therefore, these results suggest that RCW has potential for
the treatment or prevention of inflammatory skin diseases, including AD.
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