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Abstract: Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by complex
symptoms. To treat AD without adverse effects, alternative therapeutic agents are required. The
tubers of Helianthus tuberosus L. (Jerusalem artichoke) have been used in folk remedies for diabetes
and rheumatism. However, its effect on AD development remains unknown. Therefore, this study
examined the inhibitory effect of H. tuberosus (HT) on AD skin symptoms using an NC/Nga mouse
model and HaCaT keratinocytes. The effect of HT and associated molecular mechanisms were
evaluated in Dermatophagoides farina body (Dfb)-induced AD mice and tumor necrosis factor (TNF)-
a/interferon (IFN)-y-stimulated HaCaT keratinocytes by ELISA, western blot, and histological
analysis. Topical HT administration attenuated AD skin symptoms in Dfb-induced AD mice, with
a significant reduction in the dermatitis score and production of inflammatory mediators. HT also
decreased epidermal thickness and mast cell infiltration. Moreover, HT restored filaggrin
expression and inhibited adhesion molecules in the mice. These effects were confirmed in vitro.
Furthermore, HT suppressed the activation of NF-kB, Akt, and mitogen-activated protein kinase
(MAPK) signaling pathways induced by TNF-a/IFN-y. These results suggest that HT is a potential
therapeutic agent or supplement for skin allergic inflammatory diseases such as AD.
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1. Introduction

Atopic dermatitis (AD) is a chronic allergic inflammatory skin disease characterized by dry, red,
cracked, and inflamed skin, erythema, and itching. AD is a disease arising from the complex
interaction of genetic, environmental, and psychological factors causing skin barrier dysfunction [1].
Dermatophagoides farina body (Dfb) causes the pathogenesis of AD via the induction of immune
responses in epidermal keratinocytes [2]. In a previous study, repeated application of Dfb produced
AD skin symptoms [3].

Skin barrier dysfunction caused by alteration of skin barrier proteins is one of the main initial
factors in the pathogenesis of AD. Filaggrin (a filament aggregation protein) plays a critical role in
the differentiation of skin keratinocytes in the stratum granulosum [4]. Decreased expression of
filaggrin in the skin and loss-of-function mutations in the filaggrin gene (FLG), have been described
in AD. Mutations in FLG can lead to downstream immunologic activation, leading to the synthesis
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and secretion of specific immunoglobulin E (IgE) antibodies against allergens, causing abnormalities
in the skin barrier [5].

Adhesion molecules, such as intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1), and E-selectin are membrane-bound molecules that mediate the attachment
of leukocytes to endothelial cells and the control of their retention and migration through the skin
[6]. It is reported that the expression of adhesion molecules is up regulated in the skin of patients
with AD [7].

Helianthus tuberosus L. (Asteraceae family) is a perennial herb originating in eastern North
America. Its tuber, which is used for the treatment of diabetes as a source of inulin, contains
considerable amounts of fructans, dietary soluble fiber, sesquiterpenes, diterpenes, and chlorogenic
acid analogs [8]. H. tuberosus exerts aperient, diuretic [9], spermatogenic [10], antipyretic, analgesic,
anti-inflammatory, anti-oxidant, and anti-spasmodic effects [11]. It has also previously been reported
to act on the skin [12]. Therefore, we hypothesized that H. tuberosus may have anti-inflammatory and
beneficial effects on AD, which have not previously been investigated. In the present study, we
examined whether H. tuberosus 30% ethanol extract (HT) alleviated AD skin symptoms in a Dfb-
induced mouse model and TNF-a/IFN-y-stimulated human HaCaT keratinocytes.

2. Materials and Methods

2.1. Chemicals and Reagents

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO), and all other chemicals were purchased from Millipore Sigma (Billerica, MA, USA).
Recombinant human TNF-a and recombinant human IFN-y were purchased from Bio-Techne Ltd.
(Abingdon, UK). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin,
and streptomycin were obtained from Life Technologies Inc. (Grand Island, NY, USA). Primary
antibodies against p-IKK a/(3 (cat no. 2697), NF-kB p65 (cat no. 8242), p-Akt (cat no. 9271), and ICAM-
1 (cat no. 4915) were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA). Primary
antibodies against IKK «/p (cat no. 7607), p-IxB-a (cat no. 8404), IxB-a (cat no. 203), Akt1/2/3 (cat no.
sc-8312), PARP (cat no. sc-9542), a-tubulin (cat no. sc-8035), Filaggrin (cat no. sc-66192), VCAM-1 (cat
no. sc-1504), E-selectin (cat no. sc-5262), and (-actin (cat no. sc-81178) were purchased from Santa
Cruz Biotechnology Inc. (Dallas, TX, USA). Horseradish peroxidase-conjugated secondary antibodies
were purchased from Jackson ImmunoResearch laboratories, Inc. (West Grove, PA, USA). The
histamine ELISA kit was obtained from Enzo life Sciences, Inc. (Farmingdale, NY, USA). The ELISA
kits for TNF-a and IL-6 were obtained from R&D Systems, Inc. (Minneapolis, MN, USA).

2.2. Sample Preparation

Dried tubers of Helianthus tuberosus were purchased from Yangwonfood (Cheonan, Korea) and
extracted with 30% ethanol (DAEJUNG chemicals & metals, Siheung, Korea). The extract was
concentrated under reduced pressure. The decoction was filtered, lyophilized, and stored at 4 °C. The
yield of the dried extract from the starting crude materials was 17.33%. To prepare the sample for the
in vitro experiment, the extract powder that resulted from the drying process was dissolved in
distilled water.

2.3. Dfv-Induced AD Model

A total of 32 NC/Nga male mice (6 weeks old; 20-25 g body weight) were obtained from Daehan
BioLink (Eumsung, Korea), a branch of Charles River Japan (Kanagawa, Japan) and maintained
under constant conditions at a temperature of 20-25 °C, humidity of 40-60%, and a 12 h light/dark
cycle. The mice were randomly assigned to one of four groups (n = 8 per group): baseline-applied
normal group, Dfb-induced group, dexamethasone (DeXx; positive control) oral administration group,
and HT (100 mg/kg)-treated group. To induce AD-like skin lesions, the shaved dorsal area was
topically treated with of 100 mg crude extract of Dfb (Biostir-AD; Biostir, Hyogo, Japan). Mite antigen
application was repeated twice a week for 8 weeks. Barrier disruption was achieved by 150 uL of 4%
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sodium dodecyl sulfate (SDS) treatment, 3 h before the application of Dfb ointment. The same volume
of baseline (vehicle) was applied to the normal group. After the first challenge inducing the AD-like
symptoms for 4 weeks, the mice were topically applied vehicle or HT (100 mg/kg admixed in
baseline) and were treated orally with dexamethasone (5 mg/kg dissolved in PBS) 4 h after Dfb
treatment once a day. Mice were sacrificed at the end of the experiment. The experimental scheme is
summarized in Figure 1A. Skin tissues from the back of the mice were obtained and subjected to
histological and western blot analysis. All procedures were performed in accordance with university
guidelines and approved by the Ethical Committee for Animal Care and the Use of Laboratory
Animals, Korean Medicine, Sangji University (Wonju, Korea; approval no. 2017-15).

2.4. Scoring of Dermatitis Severity

Clinical dermatitis severity was evaluated using the method according to the scoring system [13]
as follows: The severity of dermatitis was evaluated from the start to the end of the experiment. The
development of skin symptoms, erythema/hemorrhage, scarring/dryness, edema, and
excoriation/erosion, was scored as follows: 0, none; 1, mild (<20%); 2, moderate (20-60%); or 3, severe
(>60%). The individual scores were summed to give the dermatitis score.

2.5. Cytokine Assays

Dorsal protein extracts were suspended in PRO-PREP™ protein extraction solution (Intron
Biotechnology Inc., Seoul, Korea) and incubated for 20 min at 4 °C. Debris was removed via micro-
centrifugation at 11,000x g for 30 min at 4 °C, followed by rapid freezing of the supernatant. The
protein concentration was determined using Bio-Rad protein assay reagent (Bio-Rad Laboratories
Inc., Hercules, CA, USA) according to the manufacturer’s protocol. The levels of TNF-«, and IL-6
were quantified using ELISA kits according to the manufacturer’s protocol.

2.6. Histamine and IgE Assay

Blood was collected from each mouse at the end of the experiment. Serum was obtained by
centrifugation at 1700xg for 30 min and stored at =80 °C until analysis. The release of histamine and
IgE was measured using an ELISA kit in accordance with the manufacturer’s protocol.

2.7. Histopathological and Immunohistochemical (IHC) Analysis

At the end of the study period, the dorsal skin of mice was obtained. The samples were fixed in
10% buffered formalin, embedded in paraffin, sectioned (4 pm thick), and stained with hematoxylin
and eosin (H&E) and toluidine blue to detect epidermal thickness and inflammatory cell infiltration,
respectively. For immunohistochemical staining, a portion of the skin samples from the back for each
group was fixed in 10% formalin. After paraffin embedding, sections were cut and the slides were
deparaffinized by xylene, rehydrated in ethanol, and rehydrated with water. Endogenous peroxidase
activity was blocked using 0.6% H20: in 50% MeOH and the slides were then treated with 0.3% triton
in PBS for permeabilization and pre-blocked with 10% normal goat serum for 1 h, followed by
overnight incubation with a specific antibody at 4 °C. After this, sections were washed and incubated
with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. The
activity was visualized with a 3,3'-diaminobenzidine (DAB) chromogen and counterstained with
H&E. Pathological changes of all stained skin sections were observed using a DM IL LED microscope
(Leica, Wetzlar, Germany) and photographed using a DFC295 (Leica). Digital images were taken
from each slide and analyzed using Leica Application Suite (Leica).

2.8. Cell Culture and Sample Treatment

HaCaT keratinocytes were provided by Professor Jae-Young Um (Kyung Hee University, Seoul,
Korea) and were grown at 37 °C in DMEM supplemented with 10% FBS, penicillin (100 U/mL), and
streptomycin (100 pg/mL) in a humidified atmosphere of 5% CO:. HaCaT keratinocytes were seeded
at a density of 1 x 10° cell per well, starved with 0.1% FBS media for 24 h, and treated with HT at 100,
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200, or 400 pg/mL for 1 h at 37 °C in humidified air with 5% CO: and then stimulated with 10 ng/mL
of TNF-a/IFN-y at 37 °C for the indicated time.

2.9. Cell Viability Assay

Cells were seeded in a 96-well culture plate at 5 x 10* cells per well in culture medium and
allowed to attach for 24 h. Cells were treated with medium containing various concentrations of HT.
After incubating for 24 h, the cells were treated with 50 uL of MTT (5 mg/mL) for 4 h. The formazan
precipitated was dissolved in DMSO, and absorbance was measured at 540 nm using a microplate
reader.

2.10. Western Blot Analysis

Lysates of cells, or dorsal skin tissue were suspended in PRO-PREP™ protein extraction solution
(Intron Biotechnology, Inc.; Seoul, Korea) and incubated for 20 min at 4 °C. Cell debris was removed
via micro-centrifugation at 11,000xg for 30 min at 4 °C, followed by rapid freezing of the supernatant.
The protein concentration was determined using Bio-Rad protein assay reagent (Bio-Rad
Laboratories, Inc.) according to the manufacturer’s protocol. Cellular proteins from the treated and
untreated cell extracts were electroblotted onto a polyvinylidene fluoride membrane following
separation via 8-12% SDS-PAGE. The membrane was incubated for 1 h with blocking solution (5%
skim milk) at room temperature, followed by overnight incubation with the primary antibodies
(1:1000) at 4 °C. The blots were washed three times with Tween 20/Tris-buffered saline (T/TBS) and
incubated with horseradish peroxidase-conjugated secondary antibody (1:2000) for 2 h at room
temperature. The blots were washed three times with T/TBS and then developed via enhanced
chemiluminescence (GE Healthcare Life Sciences, Chalfont, UK). Densitometric analysis was
performed using Bio-Rad Quantity One software version 4.3.0 (Bio-Rad Laboratories, Inc.).

2.11. Statistical Analysis

The data are expressed as the mean + standard deviation of triplicate experiments. Statistically
significant differences were compared using one-way analysis of variance and Dunnett’s post hoc
test. p < 0.05 was considered to indicate a statistically significant difference. Statistical analysis was
performed using SPSS statistical analysis software (version 19.0, IBM SPSS, Armonk, NY, USA).

3. Results

3.1. HT Attenuated Clinical Severity of AD Skin Symptoms in Dfb-Induced AD Mice

We evaluated the anti-AD effects of HT on NC/Nga mice as an AD mouse model. The dermatitis
scores of the dorsal skin in the Dfb-induced groups increased markedly until 8 weeks after induction
while those in the control group did not. However, the severity was noticeably attenuated by HT
treatment from 5 weeks; the effect of HT was greater than that of dexamethasone, which is widely
used to treat AD (Figure 1B,C). Since AD often develops as a systemic immune response, it can affect
the immune organs [14]. The spleen and local lymph node should also be examined to quantify atopic
symptoms in the mouse model [15]. Therefore, we evaluated morphological changes in the spleen
and lymph node. Dfb induced spleen enlargement in mice, but the spleens were reduced to almost
normal size in mice treated with HT. We observed an increase in lymph node weight in Dfb-induced
mice that was reduced by application of HT, although this result was not significant (Figure 1D,E).
These results showed that HT has an alleviatory effect on clinical AD symptoms in Dfb-induced AD
mice.
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Figure 1. Effects of HT on the development of Dfb-induced AD-skin symptoms in NC/Nga mice. (A)
Schematic representation of the experiment. Dexamethasone (5 mg/kg, DEX) was used as a positive
control. (B) Dermatitis scores were measured once a week for 8 weeks. The dermatitis score was
defined as the sum of scores graded for each of the symptoms. (C) Clinical features of AD-skin
symptoms. (D-E) Representative size and weight of spleen and lymph node were compared by
photographic images. Organs/whole body weight were measured. The data shown represent mean +
standard deviation (S.D.) of three independent experiments. # p < 0.05, ## p <0.01, ### p <0.001 vs. the
control group; * p < 0.05, and ** p < 0.001 vs. Dfb-treated group. SDS: sodium dodecyl sulfate; Dfb:
Dermatophagoides farina body; HT: H. tuberosus; AD: Atopic dermatitis.

3.2. HT Inhibited the Production of Inflammatory Mediators in Dfb-Induced AD Mice

AD is a skin disease associated with increased levels of inflammatory cytokines, histamine, and
IgE [16]. To confirm the anti-inflammatory effect of HT in Dfb-induced AD mice, we measured
inflammatory mediators using ELISA. As shown in Figure 2, Dfb-induced IL-6 levels in the dorsal
skin of AD mice were higher by 2-fold than those in the dorsal skin of control mice. This increase was
significantly suppressed by treatment with HT. Dfb caused TNF-a levels in the dorsal skin of AD
mice (8.29 + 1.54 pg/mL), but HT slightly decreased the level (8.10 + 0.84 pg/mL), although it was not
significant. Since elevated serum histamine and IgE levels are major characteristics of AD symptom:s,
their levels in the serum were examined. HT also suppressed the serum levels of histamine and total
IgE, compared with the Dfb-induced group (Figure 2C,D). Thus, these results indicate that HT has
an anti-AD effect via prevention the release of AD-related inflammatory mediators in Dfb-induced
AD mice.
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Figure 2. Effects of HT on the production of inflammatory mediators in Dfb-induced NC/Nga mice.
The production of (A,B) pro-inflammatory cytokines, (C) histamine release, and (D) serum IgE were
measured by ELISA. Dexamethasone (5 mg/kg) was used as a positive control. The data shown
represent mean +S.D. of three independent experiments. ## p <0.01, ### p <0.001 vs. the control group;
* p<0.05, and ** p < 0.001 vs. Dfb-treated group.

3.3. HT Reduced Epidermal Thickness and Mast Cell Infiltration in Dfb-Induced AD Mice Skin

Increased epidermal thickness was due to pathologically activated epidermal proliferation
caused by altered differentiation of keratinocytes at the inflamed skin lesions [17]. To histologically
evaluate the effect of HT on the skin of AD mice, we performed skin histological analysis using H&E
and toluidine blue staining. In H&E-stained skin tissue sections, the Dfb group displayed
hyperkeratosis and hypertrophy. The epidermal thickness was greater in the Dfb group than in the
normal group, but treatment of HT substantially reduced the thickness of epidermal layer (Figure
3A,C). In the toluidine blue-stained skin tissue sections, mast cell infiltration, a marker of
inflammation, was considerably increased in the Dfb group compared to that in the normal group,
whereas HT treatment reduced the number of mast cells (Figure 3B,D). These results suggest that
topically administered HT may have a potential to improve the histological features of Dfb-induced
AD mice skin.
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Figure 3. Effects of HT on the histological alterations in Dfb-induced NC/Nga mice. Histological
features of the dorsal of NC/Nga mice. Tissues were excised, fixed in 10% formaldehyde, embedded
in paraffin, and sectioned. Dexamethasone (5 mg/kg, DEX) was used as a positive control. (A) The
sections were stained with H&E (scale bar = 200 um). (B) The sections were stained with toluidine
blue to identify mast cells. Blue arrows indicated stained mast cells (scale bar =100 um). (C) Epidermal
thickness in H&E stained sections were measured under a microscope. (D) Mast cells were counted
in toluidine stained sections with a microscope. The data shown represent mean + S.D. of three
independent experiments. ### p < 0.001 vs. the control group; *** p <0.001 vs. Dfb-treated group. Nor:
normal; H&E: hematoxylin and eosin.

3.4. HT Restored Filaggrin Level and Inhibited the Expression of Adhesion Molecules in Dfb-Induced AD
Mice Skin

Down regulation of skin barrier proteins such as filaggrin, a differentiation marker of
keratinocytes, increases allergen and pathogen penetration and reduces skin hydration [18]. Since
alteration of skin barrier proteins is one of the main factors in the pathogenesis of AD, we examined
whether HT affects filaggrin expression by IHC. Dfb decreased the expression of filaggrin in the
epidermis compared to the control, whereas HT treatment restored the decreased expression of
filaggrin to a greater extent than dexamethasone treatment (Figure 4A). We also explored the effects
of HT on adhesion molecules which play a key role in the recruitment of immunocytes to inflamed
skin and are likely to contribute to AD [19]. Substantial increases in ICAM-1 and VCAM-1 expression
were observed in the skin of Dfb-induced AD mice by IHC, indicating that HT treatment significantly
decreased ICAM-1 and VCAM-1 protein expression in the dermis of AD mice (Figure 4B,C). These
regulatory effects of HT on filaggrin and adhesion molecules were confirmed by western blot
analysis. As shown in Figure 4D,E, levels of filaggrin significantly increased in the HT group
compared to those in the Dfb group. Elevated ICAM-1, VCAM-1, and E-selectin levels in Dfb-induced
mice were decreased markedly by the treatment with HT. These results that HT has an anti-AD effect
by protecting skin barrier functions and inhibiting Dfb-induced adhesion molecules in Dfb-induced
AD mice.
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Figure 4. Effects of HT on expression of adhesion molecules and filaggrin in Dfb-induced NC/Nga
mice. Skin sections were stained with immunohistochemical staining. Dexamethasone (5 mg/kg, DEX)
was used as a positive control. (A) Filaggrin, (B) ICAM-1, and (C) VCAM-1 in the mouse skin were
detected using specific antibodies. Black arrows indicated stained (scale bar = 100 um). Total proteins
were prepared and western blotted for (D) filaggrin, and (E) adhesion molecules using specific
antibodies. f-actin was used as internal control. The data shown represent mean + S.D. of three
independent experiments. # p < 0.05, ### p < 0.001 vs. the control group; *** p < 0.001 vs. Dfb-treated

group.
3.5. HT Regulated the Expression of Filaggrin and VCAM-1 in TNF-a/IFN-y-Stimulated HaCaT
Keratinocytes

It is known that epidermal keratinocytes have various roles in the immune diseases and are
associated with AD and other skin diseases [20]. Therefore, we investigated the effect of HT on the
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human skin keratinocyte in vitro. The optimal treatment concentration of HT on HaCaT keratinocytes
was determined by using MTT assay. HT had no cytotoxic effect on HaCaT keratinocytes at
concentrations of 7.8 to 500 pg/mL after 24 h of treatment (Figure 5A). Thus, we used HT at
concentrations of 100, 200, and 400 pg/mL for subsequent experiments. The protein expression of
filaggrin was assessed using western blot analysis. HT was able to rescue filaggrin expression in TNF-
o/IFN-y-stimulated HaCaT keratinocytes. In the dermis, an upregulation of ICAM-1 expression
occurs in endothelial cells activated by cytokines, such as IL-1 or TNF-a, and is usually correlated
with the induction of VCAM-1. Pretreatment with 100, and 400 pg/mL of HT decreased VCAM-1
expression in TNF-o/IFN-y-stimulated HaCaT keratinocytes (Figure 5B). However, significant
increases in the levels of ICAM-1 and E-selectin were not observed in TNF-a/IFN-y-stimulated
HaCaT keratinocytes. These in vitro results supported that filaggrin and adhesion molecules are
involved in anti-AD mechanisms of HT.
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Figure 5. Effect of HT on the expression of filaggrin, VCAM-1 and NF-«B activation in TNF-o/IFN-y-
stimulated HaCaT keratinocytes. (A) HaCaT keratinocytes were incubated with the indicated doses
of HT for 24 h, and then cell viability was evaluated by MTT assay. HaCaT keratinocytes were pre-
treated with HT for 1 h and then stimulated with TNF-a/IFN-y (10 ng/mL) for 24 h. Total proteins
were prepared and western blotted for (B) filaggrin and VCAM-1 using specific antibodies. [-actin
was used as internal control. (C) Cells were pre-treated with HT for 1 h and then stimulated with
TNF-a/IFN-y (10 ng/mL) for 15, 30 min. Nuclear (N) and cytosol (C) extracts were isolated, and levels
of p65 in fractions were determined by western blotting. PARP and a-tubulin were used as internal
controls. HaCaT keratinocytes were pre-treated with HT for 1 h and then stimulated with TNF-a/IFN-
Y (10 ng/mL) for 5-10 min. Total proteins were prepared and western blotted for (D) IxkB-a, and IKK.
The data shown represent mean + S.D. of three independent experiments. # p < 0.05, ### p <0.001 vs.
the control group; ** p <0.01, ** p <0.001 vs. TNF-a/IFN-y-stimulated group.

3.6. HT Suppressed the Activation of the NF-xB Signaling Pathway in TNF-a/IFN-y-Stimulated HaCaT
Keratinocytes

Once activated, NF-kB mediates the expression of various pro-inflammatory mediators during
the inflammatory process. We next explored the effect of HT on the NF-kB signaling pathway in TNF-
o/IFN-y-stimulated HaCaT keratinocytes using western blot analysis. Basal levels of p65 were
detected in the nuclear protein of unstimulated cells, but treatment of cells with TNF-a/IFN-y
induced the nuclear translocation of p65. Pre-treatment of keratinocytes with 200, and 400 ug/mL of
HT reduced nuclear translocation of NF-kB while 100 ug/mL of HT inhibited this event in TNEF-
o/IFN-y-stimulated HaCaT keratinocytes (Figure 5C). It is well documented that IKK and IxBa
signaling pathways mediate NF-«B signaling in TNF-o/IFN-y-stimulated HaCaT keratinocyte [21].
Since nuclear translocation of NF-kB is preceded by phosphorylation/degradation of IxBa, and IKK
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activates IkBa, we investigated IxBa and IKK phosphorylation to elucidate the inhibitory effect of
HT in the upstream event of NF-«kB. Pre-treatment of keratinocytes with HT also attenuated TNEF-
o/IFN-y-stimulated IxkBa and IKK phosphorylation (Figure 5D). These results indicate that the
expression levels of filaggrin and adhesion molecules are related to the NF-«B signaling pathway.

3.7. HT Suppressed the Phosphorylation of the Akt and MAPK Signaling Pathways in TNF-a/IFN-y-
Stimulated HaCaT Keratinocytes

Akt is involved in promoting growth arrest, proliferation, and differentiation in keratinocytes
[22]. Therefore, we investigated the Akt signal pathway, another signaling component upstream of
the NF-«B signaling pathway, using western blot analysis. As shown in Figure 6A, HT suppressed
TNF-a/IFN-y-induced phosphorylation of Akt at Ser473 in a dose-dependent manner. We also
investigated whether HT affected the expression of the MAPKSs, which are important mediators of
AD, since phosphorylation of MAPKSs induces cytokine production [23]. HT decreased TNF-ot/IFN-
v-induced phosphorylation of ERK, p38, and JNK (Figure 6B). Together, these results suggest that
the regulation of TNF-a/IFN-y-induced decreases in filaggrin and increases in the expression of
adhesion molecules by HT is mediated by the suppression of both Akt and MAPK activation.
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Figure 6. Effect of HT on the phosphorylation Akt and MAPK in TNF-o/IFN-y-stimulated HaCaT
keratinocytes. HaCaT keratinocytes were pre-treated with HT for 1 h and then stimulated with TNF-
o/IEN-v (10 ng/mL) for 5 min. Total proteins were prepared and western blotted for (A) Akt and (B)
MAPK family using specific antibodies. [-actin was used as internal control. The data shown
represent mean * S.D. of three independent experiments. # p <0.05, ### p <0.001 vs. the control group;
**p<0.01, and *** p < 0.001 vs. TNF-a/IFN-y-stimulated group.

4. Discussion

AD is the most common inflammatory skin disease with a broad spectrum of clinical skin
phenotypes. The pathology of AD skin is characterized by epidermal intercellular edema and barrier
dysfunction resulting in increased transepidermal water loss, marked mononuclear cell infiltration
in the dermis, and increased penetration of external allergens through the skin barrier [24]. In our
study, topical application of HT diminished the symptoms of AD in the Dfb-induced AD model,
including epidermal thickness, mast cell infiltration, pro-inflammatory cytokine production, and
serum histamine and IgE levels. In the Dfb-induced AD model, treatment with HT had a similar or
better anti-AD effect than dexamethasone. However, HT had a weak effect on the reduction in size
and weight of the spleen and lymph nodes, which may be involved in immune activity. This result is
probably related to immune activation involving various immune cells in the development of AD
(Figure 1 and 3).

The enzyme allergens in house dust mite extracts may enhance the penetration of allergens
through the altered skin epidermis and are known to be inducers of the production of multiple
cytokines, including interleukin (IL)-6, IL-8, and granulocyte/macrophage colony-stimulating factor
(GM-CSF) [25]. Keratinocytes are the source of cytokines including inflammatory cytokines (IL-6, IL-
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la, IL-1p, IL-18, and TNF-a), immunoregulatory cytokines (IL-7, IL-12, IL-15, IL-16, and GM-CSF),
and chemokines (IL-8, TARC, RANTES, and MCP-1) in AD skin. Among these cytokines, the role of
IL-6 is critical in AD skin [26]. Moreover, IL-6 activates Th2 cells, thus leading to secretion of IL-4 and
IL-13 and promoting a Th2 immune response. This is followed by stimulating B cells to produce IgE
that binds to mast cells [27]. As shown in Figure 2, we observed that topically administration of HT
markedly decresed Dfb-induced IL-6, histamine, and IgE levels in Dfb-induced AD mice, but had a
little effect on the expression of TNF-a. It is estimated that this result comes from the complex
mechanism of skin in which various cells interact. Among these mechanisms of skin, HT has shown
a particularly inhibiting effect on the IL-6, histamine, and IgE levels that can lead to the development
of AD symptoms in Dfb-induced AD mice.

AD primarily occurs through defects in the immune system, leading to excessive inflammation
and local epidermal barrier disruption [28]. Filaggrin is expressed originally as a profilaggrin, which
is cleaved to produce monomers that align to form keratin filaments. Filaggrin is degraded in a
multistep proteolysis to release hygroscopic amino acids, contributing to the moisture in the skin [29].
It is reported that upregulation of inflammatory cytokines may play an important role in the
downregulation of filaggrin in keratinocytes [30]. Moreover, recent studies indicate that filaggrin
expression can be modulated by the atopic inflammatory response mediated by inflammatory
cytokines, thus providing a link between these structural elements and the inflammatory response in
AD skin [31]. For example, IL-6 and IL-6 receptor expression is localized to all nucleated epidermal
layers in case of barrier disruption. IL-6 is able to increase keratinocyte proliferation and epidermal
thickening in a transgenic mouse model [32]. This can be explained, at least in part, by the finding
that IL-6 promotes Dfb-induced AD skin symptomes. It is also reported that increased IL-6 levels could
induce the disruption of the skin barrier in AD patients and the concomitant enhanced risk of
pathogen invasion that promotes the production of IL-6 by immune cells [33]. Our finding is
consistent with previously reported findings suggesting an inverse relationship between IL-6 and
filaggrin expression [34,35].

Cell adhesion molecules play a key role in several pathologies, such as cancer and inflammatory
diseases [36]. It has long been known that pathological cell adhesion is observed between nerve fibers
and mast cells in AD skin lesions [37]. ICAM-1, VCAM-1, and selectins are closely related to allergic
skin diseases and their levels are consequentially increased in the epidermis of patients with AD; Th2
cytokines are recruited to the inflamed site by these inflammatory factors [38]. In the present study,
we found that HT treatment reduced the protein levels of adhesion molecules in Dfb-induced AD
mice model (Figure 4). Moreover, the expression of multifold adhesion molecules on human
keratinocytes is induced by pro-inflammatory cytokines such as TNF-a and IFN-vy [39], wheareas HT
suppressed the increased protein expression of VCAM-1 (Figure 5B). Unexpectedly, ICAM-1 and E-
selectin were not detected in TNF-a and IFN-y-stimulated HaCaT keratinocytes. It is likely that the
complex environment of the skin tissue involving various cell types (e.g., fibroblasts, leukocytes)
rather a monoculture would have a greater impact on the expression of the adhesion molecules.

We also investigated the effect of HT and its underlying mechanisms in TNF-a/IFN-y-stimulated
human keratinocyte. We showed that the reduction in expression of degraded filaggrin and increase
in adhesion molecules were reversed by HT pre-treatment in TNF-o/IFN-y-stimulated HaCaT
keratinocytes. It is reported the expression of adhesion molecules is regulated by the intracellular
signaling pathways, including MAPK and protein kinase C pathways, involving the transcription
factors NF-kB, activator protein 1, signal transducer and activator of transcription, and CCAAT-
enhancer-binding proteins. The signaling pathways activated depend on the stimuli, or agonist, and
may differ between cell types [40-42]. In this study, HT suppressed the activation of NF-xB (Figure
5C,D) and phosphorylation of Akt and MAPK (Figure 6) signaling pathways in TNF-o/IFN-y-
stimulated HaCaT keratinocytes. The results suggest that the NF-xB, Akt, and MAPK signaling
pathways participate in the inhibition of the expression of filaggrin and adhesion molecules by HT.

In the present study, we proposed several mechanisms by which HT inhibits AD skin symptoms
during the allergic inflammatory response. Together with adhesion molecules, pro-inflammatory
cytokines/chemokines, such as IL-6, MCP-1, and IP-10, play important roles in immune cell
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infiltration of the inflamed site in the skin during immune responses [21]. Dysregulation of
chemokines, cytokines, and adhesion molecules generally enhance these conditions, resulting in the
development of AD [43]. Previous studies also have revealed that elevated plasma concentrations of
adhesion molecules are related to IL-6 in patients with various diseases, including carotid
atherosclerosis, coronary artery disease [44], and migraine [45]. Therefore, the behavior of cytokines
and soluble inflammatory mediators, the association between the levels of the inflammatory factors,
such as IL-6, filaggrin, and cell adhesion molecules, and the mechanisms underlying allergic
inflammatory diseases require further investigation. In addition, one recent study has suggested a
role for the anti-oxidative axis in skin barrier dysfunction [46,47]. In this regard, the effect of HT on
oxidative stress related to filaggrin and the other differentiation markers of keratinocytes in the AD
model should also be further investigated to better understand the effect of HT on AD.
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Figure 7. Graphical Abstract : Underlying molecular mechanisms in the anti-AD effect of HT.

5. Conclusions

We demonstrated that topical application of HT effectively attenuated Dfb-induced AD skin
symptoms by restoring skin barrier functions and inhibiting Dfb-induced increases in inflammatory
mediators, adhesion molecules, and Dfb-induced histopathological changes. HT treatment not only
regulated the inflammatory cytokines and adhesion molecules, which are implicated in the
inflammatory response, but also enhanced the expression of the skin barrier protein, filaggrin. These
effects of HT were also confirmed by an in vitro study using human skin keratinocytes. We described
the results of this study in Figure 7. The results provide evidence that supports the therapeutic use of
HT for the clinical treatment of AD and related inflammatory skin diseases. Based on these results,
we conclude that HT has promising potential as a novel agent or food supplement for the prevention
and treatment of AD.
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