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ARTICLE INFO ABSTRACT

Keywords: Atopic dermatitis (AD) poses a significant global health challenge, characterized by dysregulated inflammation
Atopic dermatitis and apoptotic processes. This study explores the therapeutic efficacy of hinokitiol, employing a comprehensive in
Inflammation vivo and in vitro approach. Assessment of inflammation-related markers in the animal model included obser-
I[—\Ipi)r(:g]:(i)tsisl vation of physical appearance, Western blotting, ELISA, and H&E staining. Additionally, the cell culture model

enabled the evaluation of apoptosis and ROS levels using MTT assay, crystal violet staining, Western blot, and
DCFDA assays. The results revealed hinokitiol’s proficiency in ameliorating ear and skin morphology in the
DNCB-induced AD model, mediated through the TLR4/MyD88 pathway. Notably, hinokitiol intervention led to a
reduction in both M1 and M2 macrophage phenotypes. In vitro investigations demonstrated hinokitiol’s ability to
enhance cell viability and morphology under TNF-a and IFN-y induction. Mechanistically, hinokitiol exhibited
regulatory effects on apoptosis-related proteins, including Bax, Cytochrome c, Caspase-3, and PARP, thereby
averting cellular damage. These findings suggest that hinokitiol is a promising natural compound with significant
potential for alleviating inflammation and apoptosis in AD, indicating potential avenues for future therapeutic
developments.

1. Introduction

Atopic dermatitis is a chronic inflammatory skin condition charac-
terized by severe itching and recurrent eczema. Its prevalence is
approximately 20% in children and 1-3% in adults in developed coun-
tries. In developing and underdeveloped regions, there is an observed
increasing trend in incidence [1]. Among children with atopic derma-
titis, severe nocturnal itching and subsequent scratching can lead to
disrupted sleep patterns, negatively impacting their overall quality of
life [2].

In clinical settings, the primary approach to treating Atopic

Dermatitis (AD) involves the use of topical immunosuppressive therapy,
with the drug crisaborole serving as a first-line treatment [3]. In cases
where topical treatments prove ineffective in managing moderate or
severe conditions, the implementation of systemic immunosuppressive
therapies becomes necessary. These may include corticosteroids, meth-
otrexate, glucocorticoids, and cyclosporine [4,5]. However, it is crucial
to acknowledge that prolonged use of immunosuppressants can lead to
significant adverse effects, such as hypo-immunity and
hypothalamic-pituitary-adrenal suppression [6]. Therefore, there is an
urgent need to develop effective and safe therapeutic interventions for
managing or providing supplementary treatment for AD.

Abbreviations: AD, Atopic dermatitis; Bax, B-cell lymphoma 2-associated X protein; COX-2, Cyclooxygenase-2; DCFH2-DA, 2,7-dichlorodihydrofluorescin diac-
etate; DNCB, 2,4-Dinitrochlorobenzene; IFN-y, Interferon-gamma; IL-1p, Interleukin-1 beta; MyD88, Myeloid differentiation primary response protein 88; PARP, Poly
ADP-ribose polymerase; ROS, reactive oxygen species; TLR4, Toll-like receptor 4; TNF-a, Tumor necrosis factor- alpha.
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In the pathogenesis of atopic dermatitis, inflammation and apoptosis
play pivotal roles. In normal skin tissue, the epidermal layer expresses
low levels of Fas cell surface death receptor (Fas) and Fas ligand (FasL)
[7]. Notably, atopic dermatitis patients exhibit elevated levels of Fas and
FasL [8], which are integral components of the apoptosis pathway [9].
Research has revealed that keratinocyte apoptosis initiates the pro-
gression of atopic dermatitis [10,11], leading to the disruption of the
epidermal and vesicular structure. Furthermore, proinflammatory fac-
tors Tumor Necrosis Factor-alpha (TNF-a) and Interferon-gamma
(IFN-y) promote the activation of the Fas/FasL system, inducing kera-
tinocyte apoptosis [10].

The Toll-like Receptor 4/Myeloid Differentiation Primary Response
88 (TLR4/MyD88) signaling pathway orchestrates the release of cyto-
kines and has been implicated in the progression of atopic dermatitis
[12]. Within this pathway, proinflammatory factors and cytokines, such
as Cyclooxygenase-2 (COX-2), Interleukin-6 (IL-6), and IL-1f, are
released [13]. COX-2 is an enzyme that catalyzes the conversion of
arachidonic acid into various substances, including prostaglandins,
prostacyclin, and thromboxane. It is associated with inflammation and
infection. [14]. IL-1f and IL-6, pro-inflammatory cytokines, are the
major cytokines secreted by keratinocytes [15]. Previous studies indi-
cate that IL-6 and IL-1f are linked to the Th2-type immune response and
disease progression in atopic dermatitis [16].

Therapies for atopic dermatitis patients can potentially result in
adverse side effects [17,18]. Consequently, numerous studies are
focusing on the effects of natural compounds in managing atopic
dermatitis [19]. Hinokitiol, also known as p-thujaplicin, is an essential
oil derived from Cupressaceae known for its anti-inflammatory, anti-
bacterial, and apoptosis-regulating properties [20,21]. Hinokitiol has
been shown to enhance antioxidant-related enzymes and reduce
inflammation-related indicators [22]. Its apoptotic regulatory effect has
also been extensively documented [23,24]. Furthermore, when incor-
porated into shampoo and applied as an ointment, hinokitiol exhibits
antibacterial effects in atopic dermatitis patients [25]. Despite these
recognized effects, the impact of hinokitiol on inflammatory and
apoptotic regulation in atopic dermatitis remains unclear. Therefore,
our hypothesis in this study is to investigate whether hinokitiol exerts an
anti-inflammatory effect in vivo and an anti-apoptotic effect in vitro.

2. Materials and methods
2.1. Reagent

Hinokitiol and 2,4-Dinitrochlorobenzene (DNCB) were purchased
from Sigma (St Louis, MO, USA). Recombinant Human TNF-a and Re-
combinant Human IFN-y were purchased from Peprotech (London, UK).

2.2. Animals treatment

All animal care and experimental procedures strictly adhered to
guidelines and regulations approved by the Institutional Animal Care
and Use Committee at Taipei Medical University (No. LAC2023-0082).
Five-week-old female Balb/c mice were procured from BioLasco Co.,
Ltd. The animals were housed in a temperature-controlled room (22 +
1 °C) with a 12-hour light-dark cycle, provided ad libitum access to
water, and given a regular chow diet under specific-pathogen-free
conditions. After a one-week acclimation period, the mice were anes-
thetized with Zoletil 50 and Ropum via intraperitoneal route. Dorsal
skin hair was removed during anesthesia using both hair remover cream
and an electronic hair remover device. The study protocol was refer-
enced from a previous study. [26,27]. The dorsal skin underwent a
challenge with 100 pL of 0.5% DNCB (acetone: olive oil (3:1)) for three
consecutive days during the sensitization phase in the first week of the
experiment. Subsequently, 100 pL of 1% DNCB was applied to the skin
three times weekly for the following four weeks. In addition, both ears
were challenged with 20 pL of 1% DNCB throughout the four-week
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duration, and the mice’s ear thickness was monitored on a weekly
basis. The mice received hinokitiol (50 pL) via oral gavage five times per
week for four weeks. The hinokitiol preparation involved using 0.5%
sodium carboxymethyl cellulose (CMC-Na) as the vehicle, which was
gently mixed before gavage (Fig. 1).

2.3. Modified SCORAD evaluation

We conducted a modified SCORAD (scoring dermatitis) assessment
following the methodology outlined in a previous study [26]. Modified
SCORAD scores were employed to evaluate changes in skin severity
during hinokitiol intervention. Under group-blinding conditions, we
comprehensively assessed skin and ear severity, evaluating six symp-
toms: redness (0—3), swelling (0—3), oozing or crusting (0—3),
scratching marks (0—3), skin thickening (0—3), and dryness (0—3). The
severity of each symptom was scored, with higher scores indicating
more severe symptoms.

2.4. Histological analysis

The spleen, ear and skin sample were fixed in 4% paraformaldehyde,
which embedded in paraffin was outsourced to BIO-CHECK LABORA-
TORIES LTD (New Taipei City, Taiwan) for Hematoxylin and Eosin
(H&E) staining process.

2.5. ELISA

The quantification of serum IgE (Biolegend, San Diego, California,
USA) and IL-6 (Abcam, Cambridge, UK) levels was conducted using a
commercially available ELISA kit in strict adherence to the manufac-
turer’s provided protocol. Absorbance readings were recorded at both
450 nm and 570 nm using a microplate reader (Molecular Devices, San
Jose, CA, USA).

2.6. Western blot analysis

The cells and animal tissue were lysed in RIPA lysis buffer composed
of protease and phosphatase inhibitors (Roche, Mannheim, Baden-
Wiirttemberg, Germany). Then, quantify the protein by bicinchoninic
acid (BCA) assay, and sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) with 95 voltages and 2 h transfer to a poly-
vinylidene fluoride (PVDF) membrane. The membrane was blocked in
5% bovine serum albumin (BSA) solution for 1 h. Afterwards, the
membranes were incubated with the primary antibodies TLR4 (1:1000;
Abcam, Cambridge, UK), MyD88 (1:1000; Cell Signaling, Boston, MA,
USA), COX-2 (1:1000; BD bio), IL-1f (1:1000, Genetex), CD80/B7-1
(1:1000, Proteintech, Rosemont, IL, USA), CD206/MRC1 (E6T5J)
(1:1000, Proteintech, Rosemont, IL, USA), Bax (1:1000,Cell Signaling),
Bcl-2 (1:500; Santacruz), Cytochrome-c (1:1000, Cell Signailing) Cas-
pase-3 (1:1000, Cell Signaling), PARP (1:1000; Cell Signaling), and
B-actin (1: 1000; Santacruz) at 4 °C overnight and then incubate with
horseradish peroxidase (HRP)-conjugated secondary antibody (1:
10,000) at room temperature for 2 h. The signals were captured by an e-
Blot Touch Imager (eBlot Photoelectric Technology, Shanghai, China).
The band densities were determined using the Image J software program
(NIH, Bethesda, MD, USA).

2.7. Cell cultures

The Human Immortalized Keratinocyte Cell Line (HaCaT) were
purchased from ATCC. HaCaT were cultured in DMEM/ F12 supple-
mented with 10% FBS and antibiotics composed of 100 U/ML penicillin,
amphotericin B and streptomycin in a humidified incubator at 37 °C
with 5% CO,. After the cells attached to the cell culture dish, the cells
were pretreated different concentration of hinokitiol (1, 5, 7.5, 10 pM)
for 24 h, then change the medium to 20 ng/ML of human recombinant
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Control (C): Acetone/olive oil (3:1) + CMC-Na
Model (M): DNCB + CMC-Na
Model + low dose hinokitiol (ML): DNCB + hinokitiol 10 mg/kg
Model + high dose hinokitiol (MH): DNCB + hinokitiol 25 mg/kg
High dose hinokitiol (H): Acetone/olive oil (3:1) + hinokitiol 25 mg/kg

Hinokitiol treatment (oral gavage)
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Fig. 1. The flow chart of animal experiment.

TNF-a (Peprotech) and human recombinant IFN-y (Peprotech) for 24 h.
2.8. Cell viability

The cell viability of hinokitiol under TNF-a and IFN-y induction (AD
model group) were measured by (3-[4,5-dimethyl-2-thiazolyl]—2,5-
diphenyl-2 H-tetrazolium bromide) (MTT) assays. The medium were
removed and replaced by culture medium supplemented with 1 mg/mL
MTT, and incubate for 1.5 h. Then remove the medium and dissolve the
crystal formazan in 100 pL dimethyl sulfoxide (DMSO; ECHO Chemical
Co. Ltd., Taipei, Taiwan). The absorbance at 570 nm and 630 nm were
measured by microplate reader (Molecular Devices, San Jose, CA, USA).

2.9. Crystal violet staining

We also employed crystal violet staining for cell viability analysis.
Firstly, the medium was removed, and the cells were fixed with meth-
anol for 10 min. After fixing the cells, we incubated them with a crystal
violet solution (0.5%; Sigma-Aldrich, St Louis, MO, USA) for 20 min.
Finally, we rinsed the plate to remove any excess staining residues. The
area density was measured using the Image J software program (NIH,
Bethesda, MD, USA).

2.10. ROS assay

We used 2,7-dichlorodihydrofluorescin diacetate (DCFH3-DA)
staining assay to determine ROS production. After remove the medium,
we added 20 pM DCFH,-DA and incubated it for 30 min. We measured
the excitation wavelength at 492 nm and emission at 515 nm.

2.11. Data and statistical analysis

Using Graphpad Prism 8 software to analysis the data, data represent
as mean =+ standard error of the mean (SEM) in animal study, and mean
+ standard deviation (SD) in cell culture study. One- way ANOVA follow
by Tukey post-hoc test to analyze the difference among different animal
groups. p < 0.05 was considered statistically significant.

3. Results

3.1. Hinokitiol alleviates the skin abnormality in atopic dermatitis mice
model

We assessed the modified SCORAD scores based on ear and skin
severity before sacrifice, with scores ranging from 0 to 3; higher scores
indicated more severe skin conditions. Fig. 2A illustrates ear
morphology, while Fig. 2B depicts skin morphology at week 4. In the M

A C
(A) H C M ML MH H ©
g 159 o
£
g
i
10~ > i
(8) § : *
H » S| Ie
5
& ]
2
§ 0'4 T 1 1 *'
L’ C M ML MH H

Fig. 2. Effect of Hinokitiol on SCORAD (Scoring atopic dermatitis) evaluation in atopic dermatitis mice. (A) The ear and (B) skin photos were captured. (C)
The SCORAD was evaluated, wherein the dorsal skin and ear were scored for redness, swelling, oozing (or crusting), scratching marks, skin thickening, and dryness,
with grades ranging from 0 to 3. C: control, M: DNCB-induced model, ML: DNCB-induced model combined with 10 mg/kg of hinokitiol, MH: DNCB-induced model
combined with 25 mg/kg of hinokitiol, H: 25 mg/kg of hinokitiol treated group. Data were presented as mean + SEM, with one-way ANOVA employed to compare
the differences between groups. *** p < 0.001 compared with control, ### p < 0.001 compared with the model (n = 10).
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group, both skin and ear exhibited characteristics of redness, swelling,
crusting, scarring, and increased thickness compared to the control
group (C). However, in the ML and MH groups treated with hinokitiol,
there was a noticeable alleviation of these skin abnormalities (Fig. 2A,
B). To quantify the severity differences between groups, we utilized the
Modified SCORAD, incorporating assessments from nine different ob-
servers. The scores demonstrated a significant increase in the M group,
while there was a notable decrease in both ML and MH groups (Fig. 2C).
In summary, the M group exhibited more pronounced severity in both
ear and skin conditions, and treatment with hinokitiol led to a
discernible improvement in skin severity.

3.2. Potent immune regulation ability of hinokitiol

After sacrifice, we conducted organ weight measurements normal-
ized to body weight. The heart, lung, and kidney weight indices showed
no significant differences between the groups (Fig. 3B-D). However, the
liver index exhibited a noteworthy increase in the M group and a sig-
nificant decrease in the ML group (Fig. 3A). Considering the liver’s
pivotal role in immune regulation [28], these results suggest that the AD
group may have activated the immune system, with alleviation observed
in response to hinokitiol treatment. The spleen, acting as a primary filter
for blood-borne pathogens and antigens, plays a crucial role linked to
the immune system [29]. Morphological changes in the spleen were
further examined. Fig. 3E and F illustrate spleen weight changes and
morphology. Both spleen size and weight showed a significant increase
in the M group, while in both ML and MH groups, there was a note-
worthy decrease. Subsequently, HE staining was employed to scrutinize
spleen morphology. Fig. 3G depicts the results, revealing irregular
spleen organization, diminished white pulp, and augmented red pulp in
the M group compared to the C group. In contrast, spleen morphology in
both ML and MH groups more closely resembled that of the C group.
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Serum IgE serves as a crucial biomarker in atopic dermatitis, acknowl-
edged in clinical criteria for the condition [30]. We observed a signifi-
cant increase in serum IgE levels in the M group, which notably
decreased with hinokitiol treatment (Fig. 3H). IL-6, recognized as a
pro-inflammatory cytokine, plays a pivotal role in recruiting and acti-
vating immune cells, especially T-helper 2 (Th2) cells implicated in
Atopic Dermatitis (AD) pathogenesis and influencing the systemic in-
flammatory response [31]. Elevated IL-6 levels were observed in the M
group, while both ML and MH groups effectively reduced IL-6 release.
Collectively, the findings related to the liver, spleen, IgE, and IL-6 levels
suggest that hinokitiol may indeed play a critical role in immune
regulation.

3.3. Effect of hinokitiol on DNCB induced ear morphology change

Application of DNCB to the ear affects its thickness, which we
monitored weekly to track changes. At the study endpoint, the ears of
animals in group M exhibited a red, edematous, and scarred appearance,
which was alleviated by hinokitiol treatment (Fig. 4A). The baseline of
thickness of Ear is not significantly different (Fig. 4C). Throughout the
experiment, there was a significant increase in ear thickness in the M
group at weeks 3, 4, and at the endpoint, while the thickness notably
decreased in both ML and MH groups (Fig. 4B,D). Correspondingly, ear
weight and size displayed congruent patterns with thickness measure-
ments (Fig. 4E,F). Notably, the epidermal and dermal thickness
demonstrated a significant increase in the ML and MH groups, while
exhibiting a significant decrease in the ML and MH groups (Fig. 4G,H).
To further investigate alterations in skin layer thickness, we employed
HE staining. The epidermal and dermal thickness demonstrated a sig-
nificant increase in group M, whereas both ML and MH groups exhibited
a significant decrease in epidermal thickness (Fig. 41).
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Fig. 3. Effect of Hinokitiol on organ weight, spleen morphology change and serum IgE in atopic dermatitis mice. (A) Liver, (B) heart, (C) lung, (D) kidney and
(E) spleen weight was measured by digital scale and normalized to their body weight. (F)The spleen appearance and (G) H&E staining showed the histology change in
spleen. (H) Serum IgE and (I) IL-6 were measured by ELISA kit. C: control, M: DNCB-induced model, ML: DNCB-induced model combined with 10 mg/kg of
hinokitiol, MH: DNCB-induced model combined with 25 mg/kg of hinokitiol, H: 25 mg/kg of hinokitiol treated group. Black arrows: white pulp. Green arrows: red

pulp. Data were represented as mean + SEM, using one- way ANOVA to compare the difference between groups.

#p < 0.05 compared with model group (n = 6-8).

* p < 0.001 compared with control group, and
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Fig. 4. Effect of Hinokitiol in atopic dermatitis mice on ear morphology and histology change. (A) The ear morphology was photographed. (B) The ear
thickness was measured by digital caliper weekly, (C) the baseline and (D) endpoint ear thickness was shown. The (E, F) ear weight was measured by digital scale,
and normalized to their body weight. (G) The ear epidermis and (H) dermis thickness was measured by Image J. (I) H&E staining showed the histology change in ear
epidermal and dermis thickness. C: control, M: DNCB-induced model, ML: DNCB-induced model combined with 10 mg/kg of hinokitiol, MH: DNCB-induced model
combined with 25 mg/kg of hinokitiol, H: 25 mg/kg of hinokitiol treated group. Black arrows: epidermal. Gray arrows: dermis. Green arrows: vessels. Blue arrows:
cartilage. Data were represented as mean + SEM, using one- way ANOVA to compare the difference between groups. *** p < 0.001 compared with control group,

and ###p < 0.001 compared with model group (n = 10).

3.4. Effect of hinokitiol on DNCB induced skin morphology change

Similar to the observations in the ear, notable changes in skin
morphology and thickness were evident in this model. Group M dis-
played a rash, while in both ML and MH groups, signs of recovery were
observed due to hinokitiol treatment (Fig. 5A). To further investigate
alterations in skin layer thickness, we employed HE staining. The
epidermal and dermal thickness showed a significant increase in group
M, whereas both ML and MH groups exhibited a significant decrease in
epidermal thickness (Fig. 5B, D). Additionally, in the MH group, there
was a significant reduction in dermal thickness (Fig. 5C, D), aligning
with the observed changes in ear morphology.

3.5. Effect hinokitiol of macrophage specific marker

CD80 is well-established as a marker for the M1 macrophage
phenotype [32], while CD206 is recognized as indicative of the M2
macrophage phenotype [33]. In our study, CD206 expression in the ear
tissue notably increased, but this increase was significantly reduced in
both the ML and MH groups (Fig. 6B). Conversely, CD80 expression
displayed an upward trend in the M group but significantly decreased
with hinokitiol treatment (Fig. 6A). Intriguingly, both CD206 and CD80
showed a significant increase in the M group, which was markedly
attenuated by hinokitiol treatment (Fig. 6C, D). These findings highlight
an elevation in both CD80 and CD206 protein expressions in the ear and
skin of the M group, with hinokitiol demonstrating a suppressive effect
on their expression levels.
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Fig. 6. Effect of Hinokitiol on CD80 and CD206 protein expression in atopic dermatitis mice. (A) The protein expression of CD80, (B) CD206 in ear; (C) CD80,
(D) CD206 in skin were determined by Western blot and normalized to p-actin. C: control, M: DNCB-induced model, ML: DNCB-induced model combined with 10 mg/
kg of hinokitiol, MH: DNCB-induced model combined with 25 mg/kg of hinokitiol, H: 25 mg/kg of hinokitiol treated group. Data were represented as mean + SEM,
using one- way ANOVA to compare the difference between groups. * p < 0.05, *** p < 0.001 compared with control group, and # p < 0.05, ## p < 0.01 and
###p < 0.001 compared with model group.

3.6. Potent meachanism of hinokitiol on immune regulation analyzed the TLR4/MyD88 pathway. In the ear tissue, the M group
displayed a significant increase in TLR4 protein expression. Addition-
To investigate immune regulation in ear and skin tissues, we ally, both MyD88 and COX-2 expressions exhibited a notable elevation
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in the M group, which was markedly attenuated in both the ML and MH
groups (Fig. 7A-D). Similarly, in the skin tissue, we observed an upward
trend in TLR4 expression within the M group. Moreover, MyD88 and
COX-2 expressions demonstrated a significant increase in the M group
but were notably reduced in both the ML and MH groups (Fig. 7E-H).
These findings collectively indicate that hinokitiol possesses the capac-
ity to mitigate the inflammatory response through its regulatory influ-
ence on the TLR4/MyD88 pathway.

3.7. Cell viability of hinoktiol on HaCaT cell

In our cell culture experiment, various concentrations of hinokitiol
were applied during a 24-hour incubation period to assess its impact on
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cell viability. The in vitro study revealed a marginal decrease in cell
viability at higher dosages of hinokitiol, while it exhibited no discernible
effect on cell viability at lower dosages of intervention (Fig. 8). Notably,
we selected 10 uM as the highest pretreatment dosage for our study.

3.8. Protective effects of hinokitiol under TNF- a and IFN-y induced
model

Through meticulous microscopy, we scrutinized the morphological
alterations induced by hinokitiol in the presence of TNF-a and IFN-y (AD
model). In the AD model group, distinct indications of cellular damage
were evident. Conversely, the hinokitiol pretreatment group exhibited a
notable mitigation of these deleterious effects (Fig. 9A). This visual
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Fig. 7. Effect of Hinokitiol on TLR4/ MyD88 pathway in atopic dermatitis mice. (A) The protein expression of TLR4, (B) MyD88, (C) COX-2 and (D) IL-1§ in ear;
(E) TLR4, (F) MyD88, (G) COX-2, and (H) IL-1p in skin were determined by Western blot and normalized to p-actin. C: control, M: DNCB-induced model, ML: DNCB-
induced model combined with 10 mg/kg of hinokitiol, MH: DNCB-induced model combined with 25 mg/kg of hinokitiol, H: 25 mg/kg of hinokitiol treated group.

Data were represented as mean + SEM, using one- way ANOVA to compare the difference between groups. ** p < 0.01,

and# p < 0.05, ## p < 0.01 and ###p < 0.001 compared with model group.

“p < 0.001 compared with control group,
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Fig. 8. Effect of Hinokitiol on HaCaT cell viability. (A, B) 2 x 10° HaCaT cells were seeding in 6 well plate and treated with hinokitiol for 24 h and evaluate by
crystal violet staining (n = 5). (C) 5000 cells/well were seeded in 96 well plate and evaluated by MTT assay (n = 5) to access the cell viability. Data were represented
as mean + SD, using one- way ANOVA to compare the difference between groups. * p < 0.05 compare with hinokitiol 0 uM.
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Fig. 9. Protective effect of Hinokitiol on TNF- o and IFN-y-induced cell damage in HaCaT cell. 2 x 10° HaCaT cells were seeding in 6 well plate, pretreated
with hinokitiol for 24 h, then using 20 ng/ML TNF-« and IFN-y (AD model) induced for 24 h, (B, C) and the crystal violet staining was shown (n = 5). (D) 5000 cells
were seeding in 96 well plate, pretreated with hinokitiol for 24 h, then using 20 ng/ML TNF-a and IFN-y induced for 24 h used MTT assay (n = 8) to access the cell
viability. Data were represented as mean =+ SD, using one- way ANOVA to compare the difference between groups. ***p < 0.001 compared with control group,
#p < 0.05 and ###p < 0.001 compared with model group. AD Model: 20 ng/ML of TNF-a and IFN-y induced for 24 h.

appraisal is substantiated by the quantitative assessment of cell viability.
Specifically, the AD model group demonstrated a noteworthy reduction
in cell viability, while the hinokitiol pretreatment group manifested a
marked increase (Fig. 9B-D). These concurrent observations substantiate

the protective efficacy of hinokitiol against TNF-a and IFN-y-induced
cell damage.

3.9. Potent mechanism of hinokitiol on increase cell viability

To elucidate the underlying mechanisms governing cell death and its

protective effects, we conducted an analysis of ROS levels and probed
the apoptosis-related pathway. ROS levels exhibited a noteworthy in-
crease in the AD model group but underwent a significant decrease in
the hinokitiol pretreatment group (Fig. 10A). Furthermore, the protein
expression levels of caspase-3, PARP, Bax, and cytochrome c displayed a
substantial increase in the AD model group but saw a marked reduction
in the hinokitiol pretreatment group. Bcl-2, however, did not exhibit
significant variations between the groups (Fig. 10B-F). These findings
collectively reveal hinokitiol’s capacity to modulate ROS levels and
evoke anti-apoptotic effects within the TNF-a and IFN-y-induced AD
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Fig. 10. Effect of Hinokitiol on ROS and apoptosis related protein expression in HaCaT cell induced by TNF-« and IFN-y. 3.5x10° HaCaT cells were seeding
on 6 cm dish, pretreated with hinokitiol for 24 h, then using 20 ng/ML TNF-ua and IFN- y (AD model) induced for 24 h. (A) The DCF fluorescence intensity and the
protein expression of (B)Caspase-3, (C)PARP, (D)Bax, (E)Bcl-2 and (F) Cytochrome ¢ were determined by western blot, and the protein expression were normalized
by B-actin. Data were represented as mean =+ SD, using one- way ANOVA to compare the difference between groups. **p < 0.01 compared with control group,

#p < 0.05 compared with AD model group. c-PARP: cleaved PARP. c-Caspase-

model.
4. Discussion

This study aims to scrutinize the anti-inflammatory and apoptosis-
regulatory properties of hinokitiol on atopic dermatitis through a com-
bination of in vitro and in vivo investigations. Initially, our animal
model experiment demonstrated a notable enhancement in both
appearance and a reduction in skin thickness among subjects treated
with hinokitiol in the atopic dermatitis mouse model. Subsequently,
hinokitiol exhibited a discernible mitigation of inflammation provoked
by the hapten DNCB. Additionally, in vitro analyses indicated that
hinokitiol displayed significant anti-apoptotic effects in conditions

3: Cleaved Caspase-3.AD Model: 20 ng/ML of TNF-a and IFN- y induced for 24 h.

characterized by immune infiltration.

Atopic dermatitis is typified by a Th2-driven immune response,
marked by a compromised skin barrier and persistent scratching, lead-
ing to the release of chemokines promoting type 2 inflammation [34].
This sequence of events initiates the activation of effector cells, resulting
in the release of Th2 cytokines and subsequent B cell activation, ulti-
mately leading to the release of IgE [30]. Elevated IgE levels have been
closely correlated with the severity of atopic dermatitis [35]. Addi-
tionally, immune activation may trigger the elevation of Th2 cytokines
such as IL-6 [36]. To establish our atopic dermatitis model, we applied
DNCB to the dorsal skin and ears of mice, a well-established hapten
known to incite immune responses upon binding with proteins [37]. Our
findings manifest that hinokitiol ameliorated a range of indicators
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reflecting skin condition and notably reduced IgE and IL-6 levels in the
intervention group.

In atopic dermatitis patients, macrophages are known to accumulate
in inflamed skin tissue [38]. Both M1 and M2 macrophage phenotypes
have demonstrated an increase in atopic dermatitis conditions [39,40].
While M1 macrophages are instrumental in orchestrating inflammatory
responses, M2 macrophages are primarily involved in anti-inflammatory
processes. An aberrant elevation in the M1/M2 ratio can precipitate
severe inflammation [41]. Our scrutiny of M1 and M2 macrophage
phenotypes unveiled an augmentation in CD206 and CD80 within the
model group, which subsequently subsided with hinokitiol administra-
tion, aligning with antecedent research findings [39,40]. Additionally,
MyD88 and its downstream inflammatory factors witnessed a reduction
in response to hinokitiol treatment. Collectively, our animal study sub-
stantiates hinokitiol’s potential in immune regulation.

Apoptosis, a pivotal mechanism in atopic dermatitis progression, has
been well-documented in previous studies [42]. Antecedent in-
vestigations have demonstrated hinokitiol’s proficiency in shielding
cells against HyO»-induced apoptosis in cardiomyocytes [43]. In our
study, we induced an immune-infiltrated milieu within a keratinocyte
cell line using TNF-a and IFN-y. Hinokitiol unequivocally exhibited
antioxidant properties, concomitant with a reduction in the expression
of apoptosis-related proteins.

To synopsize, we proffer a working model that delineates the anti-
inflammatory and anti-apoptotic effects of hinokitiol in atopic derma-
titis (Fig. 11). Notably, our study pioneers the investigation of hinoki-
tiol’s oral administration in atopic dermatitis, unraveling its potential in
mitigating inflammation via the TLR4/MyD88 pathway. Furthermore,
in vitro analyses revealed hinokitiol’s ability to augment cell viability
and morphology under TNF-a and IFN-y induction. The modulation of

Invive | (“Hinokitiol ) %

o O

(o

Potent immune regulation Ear morphology change

("Hinokitiol )
N / TLR4

Skin morphology change
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apoptosis-related proteins (bax, cytochrome-c, caspase-3, and PARP)
demonstrated hinokitiol’s potential as an adjunctive treatment for
atopic dermatitis.

The limitations of our study are twofold. Firstly, the absence of a
positive control group hinders our ability to establish a benchmark for
comparison, limiting the contextual interpretation of the observed ef-
fects. Secondly, we acknowledge that liver weight changes may play a
crucial role in the Atopic Dermatitis (AD) model and could potentially
impact liver function [44,45]. Unfortunately, we did not conduct a
thorough examination of changes in the liver within the AD model,
restricting our capacity to comprehensively assess potential systemic
effects and associated hepatic alterations resulting from the experi-
mental interventions. To address these limitations, future studies should
consider incorporating positive controls and conducting a detailed ex-
amination of liver changes, thereby enhancing the robustness and
interpretability of our findings.
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