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A B S T R A C T

Ethnopharmacological relevance: The pharmacological potential of marine organisms remains 
largely unexplored. Ishige Okamurae, commonly known as Pae, is extensively distributed over 
Asia. Its antioxidant, antibacterial, antiobesity, and anti-inflammatory properties are also being 
investigated.
Aim of the study: In most cases of atopic dermatitis, the stratum corneum, the outermost layer of 
the epidermis, is damaged, causing symptoms such as dryness and hyperproliferation of the 
epidermis. In particular, the disruption of cell junctions leads to damage of the skin barrier, 
exacerbating the disease and becoming a target for therapeutic development. Our study aims to 
investigate of Ishige okamurae extract (IOE) and a major compound derived from it, called 
Diphlorethohydroxycarmalol (DPHC), can help strengthen the skin barrier in animals with atopic 
dermatitis induced by 2,4-dinitrochlorobenzene (DNCB).
Materials and methods: In keratinocyte cell lines, HaCaT cells, the cytotoxicity of IOE and DPHC 
was assessed by MTT analysis. The gene expression of skin barrier factors and tight junctions were 
determined by real-time PCR in tumor necrosis factor-α/interferon-γ-stimulated HaCaT cells. In 
addition, JAK/STAT signaling pathway was performed to evaluating the mechanism of drugs by 
Western blot. Next, we studied the effects of IOE and DPHC on the skin of animals with DNCB- 
induced atopic dermatitis. We measured the expression of genes related of the skin barrier and 
tight junctions in their ear tissue.
Results: As a result, IOE and DPHC confirmed that the expression of skin barrier proteins (thymic 
stromal lymphopoietin, filaggrin, loricrin, and involucrin) was improved in the DNCB-induced 
atopic dermatitis model and HaCaT cells. In addition, the expression of tight junction-related 
proteins (claudin, occludin, and tight junction protein-1) were improved.
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Conclusion: IOE and DPHC ameliorated the atopic dermatitis lesions through alleviating the pro- 
inflammatory responses and tight junction protein destruction. Our results suggest that IOE and 
DPHC could be promising candidates for enhancing skin barrier function.

1. Introduction

Maintaining a robust skin barrier function is crucial to balancing water levels and shielding against foreign antigens and allergens 
from the environment. Itching, a fundamental symptom of atopic dermatitis, causes skin scratching, exacerbating epidermal damage 
and skin inflammation resulting in skin barrier destruction. The human epidermis is composed of a middle layer that is distinct from 
the basal layer of the basement membrane and is formed toward the supraspinal layer and the granular layer, and finally the outermost 
stratum corneum. The primary cells of the epidermis, keratinocytes, has a crucial role in preserving the skin barrier by binding specific 
components such as involucrin (IVL), filaggrin (FLG), and loricrin (LOR) [1]. FLG is crucial for maintaining the skin barrier, as it 
contributes to the formation of the outermost layer by aggregating the keratinocyte matrix [2]. FLGs then participate in epidermal 
differentiation, which is an important mechanism that constitutes the skin barrier. Usually, FLG exists in the form of pro-FLG and 
undergoes conversion into FLG via phosphorylation and proteolysis catalyzed by serine proteases [3]. However, due to skin xerosis 
caused by damage and lack of moisture in the skin barrier, FLG undergoes degradation into components that constitute natural 
moisturizing factors, such as free amino acids like sodium pyrolidone carboxylic acid and urocanic acid [4]. IVL and LOR contribute to 
the outer structure of keratinocytes and assist in the maturation process of the epidermis [2]. IVL forms a cross-linked scaffold with 
other proteins [5], and LOR is a protein insoluble within the keratinized cell envelope, Constituting 80 % from the total protein [6]. 
Therefore, these components play important roles in maintaining skin barrier functions and homeostasis. In atopic dermatitis, thymic 
stromal lymphopoietin (TSLP) is generated by epithelial cells, including keratinocytes, and it functions as an activator of inflammation. 
The cytokine TSLP activates myeloid dendritic cells, which in turn triggers an inflammatory Type 2 T helper (Th2) response [7,8]. Skin 
barrier component proteins are dissolved by Th2 cytokines generated by TSLP, such as interleukin (IL)-4, IL-13, and IL-31, which 
results in abnormalities in skin function [9]. Furthermore, a recent study shown that the function of the epidermal barrier is also 
harmed by Th17 cells and Th22-mediated cytokines, such as IL-17 and IL-22 [10]. Th2-mediated cytokines may stimulate Th17 and 
Th22 cells even more, leading to dysfunctions in the epidermal barrier [11]. Therefore, Th2-mediated skin disease mice are an 
appropriate model for research on developing therapeutic agents for skin barrier destruction and dysfunctions. Seaweeds have his-
torically been extensively utilized in Asian nations for their nutritional and therapeutic properties, as they are rich in various natural 
bioactive substances including proteins, sterols, polysaccharides, and polyphenols [12,13,13]. Ishige okamurae is a consumable brown 
seaweed found along the entire southern coast, Jeju Island, Japan, and China, predominantly in the intertidal region of the southern 
coast and Jeju Island. Ishige okamurae exhibit a range of bioactive characteristics, including anti-inflammatory and anti-obesity 
properties [14], antioxidant [15], and anti-aging effects [16]. Diphlorethohydroxycarmalol (DPHC) represents a prevalent bioac-
tive constituent found in Ishige okamurae. According to earlier research, DPHC possesses strong anti-inflammatory [16], anti-diabetic 
[17], antioxidant [18] and anti-melanogenesis properties [19], atopic dermatitis effect [20]. Recent studies have demonstrated that 
Ishige okamurae Celluclast extract offers potent protection against ultraviolet-B (UVB)-induced skin damage and photoaging [21]. 
Another study revealed that a novel glyceroglycolipid isolated from Ishige okamurae improved photoaging and counteracted inflam-
mation in UVB-induced HaCaT cells [22]. Additionally, DPHC has been shown to protect human dermal fibroblasts from UVB-induced 
damage in vitro [23]. However, there are not enough studies on the skin barrier, despite the fact that research on plaque and DPHC is 
being done on a large scale. In this study, animal models with DNCB-induced atopic dermatitis were employed to investigate the 
therapeutic potential of IOE and its key bioactive compound, DPHC, in restoring skin barrier integrity. Specifically, we aimed to assess 
the effect of IOE and DPHC on the breakdown of the epidermal barrier by examining the expression of key skin barrier proteins, 
including FLG, IVL, and LOR, in keratinocytes. Additionally, the study sought to elucidate the underlying molecular mechanisms by 
which these compounds modulate keratinocyte differentiation and inflammatory pathways involving TSLP, Th2 cytokines, and other 
mediators such as IL-17 and IL-22, which contribute to epidermal barrier dysfunction. Through this approach, we aimed to clarify how 
IOE and DPHC function as agents that enhance skin barrier integrity and counteract the effects of AD.

2. Materials and methods

2.1. Cell culture

The HaCaT human keratinocyte cell line was maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10 % heat- 
inactivated fetal bovine serum and 1 % penicillin-streptomycin. The cells were cultured at 37 ◦C under conditions of 90–95 % humidity 
and 5 % CO2.

2.2. Real-time quantitative polymerase chain reaction (Real-time PCR)

Using TRIzol reagent, total RNA was extracted from HaCaT cells and ear tissues from each group. First-strand complementary DNA 
(cDNA) was synthesized using a PrimeScript 1st Strand cDNA Synthesis Kit from Takara Bio Inc., (Shiga, Japan). Quantitative PCR was 
conducted using a Bio-Rad T100 thermal cycler (Bio-Rad, Hercules, CA, USA) following the manufacturer’s protocol. Real-time PCR 
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was performed using a Step One Plus Real-time PCR System with TaqMan probes and TaqMan Real-time PCR Master Mix (Applied 
Biosystems, Foster City, CA, USA. 18s rRNA or GAPDH was used as an endogenous control for normalization. The TaqMan primers and 
probes were purchased from Applied Biosystems, Thermo Fisher Scientific (Table S1).

2.3. Western blotting

Following the extraction of total protein from the cells, 100 μL of cell lysis buffer (Cell Signaling Technology, Danvers, MA, USA) 
was used to lyse the samples. he lysed samples were then vortexed, incubated for 30 min on ice, then centrifuged for 10 min at 4 ◦C at 
13,000 rpm. The supernatants were collected and quantified using a DC protein assay kit (Bio-Rad, Hercules, CA, USA). Subsequently, 
an 8–12 % SDS-PAGE gel was employed to separate equal amounts of protein lysate, which were later transferred onto a poly-
vinylidene fluoride membrane. Following blocking with 5 % bovine serum albumin in tris-buffered saline, the membrane was exposed 
to a primary antibody specific to the target protein, washed, and then treated with a horseradish peroxidase-conjugated IgG secondary 
antibody. The bands were visualized using a West-Queen RTS Western Blot Detection Kit (iNtRON Bio, Seongnam, Korea). The an-
tibodies utilized were procured from Cell Signaling Technology (Table S2).

2.4. Animals

Female BALB/c mice aged 6 weeks were procured from Samtako in Osan, Korea. The mice were provided with unrestricted access 
to standard rodent chow and filtered water throughout the duration of the study. They were housed in a controlled laminar airflow 
setting with a 12-h light/dark cycle, maintained at a temperature of 22 ± 2 ◦C, and a relative humidity of 55 ± 5 %. Each cage 
accommodated five mice. The animal care and experimental procedures adhered to the guidelines outlined by the Public Health 
Service Policy on the Humane Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use 
Committee of the Korea Research Institute of Bioscience and Biotechnology (KRIBB-AEC-20265, KRIBB-AEC-21103).

2.5. Induction of atopic dermatitis-like lesions using DNCB

A cohort of 25 mice was segregated into five distinct groups (n = 5): phosphate-buffered saline (PBS) as the vehicle control, DNCB 
vehicle (PBS), DNCB in combination with IOE at doses of 50 and 100 mg/kg, and DNCB combined with dexamethasone (DX) at a dose 
of 1 mg/kg. The initial phase of sensitization involved the application of DNCB (2 %, 20 μL/ear) once to each ear during the first week. 
Subsequently, both ears of each BALB/c mouse were subjected to DNCB challenge (1 %, 20 μL/ear) twice per week for a duration of 3 
weeks. IOE (at doses of 50 and 100 mg/kg) or DX (1 mg/kg) was orally administered via gavage for five consecutive days per week, 
coinciding with the DNCB challenge. In the case of the atopic dermatitis model, DPHC (25 mg/kg) was used as a substitute for IOE for 
analysis purposes.

2.6. Histological assay

Mouse-ear tissues were preserved by fixation in a 4 % paraformaldehyde solution in PBS with a pH of 7.4. Subsequently, 4 μm-thick 
sections of the paraffin-embedded tissues were subjected to staining using the hematoxylin and eosin (H&E) technique.

2.7. Enzyme-linked immunosorbent assay (ELISA)

Serum IgE levels were assessed through the utilization of ELISA kits manufactured by Thermo Fisher Scientific, located in Waltham, 
MA, USA, in accordance with the provided guidelines. The optical density was quantified at 450 nm employing a microplate reader.

2.8. Statistical analysis

Statistical analysis was conducted utilizing Prism 5 software developed by GraphPad Software in San Diego, CA, USA. The results 
are expressed as the mean ± standard deviation derived from nine separate experiments. Statistical significance was assessed through 
a one-way analysis of variance and subsequent Tukey’s multiple comparisons test.

3. Results

3.1. IOE maintained the skin barrier function and tight junction gene expression in HaCaT cells

We investigated whether the expression of key skin barrier proteins is impacted by IOE in keratinocytes. Pro-inflammatory cy-
tokines such as tumor necrosis factor (TNF)-α and interferon (IFN)-γ induce the generation of TSLP in keratinocytes [24]. It was 
examined if IOE has an impact on TSLP expressed by TNF-α/IFN-γ. Fig. 1 shows how TNF-α/IFN-γ activation enhanced TSLP 
expression, which was subsequently concentration-dependently reduced by IOE. Furthermore, TNF-α/IFN-γ-treated cells exhibited a 
substantial reduction in FLG, LOR, and IVL gene expression when compared with control cells. However, IOE treatment restored 
expression in a dose-dependent manner (Fig. 1). This suggests that IOE restores the skin barrier protein by reducing the expression of 
TSLP. Tight junctions have been reported to perform complementary functions with the stratum corneum as a skin barrier [25,26]. We 
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then examined whether IOE had an impact on the expression of the tight junction-forming proteins such as tight junction-1 (TJP-1), 
occludin (Ocln), and claudin (Cldn). When compared to the control, the TNF-α/IFN-γ treatment dramatically reduced the gene 
expression of Cldn, Ocln, and TJP-1. However, the expression was dose-dependently restored by IOE treatment (Fig. 2A). In addition, 
gene expression of serine palmitoyltransferase (SPT) 1 and 2, as the enzyme that regulates the synthesis of ceramide through de nove, 
was significantly decreased in TNF-α/IFN-γ-treatment compared to control, and IOE treatment restored expression in a dose-dependent 
manner (Fig. 2B). Moreover, TNF-α/IFN-γ treatment led to a substantial increase in ceramidase gene expression as compared to 
control, while IOE therapy resulted in a dose-dependent decrease in expression (Fig. 2B). Ceramide is a representative water-retaining 
substance that encircles keratinocytes, and ceramide is reduced in atopic dermatitis. Thus, a single objective of atopic dermatitis 
treatment may be ceramide production and maintenance. These findings suggested that IOE’s protection of the epidermal barrier had 
an anti-atopic impact.

3.2. IOE suppressed the JAK/STAT signaling pathway in HaCaT cells

Previous studies have reported that TSLP is involved in activation of STAT3 signaling pathway [27]. To investigate the effect of IOE 
on the mechanism of action of improving the skin barrier, the intracellular signaling pathway stimulated by TNF-α/IFN-γ was eval-
uated. When HaCaT cells were activated TNF-α/IFN-γ, they displayed higher signaling molecule phosphorylation. However, IOE 
pretreatment inhibited TNF-α/IFN-γ-induced phosphorylation of JAK2 and STAT3 (Fig. 3, Fig. S4). Furthermore, the phosphorylation 
of JAK2 and STAT3 was markedly reduced by the greatest quantity of IOE. Our findings show that IOE significantly influences atopic 
skin lesions by influencing inflammatory response of keratinocytes.

3.3. IOE ameliorated atopic lesions on DNCB-induced atopic dermatitis mice

We assessed the anti-atopic dermatitis effects of IOE using an animal model of atopic dermatitis produced by DNCB. DNCB is a 
powerful agent for the induction of atopic lesions. As shown in Fig. 4A, mice treated with DNCB had considerably worsened atopic skin 
lesions. Histopathological analysis by H&E staining showed the increases in ear edema and immune cell infiltration. Additionally, after 
receiving DNCB treatment, ear thickness increased (Fig. 4B). On the other hand, oral IOE treatment reduced DNCB-induced atopic skin 
lesions (Fig. 4A and B). Serum IgE levels were measured since they are a prominent feature of lesions from atopic dermatitis. In 
addition, IOE decreased serum total IgE levels in comparison to the DNCB-induced group (Fig. 4C). Therefore, our findings suggest that 
IOE prevents the release of inflammatory mediators associated with atopic dermatitis in mice with DNCB-induced atopic dermatitis.

3.4. IOE regulated the skin barrier function on DNCB-induced atopic dermatitis mice

Next, we investigated at the manner in which IOE affected the expression of TSLP in the ear tissues of atopic dermatitis model mice 
that was induced by DNCB. As shown in Fig. 5, the RNA levels of TSLP were increased by DNCB and decreased by IOE. In addition, the 

Fig. 1. Illustrates the impact of IOE on the expression levels of skin barrier genes in HaCaT cells stimulated with TNF-α/IFN-γ. Skin barrier protein 
levels were assessed through real-time quantitative PCR. Statistical analysis indicated a significant difference (*p < 0.05, **p < 0.01) when 
compared to the TNF-α/IFN-γ-stimulated group.
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effect of IOE on the expression of FLG, LOR, and IVL, which are major constituent proteins of the skin barrier, was investigated at the 
RNA level. When comparing the DNCB group to the normal group, there was a substantial drop in the gene expression of FLG, LOR, and 
IVL. However, the IOE group was able to restore expression in a way that was dose-dependent (Fig. 5).

3.5. DPHC maintained the skin barrier function and tight junction gene expressions in HaCaT cells

In previous findings, IOE demonstrated the anti-atopic impact. Thus, it was determined that DPHC was effective in finding an active 
ingredient that would demonstrate the effectiveness of IOE. We examined whether important skin barrier proteins and TSLP expression 
are impacted by DPHC in keratinocytes. The gene expression of TSLP was significantly increased in the TNF-α/IFN-γ treatment group 
compared to the control group. There was a dose-dependent decrease in the expression of DPHC. In addition, the gene expression of the 
skin barrier proteins FLG, LOR, and IVL was significantly decreased in the TNF-α/IFN-γ treatment group compared to the control 
group. However, DPHC treatment restored expression in a dose-dependent manner (Fig. 6). Then, the impact of DPHC on the 
expression of tight junction proteins was examined in this study. The gene expression levels of Cldn, Ocln, and TJP-1 were significantly 
reduced in response to TNF-α/IFN-γ treatment compared to the control group. However, treatment with DPHC led to a dose-dependent 
restoration of their expression levels, as illustrated in Fig. 7A. Furthermore, the gene expression of SPT-1 and SPT-2 was significantly 
decreased following TNF-α/IFN-γ treatment compared to the control group. Yet, DPHC treatment resulted in a dose-dependent re-
covery of their expression levels, as depicted in Fig. 7B. Additionally, the gene expression of ceramidase was markedly elevated in 
response to TNF-α/IFN-γ treatment compared to the control group. Nevertheless, DPHC treatment resulted in a dose-dependent 
reduction in its expression levels, as illustrated in Fig. 7B. These findings suggest that DPHC exhibits anti-atopic properties by safe-
guarding the skin barrier.

Fig. 2. Displays the influence of IOE on the gene expression levels of tight junction and stratum corneum proteins in TNF-α/IFN-γ stimulated HaCaT 
cells. The quantification of skin barrier proteins was conducted using real-time quantitative PCR. Statistical analysis indicated a significant dif-
ference (*p < 0.05, **p < 0.01) when compared to the TNF-α/IFN-γ-stimulated group.

Fig. 3. Demonstrates the impact of IOE on intracellular signal transduction in TNF-α/IFN-γ stimulated HaCaT cells. The cells were pre-treated with 
3 or 30 mg/mL IOE for 1 h before being stimulated with TNF-α/IFN-γ for 30 min. Total protein was extracted using Thermo Fisher total protein 
extraction reagent.
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Fig. 4. Showcases the effect of IOE on skin lesions and IgE levels in a DNCB-induced atopic dermatitis mouse model. (A) The image depicts skin 
lesions on the ears of mice with DNCB-induced atopic dermatitis 24 h after the final DNCB treatment. Ear thickness was measured using a dial 
thickness gauge 24 h post-DNCB induction (B), while serum IgE levels were quantified using ELISA (C). Statistical analysis indicated a significant 
difference (*p < 0.05, **p < 0.01) when compared to the DNCB-treated group.

Fig. 5. Examines the impact of IOE on skin barrier gene expression and production in a DNCB-induced atopic dermatitis mouse model. Total RNA 
was extracted from ear tissues, and the levels of skin barrier proteins such as TSLP, FLG, LOR, and IVL were assessed via real-time PCR. Statistical 
analysis indicated a significant difference (*p < 0.05, **p < 0.01) when compared to the TNF-α/IFN-γ-stimulated group.
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3.6. DPHC suppressed the JAK/STAT signaling pathway in HaCaT cells

To explore the mechanism of action of DPHC, the intracellular signaling pathway stimulated by TNF-α/IFN-γ was evaluated. TNF- 
α/IFN-γ-stimulated HaCaT cells showed an increase in the phosphorylation of signaling molecules. However, pretreatment with DPHC 
suppressed the TNF-α/IFN-γ-induced phosphorylation of JAK2, and STAT3 (Fig. 8, Fig. S5). Moreover, JAK2 and STAT3 phosphor-
ylation was markedly inhibited by the greatest concentration of DPHC. Our findings showed that via regulating keratinocyte in-
flammatory responses, DPHC significantly modulates atopic skin lesions.

Fig. 6. Illustrates the impact of DPHC on the expression levels of skin barrier genes in HaCaT cells stimulated with TNF-α/IFN-γ. The quantification 
of skin barrier proteins was conducted through real-time PCR. Statistical analysis indicated a significant difference (*p < 0.05, **p < 0.01) when 
compared to the TNF-α/IFN-γ-stimulated group.

Fig. 7. Illustrates the impact of DPHC on the tight junction and SPT gene expression levels in TNF-α/IFN-γ-stimulated HaCaT cells. The quanti-
fication of skin barrier proteins was conducted through real-time PCR. Statistical analysis indicated a significant difference (*p < 0.05, **p < 0.01) 
when compared to the TNF-α/IFN-γ-stimulated group.
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3.7. DPHC ameliorated atopic lesions on DNCB-induced atopic dermatitis mice

Using an animal model of atopic dermatitis produced by DNCB, we assessed the anti-atopic dermatitis effects of DPHC. The DNCB- 
treated mice’s atopic skin lesions were noticeably even worse, as Fig. 9A shows. H&E staining histopathological examination revealed 
increased immune cell infiltration and ear edema. Serum IgE levels were measured since they are a prominent feature of lesions from 
atopic dermatitis. In comparison to the DNCB-induced group, DPHC also reduced the blood levels of total IgE (Fig. 9C). Therefore, our 
findings suggest that in mice with DNCB-induced atopic dermatitis, DPHC has an anti-atopic dermatitis effect.

3.8. DPHC regulated the skin barrier function on DNCB-induced atopic dermatitis mice

Next, we investigated to see how DPHC affected the mRNA expression of TSLP in the ear tissue of atopic dermatitis model mice that 
was induced by DNCB. DNCB raised TSLP whereas DPHC lowered it. Furthermore, the impact on the mRNA level of FLG, LOR, and IVL 
expression-three important skin barrier component proteins was examined. When comparing the DNCB group to the normal group, 
there was a substantial drop in the gene expression of FLG, LOR, and IVL. But as shown in Fig. 10, the DPHC group was able to restore 
expression in a dose-dependent manner.

4. Discussion

Atopic dermatitis is accompanied by pathophysiological changes that impair skin barrier function. In this study, using an in vivo 
animal model, we examined the effectiveness of IOE and DPHC on atopic dermatitis. Specifically, we examined whether IOE or DPHC 
generated from Ishige okamurae might enhance the recovery of skin barrier function in atopic dermatitis. Atopic dermatitis is char-
acterized by dry skin and disruption of the skin barrier. Epithelial cells in the skin stimulated by antigen exposure release factors such 
as TSLP to trigger Th2 immune responses and inflammatory mediators such as cytokines and chemokines [8,28]. IgE is a crucial 
component that is generated by B cells that have been stimulated by Th2 cytokines and is involved in Th2 immune responses [29]. 
Thus, TSLP and serum IgE levels can be the target for the treatment of atopic dermatitis. In this study, both TNF-α/IFN-γ-treated HaCaT 
cells and DNCB-induced atopic dermatitis animal models exhibited significant increases in the expression of TSLP and serum IgE, 
which are key indicators of inflammatory and allergic responses. These elevated levels suggest a heightened inflammatory state and a 
disruption of skin barrier integrity in both models. However, treatment with IOE or DPHC resulted in a notable, dose-dependent 
reduction in TSLP expression and serum IgE levels compared to the TNF-α/IFN-γ-treated or DNCB-induced groups (Figs. 4 and 9). 
Specifically, higher concentrations of IOE and DPHC corresponded to more pronounced decreases in these markers, suggesting an 
inhibition of the inflammatory pathways associated with atopic dermatitis. These findings indicate that both IOE and DPHC may exert 
therapeutic effects by modulating immune responses, reducing inflammatory cytokines, and restoring the disrupted skin barrier in 
atopic conditions. Therefore, IOE and DPHC could be promising candidates for the development of treatments targeting atopic 
dermatitis and other inflammatory skin disorders.

The overexpression of inflammatory cytokines combined with atopic dermatitis causes impairment of skin function by disrupting 
tight junction proteins (Cldn, Ocln, and TJP-1) and cell-to-cell binding proteins (FLG, LOR, and IVL) [26]. In the present study, the 
DNCB-induced atopic dermatitis group exhibited significantly reduced levels of key skin barrier proteins, including FLG, LOR, and IVL, 
compared to the normal group. These proteins play a crucial role in maintaining skin barrier integrity, and their reduced expression 
correlates with compromised skin function and the manifestation of atopic dermatitis symptoms, such as itching. However, treatment 
with IOE or DPHC led to a marked restoration of FLG, LOR, and IVL levels in the DNCB group, indicating a recovery of skin barrier 
function and an improvement in atopic dermatitis symptoms (Figs. 5 and 10). Similarly, in HaCaT cells, which serve as an in vitro 
model for studying skin barrier-related proteins, TNF-α/IFN-γ treatment resulted in a significant decrease in the expression of FLG, 
LOR, and IVL compared to the untreated control. This reduction mirrors the inflammatory response and barrier dysfunction observed 
in atopic dermatitis. However, IOE and DPHC treatment restored the levels of these proteins in a dose-dependent manner, further 
reinforcing their potential role in enhancing skin barrier integrity and mitigating inflammatory damage (Figs. 1 and 6). These findings 
suggest that IOE and DPHC promote the recovery of skin barrier proteins, contributing to the alleviation of atopic dermatitis symptoms 
and restoration of epidermal homeostasis. To close the gap between cells and attach them to one another, tight junctions are found 
underneath the stratum corneum [30]. It has been documented that atopic dermatitis-induced damage to tight junctions can trigger a 
Th2-mediated immune response [31]. The expression levels of tight junction proteins, including Cldn, Ocln, and TJP-1, were assessed 
in HaCaT cells to evaluate their role in maintaining skin barrier integrity. Upon treatment with TNF-α/IFN-γ, there was a significant 
reduction in the expression of these tight junction proteins compared to the control group, indicating impaired tight junction function 
and compromised skin barrier integrity. However, treatment with IOE or DPHC led to a dose-dependent restoration of Cldn, Ocln, and 
TJP-1 expression (Figs. 2A and 7A). These results suggest that IOE and DPHC help repair tight junctions, contributing to improved skin 
barrier function and potentially alleviating inflammatory responses in conditions such as atopic dermatitis. Ceramides play an 
important role in maintaining the lamellar integrity of the epidermal barrier [32]. Ceramides depletion has been proposed as a 
causative element for breakdown of the epidermal barrier, which in turn causes clinical manifestations of dullness and dryness such 
epidermal hyperplasia in the atopic dermatitis epidermis [33,34]. The expression of serine SPTs, key enzymes involved in ceramide 
biosynthesis, was also evaluated in HaCaT cells. Ceramides are essential lipids that play a crucial role in maintaining skin barrier 
integrity and hydration. The results showed that TNF-α/IFN-γ treatment significantly reduced SPT expression, which likely contributed 
to a decrease in ceramide production and subsequent impairment of the skin barrier. However, treatment with IOE or DPHC led to a 
dose-dependent increase in SPT expression (Figs. 2B and 7B). This suggests that IOE and DPHC can restore ceramide synthesis by 
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upregulating SPT expression, thereby enhancing skin barrier function and helping to alleviate inflammatory damage associated with 
atopic dermatitis. Th2 cytokines have been shown to induce JAK/STAT3 phosphorylation and activation, which in turn 
down-regulates barrier proteins in keratinocytes [35,36]. In our study, we examined whether it prevents JAK/STAT3 from being 
phosphorylated and activated. It was established that IOE and DPHC reduced the phosphorylation of JAK/STAT3. These findings 
indicate that IOE and DPHC suppress the JAK/STAT3 signalling pathway, improving skin barrier function (Figs. 3 and 8). Taken 
together, these findings suggest that IOE holds promise as a potential therapeutic agent for restoring skin barrier function compromised 
by atopic dermatitis. Furthermore, we propose that DPHC, derived from Ishige okamurae, is a promising option for the management 
and treatment of atopic dermatitis.

Fig. 8. Shows the effect of DPHC on intracellular signal transduction in TNF-α/IFN-γ-stimulated HaCaT cells. Prior to being stimulated with TNF- 
α/IFN-γ for 30 min, HaCaT cells were pre-exposed to either 10 or 60 mg/mL of DPHC for a duration of 1 h. Subsequently, total protein was isolated 
using the Thermo Fisher total protein extraction reagent. Statistical analysis indicated a significant difference (*p < 0.05, **p < 0.01) when 
compared to the TNF-α/IFN-γ-stimulated group.

Fig. 9. Shows the effect of DPHC on skin lesions and IgE levels in a DNCB-induced atopic dermatitis mouse model. (A) Displays skin lesions on the 
ears of mice afflicted with DNCB-induced atopic dermatitis, with the image depicting the condition of the ear skin 24 h post the final DNCB 
treatment. (B) Demonstrates the measurement of ear thickness utilizing a dial thickness gauge 24 h following the initiation of DNCB. (C) Showcases 
the quantification of serum IgE levels through ELISA. Statistical analysis indicated a significant difference (*p < 0.05, **p < 0.01) when compared to 
the DNCB-treated group.
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