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Abstract

:

Atopic dermatitis (AD) is increasingly prevalent globally. However, the frequent and prolonged use of corticosteroids, which are commonly employed for AD treatment, carries potential side effects. Korean mistletoe (Viscum album L. var. coloratum), a perennial parasitic plant, has demonstrated various biological effects. In this study, we conducted in vivo investigations to determine whether Korean mistletoe possesses anti-inflammatory effects that play pivotal roles in regulating the pathological mechanisms of AD. BALB/c mice with AD-like skin lesions induced by 2,4-dinitrochlorobenzene (DNCB) were utilized to explore the therapeutic effects of 1% and 2% Korean mistletoe extract (KME) ointments. The KME ointment was topically applied to the dorsal surface of the BALB/c mice, and they were categorized into four distinct groups: normal, DNCB-induced, DNCB-induced with 1% KME ointment, and DNCB-induced with 2% KME ointment. Each assessment parameter employed to evaluate the curative impact of the KME ointment displayed improvement with the application of the 1% KME ointment. While the effects observed were less pronounced than those of the 1% KME ointment, the overall therapeutic outcomes were also evident with the utilization of the 2% KME ointment. The results suggest the potential of Korean mistletoe as a viable therapeutic agent for AD. Further investigations are warranted to elucidate the underlying mechanisms of action.
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1. Introduction


Characterized by incessant itching, dry skin, and a heightened proclivity for infection, atopic dermatitis (AD) is a relapsing inflammatory skin condition that varies over time in its manifested lesions [1,2]. As children grow older, the backs of their knees and fronts of their elbows are most frequently affected; however, the hands and feet tend to be the areas that experience greater prevalence in later childhood [3]. As AD’s prevalence intensifies on a global scale [4], the adult-type of this disorder has experienced noteworthy expansion in recent years [5]. To relieve its symptomatic effects, oral or topical corticosteroids and antihistamines are typically utilized. In more serious cases, phototherapy and immunosuppressive agents such as cyclosporine A may be administered [6]. Finding the pathological mechanism of AD is imperative given that it remains elusive, with no efficacious treatments addressing its fundamental cause. Many studies presently illustrate the mechanism of AD, while other investigations establish that AD may occur owing to insufficient regulation of anti-inflammatory homeostasis [7,8]. Therefore, it can be assumed that one should maintain an appropriate level of anti-inflammatory status for the treatment of AD.



The pathogenesis of AD is chiefly attributed to inflammation, a biological reaction of the host to injurious or microbial stimuli [9,10]. The properly regulated production of pro-inflammatory cytokines and inflammatory mediators serves to diminish the risk posed by pathogens. When not properly regulated, an abundance of pro-inflammatory cytokines and inflammatory mediators can lead to unpleasant situations (e.g., rash, itch, and edema) and certain illnesses [9,11,12].



Pro-inflammatory cytokines or inflammatory mediators are produced when AD incites stimuli such as scratching and infections. Interleukins (ILs), specifically IL-4, 5, and 6, promote the proliferation, maturation, migration, and adhesion of immune cells [13], as well as causing class switching of immunoglobulin (Ig)-E in B cells [14,15,16]. Recent studies have highlighted the involvement of IL-4, IL-5, and IL-6 in AD patients with elevated levels of Ig-E being its major features [17,18,19], and further revealed that tumor necrosis factor-α (TNF-α), prostaglandin E2 (PGE2), inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2) serve as immune mediators and partake in several immune responses related to AD [20,21]. Acute-phase AD is correlated with elevated levels of proinflammatory T helper 1 (Th1) and T helper 2 (Th2) cytokines. IL-4, 5, and 6 predominantly associate with skin inflammation; however, in the chronic phase of AD, skin lesions demonstrate fewer cells expressing IL-4 mRNA coupled with an increased number of cells showing TNF-α and IFN-γ mRNA expression in comparison to acute AD [1].



Acute AD requires the frequent prescription of topical corticosteroids. Corticosteroids, albeit helpful, may result in deleterious effects subsequent to extended administration, including localized skin atrophy and a heightened susceptibility to microbial invasion [22,23]. AD patients are generally worried about using corticosteroids and require treatments that have fewer side effects. With increasing interest regarding non-traditional treatments of AD, researchers have undertaken efforts to design novel treatments using natural products [24]. Natural products such as red ginseng, Sophora flavescens, Centella asiatica, Viola yedoensis, and Morinda citrifolia (Noni) have been discussed as promising remedies for AD [25,26,27,28,29].



Mistletoe, a perennial parasite that grows on various trees such as apple and oak, has been employed for centuries in traditional medicine throughout many nations, particularly those within Europe [30]. Traditionally, European mistletoe (Viscum album L., Loranthaceae) is used as a sedative, anti-spasmolytic, analgesic, cardio-tonic, and anti-cancer agent [31]. More recently, Korean mistletoe (Viscum album L. var. coloratum) has also proven its medicinal value. The main active compounds are lectins, viscotoxins, flavonoids, phenolic acids, sterols, lignans, terpenoids, phenylpropanoids, alkaloids, and fatty acids [32]. It has been observed to cause apoptosis in tumor cells [33], induce antitumor activity [34], affect immune regulation [35], and present antioxidant properties [36]. This study showed the effectiveness of Korean mistletoe for reducing atopic symptoms in vivo using an AD mouse model.




2. Materials and Methods


2.1. Experimental Animals


On obtaining 6-week-old BALB/c male mice from Sam Taco Bio (Osan-si, Republic of Korea), we ensured they were housed in a controlled environment of 23 ± 2 °C temperature, 60 ± 5 °C humidity, and 12 h cycle day/night. The mice had open access to the diets and water supplied by Sam Taco Bio, which were sterilized with an ultraviolet sterilizer and a microfiltration device. The animals were randomly divided into four groups, each containing eight mice: (1) normal control group; (2) 2,4-dinitrochlorobenzene (DNCB; Sigma-Aldrich, St. Louis, MO, USA)-treated group; (3) DNCB and 1% ointment-treated group; and (4) DNCB and 2% ointment-treated groups. The animal tests in this study were performed according to the rules of the Institutional Animal Care and Use Committee at Sunchon National University, Korea (approval code SCNU IACUC-2015-03).




2.2. Preparation of Korean Mistletoe Extract (KME) Ointment


After collecting Korean mistletoe (leaves, stems, and fruit) from Hongcheon-si, Gangwondo in South Korea, we naturally dried it before extracting 10 kg of powder using 200 kg of 70% ethanol (EtOH) at a temperature between 30 and 35 °C over a period of 48 h. The KME ointment used white petrolatum as a base; it contained either 1% or 2% by total weight in KME, respectively. We made an oil phase by mixing all components of the KME ointment (as detailed in Table 1), excluding purified water, and heating this mixture up to 70 °C. We mixed the oil phase and water phase, added KME to this mixture, stirred it with a high-speed stirrer, then cooled it down to 30 °C (Table 1).




2.3. The Triggering and Treatment of AD-Like Cutaneous Lesion in Mice


We induced AD-like skin lesions in BALB/c mice by shaving and allowing their hair to heal for 24 h before administering DNCB. We administered 200 μL of 1% DNCB solution dissolved in acetone–olive oil (3:1) to the shaved dorsal surfaces of the mice three times weekly during the initial week, then shifted to four applications of 200 μL of a 0.4% DNCB solution from day eight until the concluding day of the trial. The treatment began with the application of KME ointment (1% and 2%) on induced AD-like skin lesions, administered daily sans interruption from day 15 to the last day of the trial. Mice were slaughtered at week 6, following the first treatment of DNCB (Figure 1).




2.4. Measurement of the Weight of Mice and Their Spleens


Weekly weighing of mice was conducted over the course of 6 weeks in order to evaluate the influence of KME ointment on body weight. Furthermore, to quantify the weight of the spleen which is a secondary measure of the inflammation reaction, the mice were slaughtered at the end day of the experiment, and spleens were taken and measured.




2.5. Measurement of the Scratching Behavior Frequency


Each week following the application of DNCB and KME ointment, frequency of scratching behavior was gauged by placing mice in cages, then obtaining recordings with a video camera. We gave one point to mice that scratched continuously for a single second, and two points to those that maintained the behavior for 2 s. We monitored and tallied scratching frequencies over a 20 min period, thereby allowing us to calculate and assess each group’s average score.




2.6. Evaluation of the Cutaneous Lesion


We observed five distinct characteristics of the skin lesion for the severity of AD: erythema, pruritus and desiccation, edema and abrasion, ulceration, and lichenification. The individual indicators are rated 0 (no presence), 1 (mild, <20%), 2 (moderate, 20–60%), and 3 (severe, >60%). The cumulative score of such ratings constitutes the dermatitis score, ranging from 0 to 15.




2.7. Histological Examination of Epidermal and Dermal Layers


After sacrificing the mice, we sectioned 15 μm of dorsal skin tissue utilizing a frozen method [37] and stained the segments with hematoxylin & eosin (H&E). Subsequently, we conducted histological examinations to observe the epidermal and dermal layers of the skin. Utilizing a ×400 optical microscope (Nikon, Tokyo, Japan), we measured the epidermal and dermal thickness of skin from random sections. Additionally, utilizing a ×200 optical microscope (Nikon), we stained mast cells infiltrating the dermis and hypodermis with toluidine blue and counted them from selected sections.




2.8. Measurement of the Total Serum IgE and Cytokine Levels


We administered ethyl ether anesthesia to mice, then drew serum from their hearts using a serum separator clot activator tube. Subsequently, we centrifuged the serum and used an enzyme-linked immunosorbent assay (ELISA) set (BD Biosciences, Franklin Lakes, NJ, USA) to measure total IgE and cytokine levels. Tissue Lyse II (PhileKorea, Daejeon-si, Republic of Korea) homogenized mice skin tissue with 0.1 mL tissue protein extraction reagent buffer containing protease to measure the shift in cytokine level of the mice. Utilizing an ELISA set (IL-4, IL-5, TNF-α, and IFN-γ), we measured the cytokines present in the supernatant following centrifugation of the sample. Briefly, we coated microplates with capture antibodies in a coating buffer comprising 0.1 M sodium carbonate at pH 9.0 for an overnight duration at 4 °C. After washing the plate three times with phosphate-buffered saline (PBS) containing 0.5% Tween 20, 1% bovine serum albumin (BSA) in PBS was introduced and incubated for an hour. Subsequently, the sample and standard were added into the plates and allowed to incubate for 2 h. After 5 further washings, the plate was exposed to a working detector for 1 h before being saturated with substrate solution and left undisturbed in a dark room for 30 min; thereafter, 1 M phosphoric acid stop solution was applied and color development was quantitatively evaluated using a microplate reader (Sunrise Technologies, Männedorf, Zürich, Switzerland) at 450 nm wavelength.




2.9. Statistical Analysis


All experiments were conducted in triplicate, and the results were presented as means ± standard deviation (S.D.). Statistical analysis of the data was performed using GraphPad software (version 7.00). Significant differences between groups were determined using a one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison tests for post hoc analysis. Statistical significance was defined as p < 0.05, p < 0.01, and p < 0.001, indicating the level of significance for the observed differences between groups.





3. Results


3.1. KME Ointment’s Impact on the Weight and Spleen Size of Mice


We measured the weights of mice weekly for six weeks to investigate how KME ointment influenced their weight changes. The normal group’s mice, over the course of the experiment, exhibited a consistent rise in weight and gained an average of 27.0 ± 0.9 g; however, the DNCB, 1% ointment, and 2% ointment groups all lost weight over the course of the experiment, losing an average of 1.1 g, 1.4 g, and 1.7 g, respectively. The DNCB group demonstrated a statistically significant weight loss compared to the normal group (p < 0.05), while no significant difference in weight loss was observed between the 1% ointment and 2% ointment groups (Figure 2). We evaluated spleen weights in sacrificed mice to examine the immunological responses produced by DNCB-induced AD. The DNCB mice had significantly higher spleen weights (0.17 ± 0.045 g) than the control mice (p < 0.05). However, as compared to the DNCB group, treatment with either 1% or 2% KME ointment significantly reduced spleen weight (p < 0.05). There was no significant difference in spleen weight between the 1% and 2% KME ointment groups (Table 2).




3.2. Observations in Macroscopic Change


To evaluate the effects of DNCB and KME ointment for clinical skin severity, we used DNCB for the first 3 weeks to induce an AD-like lesion in the skin of BALB/c mice, and thereafter applied 1% and 2% KME ointment on the dorsal skin from week 3 to week 6. Mice were scored on a three-point scale; zero indicated no lesions while three was indicative of the most severe skin lesions. As depicted in Figure 3, the DNCB group had more severe skin lesions upon completion of the six-week treatment than the control group (p < 0.05). One per cent or two percent KME ointment treatment significantly attenuated the increase in clinical skin severity score caused by DNCB (p < 0.05). There was no significant difference in clinical skin severity score between the 1% and 2% KME ointment groups.




3.3. KME Ointment’s Effect on the Frequency of Scratching Behavior


In order to study the effects of KME ointment on the scratching behavior of mice with DNCB-induced AD, we counted the number of times that mice scratched their ears in a 20-min period. The results revealed that the scratching behavior among mice in the DNCB group increased significantly compared with those in the control group four weeks later (p < 0.05). On the contrary, mice with DNCB-induced AD showed a significant reduction in scratching behavior following treatment with 1% or 2% KME ointment (p < 0.05). In terms of scratching behavior, there were no significant differences between the 1% and 2% KME ointment groups (Figure 4).




3.4. Histopathological Observations Change


The skin changes were assessed by performing H&E staining and toluidine blue staining on a group of mice with DNCB-induced AD. According to H&E staining, the control group had the thinnest epidermis and dermis, while the DNCB group had the thickest. The application of 1% KME ointment resulted in a significant decrease in the thickness of both epidermal and dermal layers in mice with DNCB-induced AD compared to normal mice. However, application of 2% KME ointment decreased the thickness of epidermis only (Figure 5a and Table 3). Toluidine blue staining showed that the number of mast cells in the dermis and hypodermis was significantly higher for the DNCB group than for the normal group. Treatment with either 1% or 2% KME ointment significantly reduced the number of mast cells in mice with DNCB-induced AD (Figure 5b and Table 4).




3.5. KME Ointment’s Effect on the Total Serum of IL-4, IL-5, TNF-α, IFN-γ, and IgE


To investigate the effects of KME ointment on the serum levels of Th2-associated cytokines (IL-4 and IL-5), Th1-associated cytokines (TNF-α and IFN-γ), and IgE in mice with DNCB-induced AD, we collected serum from mice in each group and measured the cytokine levels using ELISA. Compared with the controls, mice of the DNCB group demonstrated a significant increase in serum levels of all four cytokines and IgE after treatment for 4 weeks (p < 0.05). Mice with DNCB-induced AD were treated with 1% KME ointment, and all four cytokines as well as IgE serum levels were significantly reduced (p < 0.05). However, the 2% KME ointment only reduced the serum levels of IL-4 and IgE (Figure 6).





4. Discussion


The current study explored the potential of Korean mistletoe as a viable therapeutic agent for AD. The spleen, a lymphoid organ integral to immune function [38], filters blood, removes aged/damaged red blood cells, and produces immune cells [39,40,41]. Enlargement of the spleen may occur in AD owing to factors like inflammation, elevated immune cell counts, and immune cell infiltration into the organ [42]. The enlargement of the spleen can induce fatigue, abdominal pain, and anemia [43]. In DNCB-induced AD mice, KME ointment demonstrated reduced splenic mass, implying the potential to systemically suppress inflammation since the spleen generates T cells, B cells, and dendritic cells [44]. Further, AD elicits scratching mediated by histamine and pro-inflammatory mast cell products [45,46,47]. The results showed that KME ointment significantly reduced the scratching in AD mice, suggesting that KME ointment may have anti-inflammatory effects, which lead us to further investigate the secretion of inflammatory cytokines related to AD.



Inflammatory cytokines play an important part in the pathogenesis of AD. For example, IL-4 and IL-5, which are Th2-associated cytokines, are vital in explaining the progress of AD [48,49]. They facilitate the production of IgE, resulting in activation of mast cells and subsequently inflammation and itching [50]. Likewise, TNF-α and IFN-γ, which are Th1-associated cytokines, have been shown to contribute to the pathogenesis of AD [51], with the former being one of the pro-inflammatory cytokines that plays a role in the promotion of inflammation and tissue damage [52]. IFN-γ is an immunomodulatory cytokine which suppresses IgE production and mast cell activation [53]. IgE is an immunoglobulin that attaches to mast cells, which then release histamine and other pro-inflammatory mediators, leading to inflammation and itching in the skin [54]. The current investigation shows that KME ointment significantly reduced the secretion of IL-4, IL-5, TNF-α, IFN-γ, and IgE in DNCB-induced AD mice. This suggests that KME ointment may have anti-inflammatory and immunomodulatory effects. These findings are consistent with what we previously found.



Another feature of AD is histological changes in the skin [55]. The skin is composed of two thin layers, the epidermis and dermis. The epidermis is the outermost layer of skin that acts as a protective barrier towards the outside environment. Below the epidermis lies another important layer known as the dermis which is composed of connective tissue, blood vessels, and nerve endings [56,57,58]. In AD, the epidermis and dermis become thickened. There are various reasons for this, including inflammation, increased cell turnover, and the production of new collagen.



KME ointment may decrease itching, erythema, and scaling in mice with DNCB-induced AD through reducing the thickness of the epidermis and dermis. This could be further explained by the suppressive effect of KME ointment on mast cell activation which is pivotal to the development of AD. The activation of mast cells triggers the release of different inflammatory mediators, like histamine, cytokines, and proteases [59,60]. Thus, the reduction in inflammation and thickening in both epidermis and dermis by KME ointment may occur through suppressing mast cell activation. However, it remains unclear if this ointment also affects other types of inflammatory cells like eosinophils or neutrophils. These two cell types, apart from their roles in the pathogenesis of AD, actively contribute to the manifestation of AD-like symptoms in animal models [52,61,62]. Thus, it would be interesting to investigate the potential efficacy of KME ointment in suppressing eosinophil and neutrophil counts and activity in mice with DNCB-induced AD.



Our experiments revealed that 1% KME ointment applied topically yielded greater efficacy than 2% KME for mice with DNCB-induced AD. This outcome challenges the prevalent belief that higher drug concentrations lead to heightened effectiveness. One plausible rationale for this finding is that a 2% concentration of KME may be excessively irritating to the skin, potentially triggering inflammation and an increase in pro-inflammatory cytokines, which counteracts the intended anti-inflammatory impact of the KME ointment. Another conceivable explanation is that a 2% KME concentration might be too potent, potentially causing immune system suppression. This, in turn, could heighten susceptibility to infections and impaired wound healing [63,64]. Finally, it is possible that a 1% concentration of KME is the optimal choice for treating AD; hence, higher concentrations of KME may not be required to attain the desired effects. Indeed, current research acknowledges that using lower drug doses can yield superior efficacy in treating certain conditions. This is attributed to a phenomenon known as hormesis. A low-dose stimulation and a high-dose inhibition characterize hormesis, which is a dose–response phenomenon [65,66,67,68]. The effects of KME ointment on AD could potentially follow this hormetic dose–response curve. This suggests that lower doses of KME ointment potentially offer superior efficacy for treating AD, compared to their higher counterparts.



This study indicates that KME ointment has the potential to enhance the skin barrier function and reduce inflammation in AD. Further, it suggests that 1% KME ointment could be optimal for treating AD. However, more research is needed to fully understand these mechanisms.
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Figure 1. Experimental protocol for induction and treatment of AD. The back skin of mice was applied repeatedly with DNCB to induce AD. KME ointment were smeared (1% and 2%) once a day for 4 weeks. AD, atopic dermatitis; DNCB, 2,4-dinitrochlorobenzene; KME, Korean mistletoe extract. 
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Figure 2. Change in body weight in DNCB and KME ointment-treated group. All data are represented by mean ± S.D. (n = 8). DNCB, 2,4-dinitrochlorobenzene; KME, Korean mistletoe extract. 
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Figure 3. Change in clinical skin severity score during KME ointment-smeared mice. (a) The clinical skin severity score was defined as the sum of scores for five clinical criteria: (1) erythema, (2) pruritus and dry skin, (3) edema and excoriation, (4) erosion, and (5) lichenification. (b) The photographs were taken once a week during 6 weeks. All data are represented by mean ± S.D. (n = 8). (* represents significant differences between DNCB and KME ointment-treated group at each week p < 0.05). DNCB, 2,4-dinitrochlorobenzene; KME, Korean mistletoe extract. 
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Figure 4. Effects of KME ointment on scratching behavior The KME ointment was smeared onto the back skin of mice for 4 weeks. All data are represented by mean ± S.D. (n = 8). (*** represents significant differences between DNCB and KME ointment-treated group at each week p < 0.001, ** p < 0.01, * p < 0.05). DNCB, 2,4-dinitrochlorobenzene; KME, Korean mistletoe extract. 
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Figure 5. (a) Histopathology of the skin epidermis and dermis. We compared the thickness of epidermis (e) and dermis (d) in each group. H&E. Mag. = ×100 for all. A: normal, B: DNCB, C: 1% ointment, D: 2% ointment. (b) Mast cells infiltrated in the dermis and hypodermis of each case (arrows). Toluidine blue stain. Mag. = ×100 for all. A: Normal, B: DNCB, C: 1% ointment, D: 2% ointment. DNCB, 2,4-dinitrochlorobenzene. 
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Figure 6. Production of serum (a) IL-4, (b) IL-5, (c) TNF-α, (d) IFN-γ, and (e) IgE of DNCB-induced AD mice. *** represents significant differences between DNCB and KME ointment-treated group p < 0.001. DNCB, 2,4-dinitrochlorobenzene. 
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Table 1. Composition of white petrolatum-based Korean mistletoe extracts ointment.
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	Components
	Part by Weight (%)





	Korean mistletoe extracts
	1.00/2.00



	White petrolatum
	34.20



	White wax
	5.40



	Propylene glycol
	17.89



	Lecithin
	3.60



	Propyl paraben
	0.018



	Methyl paraben
	0.018



	Purified water
	To 100










 





Table 2. Spleen weights of each group. * represents significant differences between DNCB and KME ointment-treated group p < 0.05. DNCB, 2,4-dinitrochlorobenzene; KME, Korean mistletoe extract.
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	Group
	Spleen Weight (g)





	Normal
	0.102 ± 0.012



	DNCB
	0.194 ± 0.026



	1% ointment
	0.143 ± 0.003 *



	2% ointment
	0.122 ± 0.017 *










 





Table 3. Spleen weights of each group. Thickness of epidermis and dermis. * represents significant differences between DNCB and KME ointment-treated group p < 0.05. DNCB, 2,4-dinitrochlorobenzene; KME, Korean mistletoe extract.






Table 3. Spleen weights of each group. Thickness of epidermis and dermis. * represents significant differences between DNCB and KME ointment-treated group p < 0.05. DNCB, 2,4-dinitrochlorobenzene; KME, Korean mistletoe extract.





	Group
	Normal (μm)
	DNCB (μm)
	1% Ointment (μm)
	2% Ointment (μm)





	Epidermis
	15.5 ± 2.3
	75.4 ± 13.2
	57.0 ± 10.1 *
	46.9 ± 9.6 *



	Dermis
	344.1 ± 49.4
	573.8 ± 92.3
	457.9 ± 64.1 *
	512.6 ± 87.7










 





Table 4. Number of mast cells infiltrated in dermis and hypodermis. ** represents significant differences between DNCB and KME ointment-treated group p < 0.01, * p < 0.05.
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	Group
	Normal
	DNCB
	1% Ointment
	2% Ointment





	Number of mast cells
	17.0 ± 5.6
	92.4 ± 49.3
	30.6 ± 6.5 **
	61.0 ± 19.0 *
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