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Editorial on the Research Topic 
Targeting Human Inflammatory Skin Diseases With Natural Products: Exploring Potential Mechanisms and Regulatory Pathways

INTRODUCTION
For decades, researchers have explored the potential of natural products with immunomodulatory and antioxidant effects for targeting human skin diseases. Skin diseases can be caused by multiple factors including exposure to allergens, genetic inheritance, as well as autoimmune responses, and they cause major health concerns. The use of natural products is gaining popularity due to their long history of use and as a potential source of biologically active agents with anti-inflammatory, immunomodulatory, antioxidant, and chemo-preventive effects. Thus, natural products are continuously being explored for targeting multiple signaling pathways and acting as potential bioactive agents for targeting skin diseases. In this Research Topic, a total of eleven articles were published, illustrating the immunomodulatory mechanisms and regulatory pathways of diverse natural products and their formulations in targeting human skin diseases.
NATURAL PRODUCTS–HERBAL FORMULATIONS AND BIOACTIVE AGENTS
There is growing interest in the search for novel, effective and safe herbal formulations derived from combinations of medicinal plants which contain active ingredients with multiple effects. The potential of herbal formulations in dermatological applications for the treatment of psoriasis, atopic dermatitis, contact dermatitis, oral ulcers and many other inflammatory skin diseases were highlighted. Herbal medicines are formulated in various forms, including topical agents such as ointment, creams, and emulsions, as well as in oral forms like capsule, tablet, and soup. Lee et al. reported that Chijabyukpi-tang (CBT), an oriental herbal formula traditionally shown to treat eczema, has shown to improve atopic dermatitis-associated symptoms in 2,4-dinitrochlorobenzene (DNCB) treated mice. Lee et al. demonstrated that Socheongryong-tang (SCRT), a traditional formulation originating from East Asia that has been used for treating respiratory and allergic diseases, reduced dependence on steroidal ointment in patients with mild-moderate atopic dermatitis without any significant toxicity effects. On the other hand, LiangXueJieDu (LXJD), an herbal formula that has been commonly used in China to treat psoriasis vulgaris, was also shown to suppress IMQ-induced psoriasis-like lesions in mice (Zhao et al.). Besides, Jo et al. identified the potential of Derma-H which has been used as traditional herb for treating swelling, dryness, and itchiness, to inhibit skin hyperplasia and mast cell infiltration in DNCB-induced allergic contact dermatitis in mice.
Herein, Chen et al. reported that Kouyanqing Granule (KYQG) reduces sleep-deprivation-induced symptoms in oral ulcers by regulating neuro-immunoendocrine system, oxidative stress levels, and tryptophan metabolism. Kuai et al. revealed the mechanisms of Taodan granules (TDGs) in inhibiting keratinocyte cell growth and inflammatory responses to suppress psoriasis symptoms in IMQ-induced mice. Apart from the improvement of inflammatory reactions in skin lesions, another research reported by Gan et al. has shown that burn ointment (BO), a traditional Chinese medical formulation, can be used to promote cutaneous wound healing due to its antimicrobial and anti-inflammatory qualities. Meanwhile, phenolic phytochemicals such as xanthones and flavonoids which comprise oxygenated heterocycles structures are well-known antioxidants with multi-targeting mechanisms. Many studies reported that prenylated α- and γ-mangostin, glucosylated mangiferin and xanthone gambogic acid can be used for treating skin diseases (Gunter et al.). Zhang et al. identified the role of isovitexin, a flavonoid found in the leaf of Celtis sinensis, in ameliorating contact dermatitis. Other key metabolites from microalgae including carotenoids, astaxanthine and lutein known to possess anti-inflammation and anti-oxidative properties are also used in the remedy of various skin diseases (Choo et al.). Despite the promising therapeutic effects, natural products were limited in terms of their stability, solubility, and bioavailability. The development of novel delivery approaches, such as micro- and nano-emulsions, nanocarriers, microneedles, and cryogels could help to alleviate these limitations (How et al.; Xie et al.). These strategies could help to achieve the therapeutic effect through its delivery to the skin lesions and interact with underlying immune cells and inflammatory mediators.
REGULATING IMMUNO-PATHOGENESIS OF SKIN DISEASES–PATHWAYS AND MECHANISMS
Inflammatory skin diseases are mostly characterized by skin lesions with systemic manifestations. The immune system plays a crucial pathogenetic role. Mechanistically, immune mediators that trigger molecular changes in the local tissue cells are driving inflammatory responses (Richmond and Harris, 2014; Schön, 2019). Translational immunology has contributed significantly to the understanding and controlling of inflammatory skin diseases. Therapeutics targeting IL-23 and IL-17 are approved for clinical use and they showed high efficacy (Gaffen et al., 2014; Ghoreschi et al., 2021). The detailed mechanism of natural products in targeting immuno-pathogenesis of skin diseases have been reported.
Herein, the LXJD formula was shown to inhibit keratinocyte proliferation and suppressed CD3+ T cells infiltration in IMQ-induced mice. LXJD formula treatment suppressed IL-1β, IL-6, TNF-α, COX2 by regulating several signaling pathways including MAPK, PI3K/AKT, and NF-қB (Zhao et al.). Meanwhile, CBT suppressed serum immunoglobulin E (IgE) levels and pro-inflammatory cytokines (IL-4 and IL-6) and chemokines (IL-8 and CXCL10) expression in DNCB-treated mice with AD-like lesions (Lee et al.; Lee et al.). Mechanistically, CBT activates Nrf2 and HO-1 signaling in HaCaT cells stimulated with TNF-α/IFN-γ. Derma-H, a mixture that contains Astragalus membranaceus Fisch. ex Bunge and Nepeta tenuifolia Benth, inhibit Th2-mediated cytokines expression and suppress NGF-TrkA signaling, all which improved the skin lesions in DNCB-treated mice (Jo et al.).
It has been reported that KYQG inhibit systemic inflammation by reducing the expression of TNF-α, IL-1β, IL-6, IL-18, and MCP-1 (Chen et al.). BO on the other hand have shown to suppress TNF-α and inhibit VEGF and TGF-β1 levels in the serum. As a wound healing agent, BO also resulted in the increase of collagen-I expression, possibly through regulating the PI3K, AKT, and mTOR signaling pathways (Gan et al.). Interestingly, TDGs attenuate IMQ-induced lesions in a psoriatic mouse model and were shown to reduce IL-17a, TNF-α, and NF-κB expression, and upregulation of the Gly- Ser-Thr metabolism axis (Kuai et al.). Isovitexin decrease proinflammatory cytokines (TNF-α, IFN-γ, IL-2 and IL-17A) expression, and modulated the MAPK and STAT signaling pathways as well as SHP2 phosphorylation (Zhang et al.).
SYSTEMATIC EXPERIMENTAL PHARMACOLOGICAL EVALUATION APPROACHES OF NATURAL PRODUCTS
To elucidate the mechanistic pathways targeted by phytochemicals and herbal mixtures, a systematic experimental pharmacological evaluation approach is needed. Natural products which comprise herbal formulation mixtures are most often based on their theory of medicine with multiple ingredients interactions. The complex herbal mixtures along with their pharmacological activity could complicate the understanding of their mechanisms of action. Chemical profiling based on UPLC-MS analysis is the most often used approach in identifying chemical ingredients of natural products extracts and formulations, followed by experimental evaluation of their pharmacological activities in cellular and animal models. Systems pharmacology can be used as an approach to integrate data on oral bioavailability, drug targets prediction and validation, as well as disease network pharmacology. Recent studies have reported the use of in silico ADME (absorption, distribution, metabolism, and excretion) model to select active agents with favorable pharmacokinetic properties (Ru et al., 2014; Yuan et al.). In addition, in-depth metabolomic profiling serves to provide insights into the biological targets regulated by natural products. Gan et al. combined the use of pharmacological and metabolomics approaches in identifying the biomarkers of KYQG. It was highlighted that identification and quantification of absorbed chemicals and its metabolites should be performed to correlate biomarkers targeted in response to their corresponding active constituents.
CONCLUSION
In summary, this Research Topic enhances our knowledge on recent exciting progress in the field of molecular pharmacology of natural products in skin diseases. Herbal formulations and their active constituents can improve inflammatory skin lesions in animal models and human disease patients, and they regulate pro-inflammatory cytokines expression and its corresponding signaling pathways. Furthermore, the combination of technologies between chemical profiling, metabolomics and pharmacodynamics will continue to uncover the mechanisms and regulatory pathways of natural products in targeting human skin diseases.
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Oral ulcers are the most prevalent oral mucosal diseases globally, and no specific treatment schemes are currently available due to the complexity of oral ulcer diseases. Sleep deprivation increases the risk of a deterioration in oral health. Kouyanqing Granule (KYQG) has been used for decades in China to treat inflammatory diseases of the mouth and throat associated with the hyperactivity of fire due to yin deficiency syndrome. However, the mechanisms underlying the effects of KYQG in the treatment of oral ulcers are still unclear. The aims of this study were to investigate whether KYQG treatment could attenuate the symptoms of oral ulcers worsened by sleep deprivation and identify the involved metabolic pathways. First, we conducted chemical profiling of KYQG via UPLC–MS analysis. We then combined pharmacological and metabolomics approaches in a phenol-induced rat model of oral ulcers worsened by sleep deprivation. A total of 79 compounds were initially identified. Our observations showed that KYQG treatment induced a significantly higher healing rate in oral ulcers worsened by sleep deprivation. KYQG significantly reduced the levels of 5-HT and GABA in serum, and only decreased the 5-HT level in brain tissue after phenol injury followed by sleep deprivation. Moreover, KYQG administration significantly suppressed systemic inflammation by inhibiting TNF-α, IL-1β, IL-6, IL-18, and MCP-1. Immunohistochemical analysis further revealed that KYQG inhibited IL-6 expression in buccal mucosa tissues. KYQG treatment also significantly decreased the serum levels of ACTH, CORT, IgM, and 8-OHdG. Serum metabolomics analysis showed that a total of 30 metabolites showed significant differential abundances under KYQG intervention, while metabolic pathway analysis suggested that the altered metabolites were associated with the dysregulation of eight metabolic pathways. Taken together, our results indicated that KYQG attenuates the symptoms of oral ulcers worsened by sleep deprivation probably through the regulation of the neuroimmunoendocrine system, oxidative stress levels, and tryptophan metabolism. This study also provides a novel approach for addressing the increased health risks resulting from sleep deficiency using an herbal medicine formula.
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Introduction

Oral ulcers are among the most painful and common mucosal diseases. These conditions have uncertain and complex etiology, including mechanical injuries, immunologic dysregulation, genetic predisposition, hormonal level fluctuations, systemic diseases, microelement deficiencies, nutritional imbalances, microbial infections, allergic factors, adverse drug reactions, and psychological stress (Scully and Shotts, 2000; Guimaraes et al., 2007; Akintoye and Greenberg, 2014). The breakdown of immune regulation at mucosal sites plays a crucial role in the development of oral ulcers. Recurrent aphthous stomatitis (RAS) is one of the most common oral ulcer diseases, and it has a prevalence in the general population that ranges between 5% and 60% (Taylor et al., 2014). Oral ulcers usually expose nerve endings in the underlying lamina propria and can severely affect patients’ quality of life. Due to their complexity, no specific or ideal treatment approach is currently available for the treatment of these diseases.

Traditional Chinese medicine (TCM) formulas are used for oral ulcer therapy, acting through the synergistic effects of multiple constituents. Kouyanqing Granule (KYQG), a TCM formula, comprises parts of five species of herbs, namely, the flower bud of Lonicera macrantha (D.Don) Spreng. (syn. Lonicera macranthoides Hand.-Mazz., 1936) (FL), tuberous root of Ophiopogon japonicus (Thunb.) Ker Gawl., 1807 (TO), root of Scrophularia ningpoensis Hemsl. (RS), tuberous fibrous root of Asparagus cochinchinensis (Lour.) Merr. (TA), and root of Glycyrrhiza uralensis Fisch. ex DC. (RG). In China, KYQG has been used for decades to treat inflammatory diseases of the mouth and throat, such as RAS, traumatic ulcers, oral leukoplakia, and oral lichen planus. KYQG is also recorded in the Chinese Pharmacopoeia of 2015 as a treatment for oral diseases associated with the hyperactivity of fire due to Yin deficiency (HFYD) syndrome (China, 2015). The symptoms of HFYD, a type of TCM syndrome, have characteristics of sleeplessness, thirst, dry mouth, and dysphoria with a feverish sensation (Poon et al., 2012; Jiang et al., 2015). Sleep loss usually leads to HFYD (Yan et al., 2009; Poon et al., 2012). Inadequate sleep is a prevalent issue in today’s society and can increase the risk of numerous disorders, such as cardiovascular disease (Tobaldini et al., 2017), obesity (Fatima et al., 2015), diabetes (Lee et al., 2017), inflammatory bowel disease (Ananthakrishnan et al., 2013), pregnancy complications (Romero and Badr, 2014), hypertension (Pepin et al., 2014), and neurobehavioral and cognitive impairment (Kreutzmann et al., 2015). Epidemiological evidence indicates that a link exists between sleep loss and oral health, such as the increased risk of periodontitis (Lee et al., 2014) and gingivitis (Carra et al., 2017) that results from sleep deprivation. We have previously shown that sleep deprivation exacerbates the symptoms of oral ulcers and delays the healing process in the rat, and that oxidative stress and the neuro-immuno-endocrine system may have roles in worsening oral ulcer symptoms (Chen et al., 2019). However, the mechanisms underlying the therapeutic effects of KYQG against oral ulcers associated with the HFYD syndrome remain poorly understood. To address this, we performed chemical profiling of KYQG via UPLC–MS and investigated the treatment effects and potential mechanisms by combining pharmacological and metabolomics approaches in a phenol-induced rat model of oral ulcers worsened by sleep deprivation.



Materials and Methods


Chemical Profiling Based on UPLC–MS Analysis

The reference standards of lysine, arginine, aspartic acid, and citrulline were purchased from Jianglai Biotechnology co., LTD (Shanghai, China). Chelidonic acid and diosmetin were purchased from Sigma‐Aldrich (St Louis, MO, USA). Phenylalanine, chlorogenic acid, caffeic acid, liquiritin, isoquercitrin, angoroside C, isoliquiritoside, harpagoside, macranthoidin B, luteolin, quercetin, and formononetin were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). KYQG extracts (Batch number: A19M025) were provided by Hutchison Whampoa Guangzhou Baiyunshan Chinese Medicine Co., Ltd (Guangzhou, China), and KYQG was prepared by extracting the five herbs in the following proportion: flower bud of Lonicera macrantha (D.Don) Spreng. (syn. Lonicera macranthoides Hand.-Mazz., 1936) (FL), 26%; tuberous root of Ophiopogon japonicus (Thunb.) Ker Gawl., 1807 (TO), 21%; root of Scrophularia ningpoensis Hemsl. (RS), 21%; tuberous fibrous root of Asparagus cochinchinensis (Lour.) Merr. (TA), 21%; root of Glycyrrhiza uralensis Fisch. ex DC. (RG), 11%, as described in our previous study (Liu et al., 2015). One gram of KYQG extract was ultrasonically extracted with 80% methanol for 30 min. The mixture was precipitated overnight and filtered (pore size 0.22 μm; Jinteng, China) before chemical profiling analyses. The UPLC system was equipped with a Shimadzu CBM-20Alite controller. Chromatographic separation of the sample was conducted on a Dionex Bonded Silica C18 column (4.6 mm × 150 mm, 3 μm; Sunnyvale, California, USA) maintained at 40 °C. The mobile phase consisted of acetonitrile containing 0.1% formic acid (mobile phase A) and water containing 0.1% formic acid (mobile phase B) and the gradient elution program was as follows: 0–7 min, 2 to 10% A; 7–95 min, 10% to 41% A; 95–105 min, 41% to 100% A; 105–115 min, 100% A. The ﬂow rate was 0.3 mL/min, and the sample injection volume was 3 μL. The mass spectral analyses were performed using a hybrid triple quadrupole time-of-flight mass spectrometer (Triple TOF™ 5600+, AB Sciex, Forster City, CA, USA). The electrospray ionization (ESI) source was operated in both positive and negative ion mode with the following settings: ion spray voltage was 5500 V in positive ion mode and 4500 V in negative mode, ion source gas 1 = 55 psi, ion source gas 2 = 55 psi, curtain gas = 35 psi, and collision gas pressure = 10 psi. The components of the KYQG sample were identified via the mass spectrum data, chromatographic retention time (RT), MS/MS fragmentation pathway, and comparisons with available standards, references, and a mass spectral library (Natural Products HRMS/MS Spectral Library, Version 1.0; AB Sciex).



Quantification Analysis

To perform a quantification analysis, 1 mg of KYQG extract was ultrasonically extracted with 9 ml of 50% methanol in volumetric flask (10 ml) for 30 min and then diluted to volume. The mixture was diluted to appropriate concentration filtered through a 0.22 µm filter for quantification analysis. The stock solutions of arginine, liquiritin, chlorogenic acid, harpagoside, luteolin-7-O-glucoside, and glycyrrhizic acid were prepared in methanol and then mixed and diluted to serial concentrations in 50% methanol. Linearity of the method was examined by using the serial mixed standards and the calibration curves were calculated by the least squares linear regression method. The separation of the sample was conducted on a Phenomenex Kinetex C18 100A (2.10mm × 100 mm, 2.6 μm, Torrance, USA). The mobile phase consisted of acetonitrile containing 0.1% formic acid (mobile phase A) and water containing 0.1% formic acid (mobile phase B), and the gradient elution program was as follows: 0–30 min, 5 to 62% A; 30–33 min, 62% to 100% A. The ﬂow rate was 0.3 mL/min, and the sample injection volume was 5 μL. MS conditions were set as described above (Part 2.1).



Animals and Treatment

Eight-week-old male Sprague–Dawley rats were purchased from the Laboratory Animal Center of Sun Yat-sen University. The animals were randomly divided into six groups (n = 7 per group): a Control group, Model group, KYQG-Low group, KYQG-Mid group, KYQG-High group, and Levamisole group. The KYQG-Low, KYQG-Mid, and KYQG-High groups were treated with KYQG extract at the doses of 0.522, 1.57, and 4.70 g/kg/d, respectively, by oral administration from day 1 to day 9. The Levamisole group was treated with levamisole (20 mg/kg/d, levamisole solution was prepared at a concentration of 2 mg/ml in water and then intragastrically administered to rats at a dose of 10 ml/kg/d), and the other groups were treated with distilled water. On day 4, oral ulcers were induced on the cheek mucosa of rats in the Model group, KYQG groups, and Levamisole group by phenol-induced chemical injury, as described in our previous study (Chen et al., 2019). Ulcers that were almost uniformly round formed in the oral mucosal region on day 6. The rats in the Model group, KYQG groups, and Levamisole group were then subjected to sleep deprivation for 72 h using a modified multiple platform technique as described in our previous study (Chen et al., 2019). At the end of the sleep deprivation period, all the animals were anesthetized, and blood was collected from the abdominal aorta. The blood was centrifuged at 5,000 rpm for 20 min at 4°C to obtain serum, which was stored at −80°C. Whole brains and buccal mucosa tissues were collected and immediately frozen at −80°C. The animal experimental protocol is depicted in Figure 1. All animal experiments were approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University (Approval No. SYSU-IACUC-2019-000181). All efforts were made to minimize the suffering of the experimental animals.




Figure 1 | Schematic representation of the experimental protocol showing the sequence of events throughout the experiment.





Measurement of Ulcer Area

Measurement of the ulcer area was started on day 6 after induction of ulceration using Image-Pro Plus 6.0 (Media Cybernetics Inc., Rockville, MD, USA) as described in our previous study (Chen et al., 2019). The degree of healing was expressed as ulcer healing rate = (A6 − At)/A6 × 100%, where A6 and At represent the initial ulcer area and the ulcer area at the time of observation, respectively.



Enzyme-Linked Immunosorbent Assay (ELISA)

The serum concentrations of tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1β, IL-6, monocyte chemoattractant protein 1 (MCP-1), adrenocorticotropin hormone (ACTH), corticosterone (CORT), immunoglobulin M (IgM), and 8-hydroxy-deoxyguanosine (8-OHdG) were measured using commercial ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) according to the manufacturer’s instructions.



Measurement of Neurotransmitter Levels

The levels of γ-aminobutyric acid (GABA) and 5-hydroxytryptamine (5-HT) in serum and whole-brain tissues were determined using ultra-high performance liquid chromatography–tandem mass spectrometry as described in our previous study (Chen et al., 2019).



Immunohistochemistry

Immunohistochemistry was performed to determine the expression of IL-6 in healthy buccal mucosa tissues. All specimens were fixed in 4% paraformaldehyde (BioSharp, Hefei, China), embedded in paraffin (Guangdong Dachuan special wax Co. Ltd, Maoming, China), and sliced into 5-μm sections. Subsequently, the sections were dewaxed with xylene and dehydrated with ethanol. The processed sections were preincubated with 3% H2O2 in PBS for 10 min to block endogenous peroxidases. The sections were rinsed three times with PBS (5 min each wash) and then blocked with 5% (w/v) bovine serum albumin for 30 min at 37°C. Then, the sections were incubated with an anti-IL-6 primary antibody (1:5000, ab9324, Abcam, Cambridge, UK) at 37°C for 2 h, followed by incubation with the secondary antibody at 37°C for 30 min. Subsequently, the samples were treated with diaminobenzidine tetrahydrochloride. To stop the reaction and clear unbound antibody, the incubated sections were rinsed three times with PBS before and after the corresponding treatments. Staining was developed by incubation in a diaminobenzidine solution for 10 min followed by staining with hematoxylin for 5 min. Images of these sections were obtained using an optical microscope (Olympus BX43; Olympus Co., Tokyo, Japan). The mean optical density of each field (epithelial tissue section) was represented as integrated optical density (IOD)/area using Image-Pro Plus 6.0.



Metabolomics Analysis of Serum Samples

Metabolomic profiling was performed using LC–QTOF/MS. For the untargeted metabolomics analysis, an LC system (Shimadzu CBM20Alite controller) combined with a hybrid triple quadrupole time-of-flight mass spectrometer (Triple TOF™ 5600+, AB Sciex) was used. A Kinetex® C18 100A column (2.6 μm, 150 mm × 3.0 mm, Phenomenex Corp, Torrance, CA, USA) was used for sample separation. Water containing 0.1% formic acid (v/v) (mobile phase A) and acetonitrile (mobile phase B) were used at a flow rate of 0.3 mL/min. The gradient elution program was as follows: 0–20 min, 5% to 80% B; 20–30 min, 80% to 90% B; 30–40 min, and 90% to 95% B. The serum samples of the Control, Model, and KYQG-High groups were used for metabolomics analysis. Each serum sample (100 µL) was added to 200 µL of a cold acetonitrile/methanol solution (1:1, v/v) to precipitate the proteins. After vortexing for 5 min, the solution was centrifuged at 13,000 rpm for 20 min at 4°C. Afterwards, 10 µL of the supernatant was injected into the LC–QTOF/MS system for analysis. The mass spectrometry data were acquired in negative ion mode, and the electrospray source settings were as follows: gas 1 = 55 psi, gas 2 = 55 psi, source temperature = 550°C, and ion spray voltage was −4500 V with 35 psi curtain gas. Samples were analyzed with scanning mass-to-charge (m/z) ratio ranging from 50 to 1500 Da (30 V collision energy, 15 eV collision energy spread, and 80 V declustering potential). Nitrogen was used as nebulizer and auxiliary gas.

The raw data were converted to the mzXML format using ProteoWizard and processed using the R package ‘XCMS’ for peak detection, extraction, alignment, and integration. Then, an in-house MS2 database was applied in metabolite annotation. The cutoff for annotation was set at 0.3. The metabolomics data were analyzed by orthogonal partial least squares discriminant analysis (OPLS-DA) using SIMCA (version 15.0.2, Umea, Sweden). Furthermore, the value of variable importance in the projection (VIP) of the first principal component in OPLS-DA analysis was obtained and summarizes the contribution of each variable to the model. Metabolites with VIP >1 and P < 0.05 (Student’s t-test) were considered as having significantly changed abundance. In addition, the KEGG (http://www.genome.jp/kegg/) and MetaboAnalyst (http://www.metaboanalyst.ca/) databases were used for pathway enrichment analysis.



Statistical Analysis

Data analyses were performed using GraphPad Prism 8.0.2 (GraphPad Prism Software, La Jolla, CA, USA). The results are presented as means ± SD for each group. To assess the differences between the groups, one-way ANOVA was carried out followed by Tukey test. Results were considered significant at P < 0.05.




Results


Chemical Profiling and Quantification Analysis of KYQG

The retention time, exact molecular mass, and MS/MS data for each compound were obtained and applied in the KYQG chemical profiling analysis performed using Peakview software. The total ion chromatograms of KYQG in the positive and negative modes are shown in Supplementary Figure S1. A total of 79 compounds were initially identified, including phenolics, flavonoids, triterpenoid saponins, and amino acids. The identified compounds are shown in Table 1, and the mass spectrum data of standards are shown in Supplementary Figure S2 and Supplementary Table S1. The results of quantification analysis of six components in KYQG are shown in Tables 2 and 3. The linear correlations of the calibration curves over the test range were acceptable. Chlorogenic acid was the most abundant component among the six components detected.


Table 1 | Identification of the chemical composition of Kouyanqing Granule (KYQG).









Table 2 | Regression equation of UHPLC-TOF-MS method for the quantification analysis.




Table 3 | The quantification results of six components in KYQG.





Effects of KYQG on Oral Ulcer Area

Representative images of buccal mucosa regions are shown in Figure 2A. On day 6, baseline ulcer areas of the Model, KYQF-Low, KYQF-Mid, KYQF-High, and Levamisole groups were 12.15 ± 0.68, 12.20 ± 0.66, 11.99 ± 0.74, 12.16 ± 1.05, and 12.18 ± 0.50 mm2, respectively, and the differences were not significant. The ulcer healing rate was calculated to assess the treatment effects of KYQG (Figure 2B). The oral ulcer area was decreased in all groups on days 7–9, with the highest ulcer healing rate being found in the KYQG-High group; the KYQG-Mid group, KYQG-high group, and Levamisole group showed significantly higher ulcer healing rates than the Model group on days 7–9. However, the difference between the Model group and the KYQG-Low group on days 7–9 was not significant.




Figure 2 | Results of the effect of Kouyanqing Granule (KYQG) in the treatment of phenol-induced oral ulcer worsened by sleep deprivation. Representative images of oral ulcers (A); Effects of KYQG on the ulcer healing rate (B), ulcer healing rate = [(A6 − At)/A6] × 100%, where A6 represents the initial ulcer area on day 6, and At represents the ulcer area on days 7–9. Effects of KYQG on 5-hydroxytryptamine (5-HT) and γ-aminobutyric acid (GABA) levels in serum (C, D) and brain tissue (E, F). Effects of KYQG on the serum levels of adrenocorticotropin hormone (ACTH) (G) and corticosterone (CORT) (H). Effects of KYQG on the levels of inflammatory cytokines (I–M), 8-hydroxy-2’-deoxyguanosine (8-OHdG) (N), and immunoglobulin M (IgM) (O). Interleukin (IL)-6 protein expression in epithelial tissue sections of buccal mucosa by immunohistochemistry in Control group, Model group, Kouyanqing Granule (KYQG)-Low group, KYQG-Mid group, KYQG-High group, and Levamisole group (P). Quantification of IL-6 expression in epithelial tissue section of buccal mucosa (Q). Data are expressed as means ± SD. *P < 0.05, **P < 0.01 compared with the Control group; #P < 0.05, ##P < 0.01 compared with the Model group.





Effects of KYQG on Serum and Brain Neurotransmitter Levels

As shown in Figures 2C–F, KYQG treatment decreased the 5-HT level in serum and brain tissue and the GABA level in serum. However, compared with the Model group, KYQG treatment did not lead to a reduction in the GABA level in brain tissue.



Effects of KYQG on the Serum Levels of ACTH and CORT

Figures 2G, H show the serum levels of ACTH and CORT. Levamisole and KYQG treatments resulted in a significant decrease in the serum level of ACTH. The serum level of CORT was also significantly reduced in the KYQG (4.70 g/kg/d)- and Levamisole-treated groups when compared with that in the Model group. The above results demonstrated that the protective effect of KYQG in oral ulcers may be modulated through the hypothalamic-pituitary-adrenocortical (HPA) axis.



Effects of KYQG on the Levels of Inflammatory Cytokines, 8-OHdG, and IgM

As shown in Figures 2I–O, at the concentration of 4.70 g/kg/d, KYQG significantly reduced the serum levels of TNF-α, IL-1β, and IL-18, while at the concentrations of 1.57 and 4.70 g/kg/d, KYQG treatment lowered the serum levels of IL-6 and MCP-1. KYQG treatment also led to reduced serum levels of 8-OHdG and IgM, indicating that KYQG reduced oxidative stress and was involved in the regulation of immunological responses.



Effects of KYQG on IL-6 Expression in Buccal Mucosa Tissues

To investigate the protective effects of KYQG on oral ulcers, the expression of IL-6 in epithelial tissue sections was investigated by immunohistochemistry. As illustrated in Figures 2P, Q, the expression of IL-6 in epithelial tissue sections from the Model group was significantly increased when compared with that of the Control group; however, IL-6 level was markedly lower in the KYQG-High group than in the Model group.



Metabolic Profiling Analysis

Serum metabolic profiling in the Control group, Model group, and KYQG-High group was assessed by multivariate analysis. A clear separation was observed among the Control, Model, and KYQG-High groups in OPLS-DA score plots (Figures 3A, B), suggesting differential metabolic profiles between two groups. A permutation test was used to verify the model to avoid the transition fit of the OPLS-DA mode (Figures 3C, D). The quantification parameters for this OPLS-DA model (R2Y and Q2) were all positive, indicating that the OPLS-DA model was robust.




Figure 3 | Multivariate statistical analysis of the serum metabolites. Orthogonal partial least squares discriminant analysis (OPLS-DA) score plot for the Control group vs the Model group (A) OPLS-DA score plot for the Model group vs the Kouyanqing Granule (KYQG) group (B); Permutation test for the validity of the OPLS-DA model for the Control group vs the Model group (C) Permutation test for the validity of the OPLS-DA model for the Model group vs the KYQG group (D). Volcano plots for the Control group vs the Model group (E) and Model group vs Kouyanqing Granule (KYQG)-High group (F) each point represents a metabolite, and the point size represents the variable importance in the projection (VIP) value of this metabolite in the orthogonal partial least squares discriminant analysis (OPLS-DA) model. Heat map of the hierarchical clustering analysis of the differential metabolites for the Control group vs the Model group (G) and the Model group vs the KYQG-High group (H) each column represents one serum sample, and each row represents one differential metabolite; the color represents the relative level of the differential metabolite with a gradient from blue (low levels) to red (high levels).





Identification of Metabolites and Pathway Analysis

According to the OPLS-DA analysis, the levels of the metabolites identified in the Model group were significantly different from those in the Control and KYQG-High groups. The metabolites showing significantly differential abundance were visualized through volcano plots (Figures 3E, F). A total of 59 differential metabolites were identified in the Model and Control groups, and 68 in the Model and KYQG groups, using a VIP >1.0 in the OPLS-DA models and a p-value <0.05 (two-tailed Student’s t-test). The generated heat map clearly depicts the relationships between these differential metabolites in different samples (Figures 3G, H). Based on the heatmaps, the Control and Model groups, as well as the Model and KYQG groups, could be completely separated. A total of 30 metabolites showed significantly differential abundance with KYQG treatment (Figure 4A), and these metabolites were used for pathway analysis. The metabolic pathway analysis using Metaboanalyst based on KEGG database (www.kegg.jp) revealed that eight pathological processes were associated with KYQG treatment, including D-Glutamine and D-glutamate metabolism, tryptophan metabolism, alanine, aspartate, and glutamate metabolism, arachidonic acid metabolism, and arginine and proline metabolism (Figure 4B). The important differential metabolites were summarized in Figure 4C, and we found that tryptophan metabolism plays an important role in the protection of KYQG against phenol-induced oral ulcer worsened by sleep deprivation.




Figure 4 | The relative levels of 30 regulated serum metabolites in rats after Kouyanqing Granule (KYQG) treatment (A). Metabolic pathway analysis results based on the 30 regulated serum metabolites after Kouyanqing Granule (KYQG) treatment (B). Summaries of metabolic pathways (C).






Discussion

In this study, we have combined data obtained by different experimental methods, and explored the associations between oral ulcer progression, metabolomics, inflammation, oxidative stress, neurotransmitter levels, and HPA activity in a rat model of oral ulcers.

We examined the effects of KYQG on the levels of inflammatory cytokines in our oral ulcer rat model. Our results demonstrated that KYQG could inhibit the increased levels of IL-1, IL-18, IL-6, and MCP-1 levels in serum. Notably, the expression of IL-6 in epithelial tissue sections was ameliorated by KYQG treatment. Excessive production of IL-6, IL-1β, and TNF-α is known to be associated with an increased risk of developing RAS (Bazrafshani et al., 2002; Guimaraes et al., 2007; Scully and Porter, 2008). Therefore, the inhibitory effects of KYQG on the production of inflammatory cytokines may account for its anti-oral ulcer activity.

Our data also showed that KYQG treatment inhibited the excessive release of ACTH and CORT when compared with the Model group. It has been shown that sleep deprivation can activate the HPA axis (Ganz, 2012; Opp and Krueger, 2015). However, the direct links between the HPA axis and oral ulcers are poorly understood, and further studies are required to elucidate whether the KYQG-mediated regulation of the HPA axis contributes to its anti-ulcer activity.

Our data suggested that KYQG could downregulate the levels of 5-HT and GABA in serum but could only decrease the 5-HT level in the brain. 5-HT, an important pronociceptive mediator, can induce inflammation and hyperalgesia or allodynia (Oliveira et al., 2007). Neurotransmitter levels are correlated with detrimental psychological factors, including depression and stress, and depression is one of the psychological factors with a role in the etiopathogenesis of oral ulcers (Alshahrani, 2014). This suggests that regulation of neurotransmitter levels by KYQG may contribute to its treatment effects. Furthermore, this result is consistent with the results of our serum metabolic analysis.

Metabolic analysis indicated that tryptophan, kynurenine, and indole lactic acid, metabolites involved in tryptophan metabolism, were highly induced in the Model group, and decreased after KYQG treatment. There are two main pathways for tryptophan metabolism, resulting in two different metabolites – 5-HT and kynurenine (Agus et al., 2018). The results of this preliminary study suggested that breakdown of tryptophan metabolism was involved in the pathogenesis of oral ulcers via both pathways. It is known that tryptophan metabolites, as aryl hydrocarbon receptor ligands, play important roles in the regulation of immune responses (Hubbard et al., 2015). In the present study, KYQG treatment also downregulated serum IgM levels. Neurotransmitters can also serve as immunomodulators (Pacheco et al., 2010). Numerous studies have confirmed the crucial role of immune responses in the pathogenesis of oral ulcers (Slebioda et al., 2014; Johnson et al., 2017). Tryptophan metabolism, oxidative stress, and inflammation have also been associated with various conditions, including neurological disorders and inflammatory bowel disease (Roager and Licht, 2018). Li et al. compared the salivary nontargeted metabolite profiles between healthy individuals and RAS patients and found that dysregulation of tryptophan metabolism was involved in the pathogenesis of this condition (Li Y. T. et al., 2018). A previous study reported that the tryptophan metabolism enzyme, L-kynureninase, is highly expressed in patients with chronic inflammatory skin disease (Harden et al., 2016). In summary, tryptophan metabolism plays a crucial role in the etiopathogenesis and therapeutics of oral ulcers, probably through the regulation of immune responses, inflammation, and oxidative stress; however, the exact mechanism through which tryptophan metabolism regulates the development of oral ulcers remains unknown and requires further study. According to the results of the metabolic pathway analysis, the level of D-glucose, a metabolite of energy metabolism, was higher in the Model group than in the Control group, but the levels were restored by KYQG treatment. Sleep deprivation has been reported to affect glucose metabolism (Knutson et al., 2007). However, the relationship between energy metabolism and oral ulcers is unclear, and whether KYQG-mediated regulation of energy metabolism contributes to its anti-oral ulcer effects requires further investigation. L-Glutamic acid is involved in four metabolic pathways, namely, those of D-glutamine and D-glutamate metabolism, alanine, aspartate and glutamate metabolism, glutathione metabolism, and arginine and proline metabolism. Increases in the levels of glutamic acid have been reported to reduce GSH levels and eventually stimulate ROS release in Riluzole-treated cells (Seol et al., 2016). In addition, the serum level of 8-OHdG was increased in rats of the Model group and decreased by KYQG treatment. Combined, these results indirectly suggest that KYQG reduces oxidative stress in the treatment of oral ulcers. A previous study reported that arginine and proline metabolism was the characteristic metabolic signature of dental plaque in patients with periodontal inflammation, which may be related to the metabolic profiles of disease-associated communities (Sakanaka et al., 2017). In addition, it has been suggested that an increase in the serum levels of uric acid represents an inflammatory response associated with obesity, metabolic syndrome, dysglycemic conditions, diabetes mellitus, hypertension, endothelial dysfunction, cardiovascular disease, and chronic kidney disease (Spiga et al., 2017). These results showed that comprehensive metabolomic profiling can provide further insights into the molecular mechanisms underlying the beneficial effects of KYQG on the symptoms of oral ulcers. Notably, the modulation of tryptophan metabolism by KYQG may be important for the treatment of oral ulcers. All the above changes suggest that KYQG may affect multiple aspects of the neuroimmunoendocrine system, which correlate with improved oral ulcer symptoms.

Our phytochemical analysis indicated that the main constituents of KYQG were phenolics, flavonoids, and triterpenoid saponins. The KYQG phenolics, such as neochlorogenic acid (Kim et al., 2015), chlorogenic acid (Naveed et al., 2018), cryptochlorogenic acid (Villalva et al., 2018), 3,4-dicaffeoylquinic acid (Wan et al., 2019), and 3,5-dicaffeoylquinic acid (Hong et al., 2015), reportedly exhibit antioxidant and anti-inflammatory activities. Isoquercitrin, a bioactive flavonoid in KYQG, possesses a variety of biological properties, including antioxidant (Li et al., 2016), anti-inflammatory (Rogerio et al., 2007), anti-ulcer, and hepatoprotective (Xie et al., 2016) effects. Luteolin-7-O-glucoside, another flavonoid constituent of KYQG, exhibits antioxidative activity through the regulation of the HO-1 signaling cascade in RAW 264.7 cells (Song and Park, 2014). Liquiritigenin has been reported to exert anti-inflammatory, antioxidant, antidiabetic, and antitumor activities (Lee et al., 2018). Liquiritin could protect against UVB−induced skin injury by inhibiting TLR4/MyD88/NF−κB mitogen−activated protein kinases and caspase pathways, which lead to alleviating the inflammatory response, oxidative stress, and apoptosis in mice and cells (Li X.-Q. et al., 2018).

Triterpenoid saponins such as glycyrrhizic acid, dipsacussaponin A, and akebia saponin D are also active constituents of KYQG. Glycyrrhizic acid reportedly inhibits inflammation by activating the glucocorticoid receptor and the PI3K/AKT/GSK3β signaling pathway (Kao et al., 2010), and it acts as a neuroprotectant in the postischemic brain by inhibiting HMGB1 phosphorylation and secretion (Kim et al., 2012). A different study reported that dipsacussaponin A inhibits TNF-α-induced NF-kB transcriptional activity in HepG2 cells (Quang et al., 2011). Akebia saponin D has been shown to inhibit amyloid beta-induced inflammatory responses and cognitive deficits in rats (Yu et al., 2012), and suppress corticosterone overproduction in an Alzheimer’s disease model (Wang et al., 2018). Amino acids such as lysine, tyrosine, and arginine potentially regulate immune function and promote wound healing (Li et al., 2007; Rahayu et al., 2016). Lysine has been reported to treat RAS (Singh et al., 2011), while arginine supplementation significantly improved the rate of healing of pressure ulcers (Desneves et al., 2005). Tyrosine could reportedly inhibit gelatin-induced inflammation (Meyers et al., 1979). It has shown that harpagoside and harpagide have an inhibitory effect on IFNγ/LPS-induced secretion of TNFα in differentiated THP-1 cells (Schopohl et al., 2016). We inferred that the diverse constituents of KYQG may be holistically responsible for the amelioration of oral ulcer symptoms worsened by sleep deprivation.

Metabolomics strategy was widely applied for investigation of pharmacodynamics (Zhang et al., 2019), screening of active constituents (Caesar et al., 2019), prediction of targets (Sun et al., 2019), discovery of quality-markers (Ding et al., 2018) in herbal medicines. In this study, we performed the chemical profiling of KYQG in vitro and investigated the treatment effects and biomarkers by combining pharmacological and metabolomics approaches. Nonetheless, an acknowledged limitation of this study is that the absorbed chemicals and their metabolites in serum have not been identified and quantified, which could be correlated with biomarkers to further elucidate the active constituents. Identification and quantification of the absorbed chemical markers of KYQG in serum are needed in future study.

In summary, our observations suggest that KYQG therapy could attenuate phenol-induced oral ulcers worsened by sleep deprivation in a rat model. Amelioration of symptoms was primarily associated with regulation of the neuroimmunoendocrine system, levels of oxidative stress, and tryptophan metabolism. The multiple functionalities of the diverse constituents of KYQG make it an efficient therapy for hard-to-treat oral ulcers. These findings may contribute to a better understanding of the clinical application of KYQG. This study also provides a novel approach for addressing the increased health risk resulting from sleep deficiency using an herbal medicine formula. Nevertheless, further studies are needed to elucidate the precise mechanisms by which KYQG ameliorates oral ulcer symptoms as well as the interactions between components and targets.
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Chijabyukpi-tang (CBT) is an oriental herbal formula consisting of three herbs (Gardeniae Fructus (Gardenia jasminoides J.Ellis.), Phellodendri Cortex (Phellodendron amurense Rupr.), Glycyrrhizae Radix (Glycyrrhiza uralensis Fisch. ex DC.) at the ratio of 2: 2: 1. CBT has traditionally been used to treat eczema with inflammation in Northeast Asia. The components of CBT have been shown to have anti-inflammatory and anti-oxidant properties, but the exact role and mechanism of CBT on atopic dermatitis (AD) remain unclear. In this study, we investigated the anti-inflammatory effect and mechanism of CBT in the HaCaT human keratinocyte cell line and investigated the anti-atopic effect in mice models of atopic dermatitis-like skin lesions. In the tumor necrosis factor alpha (TNF)-α/interferon (IFN)-γ-stimulated HaCaT cells, CBT inhibited the production of pro-inflammatory cytokines and chemokines and elevated the nuclear translocation of NF-E2 p45 related factors 2 (Nrf2) and subsequent production of heme oxygenase-1 (HO-1). CBT improved the symptoms of atopic dermatitis-like lesions in 2,4-dinitrochlorobenzene (DNCB)-treated mice by suppressing the levels of serum immunoglobulin E (IgE), and various pro-inflammatory cytokines and chemokines. The improvement effect of CBT on atopic dermatitis-like lesions can be predicted to be due to increased Nrf2 and HO-1 gene expression. These results suggest that CBT is an herbal medicine with the potential for use as a therapeutic agent for inflammatory skin diseases such as atopic dermatitis.




Keywords: Chijabyukpi-tang, atopic dermatitis, keratinocytes, cytokine, chemokine, inflammation



Introduction

Atopic dermatitis (AD) is a chronic relapsing inflammatory skin disease, and the incidence of AD worldwide has been increasing rapidly over the past 30 years (Kapoor et al., 2008). AD occurs most often during childhood and occurs equally in both females and males. In developed countries, about 2–4% of adults and 15–20% of children suffer from AD, and most AD patients are known to have symptoms that last approximately five years (Shaw et al., 2011). AD is characterized by severe skin lesions such as pruritus, erythema, rash, edema, dryness, and skin hypersensitivity (Guttman-Yassky et al., 2011). Because of these features, AD patients often suffer from sleep deprivation, anxiety, and stress, which can lower their quality of life (Kiebert et al., 2002). Many sufferers of AD are also prone to developing other chronic inflammatory diseases including asthma and allergic reactions.

AD is caused by a complex interaction between extrinsic and intrinsic factors. The main risk factor of AD is not yet known, but it is known that mostly immune system dysfunction and environmental factors impair the skin’s barrier and exacerbate immunoglobulin E (IgE)-mediated sensitization, severe skin inflammation and immune responses (Darlenski et al., 2014).

AD skin inflammation is orchestrated by the production of pro-inflammatory cytokines and chemokines by keratinocytes that subsequently induces the invasion of immune cells. The immune cells create inflammatory skin lesions following the production of further pro-inflammatory cytokines and chemokines (Homey et al., 2006). According to previous studies, AD patients are known to have increased levels of chemokines (such as IL-8, CCL17, and CXCL10) and cytokines (such as IL-4, IL-6, and IL-13), compared to healthy individuals (Yamanaka and Mizutani, 2011). It is also known that the activation of several oxidative stress-related inflammatory signaling pathways, such as NF-E2 p45 related factors 2 (Nrf2) and heme oxygenase-1 (HO-1), is related to inflammation in AD (Choi et al., 2014; Akram et al., 2016).

Currently, topical ointments and oral medications such as corticosteroids, antihistamines, and immunosuppressive drugs are used to treat AD inflammation and reduce itching (Cury Martins et al., 2015). However, these drugs have serious side effects when repeatedly administered over a long period of time. Therefore, in order to minimize the adverse effects of the long-term use of AD drugs, there is a need for the development of new alternative drugs derived from natural resources with fewer side effects.

Chijabyukpi-tang (CBT) is an oriental herbal formula consisting of three herbs (Gardeniae Fructus, Phellodendri Cortex, Glycyrrhizae Radix), in a 2:2:1 ratio. CBT is a traditional medicine first reported thousands of years ago in the ancient Chinese medicine book “Sang han-lun”. CBT has long been used as a treatment for eczema with inflammation (Mie et al., 2009). In addition, it is an oriental herbal formula that is known to eliminate heat in the body, cure humid, jaundice and epidemic diseases. It has also been used to treat severe pain in the lower abdomen, burns, and various infectious symptoms (Chen et al., 2009). The various effects of each herb that constitutes CBT are well known; previous studies have shown that Gardeniae Fructus and Phellodendri Cortex have anti-inflammatory and anti-allergic effects (Hon et al., 2011; Debnath et al., 2018). In addition, Glycyrrhizae Radix has been previously shown to relieve inflammation (Yang et al., 2013). However, there is few scientific research on the CBT in which these herbs are combined. Previous studies have reported that CBT relieves fever and dizziness, and pruritic skin disease (Higashi and Kanzaki, 2006; Choi and Lee, 2017).

Since AD is characterized by inflammation and pruritus, eczema, we first studied the effect of CBT on AD and its mechanism of action. Therefore, the aim of this study was to investigate the anti-inflammatory effect and action mechanism of CBT on TNF-α/IFN-γ-stimulated HaCaT cells (human keratinocyte cell line) and 2,4-dinitrochlorobenzene (DNCB)-induced AD-like skin lesions in mice.



Materials and Methods


Cell Culture and Reagents

The HaCaT cell line was obtained from the laboratory of Wonkwang university (Prof. Min Cheol Park). The HaCaT cells were incubated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 units/ml of penicillin, and streptomycin (Welgene, Seoul, Korea). The HaCaT cells were cultured at 37°C in an incubator with a humidified atmosphere of 5% CO2 and 95% air. DMEM and FBS were purchased from GIBCO BRL (Grand Island, NY, USA). Penicillin and streptomycin were purchased from Welgene (Seoul, Korea). Recombinant human TNF-α, IFN-γ, and IgE mouse ELISA kit were obtained from BioLegend (San Diego, CA, USA). Primary antibodies for Nrf2, Lamin B, HO-1, β-actin, and secondary antibodies used in the western blot analysis were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), dexamethasone (#D2915), and DNCB were purchased from Sigma-Aldrich. (St. Louis, Mo., USA).



Preparation of CBT

The herb components used in CBT were obtained from the K-herb Research Center, Nong-Lim and Ja-Dam. The identity of the herbs was confirmed by Prof. Min-Chel Park from Wonkwang University of traditional korean medicine. Voucher specimens of Gardeniae Fructus (NLGF-1803) and Phellodendri Cortex (NLPC-1801) have been deposited at Nong-Lim. Voucher specimen of Glycyrrhizae Radix (JD8KZ-1902) has been deposited at Ja-Dam. CBT was constructed by mixing the herbs in accordance with each component composition in Table 1 (www.theplantlist.org). 18 g of CBT was boiled at 100°C in 1,000 ml water for 30 min. Then the extract was collected, and as above, the residue was twice boiled in water. The extracted CBT was filtered and freeze-dried, and the weight of the dried extract was measured, and kept at 4°C until use.


Table 1 | The composition of Chijabyukpi-tang (CBT).





Analysis of High Performance Liquid Chromatography (HPLC)

To perform the HPLC analysis of CBT, the Waters e2695 separation module, 2998 photodiode array (PDA) detector (Waters Corporation, USA) was used. The analytical column used was Phenomenex Luna C18 (250× 4.6 mm). The column temperature was at 40°C, the samples temperature was at 25°C, and the injection volume was 10 μl. The mobile phases were composed of solvent (A) = 0.1% trifluoroacetic acid in water, and solvent (B) = Acetonitrile. The total run time was 120 min and the mobile phase process gradient flow was as follows: (A)/(B) = 80/20 (0-10 min) → (A)/(B) = 80/20 (10-90 min) → (A)/(B) = 40/60 (90-91 min) → (A)/(B) = 0/100 (91-111 min) → (A)/(B) = 80/20 (111-120 min). The mobile phase flow rate was 1.0 ml/min. Samples were detected with a UV detector at a wavelength of 260 nm.



MTT Assay

The viability of HaCaT cells was evaluated using the MTT assay. The MTT assay was carried out as previously described (Lee et al., 2018). Briefly, cells were seeded into a 96-well plate at 1 × 104 cells/well, and treated with various concentrations of CBT (0, 12.5, 25, 50, 100 µg/ml) for 24 h in a 37°C incubator. MTT reagents were added to each well, and the plate was incubated for a further 4 h. After removing the supernatant, the crystallized formazan was dissolved in dimethyl sulfoxide (DMSO), and the absorbance was read at 570 nm using an ELISA plate reader.



Preparation of the HaCaT Nuclear and Cytosol Fractions

The nuclear and cytosol fractions of the HaCaT cells were isolated using the Nuclear/Cytosol Fractionation Kit (BioVision, Inc., CA, USA), according to the manufacturer’s instructions. The nuclear and cytosol fractions were stored at -80°C until use.



Quantitative Real-Time Polymerase Chain Reaction (qPCR)

qPCR was carried out to confirm the expression levels of several genes in vitro and in vivo. Total RNA was isolated from dorsal skin tissues and HaCaT cells using 1 ml Trizol reagent (Invitrogen, Carlsbad, CA, USA). After the RNA was extracted, cDNA was synthesized using the Prime Script ™ II 1st strand cDNA synthesis kit (Takara Bio, Inc. USA), according to the manufacturer’s protocols. The cDNA was amplified with SYBR Green PCR Master Mix (Applied Biosystem, CA, USA) using an ABI Real-Time PCR system (Applied Biosystems, Inc., CA, USA). The primer sequences are shown in Table 2. The RNA gene expression levels of each sample were analyzed three times and normalized to the internal control gene, GAPDH.


Table 2 | Primer sequences for quantitative real-time polymerase chain reaction (qPCR).





Western Blot Analysis

The protein production levels of cells were evaluated using western blot analysis. HaCaT cells were pretreated with various concentrations of CBT (0, 12.5, 25, 50, and 100 μg/ml) for 2 h, and treated with TNF-α/IFN-γ (10 ng/ml each) for 3 h. The cells were harvested, and proteins were extracted using cell lysis buffer (Millipore, Bedford, MA, USA) supplemented with a protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA). Proteins (25 μg) were separated via electrophoresis in 10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gels, and transferred to PVDF membranes. Membranes were blocked with 5% BSA in TBS-T at room temperature for 1 h, and incubated with primary antibodies (Nrf2, Lamin B, HO-1, and β-actin; 1:1,000 dilution in 5% BSA) overnight at 4°C. Then, the membranes were washed several times with TBS-T, and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:5,000 dilution in 5% BSA) at room temperature for 1 h. The proteins were detected with enhanced chemi-luminescence (ECL) detection kit (Millipore, Billerica, MA, USA) using the Fusion Fx gel documentation system (Davinch-Invivo™ Imaging System, USA).



Animals

Four-week-old male BALB/c mice were purchased from Samtako Bio Korea (Osan, Korea). All mice (22 ± 2 g) were randomly housed in a controlled environment with 50–60% humidity and a temperature of 21–23°C, under a 12-h dark/light cycle. Mice were allowed free access to standard laboratory chow and tap water. After a one-week period of new environment acclimation, mice were randomly divided into five groups of six mice. This research was performed in accordance with the guidelines of the Animal Experiment Ethics Committee of Chonbuk National University (CBNU-IACUC) (Confirmation No. CBNU 2016-0011).



Experimental Protocols of the Mouse Study

Thirty mice were divided into five groups (n=6) as follows: (1) control (vehicle treatment), (2) DNCB, (3) DNCB + CBT-low dose (CBT-150 mg/kg), (4) DNCB + CBT-high dose (CBT-300 mg/kg) and (5) positive control (dexamethasone (Dexa)-1 mg/kg). Except for the control group, AD-like skin lesions were induced using DNCB as described previously. Briefly, the dorsal skin hairs of all mice were removed. After 24 h, DNCB was dissolved in an acetone and olive oil mixture (4:1 v/v), and the dorsal skin was treated with 1% DNCB solution once a day for three days. Furthermore, 0.5% DNCB solution was treated to the dorsal skin once every two days for ten days to promote AD-like skin lesions. CBT samples and dexamethasone were dissolved in water and orally administered once a day for 11 days (days 4–14) (Figure 4A). The experimental animals were anesthetized by ether and euthanized by cervical dislocation for collecting skin tissues and blood serum.



Measurement of Dorsal Skin Moisture Content, Atopic Dermatitis Score, and Dorsal Skin Thickness

On the last day of the experiment, the dorsal skin moisture content (%) was measured using a TS-skin diagnostic system (Aram Huvis Co., Seongnam, Korea), according to the manufacturer’s protocol. We assessed the severity of erythema, edema, and stretches on AD-like skin lesions on the dorsal skin five times according to Fan’s criteria (Fan et al., 2018). After the dorsal skin tissues of mice were isolated, the thicknesses of the dorsal skin were gauged three times using a micrometer.



Hematoxylin and Eosin (H&E) Staining

After the mice were sacrificed, their dorsal skin tissue specimens (100 μm2) were fixed in 10% formalin solution at room temperature for 24 h, and then embedded in paraffin wax. The paraffin blocks were sectioned serially into a thickness of 6-μm (n=6), and stained with hematoxylin and eosin (H&E; hematoxylin, 1 min and eosin, 3 min) to examine skin histological changes. Histological changes were observed using a microscope (Olympus CX21, Olympus Corporation, Tokyo, Japan). All images were observed at ×100 magnification.



Enzyme-Linked Immunosorbent Assay (ELISA)

After the mice were anesthetized, blood samples were collected. Blood samples were allowed to clot by incubation at room temperature for 30 min. Then, bloods were centrifuged at 3,000 rpm for 10 min and serum samples were obtained. IgE in serum was analyzed using a total IgE mouse ELISA kit, according to the manufacturer’s instructions.



Statistical Analysis

Graph Pad Prism software 5.0 was used for data statistical analysis. All data are represented as means ± standard error of the mean (SEM) of triplicate experiment, and evaluated using one-way ANOVA (analysis of variance) with Tukey’s post-hoc test to locate differences between groups. A value of p < 0.05 was defined as statistically significant.




Results


HPLC Analysis of CBT

The final extraction yield (%) of CBT was 37.77%. The CBT indicator ingredient compounds (crocin, berberine hydrochloride, and glycyrrhizic acid) were analyzed using HPLC. We confirmed the peak of three compounds in the CBT extract by comparison with the standard ingredients’ peak. As shown in Figure 1, the CBT used in our experiments contains these three components. The content of crocin, berberine hydrochloride, and glycyrrhizic acid in CBT was 28.671 mg/g, 6.255 mg/g, and 6.249 mg/g, respectively.




Figure 1 | High performance liquid chromatography (HPLC) analysis of Chijabyukpi-tang (CBT). HPLC chromatograms of standard compound mixtures (STD) and CBT samples (A). Chemical structures of crocin, berberine hydrochloride, and glycyrrhizic acid (B).





CBT Reduces the mRNA Expression of Pro-Inflammatory Cytokines and Chemokines in TNF-α/IFN-γ-Stimulated HaCaT Cells

The cytotoxicity of HaCaT cells was examined at various concentrations (12.5, 25, 50, and 100 μg/ml) of CBT for 24 h. As shown in Figure 2A, CBT did not show cytotoxicity at all concentration ranges. To evaluate the anti-inflammatory effects of CBT, the production of pro-inflammatory cytokines and chemokines was measured in TNF-α/IFN-γ-treated HaCaT cells. HaCaT cells were pretreated with CBT (0, 12.5, 25, 50, and 100 μg/ml) for 2 h, and stimulated with TNF-α/IFN-γ (10 ng/ml each) for 3 h. Then, the mRNA expression levels of cytokines (IL-6 and IL-13), and chemokines (IL-8, CCL17, and CXCL10) were analyzed using qPCR. CBT was shown to significantly inhibit the production of TNF-α/IFN-γ-induced cytokines and chemokines in a dose-dependent manner (Figures 2B–F).




Figure 2 | Effects of Chijabyukpi-tang (CBT) on the mRNA expression levels of pro-inflammatory cytokines and chemokines in TNF-α/IFN-γ-stimulated HaCaT cells. Cell viability of CBT was measured using MTT assay. The group that did not treatment anything was set as negative control (A). Cells were incubated for 24 h in the presence of CBT (12.5 to 100 μg/ml) or in the absence of CBT (media only). HaCaT cells were pretreated with several concentrations of CBT (12.5, 25, 50, and 100 μg/ml) for 2 h and then stimulated with TNF-α/IFN-γ (each 10 ng/ml) for 3 h. The mRNA expression levels of IL-6 (B), IL-13 (C), IL-8 (D), CCL17 (E), and CXCL10 (F) were determined using quantitative real-time polymerase chain reaction (qPCR). Data are shown as mean ± SEM of the three independent experiments. ###p < 0.001 compared with the no-treatment condition, *p < 0.05, and ***p < 0.001 compared with the only TNF-α/IFN-γ treatment condition.





CBT Up-Regulates Nuclear Nrf2 and HO-1 Protein Levels in TNF-α/IFN-γ-Stimulated HaCaT Cells

The Nrf2/HO-1 signaling pathway plays a crucial mediator role in cell protection from oxidative stress (Loboda et al., 2016). To evaluate whether CBT affects the Nrf2/HO-1 signaling pathway, we investigated the levels of nuclear Nrf2 and HO-1 proteins using western blot. As shown in Figure 3, protein levels of nuclear Nrf2 and HO-1 were decreased following cellular stimulation with TNF-α/IFN-γ, however in the groups pretreated with CBT, the nuclear Nrf2 and HO-1 activation was increased in a dose-dependent manner.




Figure 3 | Effects of Chijabyukpi-tang (CBT) on the nuclear Nrf2 and HO-1 proteins in TNF-α/IFN-γ-stimulated HaCaT cells. HaCaT cells were pretreated with several concentrations of CBT (12.5, 25, 50, and 100 μg/ml) for 2 h and then stimulated with TNF-α/IFN-γ (each 10 ng/ml) for 3 h. The proteins of nuclear Nrf2, lamin B, HO-1, and actin (A) were analyzed using western blotting. The bar graphs represent quantitative density of the bands; nuclear Nrf2/Lamin B, and HO-1/Actin (B). Data are shown as mean ± SEM of the three independent experiments. ###p < 0.001 compared with the no-treatment condition, ***p < 0.001 compared with the only TNF-α/IFN-γ treatment condition.





CBT Improves DNCB-Induced AD-Like Skin Lesions and Suppresses the Secretion of Serum IgE in Mice

AD-like skin lesions were induced by repeated exposure of the dorsal skin regions of BALB/c mice to DNCB. A significant improvement in dorsal skin condition was observed in mice administrated CBT orally compared to the only DNCB-induced group (n=6) (Figure 4B). There were no mouse deaths by CBT (150 and 300 mg/kg) oral administration. We examined H&E staining slides to study the therapeutic effects of CBT on epidermal hyperplasia and the infiltration of inflammatory cells in AD-like dorsal skin tissue. As a result, we found that the dorsal skin thickness of DNCB-induced mice was increased, and that oral administration of CBT reduced the dorsal skin thickness and relieved AD-like lesions in a dose dependent manner (Figures 4C, D). The severity scores of the dorsal skin lesions were evaluated with reference to known criteria. We observed that AD-severity scores were suppressed in the CBT-orally administrated mice groups in a dose-dependent manner (Figure 4E). We observed a significant decrease in dorsal skin moisture content (%) of approximately 60.9% in the DNCB-treated mice group compared to the non-DNCB-treated mice group. When orally administered with CBT, the DNCB-treated mice group’s skin moisture content was elevated. However, no significant difference was observed (Figure 4F). IgE is associated with the T helper 2 (Th2) immune response and is known to play an important role in the pathogenesis and progression of AD (Liu et al., 2011). Thus, total IgE measurements have been used to confirm the severity of AD. We analyzed the effect of CBT on serum IgE levels using ELISA. As a result, serum total IgE was increased in the DNCB-treated mice group compared with the control mice group (control mice group: 267.81 ± 84.81 ng/ml; DNCB-treated mice group: 1,932.53 ± 79.57 ng/ml), and it was reduced by oral administration of CBT (CBT 300 mg/kg administered group: 1,503.92 ± 181.21 ng/ml). In particular, the CBT 300 mg/kg and dexamethasone 1 mg/kg mice groups were significantly inhibited (dexamethasone administered group: 1,500.47 ± 236.26 ng/ml) (Figure 4G).




Figure 4 | Effects of Chijabyukpi-tang (CBT) on clinical signs in 2,4-dinitrochlorobenzene (DNCB)-treated mice skin tissues. The DNCB treatment and oral administration (CBT 150 and 300 mg/kg, and Dexa) schedule used in this experiment (A). On the last day of the experiment, photographs were taken for comparison of skin lesions before the mice were sacrificed. Each dorsal skin picture is representative of each group (B). The histological status of the dorsal skin tissues was observed using hematoxylin and eosin (H&E) staining (C). Images were taken at 100x magnification. The dorsal skin tissue thickness of mice was measured using a micrometer (D). The atopic dermatitis score of mouse dorsal skin lesion was evaluated using the standard evaluation criteria (E). The moisture content of mouse dorsal skin was measured using a Tewameter TM 210 device (F). Serum IgE level was analyzed using enzyme-linked immunosorbent assay (ELISA) (G). Data are shown as mean ± SEM of the three independent experiments. ###p < 0.001 compared with the control group, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the DNCB-induced group. The Dexa group was set as positive control.





CBT Inhibits the mRNA Expression of Pro-Inflammatory Cytokines and Chemokines in DNCB-Treated Mice

Dorsal skin tissues were collected from each mouse, and the effect of CBT on pro-inflammatory cytokines and chemokines was analyzed using qPCR. In dorsal skin tissues, the expression levels of pro-inflammatory cytokines (IL-4 and IL-6), and chemokines (IL-8 and CXCL10) were remarkably increased in the DNCB-treated mice group compared with the control mice group. Expression levels of pro-inflammatory cytokines and chemokines in the CBT-orally administered mice groups were reduced compared to the DNCB-treated mice group in a dose-dependent manner (Figure 5).




Figure 5 | Effects of Chijabyukpi-tang (CBT) on the mRNA expression levels of pro-inflammatory cytokines and chemokines in 2,4-dinitrochlorobenzene (DNCB)-treated mice skin tissues. The mRNA expression levels of IL-4 (A), IL-6 (B), IL-8 (C), and CXCL10 (D) were analyzed using the quantitative real-time polymerase chain reaction (qPCR). Data are shown as mean ± SEM of the three independent experiments. ###p < 0.001 compared with the control group, **p < 0.01, and ***p < 0.001 compared with the DNCB-induced group. The Dexa group was set as positive control.





CBT Elevates the mRNA Expression of Nrf2 and HO-1 in DNCB-Treated Mice

The mRNA expression levels of Nrf2 and HO-1 were measured using qPCR. We observed that the mRNA expression levels of Nrf2 and HO-1 decreased by treatment with DNCB were increased by oral administration of CBT in a dose-dependent manner (Figure 6).




Figure 6 | Effects of Chijabyukpi-tang (CBT) on the mRNA expression level of HO-1 in DNCB-treated mice skin tissues. The mRNA expression levels of Nrf2 (A) and HO-1 (B) were analyzed using the quantitative real-time polymerase chain reaction (qPCR). Data are shown as mean ± SEM of the three independent experiments. ###p < 0.001 compared with the normal group, ***p < 0.001 compared with the DNCB-treated group. The Dexa group was set as positive control.






Discussion

AD is a chronic inflammatory skin disease that occurs frequently in infancy and has a high rate of both recurrence and persistence. AD is characterized by severe itching, eczema, erythema, dry skin, and skin hyperplasia, and is also closely related to other inflammatory diseases (Peng and Novak, 2015). In inflammatory AD skin lesions, the levels of serum IgE, cytokines and chemokines are increased, and there is infiltration of Th cells (Leung and Bieber, 2003). Although these factors causing AD progression have been outlined, the exact causes of AD and treatments without side effects have yet to be clarified (Dupuy, 1994). Therefore, there is a need to develop safe and effective therapies for AD, using natural extracts and herbal medicines.

For thousands of years, Northeast Asia (Korea, China, and Japan) has used traditional medicinal herb formulas to treat many diseases. However, since there is no scientific evidence for the efficacy and safety of these medicinal herb formulas, consumers have doubts concerning their use. CBT has been used as a treatment for eczema accompanied with inflammation, but there is still no definitive evidence for the efficacy of CBT treatment on AD. Therefore, we conducted this study to investigate the anti-inflammatory effects of CBT on AD and its mechanism of action.

Keratinocytes are the main cells that compose the stratum corneum and play a key role in AD pathogenesis. When keratinocytes are damaged by repetitive mechanical stimulations such as scratching behavior, various keratinocyte-derived cytokines and chemokines are secreted to promote inflammatory skin disease progression (Asahina and Maeda, 2017). These secreted factors also cause additional responses by recruiting immune cells such as neutrophils, monocytes, and T cells to AD inflammatory skin lesions (Giustizieri et al., 2001). T cells recruited to AD inflammatory skin lesions secrete various cytokines such as IL-4, IL-5, IL-6, and IL-13, and chemokines such as IL-8, CCL17, and CXCL10 (Leung and Sorter, 2001). This secretion of pro-inflammatory cytokines and chemokines is known to be caused by the activation of various signaling pathways. Oxidative stress is one of the factors that drive the progression of AD. Since anti-oxidant enzymes play a major role in protecting cells from oxidative stress, increasing anti-oxidant enzymes is an important strategy for treating AD. As a defense against oxidative stress in cells, Nrf2, a transcription factor, moves from the cytosol to the nucleus and increases the expression of anti-oxidant enzyme genes including HO-1. The increased level of HO-1 protein induces cell protection (Ahmed et al., 2017). The Nrf2/HO-1 signaling pathway is involved in the recruitment of various inflammatory cells into inflammatory lesions and is known to contribute to the anti-inflammatory process (Chen et al., 2006; Ryter et al., 2006). In addition, previous studies have indicated that increased HO-1 gene expression attenuates the development of AD skin lesions (Kirino et al., 2008).

Based on these mechanisms, we investigated the anti-inflammatory effect of CBT on TNF-α/IFN-γ-stimulated keratinocytes, and on DNCB-induced AD-like skin lesions in mice.

Firstly, the major compounds of CBT were identified by HPLC, and it was confirmed that it contains crocin (28.671 mg/g), berberine hydrochloride (6.255 mg/g), and glycyrrhizic acid (6.249 mg/g). Previous studies have reported these compounds have anti-inflammatory and anti-oxidant effects (Fagot et al., 2018; Wang et al., 2018).

HaCaT cells are used in many skin disease studies as they can mimic the symptoms of AD in response to inflammatory stimuli such as TNF-α/IFN-γ. In this study, we observed that CBT induces no toxicity in HaCaT cells, and significantly inhibits the increase in mRNA levels of pro-inflammatory cytokines and chemokines in TNF-α/IFN-γ-stimulated HaCaT cells. To further understand the mechanisms of the regulation of the immune response by CBT, we investigated the effects of CBT on the Nrf2/HO-1 signaling pathway. As a result, we confirmed that CBT promoted the migration of Nrf2 into the nucleus and increased the expression levels of the HO-1 gene in a dose-dependent manner. These results suggest that CBT has anti-inflammatory and protective effects on cells by inhibiting the production of pro-inflammatory cytokines and chemokines via the Nrf2/HO-1 signaling pathway.

To establish the AD experimental animal model, DNCB was repeatedly applied to the hairless dorsal skin of BALB/c mice (Matsumoto et al., 2004). The mice treated with DNCB were found to exhibit general AD symptoms such as increasing skin thickness, keratinization, and skin dryness. CBT attenuated the symptoms of mice with AD-like skin lesions in a dose-dependent manner. CBT improved the external condition of the dorsal skin and reduced its thickness. In addition, it has also been observed that the reduction in the moisture content of dorsal skin induced by DNCB-treatment is reversed by oral administration of CBT. DNCB-induced dorsal skin damage leads to AD-like inflammatory skin disease characterized by secretion of a variety of pro-inflammatory cytokines and chemokines by damaged keratinocytes resulting in Th cell activation. In this experiment, serum IgE levels, and expression levels of various cytokines and chemokines in skin tissues were increased by DNCB stimulation. These increased serum IgE and gene expression levels in skin tissues were significantly inhibited by the oral administration of CBT. These data provide experimental evidence for the anti-atopic effect of CBT in AD animal models. In these animal models, we also observed expression levels of Nrf2 and HO-1 in tissues to investigate whether the anti-inflammatory response was mediated through the Nrf2/HO-1 signaling pathway. As a result, we found that the expression levels of the Nrf2 and HO-1 gene were increased in a dose-dependent manner by CBT, similar to the result seen in the HaCaT cells.

In conclusion, CBT induces anti-inflammatory effects by up-regulating Nrf2/HO-1 signaling in TNF-α/IFN-γ-stimulated HaCaT cells. In addition, CBT improves AD-like skin lesions and inhibits inflammatory cytokines and chemokines in DNCB-treated mice models (Figure 7). These results suggest that CBT is a potential therapeutic candidate for the treatment of AD. However, the effects of dexamethasone or the individual herbal components (crocin, berberine hydrochloride and glycyrrhizic acid) vs CBT are not yet known, and further studies are required.




Figure 7 | A graphic summary of atopic dermatitis (AD)-like symptoms and related genes regulated by Chijabyukpi-tang (CBT).
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Allergic contact dermatitis (ACD) is characterized by itching, skin inflammation, and allergic responses caused by release of immunoglobulin E and T helper 2-specific cytokines. The aim of this study is to investigate the ameliorative and synergic effects of herbal formula, Derma-H, containing Astragalus membranaceus Fisch. ex Bunge (AM) and Nepeta tenuifolia Benth (NT) which have been used as traditional medicinal herbs for the cure of dryness, edema, and pruritus. 2,4-Dinitrochlorobenzene (DNCB) was applied for ACD induction. AM, NT, and a mixture of AM and NT was topically applied to skin lesions for 11 days. Dermatitis score and number of scratches were significantly diminished in AM, NT, and AM + NT (Derma-H)-treated groups. Especially, Derma-H was more effective than single treatment of AM and NT on skin hyperplasia and mast cell infiltration. Also, NGF expression decreased by NT and a mixture of AM and NT. Additionally, series of TrkA, Raf-1, MEK, and ERK were significantly inhibited by topical AM and NT application. Those findings suggested AM and NT treatment has a synergic effect on DNCB-induced ACD in mice.




Keywords: allergic contact dermatitis, Astragalus membranaceus Fisch. ex Bunge, Nepeta tenuifolia Benth, pruritus, inflammation



Introduction

Allergic contact dermatitis (ACD), a delayed-type of hypersensitivity, is caused by a variety of contact allergens. Approximately, 7% of worldwide population suffers from ACD and the prevalence rate of ACD is consistently increasing (Kim et al., 2013). ACD patients suffer from several symptoms including relapsing eczema, swelling, redness, dryness, and itching (Lipozencic and Wolf, 2007). There are several factors to trigger ACD such as stress, irritants, allergens, microorganisms, and environmental factors (Park et al., 2016). Although the pathogenesis of ACD is not fully known, multiple studies reported that inflammatory and pruritic mediators are involved in the progress of ACD (Nedoszytko et al., 2014). T helper (Th) 2 cytokines are typical inflammatory mediators in ACD (Kim et al., 2018). In addition, recruitment of nerve growth factor (NGF) and interleukin (IL)-31 induces severe itching in ACD (Feld et al., 2016). Natural killer cells, T regulatory cells, B cells, epidermal Langerhans cells, and keratinocytes are also involved in ACD (Gober and Gaspari, 2008).

Because the incidence of ACD is still increasing, the therapeutic request for improving ACD is gradually rising (Lee et al., 2016). To alleviate ACD symptoms, there are various drugs such as anti-inflammatory, anti-histamine, and glucocorticosteroid drugs as well as moisturizers (Yuan et al., 2010; Lee et al., 2017). However, long period-use of steroids including dexamethasone causes skin weakening, facial edema, psoriasis, furuncles, dryness, and bleeding (Walling and Swick, 2010). For those reasons, ACD patients hesitate to take such drugs because of their severe side effects (Arkwright et al., 2013). Thus, the development of novel ACD treatment using plant-derived natural compounds remains as a global challenge (Kim et al., 2013).

In East Asia, the dried root of Astragalus membranaceus Fisch. ex Bunge (AM) has been used as a conventional medicinal herb for more than 2,000 years (Zhou et al., 2018). Additionally, AM has a therapeutic effect on inflammation, skin-reinforcing, wound healing, and immune-regulation (Cho and Leung, 2007). The dried leaves of Nepeta tenuifolia Benth (NT) have been widely used in Japan, China, and Korea as an anti-inflammatory treatment for influenza symptoms such as headache, cough, nasal plug, fever, and severe fatigue (Grewe et al., 1998). Clinically, many prescriptions contain AM and NT such as Danggwieumja (Dangguiyinzi), Haedoknaetaksan (Jieduneituosan), Danggwieum (Dangguiyin), Daegosamhwan (Dakushenwan), and Haedokbangpungtang (Jiedufangfengtang) are used to cure skin diseases. Especially, it is reported that AM preserves cutaneous lesions by alleviating the severity of psoriasis, furuncle, and eczema and regenerating of skin tissues, while NT usually improves allergic, inflammatory, and infectious skin disease. Based on the previous studies (Choi et al., 2013; Choi et al., 2016; Choi et al., 2018), the hypothesis was suggested that a mixture of AM and NT has synergic effects on ACD.

In this study, the effects and its possible mechanism of AM and NT on ACD were investigated in DNCB-induced mice model. Histopathological features of skin lesions and scratching behaviors were analyzed. Especially, to demonstrate the clinical efficacy of AM and NT on pruritus, NGF, Tropomyosin receptor kinase A (TrkA), Raf-1 (Serine/Threonine kinase), MEK (MAPK/ERK kinase), and Extracellular signal-regulated kinases (ERK) pathway and interleukin (IL)-31 were examined. Moreover, expression levels of interleukin (IL)-4, -6, -10, -13, tumor necrosis factor (TNF)-α, and transforming growth factor (TGF)-β in ACD-like skin lesions were confirmed the inhibitory effects of AM and NT on immune responses in ACD.



Materials and Methods


Chemicals and Reagents

2,4-dinitrochlorobenzene (DNCB) and Dexamethasone was purchased from Sigma Aldrich (St.Louis, USA). Sodium dodecyl sulfate (SDS) was applied by Biosesang (Sungnam, Korea). Antibodies used in Western blot such as β-actin, Raf-1, p-Raf-1, anti-rabbit, and anti-mouse horseradish peroxidase-conjugated secondary antibody were obtained from Santa Cruz (CA, USA). ERK, p-ERK, MEK, p-MEK were purchased from Cell Signaling Technology (Danvers, MA, USA). In addition, antibody of TrkA was applied by Abcam (Cambridge, UK). For reverse transcription polymerase chain reaction (RT-PCR) experiment, Maxime RT Premix and Maxime PCR premix were purchased from iNtRON Biotechnology Inc. (Sungnam, Korea). Specific primers such as IL-4, -6, -10, -13, -31, TNF-α, interferon (IFN)-γ, TGF-β, and GAPDH used for amplifying were designed by Bioneer Corp. (Daejeon, Korea).

Preparation of Sample A. membranaceus Fisch. ex Bunge and N. tenuifolia Benth, which are originated from Korean medicine, were obtained from Dong-Yang Herb (Seoul, Korea). The batch numbers of A. membranaceus Fisch. ex Bunge and N. tenuifolia Benth were DY074K02H and DY052S02H. Ten grams of AM and NT, respectively, were extracted with 100 ml of distilled water by refluxing at 100°C for 2 h. The extracts were filtered by vacuum filter and condensed in a rotary evaporator under reducing pressure. Then condensed samples were pre-dried in −80°C about 48 h. Samples were powdered under freeze-dryer for 72 h. The yields of AM and NT were 29.57 and 17.10%.



Standardization of AM and NT

Each of AM and NT extracts were identified by formononetin and pulegone using high-performance liquid chromatography diode array detector (HPLC-DAD). Formononetin and pulegone were chosen to identify AM and NT extracts, respectively, as standard compounds according to the National Standard of Traditional Medicinal (Herbal and Botanical) Materials in the Korean Pharmacopoeia. The HPLC apparatus was a Gilson System equipped with a 234 Autosampler, a UV/VIS-155 detector and a 321 HPLC Pump (Gilson, Seoul, Korea). In case of AM, chromatography was performed at room temperature at a flow rate of 0.5 ml/min and 10 μl was analyzed for 50 min. The retention time of formononetin was 31.7 min. Standardization of NT was based on the content of pulegone. Chromatographical analysis was performed at room temperature at a flow rate of 1.0 ml/min, and 10 μl was analyzed for 30 min. The retention time of pulegone was 18.4 min. Consequently, the concentrations of formononetin and pulegone were 2 mg/g in AM extract and 7.03 mg/g in NT extract, respectively (Figures S1 and S2).



Animals

All of 30 male BALB/c mice aged 5-week-old were purchased from Raonbio Inc. (Yongin, Korea). Animals were housed in a well-controlled animal room with a 12 h light/dark cycle and humid condition of 50 ± 5% at 22–24°C. All mice were fed with standard chow diet and tap water. Animal care and experimental procedures were performed in accordance with the “Guide for the Care and Use of Laboratory Animals” (Department of Health, Education and Welfare, NIH publication #78-23, 1996). This animal experiment was approved by the Guide for the Care and Use of Laboratory Animals of Kyung Hee University, Seoul, Korea (KHUASP(SE)-16-159).

After 1 week of adaptation, mice were divided into six groups (n = 5): (i) NOR: normal control, with no sensitization and vehicle application; (ii) DNCB: negative control, with DNCB sensitization and vehicle application; (iii) DEX: positive control, with DNCB sensitization and 10 μM (3.9246 × 10-3 mg/ml) of dexamethasone application; (iv) AM: with DNCB sensitization and 30 mg/ml of AM application; (v) NT: with DNCB sensitization and 20 mg/ml of NT application; and (vi) AM + NT: with DNCB sensitization and 50 mg/ml AM and NT, 30 mg AM, and 20 mg NT in 1 ml distilled water, application. The concentrations of AM (30 mg/ml) and NT (20 mg/ml) were determined by each yield to correspond to the same amount of raw materials. A mixture consists of 30 mg of AM and 20 mg of NT dissolved in 1 ml distilled water. Animal experiment was performed as described previously (Choi et al., 2017). Before the experiment, the skin on the upper back was shaved by an electronic shaver. 2,4-dinitrochlorobenzene (DNCB) was used as a sensitization substance for ACD, which initiates skin innate immunity activation. For first challenge of ACD, 200 μl of 1% DNCB in acetone/olive oil (4:1, v/v) was topically applied to the dorsal skin of mice once daily. After 3 days of sensitization, mice did not receive any further treatment during the next 4 days. Then, sodium dodecyl sulfate (SDS), samples, and DNCB were treated every 3 h in order, respectively, at second challenge of ACD. In detail, 200 μl of 4% SDS was applied to the dorsal skin of mice to disrupt the skin barrier and remove cuticle layers. After 3 h, 200 μl of samples including AM, NT, and mixture were topically administrated to the dorsal skin, while DNCB group was received vehicle. Then after 3 h of sample treatment, 200 μl of 0.5% DNCB was treated to the skin lesions of mice. All treatments including 4% SDS, samples, and 0.5% DNCB were repeated for consecutive 11 days. There was no side effects or abnormalities following AM and NT treatment during the experiment. At the end of experiment, all mice were sacrificed.



Measurement of Dermatitis Score

The extent of (1) erythema/hemorrhage, (2) dryness/scarring, (3) edema, and (4) erosion/excoriation was scored as 0 (none), 1 (mild), 2 (moderate), or 3 (severe). All mice were photographed by digital camera (Sony, Tokyo, Japan) under anesthesia. The severity of the dorsal skin was measured by three researchers without group information. The sum of the separate scores was described as the dermatitis score. Before sacrifice, mice were anesthetized with 100 μl of zoletil and rompun mixture. Then the severity of the dorsal skin in all mice was measured by triplicate.



Measurement of Scratching Behavior

The previous day of sacrifice, all mice were set in a separated plastic cage for stabilizing for 1 h after sensitization with 200 μl of 0.5% DNCB. Scratching behavior of each group was recorded for 20 min. The number of scratching was counted by acknowledging the scratches only the back side of the body. The scratching episode of each group was counted by a blind test. The number of scratching of each mouse was averaged from the counts of three researchers.



Histological Analysis for H&E Staining

Skin tissues from the upper back of mice were fixed in 4% formalin for 24 h, dehydrated. After embedding of each specimen, the specimens were sliced to 4 μm of thickness. Sections of skin specimens were stained with hematoxylin and eosin (H&E). Stained specimens were cover-slipped with VECTA Mount permanent mounting medium (VECTOR laboratories, Inc., Burlingame, CA). Digital images were obtained from Leica Application Suite (LAS) Microscope Software (Leica Microsystems Inc., IL, USA). The magnification of H&E staining was ×100.



Histological Analysis for Toluidine Blue Staining

For the evaluation of mast cell infiltration, sliced specimens of 4 μm thickness were stained with toluidine blue solution. Digital images were obtained from Leica Application Suite (LAS) Microscope Software. Then five sites of every stained specimen were chosen for counting mast cells numbers at random with the scale of ×200.



Western Blot Analysis

Each sample of dorsal skins were homogenized in tissue protein extraction buffer (Thermo scientific, Rockford, USA) with protease inhibitor cocktail tablets (Roche, Mannheim, Germany). Twenty micrograms of protein from dorsal skin was denatured with 5% SDS loading buffer. The prepared samples were loaded on 10% SDS-polyacrylamide gel electrophoresis. Then electro-transferred to activated polyvinylidene fluoride membranes. Membranes were blocked by 3% bovine serum albumin in tris-buffered saline (TBS) containing 1% tween 20 (TBS-T) and incubated with the specific antibodies at 4°C overnight (β-actin, Raf-1, p-Raf-1; Santa Cruz, CA, USA, 1:1,000 dilutions in TBS-T, ERK, p-ERK, MEK, p-MEK; Cell Signaling Technology, Danvers, MA, USA, 1:1,000 dilution in TBS-T, TrkA; Abcam, Cambridge, UK, 1:1,000 dilution in TBS-T). After washing of those membranes for 10 min three times, membranes were incubated with anti-rabbit and anti-mouse horseradish peroxidase-conjugated secondary antibody (Santa Cruz, 1:2,000 dilutions in TBS-T) for 1 h at room temperature. Then proteins were developed with an enhanced chemiluminescence detection reagent (AbClon, Seoul, Korea) by a Davinch-Western imaging system (Davinch-K, Seoul, Korea).



Measurement of Inflammatory Cytokine Levels

Total RNA from dorsal skin lesions was extracted with RNA extraction solution (Nanohelix, Daejeon, Korea) following the manufacturer’s instruction. Isolated total 2 μg RNA was synthesized into cDNA using Maxime RT Premix (iNtRON Biotechnology Inc., Sungnam, Korea). Synthesis of cDNA was arranged as follows: stage 1: 45°C for 60 min; stage 2: 95°C for 5 min. The cDNA was amplified with using Maxime PCR premix (iNtRON Biotechnology Inc., Sungnam, Korea) and specific primers such as IL-4, -6, -10, -13, -31, TNF-α, interferon (IFN)-γ, TGF-β, and GAPDH. The primers used for amplifying were designed by Bioneer Corp. (Daejeon, Korea) and listed in Table 1. Optimal conditions of each factors for RT-PCR were confirmed by triplicate. Gene expressions were relatively estimated with the housekeeping genes (GAPDH) mRNA levels. The relative changes of target gene expression were analyzed by Gel doc (DAIHAN Scientific Co, Ltd., Wonju-si, Gangwon-do, Korea).


Table 1 | Sequence of reverse transcription PCR primers.





Statistical Analysis

Data are presented as the mean ± standard error of the mean (S.E.M). Differences between control groups and application groups were examined using a one-way analysis of variance (ANOVA) and Tukey’s tests. p < 0.05 were considered statistically significant.




Results


Effect of AM and NT on Skin Dermatitis Score and Scratching Behavior

Dermatitis symptoms including erythema, dryness, edema, erosion were developed following the DNCB sensitization. As a negative control; dermatitis score of DNCB group was calculated about 6.1, unlike 0 of the normal control group; NOR group. Compared with DNCB group, skin severity in DEX group as a positive control was clearly ameliorated as shown in 56.0% reduction of dermatitis score. The skin severity of each group were improved as following the application of AM and NT. Compared with DNCB group, Dermatitis scores of AM and NT group were decreased by 18.7% and 25.3%, respectively. Moreover, AM + NT group also showed noticeable improvement of skin severity. The score of AM + NT group was decreased by 27.5% compared with DNCB group (Figure 1A).




Figure 1 | Effects of AM, NT, and a mixture of AM and NT on skin dermatitis scores (A) and scratching behaviors (B) with allergic contact dermatitis skin lesions. The scratching behavior was evaluated 1 h after the last DNCB application on the day before sacrifice. Data were presented as means ± S.E.M (n = 5). ###p < 0.001 vs. NOR; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. DNCB.



Additionally, DNCB-treated mice showed a noticeable increase of scratching actions than NOR group about 24.8 folds. As a positive control, DEX treatment depressed the number of scratching behavior up to 32.1% compared with DNCB group. Each of AM and NT treatment ameliorated the scratching behavior up to 30.0 and 25.6%. In addition, topical application of AM and NT reduced the scratching behavior up to 31.2% compared with DNCB group (Figure 1B).



Effect of AM and NT on Histological Changes

As follow H&E staining, the DNCB group indicated skin hyperplasia of the epidermis and lichenification. Thickness of epidermis and dermis were increased 6.1- and 2.1 folds in DNCB group compared with NOR group. There were significant reductions of epidermal and dermal thickness in all treatment groups compared with DNCB group. Each AM and NT treatment influenced skin hyperplasia compared with DNCB group (Epidermis: AM 50.1%, NT 54.7%; dermis: AM 18.9%, NT 31.6%). Similarly, the treatment of mixture, Derma-H, markedly inhibited hyperplasia of the epidermis and dermis similar to DEX (Epidermis: AM + NT 55.2%, DEX 64.4%; dermis: AM + NT 35.2%, DEX 25.8%) (Figures 2A, B).




Figure 2 | Effects of AM, NT, and a mixture of AM and NT on histopathological features with allergic contact dermatitis skin lesions. Epidermis (A) and dermis (B) thickness were stained with hematoxylin and eosin and measured microscopically. The magnification was ×100. Data were presented as means ± S.E.M (n = 5). ###p < 0.001 vs. NOR; *p < 0.05 and ***p < 0.001 vs. DNCB. Black lines indicate the layer of epidermis (E) and dermis (D).





Effect of AM and NT on Mast Cell Degranulation

As follow toluidine blue staining, the infiltration of mast cells in DNCB group was 8.7 folds higher than that in NOR group. Each treatment of AM and NT also reduced mast cell infiltration about 38.5 and 43.0%, respectively. In addition, the number of mast cells was significantly reduced by 49.0% in AM and NT treated mice (Figure 3).




Figure 3 | Effects of AM, NT, and a mixture of AM and NT on mast cell degranulation with allergic contact dermatitis skin lesions. Mast cell infiltration in dorsal skin lesions were indicated by Toluidine blue staining. The magnification is ×200. Data were presented as means ± S.E.M (n = 5). ###p < 0.001 vs. NOR; ***p < 0.001 vs. DNCB. Black lines indicate the layer of epidermis (E) and dermis (D). Arrows indicate the toluidine blue-stained mast cells.





Effect of AM and NT on NGF-TrkA Signaling Pathway-Related Factors

To identify the pruritic effects of AM and NT mixture, the expressions of NGF-TrkA signaling pathway-related factors were estimated (Figure 4A). Expression of NGF in DNCB group was 2.1 folds higher than NOR group. Topical treatment of DEX reduced NGF expression about 42.0% compared with DNCB group. Compared with DNCB group, the expressions of NGF in AM and NT treated groups were reduced about 11.8 and 16.3% respectively. Similar to the result of DEX group, a mixture of AM and NT down-regulated the expression of NGF up to 32.5% (Figure 4B).




Figure 4 | Effects of AM, NT, and a mixture of AM and NT on NGF-TrkA signaling related factors with allergic contact dermatitis skin lesions. (A) The expressions of NGF-TrkA signaling related factors, such as (B) NGF, (C) TrkA, (D) Raf-1, (E) MEK, and (F) ERK were determined on the dorsal skin by Western blot analysis. Data were presented as means ± S.E.M (n = 5). ###p < 0.001 vs. NOR; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. DNCB.



Series of TrkA, Raf-1, MEK, and ERK levels were analyzed by Western blot analysis. Phosphorylation of TrkA, Raf-1, MEK, and ERK were considerably increased by 2.9, 2.8, 4.1, and 2.7 folds in DNCB-induced ACD skin, compared with NOR group. With the treatment of AM and NT, series of TrkA, Raf-1, MEK, and ERK expressions were remarkably inhibited by 56.2, 77.6, 73.6, and 33.5% compared with DEX group about 58.7, 22.6, 74.8, and 39.3% (Figures 4C–F). Also, Raf-1, MEK, and ERK phosphorylation were decreased in AM and NT groups, respectively (Raf-1: AM 42.5%, NT 50.0%; MEK: AM 61.0%, NT 72.8%; ERK: AM 6.5%, NT 15.7%).



Effect of AM and NT on Inflammatory Cytokines

To investigate the anti-inflammatory effects of AM and NT, mRNA expression levels of inflammatory-mediators including pro-inflammatory cytokines (IL-6 and TNF-α), counter-regulatory cytokines (IL-10 and TGF-β), Th2 cytokines (IL-4, -13, and -31), and Th1 cytokine (IFN-γ) in the dorsal skin was analyzed by RT-PCR. DNCB group up-regulated the expressions of pro-inflammatory cytokines and Th2-specific cytokines while down-regulated the counter-regulatory cytokines. The recruitment of pro-inflammatory cytokines including IL-6 and TNF-α were increased about 2.5 and 3.0 folds compared with NOR group. Anti-inflammatory cytokines including IL-10 and TGF-β down-regulated about 0.2 and 0.1 folds in DNCB group. Each of AM and NT treatment have regulatory effects on pro-inflammatory cytokines and anti-inflammatory cytokines with the decreases of IL-6 and TNF-α (IL-6: AM 33.9%, NT 48.6%; TNF-α: AM 47.0%, NT 49.0%) (Figure 5A) and the increases of IL-10 and TGF-β (IL-10: AM 56.6%, NT 53.8%; TGF-β: AM 82.7%, NT 84.9%) (Figure 5B). Compared with DNCB group, topical treatment of AM and NT diminished the levels of IL-6 and TNF-α about 59.3 and 65.3% and up-regulated IL-10 and TGF-β about 53.1 and 85.0%.




Figure 5 | Effects of AM, NT, and a mixture of AM and NT on inflammatory cytokine levels: (A) pro-inflammatory cytokines; interleukin (IL)-6 and TNF-α, (B) anti-inflammatory cytokines; IL-10 and TGF-β, (C) Th2 specific cytokines; IL-4, -13, and -31; and (D) Th1 specific cytokines; IFN-γ in mice with allergic contact dermatitis skin lesions. Data were presented as means ± S.E.M (n = 5). ###p < 0.001 vs. NOR; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. DNCB.



Additionally, the expression levels of IL-4, -13, and -31 in DNCB group were 2.6, 4.2, and 4.1 folds higher than NOR group. The expressions of IL-4, -13, and -31 were significantly decreased in AM, NT, and AM + NT groups (IL-4: AM 38.4%, NT 44.1%, AM + NT 48.0%; IL-13: AM 68.2%, NT 69.9%, AM + NT 73.1%; IL-31: AM 64.0%, NT 44.7%, AM + NT 75.5%) (Figure 5C). However, Th1-specific cytokine IFN-γ did not appear any increase in AM, NT, and AM + NT groups (Figure 5D).




Discussion

ACD is an inflammatory skin disease associated with skin barrier disruption, leading to intense itching and typically characterized by hyperkeratosis, skin thickening, dryness, excoriation, redness, scars, and edema (Grewe et al., 1998; Napolitano et al., 2016). Dermatitis scores, indicated by erythema/hemorrhage, dryness/scarring, edema, and erosion/excoriation, were improved by AM, NT, and a mixture of AM and NT. Through the histological analysis, skin hyperplasia and swelling were appeared in DNCB group and those symptoms were alleviated by treatment of AM and NT. Single administration of AM and NT, respectively, recovered the characteristics of ACD, such as erythema, hemorrhage, dryness, scarring, erosion, and skin hyperplasia. AM and NT had similar or better inhibitory effects on the development of ACD.

About 60% of ACD patients, especially children, have experienced sleep disturbance regardless of clinical treatment (Fishbein et al., 2018). Because scratching aggravates dermatitis, the susceptibility to itching is increased, resulting in the degeneration of skin lesions (Koblenzer, 1999; Feld et al., 2016). Therefore, the regulation of pruritus and scratching behaviors can be a new therapeutic method for treating ACD (Choi et al., 2018). As described in the previous studies (Choi et al., 2016), topical AM treatment significantly inhibited the scratching behavior by 30.0%. In addition, the number of scratches were decreased at the ratio of 31.2% by treatment of AM and NT, while topical NT application reduced the itching by 25.6%.

There are several pathways to cause scratching and itching in ACD patients such as histamine 1 and 4 receptor, neuropeptides, cytokines, and various inflammatory factors like NGF and mast cell degranulation (Stander and Luger, 2010). Mast cell is the first defender to protect cellular barriers in the cutaneous lesions, the mucous membrane, and digestive and respiratory tracts. Mast cells have been not only associated with acute and chronic responses but also featured by inflammation (Metz et al., 2007). It is well established that the number of mast cells was markedly increased in ACD-like skin lesions (Kawakami et al., 2009). The number of mast cells was remarkably ameliorated in AM, NT, and AM + NT groups as compared with DNCB group.

In association with the mast cells activation, NGF and its receptor (TrkA) have been considered to act as a leading part in the pruritus by inducing “itch-scratch cycle” (Roblin et al., 2015). NGF is a significant neuropeptide that activates nervous system in central and peripheral parts. In addition, NGF correlated inflammatory responses by mast cells, B cells, T cells, neutrophils, and eosinophils (Kritas et al., 2014). TrkA is one of NGF receptors and have a binding with NGF, as a strong affinity nerve growth factor receptor (Mahadeo et al., 1994). This membrane-bounded receptor auto-phosphorylated upon neurotrophin binding (Joca et al., 2015). Activated TrkA triggers Raf-1 to be phosphorylated. Activation of MEK, as a result from phosphorylation by Raf-1, phosphorylates ERK (Roblin et al., 2015). In this study, topical NT and a mixture of AM and NT treatment significantly decreased the expressions of NGF in ACD-like skin lesions, while AM did not affect the NGF expression. The expression of TrkA was markedly diminished in AM and NT treated skin tissues. In consistent with the NGF-TrkA expression, the phosphorylation of series of Raf-1, MEK, and ERK was markedly inhibited in AM, NT, and a mixture of AM and NT treated ACD-like lesions compared with DNCB group. Treatment of AM and NT appeared to be more effective in NGF-TrkA pathway than that of NT.

In addition to itchy lesions, Th cell immune responses are clinical features in ACD (Biedermann et al., 2015). The production of IL-6 and TNF-α initiates the pro-inflammatory reaction in acute stage of ACD. Additionally, counter-regulatory cytokines such as IL-10 and TGF-β are down-regulated by DNCB sensitization, indicating that IL-10 and TGF-β are regarded as anti-inflammatory cytokines. Furthermore, Th2 cells mainly mediate the onset of ACD, while Th1 cells are predominant in the chronic phase of ACD (Leung et al., 2004). Imbalanced Th2/Th1 cell-mediated cytokine is one of critical causes of developing ACD (Racke et al., 1994). IL-4, IL-13, and IL-31 are typical Th2-mediated cytokines in the progress of ACD development (Neis et al., 2006). In contrast, Th1 cells activation increases the release of IFN-γ (Bradley et al., 1996). Especially, Th2-specific cytokines promotes the degranulation of mast cells, that leads to itching sensation. Therefore, inhibition of Th2-mediated cytokines is expected to ameliorate the scratching behavior in ACD. In this study, treatment of AM, NT, and a mixture of AM and NT inhibited the production of pro-inflammatory cytokines, IL-6 and TNF-α, along with increases of anti-inflammatory cytokines, IL-10 and TGF-β. Th2-specific cytokines including IL-4, -13, and -31 were down-regulated, while Th1-specific cytokine IFN-γ was not affected by AM, NT, and a mixture of AM and NT. These results demonstrate that AM and NT had beneficial effects on the down-regulation of Th2-mediated cytokines rather than the up-regulation of Th1-mediated cytokine. Interestingly, the degree of itch score correlates with the IL-31 cytokine production in ACD lesions (Neis et al., 2006). AM treatment showed lower IL-31 expression (64.2%) than NT treatment (44.7%). Although AM did not affect the NGF-TrkA signaling, itching-related cytokine IL-31 was inhibited by AM treatment, resulting in a decrease of scratching behavior.

In this experiment, AM and NT had anti-inflammatory effect on Th and mast cells in clinical phase of ACD. Moreover, they had regulatory effect on keratinocyte which has a role in initiation and termination phase of ACD (Gober and Gaspari, 2008). Astragaloside IV from AM stimulated proliferation and migration of keratinocytes via regulation of the Wnt signaling pathway (Li et al., 2012). And NT promoted keratinocyte migration and wound healing (Isohama, 2014).

Epidermal Langerhans cells and dermal dendritic cells may regulate an immune response by presenting allergens to T cells in the paracortical areas of regional lymph nodes in elicitation phase of ACD (Gober and Gaspari, 2008). Further studies confirming the effect of AM or NT on epidermal Langerhans cells or dermal dendritic cells will clearly reveal the mechanism for improving allergic contact dermatitis.

Taken together, AM showed the anti-inflammatory effect by decreasing the expression of Th2-mediated cytokines. In addition, NT inhibited NGF-TrkA signaling as an anti-pruritic effect on DNCB-induced skin lesions. In conclusion, a mixture of AM and NT has a synergic effect on pruritus and inflammation in DNCB-induced ACD (Figure 6). It may be hypothesized that AM and NT may be further developed as a new alternative therapy for ACD once further experimental work has clarified the concentration of treatment and various clinical effect.




Figure 6 | Graphical summary of key process by a mixture of AM and NT, Derma-H, in ACD. Derma-H, a mixture of AM and NT, improved scratches by inhibiting the release of NGF-TrkA signaling and decreasing the number of mast cells. In addition, pro-inflammatory, Th2-specific cytokines and anti-inflammatory cytokines were effectively regulated by Derma-H. Consequently, Derma-H has ameliorative effects on ACD.
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Hyaluronic acid (HA), a major component of extracellular matrix has been widely applied in pharmaceutical and cosmetic industries due to its reported pharmacological properties. Various types of HA drug delivery system including nanoparticles, cryogel-based formulations, microneedle patches, and nano-emulsions were developed. There are studies reporting that several HA-based transdermal delivery systems exhibit excellent biocompatibility, enhanced permeability and efficient localized release of anti-psoriasis drugs and have shown to inhibit psoriasis-associated skin inflammation. Similarly HA is found in abundant at epidermis of atopic dermatitis (AD) suggesting its role in atopic AD pathology. Anti-allergenic effect of atopic eczema can be achieved through the inhibition of CD44 and protein kinase C alpha (PKCα) interaction by HA. Herein, we aim to evaluate the current innovation on HA drug delivery system and the other potential applications of HA in inflammatory skin diseases, focusing on atopic dermatitis and psoriasis. HA is typically integrated into different delivery systems including nanoparticles, liposomes, ethosomes and microneedle patches in supporting drug penetration through the stratum corneum layer of the skin. For instance, ethosomes and microneedle delivery system such as curcumin-loaded HA-modified ethosomes were developed to enhance skin retention and delivery of curcumin to CD44-expressing psoriatic cells whereas methotrexate-loaded HA-based microneedle was shown to enhance skin penetration of methotrexate to alleviate psoriasis-like skin inflammation. HA-based nanoparticles and pluronic F-127 based dual responsive (pH/temperature) hydrogels had been described to enhance drug permeation through and into the intact skin for AD treatment.




Keywords: hyaluronic acid, inflammatory skin diseases, psoriasis, atopic dermatitis, drug delivery, CD44 receptor





Graphical Abstract | HA-mediated Drug Delivery System Targeting Inflammatory Skin Diseases (Psoriasis and Atopic Dermatitis).




Introduction

Skin as the first line of defense against infection is made up of three main layers which vary in functions and anatomy: epidermis (outer layer), dermis (middle layer) and hypodermis (bottom layer) (Prost-Squarcioni, 2006). As it interacts with environment, skin acts as a protector against diseases, excessive water loss, UV damage, mechanical injury, and also helps in regulate body temperature (Logger et al., 2019). Skin and subcutaneous diseases are the 4th leading cause of disability globally in 2013 excluding mortality, with dermatitis being the greatest burden among all costing approximately 9.3 million disability-adjusted life years (Karimkhani et al., 2017). Psoriasis is reported to affect 2% of worldwide population due to genetic and environmental factors (Mohd Affandi et al., 2018). Psoriasis is an inflammatory skin diseases which is chronic with strong genetic predisposition and autoimmune pathogenic traits (Du et al., 2019) that is causing burden to patient either physically or physiologically (Boehncke and Schön, 2015). For mild to moderate psoriasis, topical corticosteroids are the first-line treatment. However, long term application of topical corticosteroids can produce adverse effects such as epidermal thinning, atrophy, ulceration and facial erythema (Coondoo et al., 2014).

Atopic dermatitis (AD), a common chronic inflammatory skin disease poses a significant threat to both patient and the economy. It also affects the quality of individual life as well as their families (Kapur et al., 2018). The disease is believed to arise due to the complex interplay between skin barrier malfunction, immune dysregulation and infectious agents from environment factor (Kapur et al., 2018). In Canada, it was reported that an estimated cost of $1.4 billion annually is incurred to assist AD patient in getting treatment, like emollients application, as well as frequent physician visits which impacted the economy (Barbeau and Lalonde, 2006). AD has significant impact on the patients quality of life as there will be constant itchiness which can lead to skin trauma and sleep deprivation (Kapur et al., 2018).

CD44, a receptor for HA is found to be highly expressed in psoriatic skin. The concentration is negatively correlated with HA distribution (Zhang et al., 2019). It was found that anti-allergenic effect can be achieved through the inhibition of CD44 and PKCα interaction by HA (Kim et al., 2008). Based on the understanding of the characteristic of HA and HA-CD44 pathway, HA is widely used as a nano-drug delivery system to enhance the therapeutic effect of drug at the lesion site (Taetz et al., 2009). HA assisted drug delivery systems that has been described include nanoparticle, ethosomes and microneedle. It is an important vehicle to enhance drug-skin penetration and an important vehicle to retain moisture in AD in view of barrier dysfunction. The objective of this review is to review the role of HA as a drug delivery system in inflammatory skin diseases namely psoriasis and atopic dermatitis.



Structural and Functional Characteristics of Hyaluronic Acid

Hyaluronic acid (HA), a major component of extracellular matrix has been widely applied in pharmaceutical and cosmetic industries due to its reported pharmacological properties which includes anti-aging (Bukhari et al., 2018), anti-inflammatory (Chen, 2018), skin repairing (Narurkar et al., 2016), tissue regeneration (Bukhari et al., 2018) and wound recovery properties (Chen, 2018). HA possess good biocompatibility, high moisture retention, and tuneable viscoelastic properties (Sze et al., 2016). It is a natural unbranched polymer composed of repeating disaccharide units of D-glucuronic acid and N-acetylglucosamine linked by a glucuronidic β (1–3) bond. HA with different molecular weights exhibit distinct properties. For instance, low molecular weight HA (LMW-HA) is reported to be associated with promoting angiogenesis whereas high molecular weight HA (HMW-HA) inhibits angiogenesis. The appropriate balance between synthesis and degradation of HA is vital in the regulation of various biological functions including cell proliferation, migration, differentiation (Bychkov and Kuzmina, 2015), vasculogenesis and angiogenesis (Pardue et al., 2008), as well as regulating cell adhesion and motility (Kouvidi et al., 2011), as determined by their molecular weight. LMW-HA on the other hand exerts opposite effect as compared to HMW-HA where it demonstrates biological activities such as antioxidant properties and pronounced free radical scavenging has been developed in recent years (Ke et al., 2011). In addition, LMW-HA has also shown to induce inflammatory genes in T-24 carcinoma cells, in eosinophils (Ohkawara et al., 2000) as well as dendritic cells (Termeer et al., 2000). Both sizes of HA are safe and efficacious, and the market is expecting a continuing emergence of HA-based products in the coming years (Tabassum and Hamdani, 2014).



Psoriasis

Psoriasis is a chronic inflammatory autoimmune skin disease characterized by marked epidermal proliferation and abnormal differentiation with activation of both innate and acquired immunity (Rendon and Schäkel, 2019). This autoimmune disorder is multifactorial, and inflammation is known to play a major role in its development. Research have showed that activated Th1 and Th17 T cells (CD4+ T cells), CD8+ T cells, as well as increased levels of cytokines such as IL-17, IL-23, TNF-α and IL-27, have been directly implicated in psoriasis immunopathogenesis (Luger and Loser, 2018). The immunology and genetics studies of psoriasis have provided insights into the heterogeneity and regulatory pathways that govern psoriasis, and assist in the development of therapy based on patients biogenetic markers and identify new avenues for treatment based on a more complete understanding of the immunological mechanisms. Topical administration is one of the important approaches to treat psoriasis. Drugs are applied directly to the affected skin lesions to inhibit inflammatory symptoms of psoriasis. Topical administration of drugs with narrow therapeutic window can reduce systemic absorption compared to drugs delivered through oral and intravenous routes which help to reduce adverse systemic effects. Though topically applied drugs provide prolonged duration of action, the stratum corneum limits the amount of drugs being percutaneously absorbed, resulting in poor clinical efficacy. Hence, novel and improved percutaneous delivery system to overcome the stratum corneum barrier of psoriatic skin is vital to antipsoriatic drug for topical therapy.



HA as a Drug Delivery System in Psoriasis

Currently, HA is widely incorporated as part of the transdermal delivery system to enhance drug penetration in psoriasis treatment. Various forms of drug delivery systems including HA-based nanoparticles, ethosomes, cryogels, and microneedle patches have been developed to enhance drug permeation through and into the intact skin for psoriasis treatment. The excellent solubility properties of HA resulted in its development as one of the most important topical carriers for the localized delivery of drugs to the skin and also as a drug delivery agent for ophthalmic, nasal, pulmonary, parenteral and topical routes of administration (Brown and Jones, 2005). HA acts as mucoadhesive, retaining the drug at specific site of action/absorption. It also can modify the in vivo release and absorption rate of the therapeutic agent and it is able to localize delivery of drug to the epidermis. The types of psoriasis drugs that have been incorporated into these HA-based delivery systems include methotrexate, tacrolimus, and corticosteroids, all which are first-line treatments for moderate to severe psoriasis.

One of the novel nano-topical drug delivery system developed using HA-modified ethosomes target CD44 in the inflamed epidermis (Zhang et al., 2019). Ethosomes are novel deformable liposomes derived from dispersing liposomes in small-chain biocompatible alcohols and they are demonstrated to be more superior than classic liposomes which significantly increase skin retention of drugs (Touitou et al., 2000). The incorporation of curcumin in HA-modified ethosomes target CD44 in the inflamed epidermis (Zhang et al., 2019). Recent studies have found that CD44 protein is highly expressed in the epidermis of psoriatic inflamed skin, suggesting that CD44 can serve as a potential target of novel active-targeting nanocarriers for topical administration to increase skin drug retention and enhance drug efficacy (Lindqvist et al., 2012). The HA-modified ethosomes showed specific adhesion CD44 in imiquimod-induced psoriasis-like inflamed skin, and that the increased topical drug delivery of curcumin reduced  TNF-α, IL-17A, IL-17F, IL-22, and IL-1β mRNA levels; and lower CCR6 protein expression.

Another formulated hybrid nanoparticle system based on the combination of amphiphilic conjugations of HA–Cholesterol-self-assembled nanoparticles and hydrotropic nicotinamide was developed to enhance the permeation of tacrolimus (FK506) in the treatment of psoriasis (Wan et al., 2017). Commercial FK506 is an ointment formulation use to treat atopic dermatitis, but it is applied to other skin diseases like psoriasis (Malecic and Young, 2016). FK506 is a type of macrolide immunosuppressive drug which prevents activation of T-lymphocyte through inhibition of IL-2, a cytokine that is responsible for the development and persistence of psoriasis lesions (Goebel et al., 2011). However, topical treatment of tacrolimus ointment on hyperkeratotic psoriatic plaques did not promote FK506 deposition due to its high hydrophobicity and high molecular weight (Zonnevdd et al., 1998). The combination of HA–Cholesterol nanoparticles exhibited a significant synergistic effect on the permeation of FK506 ointment and that it presented a synergistic effect on antipsoriasis which might increase the therapeutic effect and minimize systemic side effects (Wan et al., 2017).

Synthetic biodegradable polymers have significant versatility and diverse biomedical applications owing to their tailorable designs or modifications. Poly(vinyl alcohol) (PVA) is a water soluble biodegradable synthetic polymer with good biocompatibility, and it can be physically cross-linked by the freeze-thaw method (Stauffer and Peppast, 1992) to form hydrogels useful in pharmaceutical formulations. The development of PVA/HA cryogels loaded with methotrexate showed good in vivo biocompatibility after systemic and topical administration in laboratory animals. The pH-responsive swelling and releasing abilities of these PVA/HA cryogels allow these systems to be developed as topical formulations for psoriasis therapy.

Meanwhile, development of pH-responsive biodegradable poly-L-glutamic acid (PGA)-fluocinolone acetonide (FLUO) conjugate allows the controlled release of the FLUO to reduce skin inflammation (Dolz-Pérez et al., 2020). However, PGA-FLUO showed limitations in the release of drug in the epidermis which bring about the application of PGA-FLUO within hyaluronic acid (HA)-poly-L-glutamate cross polymer (HA-CP) resulted in slower and sustained drug transfer in the epidermis allowing sufficient residence time for drug activity (Dolz-Pérez et al., 2020).

Microneedle patch is a highly efficient and versatile device which attracted extensive scientific and industrial interests in the past decades due to prominent properties including painless penetration, low cost, excellent therapeutic efficacy, and relative safety. The robust microneedle enabling transdermal delivery has a paramount potential to create advanced functional devices with superior nature for biomedical applications. Methotrexate, an analogue of folic acid has been used as a drug to treat psoriasis skin condition (Czarnecka-Operacz and Sadowska-Przytocka, 2014). Methotrexate has been shown to down-regulate interleukin-17 and interferon-c, inhibit proliferation of effector T cells and restore the immunosuppressive function of regulatory T cells (Chen, 2018). Nevertheless, its high molecular weight, hydrophilicity and inability to maintain a stable form at physiological pH restricted the permeability of methotrexate by passive diffusion through the stratum corneum (Alvarez-Figueroa et al., 2001). The development of methotrexate-loaded HA-based microneedle patch successfully penetrated imiquimod (IMQ)-induced thickened epidermis in mice and alleviated the psoriasis-like skin inflammation (Du et al., 2019). In addition, the methotrexate-loaded HA-based microneedle patches were significantly more efficacious than taking the same dose of drug orally. This significantly reduced the amount of methotrexate required for the microneedle patch delivery system required for a comparable amelioration, which in turn lowered its systemic toxicity (Du et al., 2019).



HA as a Biomarker in Psoriasis

Serum HA had been utilized as a biomarker for psoriasis as studies reported that concentration of serum HA increases significantly in patients with serious cutaneous psoriasis (Yamamoto et al., 1997). This is due to the ability of low molecular weight HA (LMWHA) in inducing inflammatory cytokine gene expression and serving as a ligand for toll-like receptors (TLRs). In addition, presence of IL-1β, tumor necrosis factor-α (TNF-α) and degradative enzymes such as metalloproteinases will lead to an increase in hyaluronan synthetases (HAS) 1–3 and hyaluronidases that synthesize LMWHA by degrading HMWHA (Mehta et al., 2011; Hellman et al., 2019). In psoriasis, TLRs play a vital role as innate immune responses through activation of TLR7 and TLR9 and also the secretion of interleukin-23 (IL-23) via autoimmune plasmacytoid dendritic cell activation which releases interferon-a, that further signals Tip-DC (tumor necrosis factor-a and inducible nitric oxide synthase-producing dendritic cell) activation (Yamamoto, 2015). Other TLRs including TLR2 and TLR4 contribute to the pathogenesis of psoriasis plaque, guttate (Garcia-Rodriguez et al., 2013) and also psoriatic arthritis (Carrasco et al., 2011). HA is highly abundant in psoriatic skin, and it signals through TLR4 and TLR2. Meanwhile the binding of HA on CD44 also induces secretion of IL-6 and inflammation in T cells and neutrophils (Jiang et al., 2011).



Atopic Dermatitis

Atopic dermatitis (AD) is the most common chronic inflammatory skin disease affecting infants and children (Siegfried and Hebert, 2015). Factors causing AD includes defect in terminal epithelial differentiation, immune dysregulation, altered skin microbiome and altered composition of stratum corneum (SC) intracellular lipids leading to barrier dysfunction (Bieber et al., 2017; Nakatsuji et al., 2017). Impairment of the SC permeability barrier functions cause dehydration due to an increase of transepidermal water loss, followed by inflammation due to the increasing release of cytokines, chemokines and interleukines (Damiani et al., 2019). Skin hydration, anti-bacterial measures and topical immunosuppressant therapy using topical corticosteroids calcineurin inhibitors are the common approaches in the management of AD (Sathishkumar and Moss, 2016).



HA’s Role in Atopic Dermatitis

HA is found to be related to inflammatory skin dermatoses (Ohtani et al., 2009; Barnes et al., 2012) The synthesis of HA is regulated by hyaluronan synthases (HAS). In normal circumstances, HAS1 is found to be regulating epidermal differentiation. However, role of HAS3 becomes apparent during pathological condition (Malaisse et al., 2014). The earlier studies provide conflicting evidences on HA role in epidermal differentiation (Maytin et al., 2004; Passi et al., 2004; Bourguignon et al., 2006; Farwick et al., 2011). Latest evidence by Malaisse et al. (2014) acknowledge the fact that though HA present at high level, it is not necessary for homeostatic epidermal differentiation (Malaisse et al., 2014). However, HA become important in pathological condition. During inflammation, HAS3 is upregulated while HAS1 is downregulated. Heparin binding- epidermal growth factor. (HB-EGF) is found to be possibly linked to HAS expression in AD lesions. However, how HAS involved in the pathomechanism of keratinocyte inflammation is still unclear and thus requiring further studies (Malaisse et al., 2014).



HA in Medical Device Moisturizers

The basic principle AD treatment is optimal skin care that address the skin barrier defect. Moisturizers restore the ability of lipid bilayer to restore, retain and redistribute water. They penetrate and contribute to the reorganization of the structure of the skin layers. Thus, moisturizers play an important role in AD management (Giam et al., 2016). Moisturizers can be categorized into three main groups, namely humectant, occlusive and emollients. These products are formulated in various delivery system including gel, foam, cream, ointment and lotion. They also contain various composition to enhance its efficacy. Humectants work by attracting fluids from the deeper epidermis to SC and has a biological similarities to the natural moisturizing factors of the corneocytes (Giam et al., 2016). HA being a natural component of the skin, has been one of the most favorite humectant used in almost all nutricosmetic products with moisturizing properties (Bukhari et al., 2018). It helps in attracting and retaining fluid, and skin barrier repair (Maytin et al., 2004; Goh et al., 2019). However it is rarely used primarily as a sole ingredient, but rather working synergistically with other category of moisturizer to achieve its role in skin repair (Draelos, 2011; Frankel et al., 2011; Pacha and Hebert, 2012; Micali et al., 2018). The molecular weight of HA shall be considered, as HA with a molecular weight higher than 50 kDa may reduce skin penetration. Thus, HMWHA is used to form a film to impede epidermal water loss, while LMWHA is utilized to improve skin penetration to restore a sustained physiological and hydrated microenvironment for optimize skin rejuvenation and tissue repair (Symonette et al., 2014).



HA as a Drug Delivery System in Atopic Dermatitis

Similar to psoriasis, various forms of drug delivery systems including HA-based nanoparticles and pluronic F-127 based dual responsive (pH/temperature) hydrogels have been described to enhance drug permeation through and into the intact skin for AD treatment. The types of drugs that have been incorporated into these HA-based delivery systems include tacrolimus, bethamethasone valerate and gallic acid, a principal component of traditional Chinese medicine Cortex Moutan.

Topical calcineurin inhibitor, namely tacrolimus ointment (Protropic®) and pimecrolimus cream (Elidel®) are steroid sparing agents for the treatment of atopic dermatitis. However the potency of tacrolimus 0.1% was only found to be equivalent to medium potency topical steroid(Eichenfield et al., 2014), possibly due to the limited skin penetration due to its large molecular size. A novel HA-coated tacrolimus-loaded nanoparticles (HA-TCS-CS-NPs) was described (Zhuo et al., 2018). It was noted that the physiochemical properties had been optimized, in vivo drug release was more sustained, drug permeation and retention had been improvised, and anti-AD efficacy in AD mice model was found to be superior in comparison with tacrolimus solution (Zhuo et al., 2018). However, this study did not compare their nanoparticles with the marketed Protropic®. Similar technology had been used to encapsulate betamethasone valerate (BMV), a medium potency topical corticosteroid. It was found that (HA-BMV-CS-NP) demonstrated optimum physicochemical characteristics, including fine particle size, high zeta potential, high entrapment efficacy and loading capacity. It also demonstrated higher drug permeation and drug retention(Pandey et al., 2019).

Pluronic F-127 (PF127) is a non-ionic triblock copolymer of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide), thermo-responsive polymer capable to form gel from its aqueous solution. Chitosan is a cationic pH-responsive biopolymer that swells in acidic pH and shrinks in basic pH, while HA is an anionic pH-responsive biopolymer that can swell in basic pH and shrink in acidic pH (Chatterjee et al., 2019). The conjugation of these polymers formed a dual-responsive hydrogels [PF127/HA-Ala-Chito(oligo)]. It had been used to incorporate gallic acid, the principal component of traditional Chinese medicine Cortex Moutan, recommended in the treatment of atopic dermatitis. This anti-inflammatory and anti-allergic herbal medicine is claimed to have similar effect like corticosteroids without their side effects. PF127/HA-Ala-chito(oligo) drug delivery system was found to have improve rheological properties, mechanical stability and pH responsiveness. This drug delivery system was found to exhibit better gallic acid release under neutral pH condition. The mechanical stability and sustain drug release property despite increasing acidity in the external environment. However, further modification of this drug delivery system is required to involve non-toxic biomaterials (Chatterjee et al., 2019).



Conclusion

HA is widely utilized in dermatology as it is a natural, non-immunogenic polysaccharide with good biocompatibility and degradability (Huang and Huang, 2018). The moisturizing properties of HA made it exist in almost all moisturizing and antiaging cosmetics. The identification of CD44 receptors and HA on both psoriasis and AD epidermis had led to many researchers exploring this component as a possible new way for drug delivery Research on this field flourishes further even more with the improve understanding of nanomedicine. However, the current research are mainly in the pre-clinical phase. There are still large gaps in terms of best material to be utilized to improve the safety and efficacy of drug delivery. The mechanism of HA based drug delivery system is still unclear. The role of HA and its receptor on both AD and psoriasis is also yet to be well defined. Thus, more work needs to be done on all aspect of HA and its receptors on patho-mechanism of inflammatory skin diseases and its potential role in improvising future drug delivery.
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The skin is the first line of defense against pathogen and other environmental pollutant. The body is constantly exposed to reactive oxygen species (ROS) that stimulates inflammatory process in the skin. Many studies have linked ROS to various inflammatory skin diseases. Patients with skin diseases face various challenges with inefficient and inappropriate treatment in managing skin diseases. Overproduction of ROS in the body will result in oxidative stress which will lead to various cellular damage and alter normal cell function. Multiple signaling pathways are seen to have significant effects during ROS-mediated oxidative stress. In this review, microalgae have been selected as a source of natural-derived antioxidant to combat inflammatory skin diseases that are prominent in today’s society. Several studies have demonstrated that bioactive compounds isolated from microalgae have anti-inflammation and anti-oxidative properties that can help remedy various skin diseases. These compounds are able to inhibit production of pro-inflammatory cytokines and reduce the expression of inflammatory genes. Bioactive compounds from microalgae work in action by altering enzyme activities, regulating cellular activities, targeting major signaling pathways related to inflammation.
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Introduction

The skin is the outermost layer and considered the largest organ in the human body. It plays an important protective role by providing a major boundary between the host and the external environment (Benson and Watkinson, 2012). The skin is also well equipped with effective defenses against pathogens and other environmental pollution (Wang H. et al., 2013). Exogenous threats such as UV radiation and oral introduction of potentially toxic dietary and drug metabolites, all of these factors may influence the health and appearance of the skin (Sander et al., 2004). The body is constantly exposed to these environmental agents and endogenous metabolites that may have either short-term or long-term side effects to the host. Because of that, they may directly or indirectly promote the production of reactive oxygen species (ROS) that stimulate the inflammatory process in the skin (Kohen, 1999; Trouba et al., 2002). The surface of the skin is constantly exposed to ROS as its first line of defense against pathogens and external pollutants. Many studies have linked ROS to various inflammatory skin diseases (atopic dermatitis [AD], psoriasis, and vitiligo), skin aging, and carcinogenesis (Briganti and Picardo, 2003; Sander et al., 2004; Okayama, 2005).

Skin diseases are the fourth most common cause of non-fatal disease burden and 18th leading cause of global disability-adjusted life years (DALYs) worldwide within the year of 2010–2013 (Karimkhani et al., 2017). Dermatitis (consisting of atopic, seborrheic, and contact categories) is the highest burden among of the skin conditions, make up a total of 9.3 million DALYs (Karimkhani et al., 2017). Skin diseases may present similarly across racial and ethnic groups; however, some features may be either more prominent in patients with darker skin (Mei-Yen Yong and Tay, 2017; Kaufman et al., 2018). Besides that, patients with skin diseases face challenges with ineffective and inappropriate treatment, such as oral antihistamines, oral corticosteroids, or traditional medicines, which may have low potency or have significant side effects for certain individual (Lopez Carrera et al., 2019). Therefore, natural derived ingredients may be potential in combating against skin diseases (Jahan et al., 2017).

ROS consist of reactive molecules and free radicals that are oxygen based and are often associated with the principle of oxidative stress, which suggests that ROS induce cell damage by interfering with lipids, proteins, and DNA within the body (Cross, 1987). ROS are produced during the reduction of molecular oxygen as follow:

	

	

	

	

Superoxide anion (O2-), hydroxyl radicals (OH.), hydrogen peroxide (H2O2), and molecular oxygen (O2) at low levels in the body are involved in various cellular process such as, cell proliferation, apoptosis, immune responses, and cell differentiation (Kumar and Pandey, 2015). In contrast, overproduction of ROS will result in oxidative stress, which will further lead to altered metabolism, dysregulated signal transduction, and biomolecular cell damage, which cause pathological changes in normal cell function (Trouba et al., 2002). Biomolecular damage that occurs as a result of increasing ROS levels has considered as lipid peroxidation, DNA mutation, enzyme inactivation/activation, and protein oxidation/degradation. Such damages will usually cause further damaging effects as the result of ROS. Thus, the amount of ROS level is displayed to be hormesis, whereby low dose stimulation showing beneficial effects and high dose stimulation showing toxic effect (Di Meo et al., 2016).



Relationship Between Oxidative Stress and Skin Inflammation Disease

Inflammation triggers when the body detects the presence of pathogens or irritants that are present in the body. Many studies have linked that there is correlation between oxidative stress and various inflammatory skin disease. Evidence shows that ROS-mediated oxidative stress stimulates the production of oxidative products which can cause damage to proteins, triggers cell apoptosis, cause DNA modification, lipid peroxidation, and promotes the release of proinflammatory mediators, such as cytokines and chemokines, which may be the main cause of several inflammatory skin disease to occur (Meffert et al., 1976). In addition, ROS acts as a secondary messenger in influencing cellular signal transduction pathways proinflammatory signaling pathways and modulate the expression of several gene involved in inflammation (Finkel and Holbrook, 2000). The most significant effects were seen in MAPK/AP-1, NF-κβ, and JAK-STAT signaling pathways during early stage of every inflammatory disorders (Figure 1) (Dhar et al., 2002; Wolk et al., 2004; Kim et al., 2005; Wang et al., 2006). Activation of these signal transduction cascades results in the production of growth factors, cytokines, neurotransmitters, and other signaling molecules, thus leading to cell proliferation, differentiation, and apoptosis.




Figure 1 | Reactive oxygen species (ROS)-mediated activation of various cell signaling pathways in the skin. Chemical irritants, allergens, or inflammatory agents that cause the production of ROS during the pathogenesis of various skin disease and activation of a various number of signaling pathways. Signaling pathways with the most significant effects are MAPK/AP-1, NF-κβ, and JAK-STAT pathways. Activation of these pathways will result in protein damge, cell apoptosis, DNA modification, lipid peroxidation, and production of proinflammatory mediators.





Mechanism of Anti-Oxidants in Skin

Anti-oxidants functions to delay or prevent ROS-induced cellular damage. They can help to reduce oxygen radicals, inhibiting chain initiation reactions, binding catalysts that generate ROS, and attenuating hydrogen radicals (Trouba et al., 2002). Anti-oxidants can be categorized as enzymatic and non-enzymatic in the intracellular and extracellular environment (Frei et al., 1988).

Rice-Evans and Diplock (1993) proposed that anti-oxidants had two principle mechanism of action against ROS. The first is a chain breaking mechanism whereby anti-oxidant donates an electron to the free radical that is present in the systems. The second mechanism involves removal of ROS/RNS initiators by quenching chain-initiating catalyst. Anti-oxidants may cultivate different mechanism to combat radicals in the biological systems such as, electron donation, metal ion chelation, co-antioxidants, or by gene expression regulation (Krinsky, 1992).



Skin Disorders


Atopic Dermatitis

Atopic dermatitis (AD) is a chronic, itching, inflammatory disease and is predominantly between 10 and 20% of pediatric population (Kowalska-Olędzka et al., 2019). Symptoms of AD appear in 60% of patients before reaching 1 year of age (Kowalska-Olędzka et al., 2019). AD is believed to be caused by combination of genetic and environmental factors (Eigenmann and Calza, 2000; Hill and Hosking, 2004). It is characterized by having papules and plaques. The earliest lesion is a small erythematous papule or papulovesicle. These papules may then later become erythematous plaques with clinical features of weeping, crusting, or scaling, depending on the severity of the lesions form (Simpson, 2010). The most problematic symptom of AD is itch. The “itch-scratch” cycle involves scratching on affected areas on the skin to relieve AD associated itch and would further worsen the disease (Figure 2). These symptoms would usually accompany with sleep disturbance and social stigma of visible skin disorder, therefore having negative impact to the quality of life to the patient and family (Bender et al., 2008).




Figure 2 | Simplified schematic of pathogenesis of atopic dermatitis (AD) with skin barrier defect. Impact of infections, allergens and itch leads to upregulation of inflammatory pathways.



Symptoms of AD often reduces the barrier function of the skin as demonstrated by elevated trans-epidermal water loss and increase permeation of environmental irritants and allergens. Antigen-presenting cells (APC), such as Langerhan’s cells, process antigens and present it to lymphocytes, where the process will stimulate helper T-cells into the skin. These cells then stimulate the production of proinflammatory cytokines into the inflamed area. This will then enable the activation of imbalanced growth factors, cytokines (IL-1, IL-6, GM-CSF, TNF-α), and chemokines that interfere with the normal mechanism of the innate immune system of the skin (Nesterova et al., 2019). Overproduction levels of cytokines will oppose the mechanism of innate immunity in the skin and consequently cause secondary bacterial infection at site of inflammation (Albanesi and Pastore, 2010). Patients with AD are prone to acquiring secondary cutaneous infections such as Staphylococcus aureus infections. These infections are usually present in the form of impetigo or folliculitis due to further worsening from scratching (Leyden et al., 1974).

Other than avoiding irritants and moisturizing the skin with emollients, the most common method to treat AD is by applying topical corticosteroids (Spergel, 2008). Topical corticosteroids produce instant results in short-term treatment on skin itching and inflammation of skin. However, long-term usage of such treatment may lead to adverse effects, such as skin atrophy and telangiectasia (Van der Aa et al., 2010). Besides that, long term use of topical corticosteroids will cause thinning of the stratum corneum, therefore allowing irritants and allergens entry into the skin.



Psoriasis

Psoriasis is a chronic autoimmune disease characterized by raised, red scaly plaques (Lowes et al., 2014). This disease affects 2–3% of the world population, resulting in psychological stress and poor quality of life (Perera et al., 2012). The most common type of psoriasis is psoriasis vulgaris which accounted about 85–90% of all cases of psoriasis. Psoriasis is caused by hyperproliferation of keratinocytes and infiltration of activated immune cells triggered by several factors such as physical and psychological stress, bacterial infections, or injury (Dika et al., 2007; Lowes et al., 2007).

Several studies have identified that overexpression of various cytokines occurred in psoriasis, such as interleukins (ILs), tumor necrosis factor (TNF), and interferon-γ (IFN-γ) (Figure 3) (Nickoloff et al., 2007). Furthermore, development of psoriasis was closely linked to complex cellular interactions among epidermal keratinocytes, leukocytes, neutrophils, dendritic cells, and activated T cells, growth factors, cytokines, and chemokines (Nickoloff et al., 2007).




Figure 3 | Simplified schematic of pathogenesis of psoriasis with activation of Th22 and Th17 cells.



The mitogen-activated protein kinase signaling pathways composed of extracellular-regulated kinase (ERK1/2 and ERK3/4) (Seternes et al., 2004), Jun N-terminal kinase (JNK) (Davis, 1994; Cano and Mahadevan, 1995), p38 kinase (Cano and Mahadevan, 1995; Cobb and Goldsmith, 1995), and big mitogen activated protein kinase 1 (BMK1) (Kato et al., 2000). Several studies have demonstrated that ROS may trigger pathogenesis of psoriasis through ERK1/2, JNK, and p38 MAPK pathways (Takahashi et al., 2002; Johansen et al., 2005; Yu et al., 2007). However, no reports have found that ERK3/4 and BMK1 pathway being involved in the pathogenesis of psoriasis due to oxidative stress as of now.

During cell stimulation, Iκβ (inhibitor of κβ) proteins are rapidly phosphorylated and degraded by the proteasome, the unbound NF-κβ translocate into the nucleus to regulate multiple gene expressions (Hayden, 2004). These genes may encode for TNF super family, IL-1, IL-6, IL-8, iNOS, major histocompatibility complex class 1 (MHC class 1) antigens, E-selectin, and vascular cell adhesion molecule 1 (VCAM-1), which are mostly involved in psoriasis (Wajant et al., 2003; Schottelius et al., 2004).

Although MAPK/AP-1 and NF-κβ signaling pathways is triggered by ROS in the pathogenesis of psoriasis, there is solid evidence showing that there’s a correlation between these two signal transduction pathways. This is because the response to AP-1 is highly stimulated due to the presence of NF-κβ and thus NF-κβ positively modulates the expression of c-Fos and AP-1 activity (Stein et al., 1993; Fujioka et al., 2004).

The JAK-STAT signal pathway also plays an important role in immune and inflammatory responses (Kishimoto et al., 1994). Studies shown that STAT1 is upregulated by IFN-γ and IL-20 and thus induce inflammatory mediators in a type 1 cytokine pathway model of psoriasis pathogenesis (Wang et al., 2006). Another study had demonstrated that STAT3 pathway is believed to play a role in the pathogenesis of psoriasis where STAT3 is activated by IL-22 and result in the increased expression of β-defensin 2/3 (Wolk et al., 2004).

The most common conventional treatment of psoriasis consists of corticosteroids, Vitamin D analogues, phototherapy, and systemic treatments (Novelli et al., 2014). However, long-term usage of conventional treatments may cause severe health issues to patients, such as poor tolerability and cumulative toxicity (Rahman et al., 2012). Topical glucocorticosteroids and Vitamin D analogues are commonly used to treat psoriasis by regulating keratinocyte function and inflammatory response. Nonetheless, long term treatment of corticosteroid can cause several health issues, such as cutaneous atrophy, short remission duration, and cause psoriasis to be rebound (Chong and Fonacier, 2015). Regardless of their reduce side effects in comparison to corticosteroid, vitamin D analogues still fail to have a rapid activation in the body (Smith and Barker, 2006). Another widely used treatment for psoriasis, methotrexate, due to its reasonable price and its high efficacy (Boehncke, 2003; Heydendael et al., 2003). However, prolonged usage of the drug may cause patients to suffer liver fibrosis and cirrhosis (Deng et al., 2016).



Vitiligo

Vitiligo is a skin disorder characterized by depigmented macules from melanocyte dysfunction in the epidermis (Boniface et al., 2017). Vitiligo affects approximately 0.5–1% of the world population and both genders are equally affected (Taïeb and Picardo, 2009). Studies have suggest that destruction of melanocytes is the main cause of the pathogenesis of vitiligo (Poole et al., 1993). Oxidative stress may be the main pathogenic reason in melanocyte loss (Maresca et al., 1997; Schallreuter, 1999).

Patients in active phase of vitiligo has high levels of ROS in the epidermal layer, primarily consists of hydrogen peroxide (H2O2) and peroxynitrite (Schallreuter et al., 1991; Schallreuter et al., 1999). This damage is due to local and systemic imbalance in enzymatic and non-enzymatic anti-oxidant systems in the skin (Shajil and Begum, 2006). Studies have demonstrated that vitiligo patients have high levels of tetrahydrobiopterin (6BG4) and the isomer 7BH4 in the epidermis and inhibits the enzymes involved in melanogenesis and increases the production of H2O2 (Schallereuter et al., 1994; Hasse et al., 2004).

In melanocytes, the alteration of calcium homeostasis due to the increase in level of H2O2 systemically and locally would indirectly interfere with the intake of L-phemylalanine, an amino acid precursor of tyrosine (Schallreuter et al., 2007). Proopiomelanocortin-derived bioactive peptides ACTH and a-MSH plays crucial role in melanogenesis by activating a cascade of intracellular signals that promotes relevant enzymes in melanin production, such as tyrosinase and tyrosinase-related proteins 1 and tyrosinase-related proteins 2. Presence of ROS may oxidize or inhibit these signaling pathways for melanin synthesis (Tachibana, 2000).

Accumulation of ROS may induce DNA damage, lipid peroxidation, increased production of proinflammatory, and antimelanogenic cytokines (Mahendra et al., 2019a; Mahendra et al., 2019b). Altered enzymes that play a key role in melanogenesis may show partial or complete dysfunction due to damage done from oxidative stress (Denat et al., 2014).

Recent studies have linked Nrf2-anti-oxidant response element (ARE) pathway being affected by oxidative stress in regulating vitiligo skin homeostasis (Jian et al., 2011; Jian et al., 2014; Qiu et al., 2014). Nrf2-ARE is an anti-oxidant pathway that regulates the transcription of stress-related cytoprotective genes and thus protecting cells from radical molecules (Jian et al., 2011). One example of such gene is the heme oxygenase-1 (HO-1). Another study had shown that vitiligo melanocytes have decrease HO-1 expression and abnormal redox balance due to reduced Nrf2 nuclear translocation and transcriptional activity. For this reason, the same studies were conducted in a clinical setting and showed that vitiligo patients have low expression levels of HO-1 gene when compared to healthy controls (Jian et al., 2014).

Corticosteroids are still the first line therapy for vitiligo and can use either as topical or systemic treatment. Topical corticosteroids help to decrease the destruction of melanocyte and repopulate melanocyte and melanin production (Bleehen, 1976; Hann et al., 1993). However, corticosteroids still pose to have various side effects which includes skin atrophy, telangiectasia, and striae distensae, steroid folliculitis, and acne formation on the skin (Speeckaert and van Geel, 2017). In contrast, oral corticosteroid therapy in moderate doses helps in arresting the progression of vitiligo (Speeckaert and van Geel, 2017). Side effects include acne formation, disturbance in sleep patterns, weight gain, agitation, hypertrichosis, and menstrual abnormalities, when consume on a long-term basis (Radakovic-Fijan et al., 2001).

Phototherapy is also a common treatment to induce repigmentation in vitiligo patients. Phototherapy involves usage of both UVA and UVB to promote melanocyte migration and proliferation (Wu et al., 2007). Common side effects patients may receive from psoralen and ultraviolet a (PUVA) treatment includes erythema, pruritus, headache, and nausea (Valkova et al., 2004). Patients may also suffer from second-degree burns when incorrect radiation doses from phototherapy (Herr et al., 2007). PUVA also carries a higher risk in gaining non-melanoma skin cancer and melanoma (Park et al., 2003; Patel et al., 2009).




Microalgae as Natural Source of Bioactive Compounds

Microalgae are unicellular microorganism that can be found in freshwater or marine environments. They are autotrophic as they are capable to undergo photosynthesis with the aid of sunlight, they can convert water and carbon dioxide into organic compounds like terrestrial plants (Metting, 1996). Microalgae have many advantages over terrestrial plants as they are fast growing, easily cultivate, and do not compete directly with agricultural crops. Microalgae are capable to live in extreme conditions and environment by adopting surviving strategies by producing various bioactive compounds with diverse structure and unique activity to counter environmental stress (Christaki et al., 2012). Therefore, microalgae has drawn great attention as candidate for natural products to be use in the medical, pharmaceutical, cosmetic, and biofuel industries (Sathasivam et al., 2019).

Microalgae produce various bioactive compounds that exhibit potential pharmacological effects, including anticancer, antidiabetic, anti-inflammatory, and anti-oxidative activities (Fu et al., 2017). These bioactive compounds include fatty acids, phycobiliproteins, chlorophylls, carotenoids, and vitamins. Microalgae-derived bioactive compounds have been proven to be able to overcome inflammatory skin disorders, given by their tremendous structural diversity and biological availability. Furthermore, the culture condition of microalgae can be easily manipulate to favor production of specific bioactive compounds by addition or removal of certain nutrients (Fu et al., 2017).

Bioactive compounds of microalgae from primary metabolism are directly involved in cell growth and reproduction. Primary metabolites from microalgae are usually consists of carbohydrates, lipid, and proteins (Wen et al., 2015). Secondary metabolites have gained several attentions over the past decades due to their wide health benefiting properties. These metabolites are mainly involved in adaption of microalgae to the environment (Bourgaud et al., 2001). In most microalgae species, the bioactive compounds are accumulated in the form of their biomass; while in some cases, they are excreted into the medium.


Protective Effects of Microalgae Against Inflammatory Skin Diseases

Microalgae extracts possess anti-inflammatory properties as they are able to inhibit production of pro-inflammatory cytokines and reduce the expression of inflammatory genes (Robertson et al., 2015). Bioactive compounds from microalgae works in various ways in inhibiting skin inflammation which includes altering enzyme activities, regulating cellular activities, nitric oxide synthase (NOS), and targeting major signaling pathways, such as NF-ƙβ and MAPKs pathway (Hussain et al., 2016). Both of these pathways are major mediators of various inflammatory producer. Besides having anti-inflammatory, microalgae extracts may also possess anti-oxidative properties too (Arulselvan et al., 2016).




Key Metabolites in Microalgae


Carotenoids

Carotenoids are mostly found in plants, marine algae, fungi, and bacteria. Carotenoids are divided into two classes, carotenes and xanthophylls (Sathasivam and Ki, 2018). Xanthophylls contain oxygen group in their structure while it is absent in carotenes. Carotenoids have a common chemical backbone which composed mainly of polyene chain with a long conjugated double bond system. The ending of the chain may be terminated with cyclic groups containing oxygen-bearing substitutes. The electron-rich conjugated system of the polyene and its cyclic end groups determine the functional anti-oxidant properties of carotenoids (Martin et al., 1999).

In microalgae, carotenoids play a role in protecting the chlorophyll from long-term exposure of light by scavenging ROS, phototropism, and photoaxis (Esteban et al., 2009). Carotenoids can scavenge harmful radicals through three different ways, which are, electron transfer, radical adduct formation, and hydrogen atom transfer (Burton and Ingold, 1984; Rice-Evans et al., 1997; Paiva and Russell, 1999; Skibsted, 2012).

	

	

	

Carotenoids are potential to be used to treat and control chronic inflammation as research shown that they are capable to inhibit pro-inflammatory cytokines (Zhang et al., 2014). Carotenoids are able to regulate chronic inflammatory disorder by inhibiting the effects from nitric oxide production, pro-inflammatory cytokines, expression of pro-inflammatory genes, and pro-inflammatory enzyme activities (Hussain et al., 2016).


Astaxanthin

Astaxanthin is a lipid soluble pigment and is classified as a xanthophyll. It is a secondary metabolite and is mainly found in the marine environment as a red-orange pigment. Astaxanthin is primarily synthesized naturally by microalgae, zooplankton, crustaceans, and certain species of fish, such as salmonids. Although astaxanthin can be synthesized from plants, bacteria, and microalgae, one particular species of microalgae, namely Haematococcus pluvialis, is known to produce the highest content of astaxanthin (Boussiba, 2000).

Astaxanthin has reported to have higher bioactive properties than zeaxanthin, lutein, and β-carotene. This is due to the presence of a keto- and hydroxyl group on each end of its structure. Because of its unique structure, astaxanthin has the potential to be used in promoting human health. The polar end groups of astaxanthin are able to quench free radicals, the double bond chains of the structure help remove high-energy electrons. Because of its unique structure, astaxanthin has a higher anti-oxidant activity than other carotenoids (Higuera-Ciapara et al., 2006). When it come to the characteristics of its existence, astaxanthin is polar in nature and hence its rate in absorption is rather easy with a moderate consumption. Besides the integrity of membrane is preserved by conveniently instilling themselves in between bilayers. With this feature, astaxanthin can also preserve the functionality of the mitochondria that lead to the protection of the redox state of the body (Wolf et al., 2010; Kidd, 2011).

Studies on rat models on the effects of astaxanthin on lipopolysaccharide-induced inflammatory reactions shows that astaxanthin (100 mg/kg) has a higher anti-inflammatory activity than that of 10 mg/kg of prednisolone, a common anti-inflammatory drug. Further results showed that astaxanthin inhibits production of NO, prostaglandin E2 (PGE2), TNF-α, and interleukin-1β, and also blocks the NOS enzyme in RAW 264.7 cells (Ohgami et al., 2003).

Other reports stating that human neutrophil treated with 5 mM astaxanthin has improved phagocytic and microbicidal activity. Besides that, oxidative damage to proteins and lipids in human neutrophil were significantly lower after astaxanthin treatment due to the fact that astaxanthin is effective in quenching ROS (Macedo et al., 2010).

Another study has demonstrated that U937 cells (human lymphoma cell line) pre-incubated in 10 mM astaxanthin before inducing H2O2 showed lower cytokines levels than cells that were not treated with astaxanthin. In addition, cells that were pre-incubated in astaxanthin had shown higher levels of SHP-1 (protein tyrosine phosphate), an enzyme that removes phosphate groups from phosphorylated tyrosine residue from proteins, and lower levels of NF-ƙβ expression (Speranza et al., 2012).

Studies also shown that HaCaT keratinocytes treated with astaxanthin were able to decrease UV-induced release of migration inhibitory factor (MIF), 1L-1β, and TNF-α at both the protein and mRNA levels. Astaxanthin treatment were able to reduce the UVB-induced production of pro-inflammatory cytokines, thus inhibited the cells from undergoing apoptosis and also protected the skin from inflammation. Furthermore, astaxanthin treatment significantly reduced the UVB-induced caspase-3 and caspase-9 activity while no reduction was observed in UVC-induced caspase-3 activity. Therefore, astaxanthin treatment may have a stronger protective effect against UVB-induced apoptosis than UVC-induced apoptosis. Besides that, astaxanthin also decreases the expression levels of inducible nitric oxide synthase (iNOS) and cycloosygenase-2 (COX-2) and decreases production of PGE2 in UV-induced HaCaT keratinocyte (Yoshihisa et al., 2014).



Lutein

Lutein is a yellow pigment and is classified as a xanthophyll. Lutein helps protect green microalgae from ROS damage. Microalgae have been considered the main natural source for lutein production as they produce higher lutein content compare to plants source (Lin et al., 2015). Dunaliella salina has been shown to be potential in producing lutein by manipulating its growth conditions (Fu et al., 2012). Other microalgae strain, such as Chlorella sorokiniana and Chlorella prothecoides have also been suggested as source of lutein production by manipulating growth conditions (Shi et al., 2002; Cordero et al., 2011). Lutein has been widely studied in the treatment of macular degeneration. However, studies suggest that lutein is capable of quenching oxygen radicals and scavenging free radicals (Jahns and Holzwarth, 2012).




Microsporine-Like Amino Acid

Studies have proven that mycosporine-Gly possess anti-oxidative activity and may protect against skin inflammation caused by UV radiation. Anti-oxidative activity of mycosporine-Gly (0.3mM) extracted from Chlamydomonas hedleyi was high and UV-elevated COX-2 gene were suppressed. This shown that the regulation of COX-2 may be link to the oxidative process from mycrosporine-Gly (Suh et al., 2014).



Sterols

Sterols are found in almost all living organism. Microalgae produce a wide variety of sterols and plant derivative sterols are termed as phytosterols. Phytosterols extracted from microalgae found to possess anti-inflammatory properties (Yasukawa et al., 1996). A study demonstrated that extract from the microalgae, Nannochloropsis oculata, was able to induce anti-inflammatory effect on RAW 264.7 cells. Anti-inflammatory of the extract were accomplished by the decrease expression of iNOS and COX-2 proteins (Sanjeewa et al., 2016).



Polysaccharides

The cell walls of microalgae are rich in sulphated polysaccharide (SPs) and it exhibit various health benefiting properties such as anticoagulant, anti-oxidant, antiviral, anticancer, and anti-inflammatory activities (Wang J. et al., 2013; De Jesus Raposo et al., 2015). Therefore, SPs from microalgae have potential to be incorporate in nutraceutical, pharmaceutical, and cosmeceutical products. The biological and pharmacological activities of SPs are due to the complex interaction of the structure feature, such as the sulphation level, distribution of sulphate groups along the backbone of the molecule, molecular weight, sugar residue composition, and stereochemistry (Damonte et al., 2004; Ghosh et al., 2009). Several studies have demonstrated SPs for its potent anti-inflammatory properties. For instance, a study on Chlorella stigmatophora and Phaeodactylum tricornutum had demonstrated anti-inflammatory activity on paw edema. Carrageenan extracted from both microalgae strain had better anti-inflammatory activity on in vivo and in vitro models compared to the anti-inflammatory drug, indomethacin (Guzmán et al., 2003). Besides that, inhibition of leukocyte migration has a correlation with the anti-inflammatory activity of polysaccharides. Leukocyte movement to site of injury promotes cytokine release and production of nitric oxide. SPs from Porphyridium had demonstrated to inhibit the movement and adhesion of polymorphonuclear leukocytes and development of erythema in vivo (Matsui et al., 2003).

Besides inhibiting inflammatory cytokines and chemokines, studies also shown that P. cruentum is capable of inhibiting biomembrane peroxidation and for its immunomodulatory activities (Sun et al., 2009; Sun et al., 2012). Studies had demonstrated that low molecular fractions of exopolysachharide (EPS) from P. creuntum can stimulate the production of macrophages and nitric oxide (NO). NO is a free radical produced by phagocytes and plays a role in the immune system. In addition, other study also justified that SPs from cyanobacteria can promote immune system by triggering the cell and humor stimulation (Namikoshi and Rinehart, 1996).



Conclusion

ROS are prevalent in nature and are constantly produced at minute amount in aerobic systems. Living organism are capable to produce a wide range of anti-oxidant to eliminate or inhibit ROS to maintain homeostasis. Our body is constantly exposed to various pro-oxidants from the environment, such as consumption of drugs, solar radiation, pollutant, food additives, synthetic cosmetic products, which are capable to induce ROS in skin. ROS mostly target DNA, proteins, and lipid-rich membranes to induce toxicity effects to the body. Such damages to the skin may result in numerous skin diseases ranging from AD to vitiligo. Therefore, discovery of novel anti-inflammatory drugs from natural products that could potentially eliminate or inhibit ROS could bring new insight for biomedical research and industry (Fernando et al., 2016). Microalgae has become the main interest among consumers and industry due to their ability to produce a wide variety of bioactive compounds with health promoting properties and anti-inflammatory can be isolated from them. However, further pre-clinical investigation is still needed to understand the mechanism of these novel compounds in tackling skin inflammation diseases.
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Atopic dermatitis is a chronic inflammatory skin disease that affects the growth and development of children. The prevalence of atopic dermatitis has been continually increasing, and this has also been accompanied by rising socioeconomic costs. Interest has been growing in alternative medicine as a means of alleviating the burden of atopic dermatitis. This was a single-center, double-blinded, randomized, placebo-controlled investigator-led clinical trial including 60 atopic dermatitis patients. The participants were classified into an experimental group (30 persons) and a control group (30 persons), who were administered, respectively, socheongryong-tang or a placebo for 4 weeks. After 4 weeks of treatment, the participants visited the trial center again and assess their efficacy and safety. The researchers performed statistical comparisons of the changes in the SCORAD Index, amount and frequency of ointment use, and height and weight to assess the efficacy. To assess the safety, diagnostic tests and vital sign checks were performed at each visit, and the presence or absence of adverse events was observed. As a result, the frequency and the amount of steroid ointment application in both groups increased, but the experimental group showed less tendency (p = 0.081). Results of analyzing the children in the experimental group in relation to growth showed a significantly greater height growth than the control group (p < 0.05). In addition, all study participants did not show any remarkable abnormal signs in the safety evaluation. In conclusion, compared to the control group, the experimental group, who took socheongryong-tang showed a tendency to be less dependent on steroid ointment and statistically significant increase in height.
Keywords: allergy, atopic dermatitis, clinical trials, height growth, socheongryong-tang
INTRODUCTION
Atopic dermatitis (AD, also called atopic eczema) is a chronic relapsing inflammatory skin disorder that is accompanied by itching, is caused by genetic and environmental factors (Nutten, 2015; Otsuka et al., 2017), and is common in infants (Eichenfield et al., 2013). Due to the “allergic march”, patients who suffered from AD in infancy are more likely to develop respiratory disorders such as allergic asthma or rhinitis in childhood (Bantz et al., 2014). Several studies on allergic disease have reported that atopic disease affects the growth and development of children. Although the mechanisms by which allergic diseases impair height growth have not yet been elucidated (Kristmundsdottir and David, 1987), children with a history of respiratory allergy or AD are more likely to be shorter than their peers (Ferguson et al., 1982; Kristmundsdottir and David, 1987; Sant’Anna et al., 1996).
The prevalence of AD has been persistently increasing to date (Deckers et al., 2012; Nutten, 2015), and this has been accompanied by rising socioeconomic costs. There has been growing interest in alternative medicine as a means of reducing the socioeconomic burden of AD. However, excluding a study analyzing the growth-promoting ingredients in boyangsungjang-tang (Hong et al., 2012) or studies demonstrating the efficacy of gamisasangja-tang (Park et al., 2015) and taeumjowi-tang (Park et al., 2019) for alleviating AD, there have been hardly any clinical studies demonstrating the efficacy of alternative medicine for AD and growth.
Socheongryong-tang (SCRT, also known as Sho-Seiru-To and Xiao-Qing-Long-Tang) is a type of herbal medicine that has been used for centuries to treat respiratory and allergic diseases in countries across East Asia (Ko et al., 2004; Das et al., 2009). However, in spite of these effects of SCRT, there have been almost no studies demonstrating its effects on AD and childhood growth. This research aims to evaluate the efficacy and safety of SCRT, vs. placebo, for the treatment of AD with respiratory disorders and as a growth promoter for short children.
MATERIALS AND METHODS
Sample Size Calculation
To evaluate SCRT efficacy in AD patients, we used SCORAD scores. In SCRT and placebo groups, It was hypothesized that the mean SCORAD scores change after intervention will be 7.9 (μc) and 13.8 (μt), respectively, with a standard deviation of 8.2. Based on the estimated dropout rate (20%), 60 participants in total were needed to achieve significance level of 0.05 in a 2-tailed test and a statistical power of 80%.
Study Design and Participants
This study was designed as a single-center, double-blinded, randomized, placebo-controlled, investigator-led clinical trial. The participants were divided into an experimental group (30 persons) and a control group (30 persons), who were administered SCRT or placebo, respectively, for 4 weeks. After 4 weeks of medication, the participants visited the trial center again, and the efficacy and safety of the treatments were assessed. The trial design of this study has already been published in the form of a protocol paper (Kang et al., 2020). This clinical trial was conducted from June 13, 2019 (first registration date) to December 13, 2019 (last visit date).
Patient Enrollment
A total of 65 persons were enrolled in the study, of which five persons were excluded during screening. The reasons for exclusion were contravening the exclusion criteria (two persons), contravening the inclusion criteria (two persons), and withdrawal of consent (one person). Investigator-led clinical trials were for trend search rather than statistical and clinical significance, and n number was selected as 30 cases per group considering 20% dropout rate.
Inclusion and Exclusion Criteria
Among patients who had heard and fully understood a thorough explanation of the study, voluntarily decided to participate, and gave written consent to adhere to the study precautions, those who satisfied all the following inclusion criteria and did not fit any of the exclusion criteria were defined as participants.
Inclusion Criteria
(1) Male or female individuals aged 7–65 years, having mild-moderate atopic dermatitis (SCORAD score ≥15 and <50), and with ≥3 major clinical symptoms and ≥3 minor clinical symptoms according to the Hanifin & Rajka diagnostic criteria (Hanifin and Rajka, 1980)
(2) Individuals who checked ≥1 respiratory disease or related symptom corresponding to the allergy march in the questionnaire for symptom classification
Exclusion Criteria
(1) Patients receiving intensive drug treatment for severe AD
(2) Patients who have used oral antihistamines, steroids, antibiotics, systemic photochemotherapy, or other immune-suppressants less than 4 weeks before the start of the trial
(3) Patients with a systemic infection or receiving systemic antibiotic therapy, or taking interferon therapy
(4) Patients with severe skin disease or pigment deposition other than AD, or with extensive scarring in the region of AD
(5) Patients with liver disease, kidney disease, severe acute cardiovascular disease, gastrointestinal disorders, excessive sweating, voiding dysfunction, or chronic disease
(6) Patients with a platelet count ≤100,000/mm3 due to liver dysfunction caused by chronic hepatitis
(7) Patients who have taken potassium-containing agents, licorice-containing agents, glycyrrhizic acid, salt-containing agents, loop diuretics (furosemide, ethacrynic acid), thiazide diuretics (trichlormethiazide), ephedra/ephedrine-containing agents, MAO inhibitors, thyroid-related drugs, catecholamines, or xanthines less than 4 weeks before the start of the trial
(8) Patients who have taken antipsychotic drugs less than 2 months before screening
(9) Patients who have participated in another clinical trial within the last 4 months
(10) Patients with a history of drug/alcohol abuse, hypersensitivity to any drugs used in this clinical trial or ingredients in those drugs
(11) Women who are pregnant, breastfeeding or capable of childbearing (i.e., women who have not undergone surgical sterilization) and do not accept the use of appropriate contraceptive methods
(12) Patients with thyroid dysfunction, indicated by thyroid-stimulating hormone (TSH) ≤0.1 or ≥10.0 µU/ml in screening
Investigated Drug and Placebo
The experimental group took SCRT granules (Batch number: 18423; Hanpoong Pharm and Foods, Jeonju, Jeollabuk-do, South Korea) and the control group took a placebo (Batch number: 18001; Hanpoong Pharm and Foods), which are all water extracted brown granules (Table 1). The participants took SCRT or the placebo three times per day for 4 weeks, taking one sachet before each meal. The one-time dose of SCRT or placebo was determined with reference to the regulations on reporting product licenses for herbal medicines published by the Korean Food and Drug Administration, differentiating according to age. The participants aged 7–14 years took a dose of 6.0 g per day, and the participants aged 15–65 years took a dose of 9.0 g per day.
TABLE 1 | Ingredients of the SCRT granules and placebo.
[image: Table 1]To provide the minimal treatment for AD, all participants were supplied with Lacticare (Hydrocortisone acetate 1%) ointment, which is a Class 7 steroid, corresponding to the classification of “the least potent agent” (Ference and Last, 2009). Lacticare is a white lotion manufactured by Korea Pharma Co., Ltd. (Hwaseong, Gyeonggi-do, South Korea). All the participants were instructed to rub a thin layer of the ointment broadly into the affected area, in accordance with their physician’s guidance. Each drug was stored at room temperature (20–30°C) in a sealed container, and storage, management, and distribution of the drugs was conducted under the guidance of the principal investigator and a traditional Korean medicine physician acting as a trial administrator.
Randomization and Blinding
Randomization
The participants who gave written consent to participate in the trial were allocated a screening number by researchers according to the order in which they gave consent. Of these, participants who satisfied the inclusion/exclusion criteria were assigned a randomization number in the order in which they visited. Treatment prescribed to the participants was based on these numbers assigned to the participants.
The randomization table contains information about the administration group assigned to the participants according to the randomization number. A block randomization method was used to randomize based on a 1:1 allocation ratio within a block of a certain size (e.g., 4, 6, 8). After generating the randomization table, for each participant, the corresponding drug was packaged, a label with the randomization number was attached, and the drug was sent to the pharmacist or traditional Korean medicine physician administrator at the trial center before the start of the trial.
Blinding
To ensure scientific results for the trial, double-blinding was performed, so that the investigators and participants were both unaware of the group allocation of each participant. In the event of unblinding due to adverse events, this was to be reported to the IRB and the petitioner was to be informed in accordance with the unblinding protocol.
Efficacy Assessment
SCORAD Index
The SCORAD Index is a scale for assessing AD that was developed in 1996 and has been used to date (European Task Force on Atopic Dermatitis, 1993). The investigators used the SCORAD Index to ascertain objective symptoms, such as the extent and severity of lesions, used the VAS to quantify and calculate subjective symptoms, such as pruritus and sleep disorders. Based on this data, the changes in the SCORAD Index were compared statistically between the two groups.
Ointment Application
Drugs that were prescribed for treatment purposes and could affect the results, such as antihistamines, steroids, and NSAIDs, were thoroughly banned. However, in order to provide the minimal treatment for AD, all participants were provided with the steroid ointment Lacticare. The study participants were instructed to apply an appropriate amount of steroid ointment to the skin lesion with a cotton swab whenever atopic dermatitis symptoms occurred. To prevent adverse reactions, the maximum number of applications per day of steroid ointment was limited to 1 to 3 times. The participants recorded their own frequency of ointment use every day in a notebook, and based on this record, they visited the research institute again on Week 4 to calculate the total number of times they used the ointment. The total amount of ointment used was measured using scales when the patients visited the trial center again 4 weeks after the start of the trial. Based on these measurements, the change in ointment use was compared statistically between the two groups.
Body Measurement
The investigators measured and recorded the participants’ height and body weight when they visited the trial center at baseline and in Week 4. Based on these measurements, changes in height and weight were compared between the two groups.
Safety Assessment
Adverse Reaction
In this study, all harmful, unintended signs, symptoms, and diseases that the participants developed after receiving a drug in the trial were defined as adverse reactions. In the event of an adverse reaction, the investigators compiled a case record form including the name of the adverse reaction, the date of onset and recovery, by severity, relatedness to the drug taken, related procedures and treatments, and treatment outcomes. Abnormal laboratory results or vital signs that were considered to be clinically significant were also recorded as adverse reactions.
Diagnostic Test
For safety assessment, all participants were subjected to laboratory tests for a total of 20 items, including complete blood cell (CBC), renal function test (RFT), liver function test (LFT), blood lipid, and urine PH. The tests were performed twice, at baseline and in Week 4.
Vital Sign Monitoring
The investigators measured all participants’ body temperature, pulse rate, and blood pressure when they visited the trial center at baseline and in Week 4. Changes in vital signs were monitored before and after taking the prescribed drug, and judged to be normal or abnormal based on the results.
Statistical Analyses
SAS for Windows was used for statistical analysis; the statistical significance level was set at 5% and the power at 80%, and 95% confidence intervals were provided for the differences between the groups. For test results, means, standard deviations, and frequencies were shown. Paired t-tests were used to compare the efficacy outcome variables between baseline and Week 4, and independent t-tests were used to analyze differences between the two groups. However, when normality was not satisfied through the normality test, nonparametric analysis was performed using Wilcoxon signed-rank test and Mann-Whitney test. The participants’ gender and ratio of participants who developed adverse reactions was calculated and compared between the two groups using a chi-square test. The chi-square test, Fisher’s exact test, and independent t-test were used for comparative analysis of factors that influence height growth. Means and standard deviations were shown for laboratory test results and vital signs, and independent t-tests and paired t-tests were used to compare the results, respectively, within groups between baseline and Week 4, and between groups. Missing values (e.g., due to dropout) were imputed using last observation carried forward (LOCF).
RESULTS
Demographic Information
There were no statistically significant differences in sex or age between the two groups. Statistical analysis in this study included a total of 49 participants, excluding the four participants who dropped out and seven participants who, in a MAST test for around 60 allergens to test for respiratory allergies, diverged from the normal distribution for an item on the statistically significant boundary between the two groups. The seven participants showing differences in the MAST test were all in the experimental group, and showed allergic reactions to garlic (one person), Cladosporium (three persons), Alternaria alternata (one person), and dog (two persons).
In order to precisely ascertain the extent of growth, participants who were aged <18 years were classified as children. A total of 30 children were recruited (15 in the experimental group and 15 in the control group). Among the children, there were no statistically significant differences in sex or age between the two groups (Table 2). One person in the experimental group and three persons in the control group dropped out during the trial. The reason for dropout in the experimental group was concomitant medication with a banned drug, and TSH outside the normal range in the placebo group. Among the children, one participant of the experimental group dropped out due to violation of exclusion criteria. Excluding the patients who dropped out, 56 patients completed the whole clinical trial in accordance with the prepared protocol (Figure 1).
TABLE 2 | Demographic information.
[image: Table 2][image: Figure 1]FIGURE 1 | Study flow chart describing the randomized controlled trial.
Compliance
The experimental group took a mean of 76.97 ± 12.01 doses of the prescribed drug, showing 94.55 ± 5.18% compliance. The control group took a mean of 76.33 ± 18.16 doses of the prescribed drug, showing 93.67 ± 6.21% compliance. Compliance was over 90% in both groups, and there was no statistically significant different between the two groups.
Efficacy Evaluation
SCORAD Index
In the efficacy evaluation in Week 4, the objective, subjective, and total SCORAD scores all showed statistically significant decreases compared to baseline in both the experimental group and the control group (p < 0.05). However, there were no significant differences when SCORAD scores were compared between the two groups (Table 3).
TABLE 3 | Changes in the SCORAD index.
[image: Table 3]Ointment Application
The mean amount of ointment used in the experimental group increased by 2.50 ± 7.63 g at Week 4 compared to baseline, and the frequency of use increased by 3.00 ± 12.17. Meanwhile, the amount of ointment used in the control group increased by 11.85 ± 21.93 g, and the frequency of use increased by 7.33 ± 11.63. There were no statistically significant differences between the two groups in the amount or frequency of ointment use. However, there was a trend for a less amount of ointment use in the experimental group compared to the control group (p = 0.08; Table 4).
TABLE 4 | Changes in the amount and frequency of ointment use.
[image: Table 4]Body Measurement
The mean height of the children in the experimental group was 146.43 ± 16.20 cm at baseline, and the mean growth after medication was 0.57 ± 0.65 cm. The mean height of the children in the control group was 146.80 ± 11.93 cm at baseline, and the mean growth after medication was 0.07 ± 0.26 cm. In statistical analysis, the height of the experimental group and the control group at baseline did not show a statistically significant difference. However, at Week 4, the experimental group showed a significant level of height growth, while the control group did not show any significant change. As a result, the experimental group showed significantly more growth than the control group (p < 0.05). On the other hand, there were no significant differences between the two groups in changes in body weight or BMI (Table 5).
TABLE 5 | Changes in children’s height and weight.
[image: Table 5]In the analysis of the children and their parents, such as the parents’ age, parents’ education level, parents’ occupation, family income, weight and height at birth, breastfeeding experience, which can affect height growth, no statistically significant difference was observed between the experimental group and the control group (Table 6). In addition, residential life (type of resident, residential environment, construction period, new/repaired house or new furniture, etc.), eating habits and other matters (cooking method, whether to take dietary supplements, number and type of eating out, type of snack, the number of exercise, participants’ ethnicity etc.) did not show any significant difference between both groups (Table 6).
TABLE 6 | Analysis of influencing factors related to children’s height growth.
[image: Table 6]Safety Evaluation
Adverse Reaction
The adverse reactions reported by the participants were mild abdominal pain (two persons), acute palmoplantar vesicular eczema (one person), and fever and coughing (one person). Of these, the eczema and fever and coughing were considered to be unrelated to the prescribed drug, and disappeared promptly after monitoring. The two cases of abdominal pain were both in the placebo group, and one of these patients showed recovery without separate treatment. The other patient withdrew their consent and dropped out of the clinical trial due to the abdominal pain.
Diagnostic Test and Vital Sign Monitoring
In blood tests and vital sign monitoring after 4 weeks of medication, pulse and TSH levels of the children in the experimental group showed a significantly greater decrease from baseline compared to the control group (p < 0.05). The body temperature, SBP, DBP of the children in the experimental group also showed a decrease compared to the baseline. However, this change in TSH and vital sign was within the normal range, and all study participants did not show any abnormal signs in laboratory tests or vital sign monitoring throughout the study (Table 7).
TABLE 7 | Changes in children’s TSH and Vital sign.
[image: Table 7]DISCUSSION
AD is a relapsing, pruritic, inflammatory skin disease, reported to be caused by interactions between the immune system, microbial exposure, genetic and environmental factors, and skin barrier dysfunction (Flohr and Mann, 2014; Otsuka et al., 2017). For treatment of AD, depending on the etiology and the severity of symptoms, methods such as avoidance strategies, topical anti-inflammatory therapy, and phototherapy are used (Wollenberg et al., 2018a; Wollenberg et al., 2018b). Of these, application of steroidal ointment is the most commonly recommended treatment method to alleviate symptoms (Arellano et al., 2007). However, long-term steroid use can cause adverse reactions such as acne, steroid rosacea, telangiectasia, perioral dermatitis, and atrophy. For patients who do not respond to steroid treatment, AD can recur (Fukaya, 2000; Atherton, 2003).
The incidence of AD has been gradually increasing over several centuries, and currently affects around 20% of the world population (Bantz et al., 2014). The need to develop new therapeutic agents has become prominent due to the increasing socioeconomic costs of AD (Carroll et al., 2005; Suh et al., 2007), and this has been accompanied by growing interest in the potential of alternative medicine.
SCRT is a herbal medicine that has been used in East Asia to treat diseases related to the allergic march, such as allergic rhinitis and asthma, for hundreds of years (Shin et al., 2018). SCRT is reported to have an “anti-allergic effect” (Ikeda et al., 2002) and an “anti-inflammatory effect” (Shin et al., 2018). However, to date, there have been almost no clinical studies investigating the effects of SCRT for AD.
With the aim of verifying the efficacy of SCRT for AD, this study evaluated efficacy and safety in patients taking SCRT or a placebo. In the efficacy assessment, there were no statistically significances between the two groups in objective, subjective, and total SCORAD scores. This is thought to be due to the effects of the steroidal ointment supplied to all participants to provide the minimal treatment.
There were also no statistically significant differences between the two groups in the change in amount and frequency of ointment use. However, the experimental group showed a trend for less ointment use than the control group (p = 0.081). The reason for this phenomenon seems to be that the previously reported anti-allergic effect such as inhibiting IL-4 and CD4+ of SCRT and its ingredients (Ikeda et al., 2002) affected the progression and remission of atopic dermatitis. This indicates that medication with SCRT could reduce AD patients’ dependency on steroidal ointment.
In anthropometric analysis only including children (participants aged <18 years), the experimental group showed a significantly greater increase in height from baseline to Week 4 than the control group (p < 0.05). Most of the children in this study belonged to the school-age (7–12 years old), and in the statistical analysis conducted on these participants (13 from the experimental group and 12 from the control group), the experimental group showed a statistically significant height growth compared to the control group (p = 0.016). The remaining five participants (two from the experimental group and three from the control group) belonged to adolescence (over 13 years old), and in the height growth, no statistically significant difference was shown between the experimental group and control group. However, because the number of adolescence participants was too small, it was judged to have no statistical significance. In addition, as a result of investigating and comparing factors that can affect height growth such as parents’ socioeconomic environment, physical information of the children, residential life, eating habits, participants’ ethnicity and exercise, the experimental group and the control group didn't show any statistically significant differences in these items. This suggests that SCRT has a significant effect as a growth promoter for children with AD.
In blood tests and vital sign monitoring after 4 weeks of medication, TSH levels of the children in the experimental group showed a significantly greater decrease from baseline compared to the control group (p < 0.05). Thyroid hormones are known to have a major effect on children’s growth and development (Tarım, 2011). The fact that the experimental group of this study showed height growth and TSH reduction after 4 weeks of SCRT administration suggests that there may be some association between SCRT, TSH, and children’s height growth. However, considering the fact that the relationship between SCRT and TSH has not been clearly identified, further studies are needed to clarify this association.
In adverse reaction monitoring, vital sign monitoring, and laboratory tests to evaluate the safety of SCRT, there were no abnormal findings. Considering that previous studies have reported allergic diseases, such as allergic asthma and AD, leading to short stature in children (Ferguson et al., 1982; Kristumundsdottir and David, 1987; Snat’Anna et al., 1996), the growth-promoting effects of SCRT are thought to be mediated not only by hormones, but also by amelioration of allergic disease. The results of this study provide evidence to support claims that SCRT is a safe treatment method without adverse effects that can be used in children with AD as an alternative to growth hormone, which is controversial.
The mechanisms behind the growth-promoting effects of SCRT are unclear, and other factors affecting growth such as parental height could not be actively controlled. In addition, it is difficult to generalize the results as the number of research participants analyzed for height growth is relatively small. However, if independent studies of SCRT or a long-term, large-scale study of the effects on AD relief and growth factors such as T3, T4, and IGF-1 were performed, the mechanisms could be revealed more precisely.
CONCLUSION
The experimental group that took SCRT showed a trend for reduced dependence on steroidal ointment compared to the control group. In addition, SCRT treatment resulted in a significant promotion of height growth in children with AD. Also in safety evaluation, all study participants did not show any abnormal signs including laboratory tests or vital sign monitoring throughout the study.
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The pathogenesis of skin inflammatory diseases such as atopic dermatitis, acne, psoriasis, and skin cancers generally involve the generation of oxidative stress and chronic inflammation. Exposure of the skin to external aggressors such as ultraviolet (UV) radiation and xenobiotics induces the generation of reactive oxygen species (ROS) which subsequently activates immune responses and causes immunological aberrations. Hence, antioxidant and anti-inflammatory agents were considered to be potential compounds to treat skin inflammatory diseases. A prime example of such compounds is xanthone (xanthene-9-one), a class of natural compounds that possess a wide range of biological activities including antioxidant, anti-inflammatory, antimicrobial, cytotoxic, and chemotherapeutic effects. Many studies reported various mechanisms of action by xanthones for the treatment of skin inflammatory diseases. These mechanisms of action commonly involve the modulation of various pro-inflammatory cytokines such as interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor α (TNF-α), as well as anti-inflammatory cytokines such as IL-10. Other mechanisms of action include the regulation of NF-κB and MAPK signaling pathways, besides immune cell recruitment via modulation of chemokines, activation, and infiltration. Moreover, disease-specific activity contributed by xanthones, such as antibacterial action against Propionibacterium acnes and Staphylococcus epidermidis for acne treatment, and numerous cytotoxic mechanisms involving pro-apoptotic and anti-metastatic effects for skin cancer treatment have been extensively elucidated. Furthermore, xanthones have been reported to modulate pathways responsible for mediating oxidative stress and inflammation such as PPAR, nuclear factor erythroid 2-related factor and prostaglandin cascades. These pathways were also implicated in skin inflammatory diseases. Xanthones including the prenylated α-mangostin (2) and γ-mangostin (3), glucosylated mangiferin (4) and the caged xanthone gambogic acid (8) are potential lead compounds to be further developed into pharmaceutical agents for the treatment of skin inflammatory diseases. Future studies on the structure-activity relationships, molecular mechanisms, and applications of xanthones for the treatment of skin inflammatory diseases are thus highly recommended.
Keywords: acne, anti-inflammatory, antioxidant, atopic dermatitis, skin cancer, psoriasis
INTRODUCTION
Skin inflammatory diseases are mediated by multiple mechanisms that induce chronic inflammation (Pleguezuelos-Villa et al., 2019). For instance, the pathogenesis of skin inflammatory diseases such as atopic dermatitis (AD), acne, psoriasis and skin malignancies have been extensively associated with immunological alterations in cytokine expression and immune cell activity. Inflammatory responses were additionally linked to the generation of oxidative stress by external aggressors such as ultraviolet (UV) radiation and xenobiotics that also disrupts the normal intracellular redox state and cellular protein structures (Li et al., 2012; Cidade et al., 2017). These inflammatory responses in skin inflammatory diseases are commonly modulated through NF-κB, MAPK and PI3K/Akt signaling pathways which contribute to the activation of immune cells and production of pro-inflammatory cytokines such as interleukin (IL)-1β, IL-6, IL-8 and tumor necrosis factor α (TNF-α) (Wang et al., 2017; Guo et al., 2019). Thus, the potential lead compounds that possess both anti-inflammatory and antioxidant activities such as xanthones have received great attention for the treatment for skin inflammatory diseases (Pleguezuelos-Villa et al., 2019).
Xanthones are versatile scaffolds consisting of a tricyclic xanthene-9-one structure (1) and are commonly found in higher plants, fungi, and lichens (Aye et al., 2020). Various plants have been reported to be rich in naturally occurring xanthones, including Garcinia mangostana L. (Im et al., 2017), G. cowa Roxb. ex Choisy (Auranwiwat et al., 2014), G. hanburyi Hook.f. (Xu et al., 2015), Mangifera indica L. (Garrido et al., 2004), Hypericum oblongifolium Wall. (Ali et al., 2011), Tripterospermum lanceolatum (Hayata) H. Hara ex Satake (Hsu et al., 1997), Mesua beccariana (Baill.) Kosterm., M. ferrea L. (Teh et al., 2017), Iris sibirica L. (Tikhomirova and Ilyicheva, 2020), I. adriatica Trinajstic ex Mitic (Alperth et al., 2018), Calophyllum inophyllum L. (Mah et al., 2019) and C. soulattri Burm.f. (Mah et al., 2019). Furthermore, plants of the genera Calophyllum, Cratoxylum, Garcinia, Gentiana, Hypericum and Swertia were proposed to possess great developmental prospect due to their rich content of xanthones (Ruan et al., 2017). This class of compounds possess a wide range of biological activities including anti-inflammatory (Teh et al., 2017; Mah et al., 2019; Aye et al., 2020; Ng et al., 2020), antioxidant (Wang et al., 2018a), antimicrobial (Koh et al., 2013; Auranwiwat et al., 2014), chemotherapeutic (Beninati et al., 2014) and chemopreventive (Purnaningsih et al., 2018) activities. Thus, xanthones are promising lead compounds for treating skin inflammatory diseases.
Many reviews to date discuss on various biological activities of xanthones (Ibrahim et al., 2016; Aizat et al., 2019; Feng et al., 2020; Ong et al., 2020) with a recent review discussing the modulatory ability of xanthones on macrophage function and associated inflammatory diseases (Ng and Chua, 2019). The reviews on the potential of xanthones as anti-inflammatory agents for skin diseases are limited and no review has been focused extensively on their mechanisms of action in the context of skin inflammatory diseases. Thus, in this review, we focused on the studies of naturally occurring xanthones within the past two decades for the treatment of skin inflammatory diseases, particularly atopic dermatitis, acne, psoriasis, and skin cancers, while simultaneously highlighting the mechanisms of action and signaling pathways involved. A summary of the mechanisms of action for xanthone derivatives with anti-inflammatory, anti-bacterial, chemotherapeutic and cytoprotective effects are summarized in Table 1; Figure 1. The basic structure of xanthone is presented in Figure 2, together with its naturally available derivatives that exhibit these biological activities. The potential applications of xanthones with regards to cellular pathways implicated in skin inflammatory diseases are also included in this review.
TABLE 1 | Xanthones and their mechanism of action for treatment of skin inflammatory diseases.
[image: Table 1][image: Figure 1]FIGURE 1 | Summary of the multitargeting mechanisms of action of xanthones for skin inflammatory diseases.
[image: Figure 2]FIGURE 2 | Structures of xanthene-9-one (1), α-mangostin (2), γ-mangostin (3), mangiferin (4), β-mangostin (5), garcicowanone A (6), 8-deoxygartanin (7), gambogic acid (8), gambogenic acid (9), 33-hydroxyepigambogic acid (10), 35-hydroxyepigambogic acid (11), xanthone V1 (12), norathyriol (13), 1,2-dihydroxyxanthone (14), gentiacaulein (15) and norswertianin (16).
XANTHONES INVOLVED IN THE TREATMENT OF SKIN INFLAMMATORY DISEASES
Atopic Dermatitis
AD, also known as atopic eczema, is the most common chronic skin disorder affecting 3-20% of the global population (Lopez Carrera et al., 2019; Schwingen et al., 2020). AD is commonly characterized by pruritic skin lesions with concurrent allergic inflammation and augmented immunoglobulin E (IgE) and histamine levels (Higuchi et al., 2013; Zhao et al., 2017). Allergic inflammation and augmented serum IgE levels underlie the immunological dysregulation and subsequent dysfunction of the skin barrier (Higuchi et al., 2013). Reactive oxygen species (ROS) have also been associated with the pathogenesis of skin allergic reactions (Bickers and Athar 2006; Sivaranjani et al., 2013). ROS causes lipid peroxidation and damages cellular components, initiating cell death (Okayama 2005; Sivaranjani et al., 2013). The generation of ROS also activates immune responses by inducing leukocyte infiltration and altering cytokine expression profiles of Th1 and Th2 cells (Bickers and Athar 2006). Thus, antioxidants and anti-inflammatory agents such as xanthones are highly beneficial to treat AD (Okayama 2005; Sivaranjani et al., 2013).
Anti-itching Activity & Histamine Modulation by Xanthones
Xanthones were found to attenuate various clinical symptoms of AD such as skin lesions and possess anti-itching effect. The xanthone-rich mangosteen rind of G. mangostana L. extracted with 70% ethanol was studied by Higuchi et al. (2013) as a potential preventative agent for AD. The extract was administered orally at a dose of 250 mg/kg/day to 6-week-old NC/Tnd mice which decreased the frequency and duration of scratching per 20 minutes in treated-NC-Tnd mice. This finding was linked to the decreased keratinocyte and fibroblast production of nerve growth factors (NGF) and nerve extension that relieved the itching.
Histamines, also known as imidazolethylamine, play an important role in cutaneous inflammation and contribute to the characteristic redness, wheal, flare and pruritis of AD (Buddenkotte et al., 2010). It affects the integrity of the skin barrier and modulates inflammatory immune responses via the activation of eosinophils, mast cells and basophils (Buddenkotte et al., 2010; Ohsawa and Hirasawa 2014). Furthermore, this allergic mediator is capable of activating Th2 cells, subsequently increasing the production of Th2 cytokines such as IL-4, IL-5, and IL-13 (Ohsawa and Hirasawa, 2014). While the pruritic role of histamines in AD is still being debated, administration of antihistamines did help to mitigate itching (Ohsawa and Hirasawa, 2014). A study on the anti-inflammatory activity of the 40% ethanol extract of mangosteen hull (G. mangostana L.) revealed more than 80% inhibition of histamine release from IgE-sensitized RBL-2H3 basophil cells, besides inhibiting the synthesis of prostaglandin E2 (PGE2) at 300 μg/mL (Nakatani et al., 2002). The key compound contributing to the anti-inflammatory effect of the extract was suggested to be a xanthone named as α-mangostin (2). Meanwhile, 1 was revealed to be capable of reducing serum levels of histamine in 2,4-dinitrofluorobenzene (DNFB)-induced AD mice model with 0.001-1.000 mM in a dose-dependent manner (Aye et al., 2020). DNFB is a hapten which is topically applied to animal models to mimic the pathophysiology and skin inflammation of AD (Aye et al., 2020). Furthermore, 1 demonstrated significant reduction in skin lesions and hyperplasia in DNFB-induced mice at doses of 0.2, 2.0 and 20.0 mg/kg (Aye et al., 2020). In vitro experiments further highlighted the ability of 1 at 0.001-1.000 mM to suppress histamine and thymic stromal lymphopoietin (TSLP) released by HMC-1 mast cells that was stimulated by phorbol myristate acetate (PMA) and calcium ionophore A23187 (CI). The synergistic combination of PMA-CI was established as powerful tools to study accessory-independent activation of T cells (Heinze and Mohr, 1990).
α-Mangostin (2) was previously reported to be a selective and competitive inhibitor of histamine H1 receptors (Chairungsrilerd et al., 1996a; Chairungsrilerd et al., 1996b). The antihistamine effect of 2 via the inhibition of histamine release and antagonism of histamine H1 receptors disclosed the xanthone as a potential candidate to alleviate histamine-mediated effects in allergic reactions such as AD. Besides 2, γ-mangostin (3) is another major xanthone found in mangosteen rind and hull extracts (Nakatani et al., 2002; Higuchi et al., 2013). As shown in Figure 2, both 2 and 3 are similar in structures and only differ by demethylation of 7-OH in 2. An early histamine-induced contraction study on 3 showed that it lacked of histamine H1 receptor antagonism on the isolated rabbit aorta at 5 μM (Chairungsrilerd et al., 1996b). However, a later study on neuroblastoma cells by Sukma et al. (2011) contradicted the findings by Chairungsrilerd et al. (1996b). The authors suggested that the increase in mRNA expression of H1 receptors is compensatory against the antagonistic effect of 3 (Sukma et al., 2011). Further investigation on the structure-activity relationship of xanthone on histamine antagonism may be worthwhile.
Modulation of Cytokine Expression and IgE by Xanthones
Xanthones are involved in the modulation of immune inflammatory responses and the expression of cytokines and IgE. The pristine xanthone 1 was found to reduce the mRNA expression of immunomodulatory mediators and ILs responsible for recruiting immune cells to the site of skin inflammation in mice at doses of 0.2, 2.0 and 20.0 mg/kg (Aye et al., 2020). The mediators involved are IL-1β, IL-6, IL-8, thymus and activation-regulated chemokine (TARC) and macrophage derived chemokine (MDC) (Aye et al., 2020). Xanthone 1 also reduced the serum levels of IgE, as well as the population of mast cells in skin lesions at the same doses. Furthermore, 1 increased the survival rate of anaphylactic shock by 83.3%, further highlighting its immunomodulatory capabilities. It is worthwhile to note that 1 did not induce any cytotoxicity to HaCaT normal keratinocyte cells at 0.001-10.000 mM (Aye et al., 2020). Another study on the xanthone-rich mangosteen rind ethanol extract using AD mice models revealed the suppression of mRNA expression of various pro-inflammatory cytokines such as IL-4, interferon-γ (IFN-γ) and TSLP when treated with 250 mg/kg/day of the extract (Higuchi et al., 2013). TSLP was suggested to be the most crucial target of the extract against AD development. Besides that, the extract at the same dose suppressed the mRNA expression of Th2 chemokines MDC and eotaxin-2 involved in T cell-mediated inflammation and recruitment of eosinophils, respectively (Watanabe et al., 2002; Higuchi et al., 2013). However, the expression of pro-inflammatory cytokines commonly associated with AD such as IL-4, IL-5 and IL-13 were not affected by treatment with the extract (Higuchi et al., 2013). Xanthone 2 was identified as the most abundant xanthone and main active compound of the mangosteen rind ethanol extract (Higuchi et al., 2013). The isolated 2 was further reported to inhibit the mRNA expression of TSLP and IFN-γ with IC50 values of 0.4 and 3.6 μM, respectively.
In contrast, mangiferin (4), a natural xanthone glucoside, was able to alleviate the imbalanced expression of cytokines in the serum of oxazolone-induced AD in C57BL/6 mice model with oral administration of 50 mg/kg/day (Zhao et al., 2017). Treatment with 4 restored the Th1/Th2 cytokine imbalance by reducing serum levels of pro-inflammatory cytokines including IL-4, IL-5, IL-13, IL-17A and TNF-α, while increasing the levels of anti-inflammatory cytokines IL-10 and transforming growth factor β (TGF-β) (Guo et al., 2014; Zhao et al., 2017; Yun et al., 2019). Besides that, 20 and 100 μM of 4 were shown to modulate cytokine expression of macrophages which play a crucial role in skin inflammation and reduce the levels of IL-1β, IL-6 and inducible nitric oxide synthase (iNOS) secreted by RAW264.7 cells (Zhao et al., 2017). Interestingly, 4 also directly affected the T cell population, particularly Th1, Th2, Th9, Th17 and Treg cells whereby imbalance of these subsets characterizes the impaired immune response in AD (Auriemma et al., 2013). Compound 4 can restore the aberrant Th1/Th2 cell ratio found in allergic inflammatory disorders while decreasing Th9 and Th17 proportions and increasing proportions of Treg cells in the spleen with oral administration of 50-200 mg/kg/day (Guo et al., 2014; Yun et al., 2019). The modulation of the Th1/Th2 cytokine and cell differentiation imbalance by 4 may involve the inhibition of STAT6 signaling pathway (Guo et al., 2014). Collectively, these anti-inflammatory mechanisms exhibited by 4 may contribute to the alleviation of skin inflammation in AD mice model (Zhao et al., 2017).
Besides that, 2 suppressed the IgE production induced by IL-4 and lipopolysaccharide (LPS)-stimulated splenic B cells with an IC50 value of 2.5 μM whereas a xanthone of similar structure, 3 showed an IC50 value of 1.6 μM (Higuchi et al., 2013). This finding was also previously described by Jang et al. (2012) where both 2 and 3 at the doses of 10 and 30 mg/kg/day were able to decrease the secretion of IgE in an airway inflammation model induced by ovalbumin, an allergen commonly used in immunological studies to imitate allergic reactions. Furthermore, the authors suggested the ability of 2 and 3 to inhibit allergen-IgE-induced mast cell activation while attenuating the production of IgE, therefore exhibiting anti-inflammatory effects through multiple mechanisms.
Other Anti-inflammatory Mechanisms of Xanthones
Besides mediating cytokine expression, xanthones were found to modulate the recruitment of eosinophils. Since eosinophils play a key role in allergic diseases, minimal recruitment of the cell consequently reduces the associated inflammation (Guo et al., 2014). Mangosteen rind ethanol extracts that primarily contain 2 and 3 reduced the population of eosinophils in the skin of NC/Tnd mice at a dose of 250 mg/kg/day (Higuchi et al., 2013). The finding may be associated with the ability of 2 and 3 to suppress PI3K activity, a signal transduction pathway commonly involved in the recruitment and activation of eosinophils, at a dose of 30 mg/kg/day (Jang et al., 2012). Similarly, 4 was able to dose-dependently suppress eosinophilia with comparable effects with dexamethasone (1-dehydro-9α-fluoro-16α-methylhydrocortisone), a topical corticosteroid used in the treatment of AD (Kalz 1960; Guo et al., 2014; Yun et al., 2019). This finding was consolidated by histological examination of the skin of oxazolone-induced AD in C57BL/6 mice that revealed a decrease in inflammatory cell infiltration after oral administration of 4 at 50 mg/kg/day (Zhao et al., 2017).
The inflammatory NF-κB pathway has been associated with AD. This pathway mainly involves the MAPK/NF-κB cascade and NF-κB/caspase-1 axis which induce the expression of numerous pro-inflammatory cytokines such as TNF-α, IL-8 and IL-1β (Lee et al., 2015; Guo et al., 2019). Modulation of the NF-κB pathway appears to be a common anti-inflammatory mechanism exhibited by xanthones. Xanthone 1 significantly attenuated the phosphorylation of IκBα and NF-κB in HaCaT cells at 0.001 to 10.000 mM, demonstrating the inhibition of an allergic inflammatory response (Aye et al., 2020). Besides that, 1 was also shown to regulate the MAPK and caspase-1 pathways in keratinocytes and mast cells (Aye et al., 2020). Its derivatives such as 2 was reported to inhibit the NF-κB pathway at 10 and 30 mg/kg/day in ovalbumin-induced airway inflammation in mice models, resulting in anti-inflammatory action (Jang et al., 2012). Compound 4 also suppressed the activation of the NF-κB pathway in vivo when oxazolone-induced dermatitis mice were treated with 50 mg/kg/day of the xanthone by reducing the level of NF-κB2 and inhibiting the phosphorylation of IκB. Thus, 4 was proposed to be a good lead compound for treating AD (Zhao et al., 2017). Similarly, xanthones 1 and 2 are potential lead compounds for treating AD as they exhibit anti-inflammatory effects.
Acne
Acne vulgaris, a cutaneous inflammatory disease of the pilosebaceous follicle is listed as the eighth most prevalent disease worldwide and is estimated to affect 9.38% of the global population (Heng and Chew, 2020). Commensal skin bacteria Propionibacterium acnes and Staphylococcus epidermidis are associated with the onset and development of inflammatory acne via production of neutrophil chemotactic factors as well as pro-inflammatory cytokines such as IL-1, IL-6, IL-8 and TNF-α (Chomnawang et al., 2005; Asasutjarit et al., 2013; Xu et al., 2018). Recruitment of immune cells subsequently induced the generation of ROS which contributes to the irritation of the follicular epithelium that often leads to skin damage and scarring (Chomnawang et al., 2007). These acne-causing bacteria are quickly gaining resistance to classic antibiotics, hence the search for natural antibacterial and anti-acne compounds is ongoing (Asasutjarit et al., 2013). Xanthones are compounds that can be potentially used in treating acne.
Anti-acne Activity of Xanthone-rich Extracts
Garcinia mangostana L. ethanol extracts and its primary xanthone 2 were proven to exhibit anti-acne effects (Chomnawang et al., 2007; Pan-In et al., 2015). Early studies reported that the xanthone-rich ethanol extract showed the strongest inhibitory effects with minimum inhibitory concentration (MIC) of 0.039 mg/mL on both P. acnes and S. epidermidis when compared to eighteen Thai medicinal plant extracts with MICs ranging from 0.625 to more than 5 mg/mL using disc diffusion and broth dilution methods (Chomnawang et al., 2005). The extracts were analyzed using bioautographic detection in thin layer chromatography, and silica gel column chromatography which identified the main components of the extract to be 2 and 3 (Chomnawang et al., 2005; Tatiya-Aphiradee et al., 2016). Another study demonstrated the anti-microbial effects of aqueous extracts of G. mangostana L. on both acne-causing bacteria using a similar disc diffusion assay, further supporting Chomnawang and colleagues’ discoveries (Bhaskar et al., 2009). Later studies reported that the dichloromethane extract of mangosteen fruit rind (G. mangostana L.) obtained using Soxhlet extraction showed the strongest bacteriostatic and bactericidal activity against P. acnes and S. epidermidis with minimal bactericidal concentration (MBC) of 3.91 and 15.63 μg/mL, respectively (Pothitirat et al., 2010). Similarly, 2 was isolated and identified to be the key active compound in the rind extract. The concentration of 2 in the extract was significantly correlated to antibacterial activity against P. acnes and S. epidermidis (Pothitirat et al., 2010). Meanwhile, in a 3-week randomized, double-blinded and placebo-controlled study, mangosteen rind extract capsules were orally prescribed thrice daily to 94 patients with mild and moderate acne (Sutono 2013). The study reported a decrease of 63% and 35% in non-inflamed and inflamed acne lesions respectively, with no adverse effects (Sutono 2013). It was concluded that oral administration of the rind extract significantly decreased the severity of mild and moderate acne compared to a placebo.
Antibacterial Activity of Xanthones for Acne Treatment
Further investigations on isolated xanthone 2 from G. mangostana L. pericarp ethanol extract reveal its bacteriostatic (Tatiya-Aphiradee et al., 2016) and bactericidal effects (Koh et al., 2013) on Gram-positive bacteria using broth dilution and time-kill kinetics assays. Koh et al. (2013) identified the isoprenyl group attached at C-8 of 2 to be crucial in its antibacterial effect as it allowed the xanthone to associate with bacterial lipid alkyl chains and penetrate into the bacteria. Furthermore, a separate study highlighted that 2 mimics the chemical structure of meta-phenylene ethynylene, a membrane-targeting cationic antimicrobial peptide (Sivaranjani et al., 2017). Consequently, rapid penetration of the xanthone into the bacterium deranged the cytoplasmic membrane integrity, causing swift loss of intracellular components within 5-10 minutes at concentrations as low as 7.61 μM as proven in an ethidium bromide uptake assay, together with SYTOX green and calcein leakage assays (Koh et al., 2013). Thus, it was postulated that the primary target of 2 in antibacterial mechanisms of Gram-positive bacteria, such as P. acnes and S. epidermidis is the bacterial inner membrane. This discovery was also corroborated by Auranwiwat and colleagues (2014) that found the prenyl substituent at C-8 in α-mangostin (2), β-mangostin (5) and garcicowanone A (6), a novel xanthone identified in the unripe fruits of Garcinia cowa Roxb. ex Choisy, to confer to their remarkable antimicrobial activity against Gram-positive bacteria. Xanthones 2, 5 and 6 are similar in structure, differing by prenyl substituents at C-2, and hydroxyl or methoxy groups at C-3 positions as shown in Figure 2. Moreover, 2, 5 and 6 demonstrated significant activity against S. epidermidis with MIC values between 2-4 μg/mL, where 2 is the most potent among the xanthones (Auranwiwat et al., 2014). Hence, it was postulated that prenyl and hydroxyl groups attached at C-2 and C-3 positions, respectively of 2 were the important functional groups for antibacterial activity. Additionally, 2 significantly inhibited biofilm formation of S. epidermidis, a crucial virulence factor of the bacterium at concentrations as low as 12.18 μM (Sivaranjani et al., 2017). Another study reported the anti-P. acnes activity of 2 and 3 (Xu et al., 2018). Interestingly, while 2 and 3 displayed similar MIC values of 4.0 μM on P. acnes growth, 3 achieved a larger maximum inhibition zone of 20 mm diameter compared to 12 mm diameter by 2 in the disc diffusion method. This finding suggests 3 to be a more potent anti-bacterial agent against P. acnes compared to 2 though there is still a lack of research study on the anti-acne activity of 3 (Xu et al., 2018). Thus far, no comparative studies have been done on the anti-acne activity of 2, 3 and 5 which have closely related structures with prenyl substituent at C-2 and C-8.
Previous studies reported that 2 is effective against methicillin-resistant Staphylococcus aureus (MRSA) strains in an in vivo model by using superficial skin infection mouse model (Tatiya-Aphiradee et al., 2016). Topical treatment with 100 μL of 1.32% of 2 significantly reduced the number of MRSA colonies after 3 days to levels comparable to the control (Tatiya-Aphiradee et al., 2016). Interestingly, studies to date reported no resistance development towards 2 in MRSA with insignificant changes in the MIC of 3.80 μM when tested in a 20-passage multistep resistance selection study (Koh et al., 2013). Similarly, S. epidermidis did not develop resistance towards 2 despite continuous exposure at 0.38-3.05 μM across 19 passages in both planktonic and biofilm cells (Sivaranjani et al., 2017). A later study conducted by Sivaranjani et al. (2019) revealed molecular antibacterial mechanisms of 2 on S. epidermidis by downregulating the expression of genes responsible for bacterial cytoplasmic membrane integrity, cell division, teichoic acid and fatty acid biosynthesis, as well as DNA replication and repair systems. The target on multiple metabolic pathways by 2 minimized the risk of resistance development which greatly increased the potential of the xanthone as anti-bacterial agents for acne treatment.
Anti-inflammatory Mechanisms of Xanthones
Investigations on the potential of G. mangostana L. pericarps ethanol extracts for acne treatment revealed its anti-inflammatory effects by suppressing the production of pro-inflammatory cytokine, TNF-α. The pericarp extract suppressed the production of TNF-α by 94.59% at 50 μg/mL in an in vitro cytokine production assay in peripheral blood mononuclear cells stimulated with heat-killed P. acnes. (Chomnawang et al., 2007). The extract also possessed antioxidative activity by free radical scavenging mechanisms as shown in DPPH scavenging assay (IC50 = 6.13 μg/mL). The authors suggested the potential anti-inflammatory mechanisms was due to the attenuation of oxidative stress. A recent study revealed 2 and 3 to exhibit anti-acne activities via multiple anti-inflammatory mechanisms (Xu et al., 2018). The mRNA expression of pro-inflammatory cytokines IL-1β, IL-6 and TNF-α in P. acnes-stimulated HaCaT cells was significantly inhibited by 2 and 3 at concentration of 2-8 μM, as shown in a qRT-PCR analysis (Xu et al., 2018). Furthermore, 2 and 3 also suppressed the activation of NF-κB and MAPK pathways by decreasing the phosphorylation of pathway-related proteins IκB, p65, p38, ERK and JNK in a dose-dependent manner (Xu et al., 2018). Moreover, these xanthones completely inhibited the activity of lipases, a pro-inflammatory and virulence factor of P. acnes, at concentrations as low as 4 μM. Consequently, 2 and 3 halted the inflammatory response induced by P. acnes (Xu et al., 2018). Various anti-inflammatory mechanisms exhibited by these xanthones contribute to their biological potential as anti-acne agents.
Development of Xanthone Formulations for Acne Treatment
As a hydrophobic prenylated xanthone, flux of 2 through the stratum corneum is undesirable for acne treatment as it limits drug retention and absorption in hair follicles and sebaceous glands (Bhaskar et al., 2009; Pan-In et al., 2015). Numerous topical formulations were hence designed to maximize the retention of active compounds within the epidermis, ideally attaching to the bacterial surface and directly releasing the xanthone to the bacteria (Bhaskar et al., 2009; Pan-In et al., 2015). For example, an anti-acne gel formulation in aqueous based Carbopol-934 (1% w/w) containing aqueous extracts of G. mangostana L. and Aloe vera (L.) Burm.f. was developed for the topical therapy of mild acne (Bhaskar et al., 2009). The formulation had an ideal hydrophilic-lipophilic balance for epidermal permeation and showed larger maximum zone of inhibition of 1.7 cm against P. acnes compared to the marketed clindamycin phosphate gel of 1.1 cm when 1.5 g of the gels were tested using a zone of inhibition assay (Bhaskar et al., 2009). Interestingly, the formulated gel was claimed to be advantageous as there was no development of tolerance or resistance by the bacteria. Identification of 2 as the crucial phytochemical in these mangosteen extracts led to the anti-acne studies involving the film-forming solutions of a purified α-mangostin (2)-rich mangosteen fruit rind extract (G. mangostana L.) (Asasutjarit et al., 2013). The optimized formulations utilized 8% w/w of Klucel LF and Eudragit RL PO in a 5:1 ratio as film-forming polymers and 1% w/w triethyl citrate as a plasticizer. With 1 mg/g of 2 loaded, the films showed significant anti-bacterial activity against P. acnes in the disc diffusion method, producing a inhibition zone diameter of 23.5±1.5 mm. Similarly, nanoemulsions of 2 showed anti-bacterial activity against P. acnes while also being non-toxic to HaCaT cells at concentration of 0.2% w/w of 2 in nanoemulsions (Asasutjarit et al., 2019). In addition, other studies employed cellulose-based nanoparticles for delivery of 2 and showed insignificant skin irritation in vivo on human volunteers in a 4-week-randomized, double-blind, placebo-controlled, split-face study with topical application of 0.3, 0.6 and 1.2% w/w 2-loaded nanoparticles (Pan-In et al., 2015). The non-irritancy may be associated with the non-cytotoxicity of 2 towards normal keratinocytes and fibroblasts. For example, an in vitro examination showed the formulation of the xanthone-rich extract to be non-toxic to normal skin fibroblast cells and was regarded to be non-irritant and safe for skin use (Asasutjarit et al., 2013). This finding was also supported by Xu et al. (2018) that showed 2 and 3, the major xanthones of mangosteen pericarps (G. mangostana L.), to be non-toxic to HaCaT keratinocyte cells despite showing effective antibacterial activity against P. acnes. Moreover, these xanthones inhibited P. acnes-induced hyperproliferation of HaCaT cells at 2-8 μM in a dose-dependent manner. There was no significant effect on the proliferation of non-induced HaCaT cells at the same concentrations which excluded the non-specific cytotoxicity of the xanthones as a mechanism of action.
Skin Cancer & Melanoma
Skin cancer is classified as either melanoma or non-melanoma where melanoma is regarded as the most aggressive form of skin cancer (Delgado-Hernández et al., 2019). Non-melanoma skin cancer is also ranked as the fifth most common cancer worldwide by the World Health Organization (WHO) (Khazaei et al., 2019). Meanwhile, the incidence of melanoma is increasing at a faster rate than any other cancer with worrying mortality rates (Purnaningsih et al., 2018; Khazaei et al., 2019). UV radiation in particular has been strongly associated with skin carcinogenesis, causing oxidative damage, pro-inflammatory responses and DNA mutations (Hiraku et al., 2007; Kapadia et al., 2013; Im et al., 2017). Inflammation was described to be crucial in this skin disease as the inflammatory environment supports tumorigenesis and promotes invasion and metastasis (Pittayapruek et al., 2016; Wang et al., 2017). The extent of inflammation is commonly assessed by the detection of pro-inflammatory cytokines such as TNF-α, IL-1β, IL-4, IL-6 and IL-18 (Wang et al., 2017). ROS was also implicated in the initiation, promotion and progression stages of skin carcinogenesis by causing structural alterations in DNA and proteins (Bickers and Athar, 2006). Accumulation of ROS triggers inflammation and the production of matrix metalloproteinases (MMPs) that promote tumor invasion, metastasis and angiogenesis by mediating TGF-β and vascular endothelial growth factor (VEGF) (Pittayapruek et al., 2016; Im et al., 2017). The mechanism of action of xanthones commonly involve the apoptotic Bax and anti-apoptotic Bcl-2 proteins which are two of the most important markers of apoptosis (Wang et al., 2017). Activation of Bax and inhibition of Bcl-2 induce mitochondrial outer membrane permeabilization, apoptosome formation and activation of the executioner caspases-3 and -7 (Campbell and Tait, 2018). Consequently, the cell begins to dismantle, and apoptosis occurs. Other mechanisms of action include cell cycle arrest, and the disruption of MAPK and PI3K/Akt signaling pathways which modulate the growth and proliferation of skin cancer cells (Hambright et al., 2015).
There is a lack of a reliable therapy for this skin malignancy (Delgado-Hernández et al., 2019). Nowadays, multitargeted treatment is urgently required as singularly targeting a kinase or pathway is ineffective to cease malignant proliferation, angiogenesis, and metastasis. Therefore, xanthones with its multitargeting mechanisms are promising pharmacophore candidates for cancer treatment (Delgado-Hernández et al., 2019).
Cytotoxic Mechanisms of Xanthones
The cytotoxic mechanisms of various natural xanthones have been thoroughly investigated. The natural prenylated xanthone, 2 inhibited the in vitro proliferation, adhesion, and invasion of several melanoma cell lines, namely SK-MEL-28, B16-F10 and A375 in a dose-dependent manner (Wang et al., 2011; Beninati et al., 2014). This xanthone also induced apoptosis in melanoma SK-MEL-28 cells whereby it increased the proportion of early apoptotic cells from 1.7% (control) to 59.6% at concentration of 24.36 μM (Wang et al., 2011). The observed apoptotic effect was linked to the 25-fold increase in caspase-3 activity and loss of mitochondrial membrane potential (ΔΨm) (Wang et al., 2011). This finding was supported by Wang et al. (2017) who reported an increased expression of pro-apoptotic proteins, Bax, BAD and caspase-3 with concurrent downregulation of anti-apoptotic proteins, Bcl-2 and Bal-xL after in vivo treatment of mice with 5 and 20 mg/kg/day of 2. Furthermore, the study by Wang and colleagues (2017) showed that 2 was active in vivo as it inhibited tumor incidence and hyperplasia induced by carcinogen 9,10-dimethylbenz[a]anthracene (DMBA) and skin tumor promoter 12-O-tetra-decanoylphorbol-13-acetate (TPA) in ICR mice following daily intraperitoneal administration of 5 mg/kg or 20 mg/kg of the xanthone (Wang et al., 2017). The inhibition of cancer cell proliferation was hypothesized to be linked to the suppression of the PI3K/Akt signaling pathway by decreasing the phosphorylation of PI3K, Akt and TOR proteins (Wang et al., 2017; Xia and Sun 2018). The use of 5 μM of 2 as an adjunct to kinase inhibitors of the PI3K pathway such as rapamycin was also shown to be effective in inhibiting the proliferation of SK-MEL-28 cells (Xia and Sun 2018). Interestingly, despite antioxidative and ROS scavenging activity of 2 (Pedraza-Chaverri et al., 2009; Pérez-Rojas et al., 2009), the induction of ROS generation in melanoma cells may be a cytotoxic mechanism exhibited by the synergistic combination of 2 and kinase inhibitors (Xia and Sun 2018). The structurally similar xanthone, 3 and another prenylated xanthone, 8-deoxygartanin (7) also exhibited similar inhibitory effects on SK-MEL-28 cell proliferation while increasing apoptotic rate and loss of ΔΨm when tested at 2.5, 5.0 and 10.0 μg/mL (Wang et al., 2011). Among these three xanthones, 2 was the most potent as it exhibited the highest apoptotic and anti-proliferative activity against SK-MEL-28 cells.
The anti-metastatic effect of 2 was also reported where it induced cancer cell differentiation after treatment with 10 and 15 μM of the xanthone as evidenced by the intracellular increase of the differentiation marker PpIX in B16-F10 cells (Beninati et al., 2014). Furthermore, 2 reduced the plasticity of melanoma cells by up to 80% as seen in 3D-invasion assays (Beninati et al., 2014). The activity of MMP-9 which promotes angiogenesis and tumor invasion was reduced by 63% whereas cell aggregation increased by 3-fold when treated with 15 μM of 2. Similarly, later studies conducted by Im et al. (2017) reported a reduction in MMP-1 and MMP-9 enzyme levels in the skin of UVB-irradiated mice after treatment with 100 mg/kg/day of 2. These MMPs mediate the degradation of extracellular matrix which allow cancer cells to detach from the original tumor site and spread to other locations (Pittayapruek et al., 2016). Numerous mechanisms exhibited by 2 result in the anti-metastatic effect of xanthones.
Another xanthone with significant anti-cancer activity found in the resins of Garcinia hanburyi Hook.f. is gambogic acid (8) (Zhao et al., 2008). This caged xanthone exerted in vitro cytotoxicity on B16-F10 (IC50 = 1.71 μM) and A375 melanoma cells (IC50 = 2.50 μM), inhibiting the viability and cell proliferation in a dose-dependent manner (Zhao et al., 2008; Xu et al., 2009). Various mechanisms such as cell cycle arrest, release of cytochrome c from mitochondria as well as the induction of apoptosis and necrosis have been attributed to the cytotoxic effects of 8 (Zhao et al., 2008; Xu et al., 2009). For instance, treatment with 3.96-11.89 μM of 8 increased the number of early apoptotic A375 cells by at least 7-fold after 36 hours where the observed finding was associated with an increase in Bax, a decrease in Bcl-2, and subsequent increased activation of caspase-3 (Xu et al., 2009). Interestingly, co-treatment of 8 with cisplatin, a standard chemotherapy drug significantly increased cisplatin-induced cytotoxicity on cisplatin-resistant A375 melanoma cells, suggesting the potential of xanthone in combination therapy (Liang et al., 2018). Later studies reported the involvement of other apoptotic pathways in melanoma cells such as mitochondrial p66shc/ROS-p53/Bax (Liang and Zhang 2016) and a novel miR-199a-3p/ZEB1 signaling (Liang et al., 2018) in the anti-tumour mechanism of 8. Besides that, 8 inhibited the migration and adhesion of B16-F10 melanoma cells to fibronectin via the downregulation of the cell adhesion molecule α4 integrin with 0.01-0.60 μM of 8 in a dose-dependent manner (Zhao et al., 2008). Moreover, lung metastases were significantly suppressed with an inhibitory rate of 94.14% by 1.5 mg/kg of 8 in an artificial in vivo metastasis assay in mice (Zhao et al., 2008). The anti-proliferative effect on the in vivo tumors was also associated with the decreased expressions of Akt1 and Akt2, proteins of the PI3K/Akt pathway which regulate cell proliferation (Hambright et al., 2015; Liang et al., 2018).
Similarly, another caged xanthone, gambogenic acid (9) induced apoptosis in B16 cells via the PI3K/Akt/mTOR signaling pathway (Cheng et al., 2014). This xanthone decreased phosphorylated levels of PI3K, Akt and mTOR in a time-dependent manner, limiting the activation of this proliferation-inducing pathway (Cheng et al., 2014). Cytotoxicity evaluation of the compounds isolated from G. hanburyi Hook.f. revealed two derivatives of 8, 33-hydroxyepigambogic acid (10) and 35-hydroxyepigambogic acid (11) to have potent activity against SK-MEL-28 cells with IC50 values of 0.82 and 0.73 μM, respectively (Xu et al., 2015). Similar to 8, these two caged xanthones instigated cell cycle arrest in S or G2/M phases and induced apoptosis through amplification of caspase-3/7 activity (Xu et al., 2015). Likewise, xanthone V1 (12), a compound isolated from a Cameroonian medicinal plant, Vismia laurentii De Wild. caused cell cycle arrest at the S phase and apoptosis via caspase-3/7 activation (Kuete et al., 2011). Interestingly, previous studies highlighted the apparent selectivity of 2, 3 and 7 for cancer cells with higher IC50 values for CCD-1064Sk, a normal skin fibroblast cell line of 17.71, 28.58 and 27.21 μM, respectively when compared to SK-MEL-28 cells with IC50 of 14.42, 8.95 and 10.07 μM, respectively (Wang et al., 2011). Other compounds such as 12 was also found to be less toxic to AML12 normal hepatic cells (IC50 > 0.051 μM) compared to Colo-38 melanoma cells (IC50 = 0.003 μM) (Kuete et al., 2011).
Meanwhile, the glycosylated xanthone 4 did not exhibit significant cytotoxic effects on B16-F10 melanoma and EA.hy926 endothelial cells (Delgado-Hernández et al., 2019). Instead, this xanthone dose-dependently suppressed basic fibroblast growth factor (bFGF)-induced cell motility, metastasis, and angiogenesis at 30-120 μM as shown in an in vitro wound healing model, as well as chorioallantoic membrane and endothelial fibrin gel sandwich assays. Furthermore, genes such as VEGFR2, MMP-19 and PGF that contribute to cancer angiogenesis and metastasis processes were selectively inhibited by 4, consequently ceasing cell invasion and migration (Delgado-Hernández et al., 2019). Meanwhile, its metabolite norathyriol (13) was found to inhibit cell proliferation of JB6 P+ mouse skin epidermal cells at 10 and 25 μM by causing cell arrest at the G2/M phase (Li et al., 2012). Furthermore, in vivo experiments showed the inhibition of skin carcinogenesis in SKH-1 hairless mice upon topical application of 0.5 or 1.0 mg of 13 in 200 μL of acetone before solar UV irradiation. These findings suggested 13 that possesses chemopreventive effects (Li et al., 2012).
Anti-inflammatory Mechanisms of Xanthones
Anti-inflammatory activity is a potential mechanism to treat skin cancers (Rayburn et al., 2009). The anti-inflammatory activity of 2 on immune cells RAW264.7 and THP-1, as well as various cancer cell lines such as HepG2, Caco-2 and HT-29 have been previously investigated (Gutierrez-Orozco et al., 2013; Mohan et al., 2018). A recent study reported the ability of 5 and 20 mg/kg/day of 2 to suppress the inflammation caused by DMBA-TPA-induced skin tumorigenesis in mice by downregulating skin and systemic levels of pro-inflammatory cytokines IL-1β, IL-4 and IL-18, and upregulating anti-inflammatory cytokine IL-10 (Wang et al., 2017). This xanthone also downregulated the inflammatory IL-1β, IL-6 and TNF-α at a transcriptional level in UVB-exposed hairless mice with oral administration of 100 mg/kg/day of 2 (Im et al., 2017). Meanwhile, 240 μM of 4 was found to suppress lipid and calcium signaling as well as cancer-inflammation via selective inhibition of multiple pro-inflammatory NF-κB genes, including IL-6, TNF, IFN-γ and CCL2 genes (Delgado-Hernández et al., 2019). Furthermore, 4 was found to significantly increase the antioxidant superoxide dismutase (SOD) activity in the skin of UVB-irradiated SKH-1 mice upon topical application of 100 μL of 4 mg/mL of 4 in ethanol:acetone (1:1, v/v). However, the activity and expression of antioxidant enzymes catalase (CAT) and cyclooxygenase (COX)-2 were not affected (Petrova et al., 2011). Nevertheless, 4 was capable of inhibiting UVB-induced edema in SKH-1 mice by 73.33% with topical application of 4 mg/mL of the xanthone (Petrova et al., 2011).
Norathyriol (13) showed anti-inflammatory activity in vitro via competitive inhibition of MAPK1 at its ATP-binding site at 10 and 100 μM (Li et al., 2012). The xanthone moiety acts as an adenine mimic, forming hydrogen bonds and hydrophobic interactions in the hinge region of MAPK1. Consequently, MAPK cascades as well as the UVB-induced activation and activity of pro-inflammatory transcription factors AP-1 and NF-κB were halted (Li et al., 2012). A recent fascinating study by Silva and colleagues (2019) investigated the modulatory activity of synthetic 1,2-dihydroxyxanthone (14) on THP-1 macrophage activity and A375-C5 melanoma cells (Silva et al., 2019). Treatment with 50 and 100 μM of 14 suppressed the expression of IL-1β and IL-10 by THP-1 macrophages. However, the production of TNF-α was found to increase, suggesting favorability for melanoma treatment based on a previous meta-analysis that linked the development of skin cancers to the use of TNF inhibitors (Mariette et al., 2011; Silva et al., 2019). However, this finding highlighted the contradictions in current literature on the role of TNF-α in skin cancer and melanoma whereby other studies did not support the benefits of upregulating the cytokine (Smith et al., 2014; Mercer et al., 2017). Further studies on the immune modulation and underlying mechanisms in skin cancers should hence be considered.
Photoprotective Activity of Xanthones for Chemoprevention
While anti-inflammatory action potentially attenuates cancer development and progression, the anti-inflammatory effect of xanthones may also protect normal tissues from cellular damage (Rayburn et al., 2009). Hence, xanthones were highlighted to be photoprotective and chemopreventive agents. A recent study by Purnaningsih et al. (2018) demonstrated the chemopreventive activity of topical applications of 100, 200 and 400 ppm of mangosteen skin (G. mangostana L.) ethanol extracts which predominantly consists of 2, 3 and 5 using a DMBA-induced mice skin cancer model. The authors hypothesized that the observed chemopreventive effect of the extract came from the antioxidant activity and attenuation of ROS production by 2, 3 and 5 (Purnaningsih et al., 2018). This hypothesis was also consolidated by previous studies that showed 2 isolated from G. mangostana L. pericarps to exhibit antioxidative activity by increasing the antioxidant activity of SOD and CAT, halting the generation of oxidative stress (Im et al., 2017).
Besides that, the ethanol and aqueous extracts of two species of honeybush, Cyclopia intermedia E.Mey. and C. subternata Vogel, which predominantly contain 4 were found to exert in vitro cytoprotective effects with negligible effects on the cell viability of normal HaCaT keratinocytes and CRL-7761 fibroblasts (Magcwebeba et al., 2016a). The lack of activity may be associated with poor solubility of the xanthone or influenced by the xanthone-flavanone ratio in the extract. Nonetheless, the study highlighted the high redox potential of 4 and its ability to counter oxidative stress via nuclear factor erythroid 2-related factor 2 (Nrf2) modulation which may additively or synergistically act with other polyphenolic constituents in the honeybush extract to protect against UVB irradiation (Magcwebeba et al., 2016a; Magcwebeba et al., 2016b). Another study highlighted the cytoprotective ability of 4 to inhibit UVB-induced edema and lipid peroxidation in an in vivo study (Petrova et al., 2011). Moreover, this xanthone reduced metal-induced oxidative stress and mitochondrial dysfunction via iron-chelating mechanisms in lipid membranes (Magcwebeba et al., 2016a). It was proposed that antioxidative compounds are able to relieve cancer-inflammatory damages as a result of oxidative stress and prolonged UV exposure (Kapadia et al., 2013). Therefore, 4 was suggested to be effective photoprotective agents with potential applications as sunscreens, cosmetics or skin care products to protect against UVB-induced oxidative stress and the resulting skin inflammation (Petrova et al., 2011; Magcwebeba et al., 2016b). Interestingly, two other xanthone derivatives gentiacaulein (15) and norswertianin (16) were identified to be chemopreventive agents that utilized a novel quenching mechanism instead of antioxidation or physical sunscreen effects (Hirakawa et al., 2005). Using fluorescence spectroscopic techniques and ab initio molecular orbital calculations, the DNA photoprotective effects of these xanthones were found to involve the quenching of the triplet photoexcited state of riboflavin (Hirakawa et al., 2005).
Psoriasis
Psoriasis is a chronic T-cell mediated skin inflammatory disease characterized by thickened and scaly plaques and skin lesions (Wen et al., 2014; Owczarek and Jaworski, 2016). Pathogenesis of this disease involves interaction between genetic and environmental factors. Histological symptoms commonly involve keratinocyte hyperproliferation, abnormal keratinocyte differentiation and infiltration of inflammatory cells (Wen et al., 2014; Pleguezuelos-Villa et al., 2019). The production of inflammatory cytokines such as the Th17 signature IL-17A, IL-22, IL-23 and IFN-γ is a key characteristic of psoriasis (Schön, 2019). Dysregulated effector T-cell function and differentiation as well as the NF-κB pathway were also associated to the inflammatory response in psoriasis. Besides that, the influx of neutrophils in psoriatic lesions is a histological characteristic of psoriasis (Guérard et al., 2013). Neutrophils were reported to play a crucial role in psoriasis besides being a key source of the pro-inflammatory cytokines IL-8 and IL-17A (Biasi et al., 1998; Wang and Jin, 2020). Recently, the role of ROS and oxidative stress in psoriasis was demonstrated (Khmaladze et al., 2015; Pleguezuelos-Villa et al., 2019). The ROS generated by keratinocytes, fibroblasts and skin endothelial cells produces chemotactic effects towards neutrophils thereby increasing their infiltration into psoriasis lesions. The activated neutrophils generate a large amount of superoxide anion (O2•−) in a process known as respiratory or oxidative burst (Khmaladze et al., 2015). The interaction between psoriatic keratinocytes and neutrophils was reported to increase the lifespan of this immune cell and augment its production of O2•−, resulting in the oxidative stress (Guérard et al., 2013). Thus, it was suggested that the use of antioxidants are ideal to treat this inflammatory disorder (Pleguezuelos-Villa et al., 2019). As a rich source of natural antioxidants and anti-inflammatory compounds, all parts of the xanthone-rich G. mangostana L. plant were traditionally consumed and utilized for the treatment of psoriasis (Ibrahim et al., 2018a; Ibrahim et al., 2018b; Vemu et al., 2019).
Anti-inflammatory Mechanisms of Xanthones
Gambogic acid (8) was investigated for its potential use in psoriasis treatment. This compound can counter keratinocyte hyperproliferation, a hallmark of psoriasis as it was shown to be able to inhibit in vitro proliferation of normal HaCaT keratinocytes with an IC50 of 0.09 μM (Wen et al., 2014). Treatment with 8 also suppressed the translocation of p65 into the nucleus upon TNF-α induction and therefore prevented the subsequent activation of NF-κB and its inflammatory response. In addition, in vivo studies on the K14-VEGF transgenic mice model which develops a psoriasis-like cutaneous inflammation showed a dose- and time-dependent inhibition of epidermal hyperplasia, inflammatory infiltrates and hyperkeratosis with topical application of a cream containing 0.10, 0.25 or 0.50% of 8 (Wen et al., 2014). The anti-psoriatic effect of 8 was also observed in psoriasis-like guinea pig and mouse tail models with great improvement in morphological and histological examinations (Wen et al., 2014). In the same study, immunostaining of CD3+, IL-17 and IL-22 revealed downregulation of these inflammatory factors upon treatment with creams containing 0.10, 0.25 or 0.50% of 8. Downregulation of cell adhesion molecules such as ICAM-1 and E-selectin which play a crucial role in leukocyte recruitment and accumulation in the psoriatic skin was also observed after the treatment. Furthermore, the expression and phosphorylation of VEGF signaling transducer, VEGFR-2 was downregulated by 8, consequently suppressing VEGF-mediated angiogenesis and production of adhesion molecules during inflammation (Wen et al., 2014).
Studies on naturally derived xanthones for psoriasis treatment are still limited. As an inflammatory disease, treatment of psoriasis commonly involves anti-TNF agents (Zhao et al., 2017). Inhibitory effects towards TNF-α are commonly observed as exhibiting anti-inflammatory effects of xanthones including 2 (Gutierrez-Orozco et al., 2013; Lee et al., 2013; Im et al., 2017; Herrera-Aco et al., 2019), 3 (Xu et al., 2018; Chiu et al., 2020), 5 (Lee et al., 2013) and 8 (Wang et al., 2018b) are considered potential compounds for psoriasis treatment. A complication commonly associated with psoriasis is inflammatory arthritis where pathogenesis involves similar immunological aberrations of inflammatory cytokines such as IL-17, IL-22, IL-23 and IFN-γ (Sankowski et al., 2013; Schön, 2019). The inflammatory effects of xanthones against arthritis have been previously studied, hence further investigations for the application of these natural xanthones for psoriasis may be considered. One of these xanthones, 2 exhibited anti-inflammatory effects in collagen-induced arthritis in the classic arthritis DBA/1J mice with oral administration of 10 and 40 mg/kg/day via the reduction of pro-inflammatory cytokines IL-6 and IL-33, as well as chemokines CXCL5, CXCL10, CXCL9 and CCL5 which are responsible for the recruitment of inflammatory cells (Herrera-Aco et al., 2019). Similarly, inhibitory effects on the secretion of TNF-α and IL-6 were observed in LPS-stimulated mice with ED50 of less than 100 mg/kg (Lee et al., 2013). Besides that, 3 was able to relieve inflammatory symptoms of osteoarthritis by inhibiting the expression of pro-inflammatory transcription factors STAT3 and NF-κB, as well as the expression of cytokines IL-6 and TNF-α (Chiu et al., 2020).
Recent studies proposed that xanthones such as 4 have great potential in treating psoriasis due to its ability to inhibit the pro-inflammatory effects of TNF-α (Zhao et al., 2017). For instance, the anti-inflammatory effects of 4 was highlighted to suppress TNF-α, IL-1β and IL-6 expressions in collagen-induced inflammatory arthritis DBA/1J mice by attenuating the activation of the inflammatory NF-κB and MAPK pathways after oral administration of 100 and 400 mg/kg/day of the xanthone (Tsubaki et al., 2015; Delgado-Hernández et al., 2019). However, the applications of xanthones are usually limited by their low bioavailability (Pleguezuelos-Villa et al., 2019). Thus, a recent study developed biocompatible glycethosome vesicles to stably incorporate 4 and deliver it to the epidermis besides permitting drug accumulation in the skin. Since oxidative stress is involved in psoriasis pathogenesis, the antioxidant effects of glycethosome vesicles containing 2, 4, 6, and 8 mg/mL of 4 was investigated in vitro using H2O2-stressed 3T3 fibroblast cells and the results showed virtually 100% cytoprotective effects on the cells (Pleguezuelos-Villa et al., 2019). Furthermore, in TPA-induced mice models, topical application of the 4-loaded vesicles reduced inflammatory infiltrates, myeloperoxidase (MPO) activity, edema as well as abnormal epidermal alterations (Pleguezuelos-Villa et al., 2019).
MPO levels are considered as a marker of neutrophil activation and oxidative tissue injury (Ibrahim et al., 2018b). Tovophyllin A (17), a xanthone isolated from G. mangostana L. significantly reduced the hepatic levels of MPO in mice induced with acetaminophen after pre-treated with 50 and 100 mg/kg/day of the xanthone. The effect was linked to the suppression of neutrophil infiltration into the liver (Ibrahim et al., 2018b). Similarly, 2 was reported to inhibit carrageenan-induced inflammation in ICR mice with a reduction of neutrophil infiltration of 82% upon an administration of 25 mg/kg (Mohan et al., 2018). The decrease in the levels of TNF-α and IL-1β in the peritoneal fluids of the mice was simultaneously observed following treatment with 2 (Mohan et al., 2018). Meanwhile, 13 was reported to inhibit the generation of O2•− and oxygen consumption induced by formylmethionyl-leucyl-phenylalanine (fMLP) and dihydrocytochalasin B (CB) in rat neutrophils via the concentration-dependent inhibition of phospholipase C (PLC) pathway and NADPH oxidase activity (Hsu et al., 1997). Moreover, other xanthones isolated from the twigs of Hypericum oblongifolium Wall. include hypericorin A (18), hypericorin B (19), kielcorin (20), 3,4,5-trihydroxyxanthone (21) and 1,3,7-trihydroxyxanthone (22) possessed significant inhibition on the production of O2•− respiratory burst of neutrophils with IC50 values of 816.23, 985.20, 965.21, 907.20 and 975.20 μM, respectively. The chemical structures of 17-22 are shown in Figure 3. It was postulated that the potent activity of these xanthones is due to the presence of 1,4-dioxane ring and hydroxyl groups that promote their absorptions into the immune cells (Ali et al., 2011). The capability of these xanthones to decrease neutrophil influx and activity in the areas of inflammation suggested them as suitable drug candidates for psoriasis treatment (Ali et al., 2011).
[image: Figure 3]FIGURE 3 | Structures of tovophyllin A (17), hypericorin A (18), hypericorin B (19), kielcorin (20), 3,4,5-trihydroxyxanthone (21) and 1,3,7-trihydroxyxanthone (22).
PROSPECTS FOR FUTURE STUDIES AND APPLICATIONS OF XANTHONES
The immune response is a complex system with crosstalk between many pathways where the anti-inflammatory activity of xanthones have been revealed to involve a variety of mechanisms. Several targets of xanthones and their signaling pathways such as peroxisome proliferator-activated receptors (PPARs), Nrf2 and prostaglandins have been extensively linked to skin inflammatory diseases. This section focuses on the xanthones that were previously reported to modulate the activity or expression of these molecular targets and their relation to skin inflammatory diseases.
Peroxisome Proliferator-Activated Receptors as a Target of Xanthones
PPARs and its α, β and γ isoforms have been previously associated with keratinocyte proliferation, differentiation and inflammation (Kim et al., 2006; Sertznig et al., 2008). Downregulation or inactivation of PPAR isoforms disrupts epithelial homeostasis and causes inflammation (Dubrac and Schmuth, 2011). The role of PPARs for skin inflammatory diseases such as psoriasis, skin cancer and acne have been previously reviewed (Sertznig et al., 2008; Sertznig and Reichrath, 2011). Activation of the PPARβ isoform which is also known as PPARδ was reported to selectively initiate terminal differentiation of keratinocytes while simultaneously inhibiting their uncontrolled proliferation (Kim et al., 2006). Additionally, PPARα plays a role in regulating skin inflammation in diseases such as AD and psoriasis by modulating cytokine expression, T cell proliferation, as well as the maturation and migration of Langerhans cells (Dubrac and Schmuth, 2011). Crosstalk with MAPK and NF-κB inflammatory pathways also occurs whereby the activation of these inflammatory pathways results in the inhibition of PPARγ activity (Bumrungpert et al., 2009). Conversely, PPARγ activation antagonizes and inhibits the resulting inflammatory response of NF-κB and AP-1 (Bumrungpert et al., 2010; Mao et al., 2019). Thus, PPAR isoforms were suggested to be a suitable molecular target to treat skin diseases with aberrated cell proliferation such as psoriasis and skin cancers (Kim et al., 2006; Sertznig et al., 2008; Ramot et al., 2015).
Xanthone derivatives such as 2 were found to upregulate PPARγ expression in the preadipocytes in rat retroperitoneal tissue of insulin-resistant mice models following treatment with 5, 10 and 20 mg/kg of the xanthone (Ratwita et al., 2018). Similarly, 3 was shown to act as an agonist of PPARα and PPARδ using a luciferase reporter assay, approximately doubling the luciferase activity in Cos-1 kidney fibroblasts at 2.5 μM (Matsuura et al., 2013). Furthermore, both 2 and 3 when evaluated at 3, 10 and 30 μM restored the mRNA expression of PPARγ that was suppressed by LPS in macrophages (Bumrungpert et al., 2009; Bumrungpert et al., 2010). The restoration of PPARγ expression consequently alleviated inflammation by downregulating the expression of inflammatory cytokines TNF-α, IL-1β and IL-6 (Bumrungpert et al., 2010). Meanwhile, 4 at doses of 10 and 20 mg/kg exhibited cytoprotective effects against oxidative injury in gastric mucosal ischemia/reperfusion mice model via the upregulation of PPARγ expression and concurrent downregulation of NF-κB signaling (Mahmoud-Awny et al., 2015). This anti-inflammatory mechanism exhibited by 4 was further linked to the inhibition of IL-1β, E-selectin and neutrophil infiltration (Mahmoud-Awny et al., 2015). Interestingly, 4 showed no effect on PPAR transactivation whereas its metabolite, 13 successfully inhibited the transactivation of PPARγ, PPARα and PPARβ isoforms in Cos-7 kidney fibroblasts with IC50 values of 153.3, 92.8 and 102.4 μM, respectively (Wilkinson et al., 2008). The difference in terms of the ability to transactivate the PPAR isoforms shown by 4 and 13 highlighted the importance of metabolism for the bioactivities of xanthones.
Nuclear Factor Erythroid 2-Related Factor 2 as a Target of Xanthones
Nrf2 is a transcription factor commonly recognized as the master regulator of cytoprotection and antioxidant defense signaling pathways. This transcription factor is generally activated in response to ROS production and oxidative stress, inducing the downstream expression of antioxidative and phase II detoxification enzymes within the antioxidant response elements (ARE) such as heme oxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase 1 (NQO1), glutathione S-transferase, CAT and SOD (Wang et al., 2018a; Helou et al., 2019). The role of oxidative stress and Nrf2 has been extensively implicated with the pathogenesis of skin inflammation and carcinogenesis (Bickers and Athar 2006; Helou et al., 2019; Hennig et al., 2020). Early studies by Braun et al. (2002) identified Nrf2 to be crucial in modulating inflammation in wound healing where persistent and prolonged inflammation associated with IL-1β, IL-6 and TNF-α was observed in Nrf2-knockout mice. Other studies highlighted the anti-inflammatory role of Nrf2 signaling in reducing the levels of IL-1β and IL-6 to alleviate skin inflammation (Saw et al., 2010) besides suppressing the activation of inflammatory NF-κB and NLRP3 pathways (Bulugonda et al., 2017; Helou et al., 2019; Hennig et al., 2020). The Nrf2 signaling pathway was also associated with chemopreventive effects by exerting photoprotection against UVB-induced skin carcinogenesis besides protecting against inflammatory damage on the extracellular matrix (Saw et al., 2010; Saw et al., 2014). Hence, Nrf2 pathway and its central roles in antioxidant defense and anti-inflammation are potential targets in the treatment of various skin inflammatory diseases.
In recent years, the modulatory roles of Nrf2 signaling by xanthones were reported. For example, 4 was reported to activate Nrf2/ARE pathway in response to oxidative stress, inflammation and DNA damage in neurons (Liu et al., 2016), liver (Pan et al., 2016), gastric ulcer models (Mahmoud-Awny et al., 2015) as well as hematopoietic cells (Zhang et al., 2015). Moreover, anti-inflammatory mechanisms of 4 in macrophages also involved the inactivation of NLRP3 inflammasome complex (Bulugonda et al., 2017; Helou et al., 2019). Similarly, 17, a xanthone isolated from G. mangostana L. activated Nrf2 and protected against acetaminophen-induced oxidative stress injury in liver mice models when given 50 and 100 mg/kg/day (Ibrahim et al., 2018b). Other xanthones such as 2 and 3 were also shown to exert antioxidant effects via Nrf2 activation in retinal (Fang et al., 2016) and liver cells (Wang et al., 2018a), respectively.
However, it is also important to understand the possible double-edged effects of Nrf2 activation. In cancer cells, the Nrf2 pathway is upregulated in response to the high ROS production from the increased metabolism of cells (Hambright et al., 2015). Activation of Nrf2 results in cytoprotective effects and prolongs cancer cell survival that in turn antagonizes chemotherapeutic action (Yanaka 2018). Moreover, the constitutive and increased expression of Nrf2 was linked to poor clinical prognosis as it enhances cancer proliferation, angiogenesis, chemoresistance, and radioresistance (Wu et al., 2019). For example, the mRNA and protein expression of Nrf2 in B16-F10 melanoma cells was increased after an exposure to ionizing radiation (Gao et al., 2018). Subsequent knockdown of Nrf2 using small interfering RNAs (siRNAs) coupled with ionizing radiation reduced the migration and invasion of B16-F10 melanoma cells while increasing cellular apoptosis via caspase-3 activity (Gao et al., 2018). Hence, the incorporation of Nrf2 inhibitors in cancer therapy has recently received increasing attention, as reported by Panieri and Saso (2019). In other words, even though Nrf2 pathway is a potential target for skin inflammatory diseases, researchers should be wary on the negative implications in malignancies because an activation of Nrf2 may be beneficial in cytoprotection and chemoprevention whereas the inhibition of Nrf2 may be a valuable strategy in targeting skin malignancies.
Prostaglandin as a Target of Xanthones
Prostaglandins, also known as eicosanoids, are powerful lipids that modulate immune responses and inflammation (Bull and Dowd, 1993). Several forms of prostaglandins such as prostaglandin E2 (PGE2) (Bull and Dowd, 1993; Kabashima et al., 2007) and prostaglandin D2 (PGD2) (Satoh et al., 2006) have been associated with skin inflammation. The enzyme prostaglandin H synthase, which is involved in the synthesis of eicosanoids, generates hydroxyl-endoperoxides that contributes to the co-oxidation of various substrates and the resulting cutaneous inflammation (Bickers and Athar, 2006). Early studies showed the mediatory role of prostaglandins in generating cutaneous inflammation upon UV exposure (Bull and Dowd, 1993). Release of PGE2 after UV irradiation subsequently induced histamine secretion from mast cells. Later studies showed the crucial involvement of PGE2-EP2/EP4 signaling that resulted in UV-induced acute skin inflammation (Kabashima et al., 2007). This was later supported by Lee et al. (2019) that elucidated the role of PGE2-EP2/EP4 signaling in driving inflammation by Th17 cells in IL-23-induced psoriasis mouse models. The underlying involvement of prostaglandins in skin inflammation thus makes them attractive targets for the treatment of inflammatory diseases.
Xanthones were reported to exhibit anti-inflammatory effects by inhibiting the synthesis and release of prostaglandins, as well as downregulating the activity of COX enzymes. For instance, 3 is capable of competitively inhibiting the activities of COX-1 and COX-2 in microsomes of C6 rat glioma cells which consequently prevented the conversion of arachidonic acid to PGE2 with an IC50 of 17 μM (Nakatani et al., 2002). Subsequent studies reported that 3 suppressed LPS-induced expression of COX-2 at protein and mRNA levels in C6 cells with an IC50 of 10 μM while COX-1 expression was not affected (Nakatani et al., 2004). Furthermore, 3 halted the release of PGE2 induced by Ca2+ ionophores in C6 rat glioma cells in a concentration-dependent manner (IC50 = 5 μM) (Nakatani et al., 2002). The antioxidant formulation VIMANG® used in Cuba is an aqueous extract of Mangifera indica L. which predominantly consists of 4. The formulation was shown to be capable of inhibiting PGE2 release in stimulated RAW264.7 macrophages with IC50 of 64.1 μg/mL (Garrido et al., 2004). Xanthone 4 was isolated and reported to potently inhibit PGE2 biosynthesis in RAW264.7 macrophages by 84.3% when treated with 0.024 μM of the compound. In addition, 4 was able to suppress COX-2 expression and production of PGE2 in the rat brain when given oral gavages of 30 and 60 mg/kg/day, thereby attenuating inflammation and subsequent oxidative damage (Márquez et al., 2012). Similarly, 13 exerted inhibitory effects on the activities of COX-1, COX-2 as well as lipoxygenases-5 and -12, besides inhibiting the formation of PGD2 in neutrophils with IC50 values of 16.2, 19.6, 1.8 and 1.2 μM, respectively (Hsu et al., 2004). Thus, 13 was proposed to be a potential therapeutic agent to treat inflammatory diseases due to its multitargeting anti-inflammatory mechanisms.
Potential Applications of Xanthones for Wound Healing
The application of mangiferin (4) in skin wound healing showcased the anti-inflammatory and cytoprotective effects of the xanthone. Recently, 10, 20 and 40 μM of 4 was loaded in hydrogels (Mao et al., 2018) and liposomes (Mao et al., 2019) to enhance random skin flap regeneration which is commonly disrupted by oxidative stress and inflammation-induced apoptosis. Development of delivery systems for 4 solved the issue of hydrophobicity of xanthone which caused aggregation and poor dispersibility of the compound (Mao et al., 2018). This xanthone was found to modulate apoptosis via the Bax/Bcl-2/caspase-3 pathway, exhibiting protective effects by upregulating the Bcl-2/Bax ratio and reducing cleaved caspase-3 expression (Mao et al., 2018). Studies also showed that liposomes loaded with 10, 20 and 40 μM of 4 suppressed the expression and activation of NF-κB while concurrently increasing PPARγ mRNA and protein levels, consequently protecting against inflammation (Mao et al., 2019). Similarly, 4-hydrogel dose-dependently decreased levels of CD68 and average macrophage density, hence relieving mild local inflammation in a random skin flap animal model (Mao et al., 2018). The observation was supplemented by in vivo studies which revealed a decreased necrosis rate and inflammation in a random patterned skin flap rat model, further highlighting the potential wound healing capabilities of 4 (Mao et al., 2019). Besides that, 4 was reported to dose-dependently affect cell proliferation and angiogenesis with an increase of protein expressions of VEGF and bFGF when tested with HUVEC cells (Mao et al., 2018; Mao et al., 2019). However, the observation contradicted the anti-angiogenic effect of 4 on B16-F10 melanoma cells as discussed earlier. The discrepancy may be linked to cell-specific effects which suggests 4 to be a highly versatile compound for numerous potential applications in skin disorders.
Perspectives for Xanthone in Skin Inflammatory Diseases Research
The ideal therapeutic approach, whether single-targeting or multitargeting, is still being debated within the scientific community. Numerous publications to date discuss the shifting paradigm in drug development (Talevi, 2015; Ramsay et al., 2018). The “one drug, one target” strategy is traditionally associated with high selectivity and hence lower risks of off-target effects (Ramsay et al., 2018). This concept has been the basis of drug development for decades and resulted in immeasurable success for the pharmaceutical industry. Nonetheless, the efficacy of single-targeting drugs may be limited against complex and multifactorial diseases due to compensatory mechanisms or overlapping biological functions in immune pathophysiology (Makhoba et al., 2020). Thus, the concept of polypharmacology which aims to develop single drugs that recognize multiple molecular targets emerged rapidly as a popular strategy in drug design and development (Bolognesi, 2013; Makhoba et al., 2020). Moreover, 21% of new drugs approved by the Food and Drug Administration (FDA) between 2015 to 2017 were multitarget drugs (Ramsay et al., 2018).
In relation to skin inflammatory diseases, multitargeting mechanisms of action may be advantageous for diseases such as acne and skin malignancies due to the development of drug resistance. For instance, single-targeting mechanisms are ineffective in cancer therapeutics to counter cancer proliferation and metastasis (Delgado-Hernández et al., 2019). However, it must be acknowledged that with an increase in the number of targets, the risk of off-target effects simultaneously increases. The advantages and disadvantages of single targeting versus multitargeting drugs in the context of skin inflammatory diseases have yet to fully addressed. However, the complexity and overlapping immune responses relating to skin inflammatory diseases implied that multitargeting compounds such as xanthones may have good potential in the treatment of these diseases.
Nevertheless, despite the advancing research of xanthones for skin inflammatory diseases, the molecular mechanisms of action are still not completely elucidated. Furthermore, numerous studies do not move past experiments using in vivo mice models. Minimal data on the pharmacokinetic and pharmacodynamic properties of xanthones including their bioavailability and safety profile thus limit the progression of xanthones through the drug development process (Ng and Chua, 2019). In addition, the issue of bioavailability has also driven the researchers to develop drug carriers or formulations to improve xanthone delivery to the target site (Asasutjarit et al., 2013; Pan-In et al., 2015; Mao et al., 2018; Pleguezuelos-Villa et al., 2019). These studies are nonetheless still limited and have great rooms to be researched on, thus further studies are recommended to fill these gaps.
CONCLUSION
Xanthones possess a wide range of biological properties such as antioxidant, anti-inflammatory and chemotherapeutic effects that are effective in treating various skin diseases such as acne, atopic dermatitis, psoriasis, and skin cancer. However, the modulatory effects of xanthones on other mediators of inflammation such as PPARs, Nrf2 and prostaglandins have yet to be thoroughly explored in skin inflammatory diseases despite publications highlighting these mediators to be potential molecular targets. As privileged structures and versatile scaffolds, xanthones such as α-mangostin (2), γ-mangostin (3), mangiferin (4) and gambogic acid (8) are potential lead compounds to be further developed into pharmaceutical agents for skin inflammatory diseases. Prospective applications of xanthones are vast with synthetic opportunities remaining uncharted. Further studies on the structure-activity relationships, molecular mechanisms, and applications of xanthones for the treatment of skin inflammatory diseases are recommended.
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Burn ointment (BO) is a clinically useful medicine for the treatment of burns and scalds. However, there is no enough scientific evidence to report the effect of BO on wound healing and its analgesic and anti-inflammatory efficacy. The aim of this work was to evaluate the anti-inflammatory and analgesic efficacy of BO and to reveal the potential wound healing properties and related mechanisms of BO. In this work, the content of active ingredients of BO was determined by high-performance liquid chromatography (HPLC). Two animal models of inflammation were used to study its anti-inflammatory activity, and a hot plate method was used to evaluate its analgesic effect. In addition, mouse incision and rat burn models were used to investigate the effect of BO on the anti-inflammatory and wound healing mechanisms. The results showed that BO was safe for topical application, and BO could significantly inhibit auricular swelling in mice and paw swelling in rats and significantly prolong the latency period of paw licking in the hot plate experiment in mice. It can also accelerate wound healing and repair scars by promoting the formation of new epithelial tissues in rat burn models. In addition, BO significantly downregulated the serum level of TNF-α and significantly increased the serum levels of VEGF and TGF-β1. Also, BO promoted the expression of collagen I and increased the ratio in p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR pathways. Our results demonstrate the safety and efficacy of BO and suggest that activation of the PI3K/AKT/mTOR signaling pathway may play an important role in the promotion of wound healing by BO.
Keywords: burn ointment, safety evaluation, burn wounds healing, analgesia, anti-inflammatory, PI3K/AKT/mTOR pathway
1 INTRODUCTION
Burns are one of the most serious skin-related injuries, and their incidence is on the rise globally (Shan et al., 2015). In the United States, the number of burn victims is estimated as 1.2 million per year. Of these injuries, an average of 50,000 burn victims are severely burned and require hospital treatment (Kaddoura et al., 2017).
The largest organ of the human body is the skin, and it is able to resist external infections and maintain the stability of the internal environment of our body (Riepl, 2020). Mild scalding will damage the skin tissue, but severe burns will be life-threatening. Additionally, the burns can cause inflammation, pain, and other complications (Wang et al., 2018). There are three phases that can be concluded in the dynamic healing process of wounds, including the inflammatory phase, the proliferation phase, and the maturation phase.
Many researches have indicated that several key cellular factors are involved in the process of burn repair, such as tumor necrosis factor-alpha (TNF-α), vascular endothelial growth factor (VEGF), and transforming growth factor-beta1 (TGF-β1) (Kim et al., 2020; Yaseen et al., 2020). If the body acquires an infection when the skin is damaged, it is stimulated to secrete the proinflammatory cytokines, such as TNF-α. After a while, the cytokine initiates an inflammatory cascade reaction to remove necrotic tissues and cells (Zelova and Hosek, 2013). However, overactive inflammation can cause systemic inflammatory response syndrome and immune dysfunction in patients, which will endanger their lives (Boldeanu et al., 2020). Therefore, anti-inflammatory treatments are essential for burn wound healing processes. Once the inflammation subsides, macrophages and other cells begin to secrete growth factors, such as VEGF. VEGF is an essential cell factor for forming new blood vessels, and it can promote vascular endothelial cell proliferation to produce new blood vessels (Roskoski, 2017). The new blood vessels can provide nutrition to the injured area and accelerate wound healing (Eming et al., 2014). Besides, TGF-β1 is also a necessary cell factor for the healing process, because it promotes fibroblasts to proliferate and differentiate, forms granulation tissues, and synthesizes type Ι collagen (Kim et al., 2018a). Collagens help with wound contraction and restore skin elasticity to heal the burn wound by filling the space between cells (Gonzalez et al., 2016).
Currently, most of the known medications for burns have the obvious limitation of leaving scars easily. Traditional Chinese medicine compound burn ointment offers a more advanced alternative that avoids such limitations. BO is a traditional Chinese medical formulation, which contains Rheum palmatum L., Angelica sinensis (Oliv.) Diels, Codonopsis pilosula (Franch.) Nannf., Asarum sieboldii Miq., Borneolum syntheticum, and Calomelas. Traditionally, Rheum palmatum L. can be used to cure burn wounds in vitro (Committee of the Pharmacopoeia of PR China, 2015) due to its antimicrobial and anti-inflammatory qualities (Cao et al., 2017), and it can promote recovery of muscle; Angelica sinensis (Oliv.) Diels and Codonopsis pilosula (Franch.) Nannf. can remove stasis and analgesia (Wei et al., 2016; Gao et al., 2018), promoting the skin recovery of the wounded area. Modern research has revealed that the extract of Rheum palmatum L. could accelerate the progress of wound healing in rats, and its efficacy was better when it combined with the extract of Angelica dahurica (Fisch. Ex Hoffm.) Benth. et Hook. f (Yang et al., 2017). Moreover, many studies have shown the enormous potential of BO in treating burns as well, such that many chemicals of Rheum palmatum L. and Angelica sinensis (Oliv.) Diels could reduce the liberation of proinflammatory cytokines, including IL-1β, IL-6, TNF-alpha, and IL-33 (Kim et al., 2018b; Shen et al., 2019). They have an anti-inflammatory and analgesic effect (Wei et al., 2016), induce cell proliferation (Gundogdu et al., 2019), and protect cells from injuries (Zhang et al., 2019b). But, the activity of BO in anti-inflammation, analgesia, and promoting skin wound healing, and its specific mechanism are still unclear. Therefore, this study attempted to elucidate the efficacy, the involved molecular mechanisms of BO in the healing process of burn wounds, and their complications. This research would contribute to the development and application of new drugs to treat burns and scalds.
2 MATERIAL AND METHODS
2.1 Materials and Reagents
BO (pharmaceutical batch number: 201671HZ) was supplied by the Department of Pharmacy at the Wuhan Integrated Traditional and Western Medicine Hospital (Wuhan, China). The BO used in this study is a hospital preparation which contains Rheum palmatum L., Angelica sinensis (Oliv.) Diels, Codonopsis pilosula (Franch.) Nannf., Asarum sieboldii Miq., Borneolum syntheticum, and Calomelas. Burn moisturizing scald ointment (BMS) was purchased from Meibao Pharmaceutical Co., Ltd. (Shantou, China); ELISA kits were obtained from Neobioscience Technology Co., Ltd. (Shenzhen, China); Collagen I primary antibody; phosphorylated PI3K, AKT, and mTOR; unphosphorylated PI3K, AKT, and mTOR polyclonal antibody; and HRP-labeled secondary antibody were purchased from Servicebio (Wuhan, China); Microscope (XSP-C204) was from Motic China group and microscope camera was purchased from Cognex (Massachusetts, United States); Toe volume measuring instrument (PV-200) was from TECHMEN Co., Ltd. (Chengdu, China); full-wavelength microplate reader 1,510 was obtained from Thermo Fisher Scientific (Massachusetts, United States); Ultimate 3000 series HPLC system consisting of the computer-controlled system with the CHROMELEONTM software and a SQL database, equipped with a WPS-3000 autosampler, was from Dionex (California, United States).
2.2 Animals
Kunming (KM) mice (20 ± 2 g), Sprague Dawley (SD) rats (200 ± 20 g), and Sprague Dawley (SD) rats (90 ± 10 g) were purchased from the Experimental Animal Center (certificate of experimental animals: SCXK 2015–0089 for rats and SCXK 2015–0018 for mice), Institute of Health and Epidemic Prevention (Wuhan, China), and housed in the standard specific pathogen-free (SPF) environment for three days. License number of the experimental unit was SYXK (Hubei province) 2016–0089, Experimental Animal Center of Central South University for Nationalities. All animals were allowed free access to food and water. The animal experiments were approved by the Institutional Animal Ethical Committee of Central South University for Nationalities and were performed under the guidelines of the committee; the permit number for the use of animals was no. 2020-scuec-029.
2.3 HPLC Analysis of BO’s Chemical Components and Stability
20 mg BO was extracted with 10 ml methanol for 20 min using the ultrasonic method. The obtained extract was separated and transferred to a 10 mL volumetric flask and the volume was adjusted to 10 ml with methanol to obtain a 1 mg/mL sample solution. HPLC was then used to analyze the sample solution to quantify the content of aloe-emodin, emodin, rhein, chrysophanol, ferulic acid, lobetyolin, asarinin, and borneol and evaluate their stability on the 30th day or beyond. The samples were subjected to HPLC analysis on a C18 column (Agilent 250 mm × 4.6 mm, 5 μm) by a single injection of 10 μl detected at 254 nm; mobile phase: gradient elution by methyl alcohol (A) and water (B). The gradient program was set as follows: 0–4 min, 5–21% A; 4–8 min, 21–26% A; 8–10 min, 26–32% A; 10–14 min, 32–36% A; 14–18 min, 36–48% A; 18–22 min, 48–55% A; 22–25 min, 55–65% A; 25–30 min, 65% A; column temperature: 25°C; flow rate: 0.8 ml/min.
2.4 Doses and Methods of BO in Animal Models
Mice were randomly divided into several groups: canola oil (Con) group, burn moisturizing scald ointment (BMS) group, and BO group, with 10 mice in each group. The BO dosages of 0.1 g, 0.2 g, and 0.4 g/cm2 were used to assess the subacute toxicity.
2.5 Skin Irritation Experiment in Rats
One day before the experiment, twenty SD rats were shaved for an area of approximately 4 × 2 cm2 on the dorsal side. These shaved rats were randomly divided into two groups of ten: the canola oil group (Con) and the BO-treated group (BO). Then 0.2 g/cm2 BO or Con was applied evenly on the shaved area of animals three times per day for one day. One hour after the last treatment, the treated skin was cleaned with cotton and water. After the application of BO, any signs, symptoms, and other skin changes were observed for 4 h (Ghosh et al., 2019).
2.6 Subacute Toxicity Assessment
Forty SD rats were shaved, weighed, and categorized into four groups of ten: 0.1 g, 0.2 g, and 0.4 g/cm2 with BO and 0.2 g/cm2 with Con. All animals received BO or Con 3 times per day for a total of 28 days. The body weight was recorded once per week. At the end of the experiment, all animals were fasted for 12 h and then anesthetized for blood and organ collection (Upadhyay et al., 2009). Hematological and biochemical analyses were run in a clinical laboratory, Wuhan University Renmin Hospital.
2.7 The Hot-Plate Test
The hot-plate test was used to examine the potential analgesic effect of BO. First, 40 KM mice were screened for their pain threshold within 5–30 s. In brief, the temperature of the plate surface was kept at 54 ± 1°C. The interval time that the mice licked its toe or jumped from the plate was detected three times. Twenty-seven mice were selected and randomly divided into the following groups: the Con group, the BO group, and the BMS group. All mice were applied 0.2 g/cm2 drug each time on the hind paws, 3 times per day for 7 days. The response latency of mice at the first hind paw lick or jump was recorded and analyzed 30 min after the last dose on day 1 and day 7, respectively (Ariyo et al., 2020). The following formula was used to calculate the pain threshold change:
Pain threshold change (s) = Pain threshold after treatment (s) − Pain threshold before treatment (s).
2.8 The Xylene-Induced Mouse Ear Swelling
Thirty KM mice were randomly divided into three groups of ten: the Con, the BO, and the BMS groups. The animals' ears were treated with 0.2 g/cm2 drug each time, 3 times per day for 5 days. On the sixth day, 100 μl of xylene was dripped on the right ear with a pipette. After the model was established successfully, the animals were immediately sacrificed, and both ears were removed. The samples were immediately weighed after being punched (Xavier-Santos et al., 2018). The following formula was used to calculate the degree of the ear swelling:
The degree of ear swelling: Δm (mg) = The right ear mass (mg) − The left ear mass (mg).
2.9 Carrageenan-Induced Toe Swelling
Thirty SD rats were randomly divided into three groups of ten, the Con group, the BO group, and the BMS group, with 0.2 g/cm2 drug topically applied evenly on the right hind paw 3 times/day for a total of 5 days. On the sixth day, each rat's right hind paw was injected with 0.1 ml carrageenan (1%). Rats’ right hind paw was marked by black marker at its ankle, then, the paw volume before and after injection at 1–5 h was measured by Toes Volume Measuring Instrument, with three measurements each time point (Zahra et al., 2020). The following formula was used to calculate the toe swelling:
The swelling volume (ΔV) (ml) = Vt (ml) − V0 (ml), where Vt is the right hind paw volume (ml) at test time and V0 is the right bind paw volume (ml) before carrageenan injection.
2.10 Incision Wound Model
Twenty mice were randomly divided into two groups of ten, the Con group and the BO group. After dorsal fur shaving and anesthesia, a 1.5-cm long, lateral incision near the tail's root was made on the back. Then, 0.2 g/cm2 of Con or BO was topically applied over the incision three times per day for 16 days (Getachew et al., 2019). The changes in the wound were observed and recorded.
2.11 Thermal Burn Wounds Model
The dorsal hairs of 36 SD rats were shaved 24 h before the induction of burn. After disinfection and anesthesia, the thermal burn injuries were induced on the dorsal of rats by a metal block (1.5 cm2) heated over the flame for 10 s. After half an hour, all animals were awakened and randomly evenly divided into the Con group, the BO group, and the BMS group, with 0.2 g/cm2 drug topically applied each time, 3 times per day for 28 days. The wounded skin tissue was collected for H&E staining and Western blot test at the 1st, 7th, 14th, and 28th day after the model was established. Blood samples were collected from the abdominal aorta for TNF-α, VEGF, and TGF-β1 measurements, following the commercial kit instructions (Neobioscience, Shenzhen, China).
The wound contraction was evaluated by tracing the wound, using transparent paper and permanent marker, on the 1st, 7th, 14th, and 28th postwounding day. The wound area was retraced on the paper, and the changes in area were calculated, which indicated the wound contraction (Ghosh et al., 2019). The percentage of wound closure was calculated using this formula:
Wound contraction = [(wound area day1– wound area day n)/wound area day1] ×100%, n = 7th, 14th, and 28th after wound.
2.12 Histopathological Evaluation and Type I Collagen Staining on Burn Wound Tissue
The burn wound tissue was collected and H&E stained for histopathological evaluation. The pretreated sample tissues from rats were embedded in paraffin wax. The embedded wax blocks were then cut into 4-μm sections. The sections were routinely deparaffinized with xylene and different concentration alcohol. After the conventional staining, alcohol gradient dehydration, then, the samples were sealed with neutral resin. The observations included the epidermis, dermis, blood vessels, cells, and organelles. Two pathologists blindly read and evaluated histopathological changes with a scoring system. The detail score criteria included the regeneration of epithelial tissues, inflammatory cell infiltration, angiogenesis, and the thickness of the granulation; scores from 0 to 3 indicated from lack of recovery to full recovery. The four variables were summed to represent the histopathological score (total score: 0–12, respectively) (Kazemi et al., 2020).
The immunohistochemistry was applied to determine the type I collagen expression. In brief, after head-based antigen retrieval, each section was incubated with collagen I rabbit poly-Ab (Servicebio, 1:100), 4°C overnight. Then these sections were incubated with HRP-labeled goat anti-rabbit Ab (Servicebio, 1:200) for 2 h at room temperature. Finally, the section was stained with DAB and counterstained with hematoxylin. The sections were observed and photographed. The type I collagen expression was analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, United States). The immunohistochemistry (IHC) Image Analysis Toolbox Plug-tool was first used to identify areas of positive staining. Thirty-six images were then converted to the RGB scale and the threshold tool was used to calculate the percentage area positively stained (SenthilKumar et al., 2020).
2.13 Western Blot Analysis
The protein samples (30 µg) from wound skin tissue lysates of burn rats were concentrated and separated respectively by 5 and 10% SDS-polyacrylamide gel electrophoresis (PAGE). Then, they were electrotransferred to PVDF membranes. Then, the membranes were blocked with a Western blocking solution (Tris-buffered saline with 0.05% Tween-20 and 5% nonfat dry milk) for 90 min and incubated at 4°C overnight with primary antibodies, phosphorylated and unphosphorylated PI3K, AKT, and mTOR polyclonal antibody (1:1000, Servicebio, Wuhan, China), followed by washing 3 times in TBST, 5 min/time and incubation with the HPR-labeled goat anti-rabbit secondary antibodies (1:1000, Servicebio, Wuhan, China) at room temperature for 1 h. The membranes were washed 3 times in TBST, 5 min/time. Finally, the protein levels were detected by gel imaging analyzing system (Bio-Rad, California, United States) and normalized to GAPDH.
2.14 Statistical Analysis
The data were expressed as the means ± standard error of mean (SEM). Statistical analysis was performed via Student's T test and one-way ANOVA (SPSS Program, version 11.5; SPSS, Inc., Chicago, IL, United States). Significant differences were considered when p < 0.05.
3 RESULTS
3.1 Result of HPLC Analysis
HPLC was used to detect the active ingredients in the BO and its stability within 30 days. Eight main peaks were obtained, indicating aloe emodin, emodin, rhein, chrysophanol, ferulic acid, lobetyolin, asarinin, and borneol, respectively. (Figure 1). The result was identical with the peaks of a single compound of aloe emodin, emodin, rhein, chrysophanol, ferulic acid, lobetyolin, asarinin, and borneol. And the result suggested that BO was stable within 30 days (Figure 1B).
[image: Figure 1]FIGURE 1 | High-performance liquid chromatography (HPLC) analysis of the standard and the BO extract. (A) The content determination of standards (S1) and sample (S2). (B) The stability of BO after 30 days. (C) Compound structure. 1. Aloe-emodin; 2. lobetyolin; 3. rhein; 4. ferulic acid; 5. asarinin; 6. emodin; 7 chrysophanol; 8. borneol.
3.2 Safety Assessment of BO
The skin irritation experiment in rats was used to evaluate the safety of BO. We did not observe significant differences in the exposed skin in terms of irritation, swelling, inflammation, redness, or other abnormal changes before and after treatment (Figure 2). Similarly, the preclinical trial for subacute toxicity showed no striking difference among rats treated with BO groups (0.1 g, 0.2 g, and 0.4 g/cm2) and Con group in rat body weight (Table 1), the relative organ weight (Table 2), blood routine (Table 3), and biochemical analysis (Table 4). Thus, our results indicated that BO was safe for rats.
[image: Figure 2]FIGURE 2 | Representative imaging of rat skin before and 24 h after BO administration. 0.2 g/cm2 BO or Con was applied evenly on the shaved area of animals 8 h per time for 3 times. One hour after the last times, the skin condition was observed (n = 10 each group).
TABLE 1 | Changes of weight in rats (n = 10, mean ± SEM).
[image: Table 1]TABLE 2 | Effect of BO on rat organ coefficient (mg/g) (n = 10, mean ± SEM).
[image: Table 2]TABLE 3 | Effect of BO on blood routine (n = 10, mean ± SEM).
[image: Table 3]TABLE 4 | The effect of BO on blood biochemistry in rats (n = 10, mean ± SEM).
[image: Table 4]3.3 Effect of BO on Analgesic
As revealed in Figure 3D, on the 7th day, the pain threshold of the BO group was significantly increased compared to that of the Con group (p < 0.01), while there was no difference in the Con and the BMS group. The results indicated that BO had an analgesic effect.
[image: Figure 3]FIGURE 3 | The anti-inflammatory and analgesic effects among Con, BO and BMS. (A) Representative imaging of rat toe before and after model induction, before and after treatment. (B) On the 6th day, BO pretreatment reduced mouse ear edema; the data were shown as the mean ± SEM (n = 10 each group), compared with the control group; *p < 0.05, **p < 0.01. (C) On the 6th day, BO pretreatment decreased rats’ toe swelling; the data are expressed as the mean ± SEM (n = 10 each group), compared with the control group; *p < 0.05, **p < 0.01. (D) BO pretreatment enhanced pain threshold; the data were expressed as the mean ± SEM (n = 9 each group), compared with the control group; *p < 0.05, **p < 0.01.
3.4 Effect of BO on Inhibiting Inflammation
In the model of carrageenan-induced toe swelling, we observed that the rats treated with BO demonstrated a significant reduction in swelling at 3 h after injection (*p < 0.05 or **p < 0.01, respectively) (Figure 3C). In the second model, auricle swelling was significantly reduced in the BO-treated group (**p < 0.01) (Figure 3B). These results indicated that BO could inhibit inflammation.
3.5 Effects of BO on Promoting Wounds Healing
The healing process of the incision wound was observed on the 1st, 5th, 10th, and 16th day after wounding, which is demonstrated in Figure 4A. The observation revealed that incision wounds treated with BO healed considerably faster in comparison with that of the Con on the 16th day. The wounds treated with BO initiated to form scar and shed the eschar gradually in contrast with the Con group. On the 16th day after the incision wound, the wounds of the BO group almost completely disappeared, whereas the scar in the Con group was still predominant. Consistent with the scar change, hair grew vigorously in the wound area in the BO-treated mice, which were entirely covered by the new epidermis.
[image: Figure 4]FIGURE 4 | Representative imaging wound healing in mouse incision wound model and rat thermal burn wounds model, and the wound contraction quantification in the thermal burn wounds model. (A) Wound healing in mouse incision wound model. The healing process was observed and photographed on the 1st, 5th, 10th, and 16th day. The control group (Con) and the treatment group (BO), which were observed 3 times per day for 16 days (n = 10 each group). Representative pictures revealing that BO pretreatment accelerate the healing process of incision wound. (B) Rats thermal burn wounds model. The process of healing was followed and photographed at intervals of the 1st, 7th, 14th, and 28th day for the negative control group (Con), the treatment group (BO), and the positive group burn moisturizing scald (BMS), with 3 times/day for 28 days (n = 12 each group). Representative pictures revealing that BO pretreatment accelerate the healing process of thermal burn wounds. (C) The percentage of thermal wound contraction. BO pretreatment enhanced wound contraction observed in the rat thermal burn wounds model. The data were expressed as the mean ± SEM (n = 12 each group), compared with the control group, *p < 0.05, **p < 0.01.
The impact of BO on the healing process was also observed using the rat burn wound model, in which the percentage contraction ability on the 1st, 7th, 14th, and 28th day after wounding was recorded, as shown in Figure 4B,C. The result showed a significant (p < 0.01) increase in wound closure in the BO-treated group compared with the Con group on the 14th dayafter wound. On the last day, compared with the Con group, the scar of the BO group had entirely cured, and new fur had been growing on the scar, with the percentage of wound healing at 90.27 ± 2.06, which was significantly higher than that of the Con group (71.92 ± 5.92, p < 0.01). These results suggested that BO could promote wound healing.
3.6 Effects of BO on Skin Tissue Development
The representative H&E images of the burn wound skin (100 × magnificent) are shown in Figure 5A, and the histopathological assessment is given in Figure 5B. The epidermis was fragmented, blood vessels and subcutaneous tissues under the dermis were severely damaged upon the burn wound creation. The BO-treated group healed faster than that of the Con group, with reduced inflammatory cell infiltration, increased fibroblast and blood vessels, and accelerated dermal and epidermal formation, at different time points. On the 28th day, the group treated with BO demonstrated an almost completely healed skin structure with normal epithelization, few inflammatory cell infiltrations, and the junction between the epidermis and dermis layers was tight and seamless when compared with the Con group. Moreover, the epidermis of rats treated with BO was much more uniform in thickness than that of the BMS group. The histopathological evaluation is shown in Figure 5B, which supported that the BO group was significantly improved than the Con group on the 7th, 14th, and 28th day (p < 0.05, respectively).
[image: Figure 5]FIGURE 5 | Histopathological evaluation and the type I collagen expression before and after Con, BO, and BMS treatment in the rat thermal burn wounds model. (A) Representative H&E imaging of scald wound in rats. Specimens were taken from the 1st, 7th, 14th, and 28th day after modeling. The negative control group (Con), the treatment group (BO), and the positive group burn moisturizing scald (BMS) (n = 12 each group). (B) The results of the histological score. Comparing with the Con group, the BO group’s wound was significantly healing on the 28th day (*p < 0.05), BMS group’s wound was prominently healing on the 14th day, and the data were expressed as the mean ± SEM, (*p < 0.05, **p < 0.01, respectively, n = 12 each group). (C) Increased type I collagen expression in the rat scald wound after BO treatment. Specimens were taken from the 1st, 7th, 14th, and 28th day after modeling. The negative control group (Con), the treatment group (BO), and the positive group burn moisturizing scald (BMS) (n = 12 each group). (D) The results of collagen Ι expression semiquantitation, compared with the control group. BO could upregulate the collagen Ι of wound area markedly from the 7th day; the data were expressed as the mean ± SEM (n = 12 each group); *p < 0.05, **p < 0.01, respectively.
3.7 Effects of BO on Increasing Type I Collagen
The microscopic images of IHC stained burn wound skin (100× magnificent) and the percentage of collagen I changes are presented in Figure 5C,D, respectively. The results showed a significant increase (p < 0.05) in the percentage of collagen Ⅰ in the BO group when compared with the Con group. In the total study period of 28 days, the irregular collagen I areas of the BO group were increased and arranged tightly and evenly. In contrast, the group treated with canola oil was slowly increased. Similarly, the maximum positive area of collagen I observed was on the 28th day in the BO group (p < 0.01). The results indicated that BO played an important role in promoting an increase in cellular type I collagen.
3.8 Effects of BO on Regulating the Cytokine Production
The TNF-α, VEGF, and TGF-β1 levels were detected by using the ELISA method, as shown in Figure 6. The levels of TNF-α were significantly lower after BO treatment than in the Con group (p < 0.001), indicating a potential anti-inflammatory effect of BO (Figure 6A).
[image: Figure 6]FIGURE 6 | The serum cytokine level before and after Con, BO, and BMS treatment. (A) Downregulated TNF-α level after BO treatment. The data are expressed as the mean ± SEM (n = 12 each group), compared with the Con group, ***p < 0.001. (B) The content of VEGF, which was tested on the 1st, 7th, 14th, and 28th day. The data were expressed as the mean ± SEM (n = 12 each group), compared with the control group; *p < 0.05, **p < 0.01, respectively. (C) The content of TGF-β1, which was tested at the 1st, 7th, 14th, and 28th day. The data were expressed as the mean ± SEM (n = 12 each group), compared with the control group, **p < 0.01.
The VEGF levels of the BO group were significantly increased on the 14th day compared with the Con group (p < 0.05). And the maximum significant differences (p < 0.01) of the content of VEGF between the BO-treated group and the Con group were obtained on the 28th day (Figure 6B). These results showed that BO could increase the content of VEGF in serum after scalding.
As presented in Figure 6C, in the first two weeks after wounding, the content of TGF-β1 of the BO group was significantly increased, compared with the content of the Con group. However, compared with the Con group on the 28th day, the content of the BO-treated group was significantly decreased. These results showed that BO could regulate the content of TGF-β1 in blood with time after burning.
3.9 Effects of BO on Activating the PI3K-AKT-mTOR Pathway
As is evidenced in Figure 7A, the application of BO resulted in increased phosphorylation of PI3K, AKT, and mTOR. Densitometry of bands showed that BO did not alter the expression of the unphosphorylated protein of PI3K, AKT, and mTOR. However, it significantly upregulated its phosphorylation compared with the Con group in the last two weeks after wounding (p < 0.01) (Figure 7B–D). These results suggested that BO could upregulate the expression of the PI3K/AKT/mTOR pathway.
[image: Figure 7]FIGURE 7 | The ;xpression of the PI3K/AKT/mTOR signaling pathway proteins. (A) Representative Western blot bands of relevant proteins. Protein levels of (B) p-PI3K/t-PI3K, (C) p-AKT/t-AKT, and (D) p-mTOR/t-mTOR. Data were presented as the mean ± SEM of three independent experiments. Compared with the control group; *p < 0.05, **p < 0.01, respectively. (E) The illustrated picture of the BO-activated signal pathway within this study.
4 DISCUSSION
Burn and scald cause local damage to the body and systemic inflammatory response mediated by neuroendocrine (Gokakin et al., 2013), cytokine, and inflammatory mediators. These biomediators resulted in the delay of the healing of local burn and scald wounds and trigger of various, severe complications, such as pain, making treatment difficult (Naseri et al., 2018). The healing of burn and scald wounds involves three complex processes: inflammation, tissue hyperplasia, and regeneration. These three processes are not independent but overlap and develop in a particular order (Govindaraju et al., 2019). Exogenous damage will stimulate the body to secrete various growth factors, such as VEGF and TGF-β1, which can promote cell migration, proliferation, and differentiation, to help wound constriction and recovery. The damaged wound and these biomediators can also activate signaling pathways associated with wound repair, such as the PI3K/AKT/mTOR pathway (Cho et al., 2019; Zhang et al., 2020).
The inflammatory response is the first step after tissue damage and is essential for skin repair (Glim et al., 2015). A prolonged inflammatory response will be harmful to the body and lead to unexpected complications. Therefore, it is crucial to suppress inflammation and pain during tissue recovery. The clinical signs of inflammation are redness, swelling, heat, and pain (Yu et al., 2014). Swelling is a pathological manifestation of inflammation, and it is generally believed that eliminating swelling can achieve anti-inflammatory effects (Srivastava et al., 2018; Chen et al., 2019). To investigate the anti-inflammatory and analgesic effects of BO, we used a variety of classical animal models of inflammation, including mouse auricular swelling, rat toe swelling, and mouse hot plate test. These results showed that BO could inhibit auricular swelling in mice and toe swelling in rats (p < 0.05, p < 0.01, respectively), indicating its strong anti-inflammatory activity. In addition, the analgesic results showed that BO could relieve pain, and the pain threshold of BO-treated mice was significantly higher than that of control mice (p < 0.01), supporting the analgesic effect of BO.
When the wound presents with early inflammation, the body's defense system is activated, with the formation of a protective barrier and several growth factors production (Silvestre et al., 2018). TNF-α and VEGF are two of those cytokines and are critical in the wound healing process. TNF-α, one of the most vital proinflammatory cytokines, can induce vasodilatation, edema, and leukocyte adhesion to the epithelium. It can also regulate blood coagulation and contribute to oxidative stress in inflammation (Zelova and Hosek., 2013). Studies have shown that medications could decrease the release of inflammatory cytokines, such as TNF-α, reduce the inflammatory response, and promote wound healing (Weimann et al., 2018). In the present study, we found that BO could inhibit TNF-α release, which might be one potential anti-inflammatory mechanism of BO.
The secretion of VEGF in the healing process also exerts a significant effect, as VEGF can promote vascular endothelial cell proliferation and survival, accelerating the formation of new blood vessels (Peng et al., 2016; Wagner et al., 2016; Yan et al., 2017; Yen et al., 2018). The blood vessels are the channels of nutrient delivery in the body (Johnson and Wilgus, 2014), and it will ensure that the tissues and organs are provided with sufficient requirements for new skin formation (Sorg et al., 2018). Our results indicated that when the skin was scalded by high temperature, BO could upregulate the release of VEGF to facilitate wound healing. Also, collagen is necessary for repairing wounds. Studies had illustrated that TGF-β1 could regulate type Ι collagen gene expression and translation (Guo et al., 2018). However, the continuous increase of collagen Ι in the tissue will cause pathological scars to develop. Our results showed that the TGF-β1 content in the BO-treated group tended to increase early but decreased later. Based on these results, we speculated that with BO treatment, TGF-β1 stimulated the release of type I collagen at the early course to promote skin repair. At the later stage, to avoid collagen over-proliferation and scar formation, TGF-β1 expression is downregulated to inhibit the increase of collagen Ι.
The PI3K/AKT/mTOR signaling pathway is found in various cells and participates in cell growth, proliferation, apoptosis, and differentiation (Polivka and Janku., 2014; Peng et al., 2016; Dong et al., 2020). PI3K can be activated by growth factors, such as VEGF and TGF-β1 (Cui et al., 2017; Kim et al., 2018a; Zhang et al., 2019c). The activated state of growth factor receptors quickly phosphorylates phosphatidylinositol (4,5) P2 (PIP2) to obtain phosphatidylinositol (3,4,5) P3 (PI3P) (Zhang et al., 2019a). Protein kinase B (AKT) is one of the proteins downstream of PI3K; it is recruited by PI3P and phosphorylated by 3-phosphoinositide-dependent kinases (PDK-1) (Yudushkin, 2019). Then, p-AKT can regulate the protein level of phosphorylated mTOR to promote cellular growth and reproduction (Xu et al., 2018). Fibroblasts are a significant factor involved in wound healing. When tissue injury occurs, this signaling pathway is activated by increased VEGF and TGF-β1 levels, initiating fibroblasts migration to the wound site, proliferation, and differentiation into myofiibroblasts (Eming et al., 2014). These cells can help contract the wound border and contribute to producing collagen-like proteins, which are necessary for healing wounds and forming new skin tissue, accelerating the repair of burn wounds (Ohlund et al., 2014; Brenner et al., 2016; Xiao et al., 2017). Our Western blotting analysis showed that compared with the Con group, the BO-treated group had significantly increased activation of the PI3K/AKT/mTOR signaling pathway, with gradually upregulated phosphorylated proteins of this pathway. This finding suggested that the preliminary mechanism by which BO promoted burn repair might be related to the activation of the PI3K/AKT/mTOR signaling pathway.
In order to evaluate the quality and standard of preparations of BO, we detected and analyzed eight quality marker components in BO by HPLC, which contained aloe emodin, emodin, rhein, chrysophanol, ferulic acid, lobetyolin, asarinin, and borneol. The active compounds aloe emodin, emodin, rhein, and chrysophanol were reported to be quality markers of Rheum palmatum L. with anti-inflammatory activity and to promote wound healing, and their pathways of action may be involved in the proliferation and differentiation of skin epithelial cells through the regulation of PI3K/AKT pathway (Dong et al., 2016; Wu et al., 2017; Dong et al., 2019; Su et al., 2020). Ferulic acid is a quality marker of Angelica sinensis (Oliv.) Diels, which can promote wound healing (Wei et al., 2016). Lobetyolin is a quality marker of Codonopsis pilosula (Franch.) Nannf. Ferulic acid and lobetyolin can increase the content of VEGF in blood vessels and promote angiogenesis (Lin et al., 2010; Wang et al., 2020). Asarinin, a quality marker of Asarum sieboldii Miq., increases TGF-β content, reduces toe swelling, and regulates inflammation in arthritis model mice through the NF-κB pathway (Dai et al., 2019). And Borneolum syntheticum, whose chemical component is borneol, is a natural transdermal absorption enhancer that promotes BO absorption (Dai et al., 2018).
All of the above compounds have been reported to exhibit anti-inflammatory, analgesic, and skin healing promoting effects individually, but the combined effects of these compounds have not been investigated. In the present report, we investigated the role and mechanism of BO containing a mixture of active ingredients in anti-inflammatory and skin healing promotion. Our study showed that BO had a promising effect, which was most likely achieved by modulating the P13K/AKT transduction pathway.
5 CONCLUSION
In conclusion, this study demonstrated that BO is a pharmacologically active traditional Chinese medical formulation for promoting wound healing. It can accelerate wound healing through PI3K/AKT/mTOR signaling pathway and increase the key cytokines VEGF and TGF-β1 to further help tissue recovery. This study provides an insight into the in vivo effects of this preparation and its mechanism of action of BO in the treatment of burns and scalds, which will provide some guidance for the clinical application and development of BO.
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Taodan granules (TDGs) are clinically efficacious for treating psoriasis, buttheir specific mechanisms of action are unclear. In this study, we determined the concentrations of tanshinone IIA and curcumol using high-performance liquid chromatography (HPLC) to establish quality control parameters for assessing the mechanism of TDGs in treating psoriasis. Thereafter, a mouse model of psoriasis was treated with TDGs. TDGs attenuated imiquimod-induced typical erythema, scales, and thickening of the back and ear lesions in the psoriatic mouse model. Furthermore, PCNA and Ki67-positive cells were reduced in the epidermis of psoriatic lesions following TDG treatment. Finally, the sequencing results were verified using a multitude of methods, and the mechanism of action of TDGs against psoriasis was found to be via the upregulation of metabolic signaling pathways such as the Gly-Ser-Thr axis, the downregulation of immune and inflammatory pathways, and the decrease in Rac2 and Arhgdib concentrations. Overall, this study clarified the mechanism of TDG treatment for psoriasis and provided evidence for its clinical application.
Keywords: psoriasis, taodan granules, RNA sequencing analysis, Chinese medicine, transcriptomic analysis
BACKGROUND
Psoriasis is a common chronic refractory skin disease, characterized by epidermal hyperkeratosis, angiogenesis, and inflammatory reactions (Armstrong et al., 2020). The prevalence of psoriasis is increasing, ranging from 0.51 to 11.43% in adults, and a cross-sectional study revealed that psoriasis affects approximately 3% of the population and 7.4 million adults in the United States (Rachakonda et al., 2014; Michalek et al., 2017). Furthermore, the disease is associated with a significant economic burden, while the all-cause healthcare cost of each patient with psoriasis per year is generally $12,523 (Al Sawah et al., 2017). Psoriasis also has a serious negative impact on work productivity and health-related quality of life (Lopes et al., 2019). Psoriasis is a systemic disease that not only involves the skin, but is also associated with comorbidities, including cardiovascular disease, chronic obstructive pulmonary disease, diabetes, obesity, and hyperuricemia (Miele et al., 2009; Li et al., 2015; Yuan et al., 2019; Kovitwanichkanont et al., 2020). Systemic inflammation and oxidative stress in psoriasis are closely related to a variety of complications associated with a conspicuously high risk of death in patients with conditions such as kidney disease and liver disease (Dhana et al., 2019). Inflammation in psoriasis can lead to renal dysfunction by upregulating NADPH oxidases as well as inducible nitric oxide synthase (Al-Harbi et al., 2017a), and it has also been confirmed to induce hepatic inflammation, resulting in protein and lipid metabolism disorders through interleukin (IL)-17 RC/NF-κB signaling (Al-Harbi et al., 2017b). Additionally, the role of psoriatic inflammation enhances allergic airway inflammation via IL-23/signal transducer and activator of transcription 3 (STAT3) signaling in a murine model (Nadeem et al., 2017). Western medicine has made great progress in systematic therapies for psoriasis, such as methotrexate, cyclosporin, retinoic acid, and biological agents (Armstrong et al., 2020). Nonetheless, adverse reactions and contraindications have limited the wide application of these drugs (Sparks et al., 2020; Williams et al., 2020). Currently, Chinese medicine (CM) has become a global alternative medicine that has been gradually adopted for the treatment of psoriasis (Parker et al., 2017).
Taodan granules (TDGs) are composed of Salvia miltiorrhiza Bunge, Curcuma aeruginosa Roxb., Astragalus mongholicus Bunge, Glycyrrhiza inflata Batalin and Angelica sinensis (Oliv.) Diels, Conioselinum anthriscoides “Chuanxiong”, Prunus persica (L.) Batsch, Cyathula officinalis K. C. Kuan, and Smilax china L.. Our previous clinical studies demonstrated that TDGs were satisfactory for the treatment of mild-to-moderate psoriasis vulgaris, and the reduction of IL-2, IL-4, and IL-6, together with the secretion of neuropeptides in the peripheral blood of patients with psoriasis was observed after TDG treatment for one month; the psoriasis area and severity index (PASI) score improved by 76.65% (Fan et al., 2006a; Fan et al., 2006b). Recently, Ru et al. conducted a high-quality randomized controlled trial to evaluate the clinical efficacy, safety, and recurrence rate of TDGs for psoriasis blood stasis syndrome (Ru et al., 2019). Although TDGs have a positive curative effect on psoriasis without significant AEs, the relative mechanism of action remains elusive.
RNA sequencing (RNA-seq), a progressive technique, is practical for identifying numerous genes regulated by specific medications (Liu et al., 2020). In this study, we used an imiquimod (IMQ)-induced psoriasis-like mouse model to examine the mechanism of action of TDGs against psoriasis. We used RNA-seq to analyze skin lesion samples with and without TDGs treatment, screened for the upregulated and downregulated genes 12°days after the therapy, conducted a bioinformatics study, and verified the aforementioned observations.
MATERIALS AND METHODS
Pharmaceutical Composition of Taodan granule
The TDGs comprised nine Chinese herbs. These herbs (Supplementary Table S1) were authenticated by a pharmacognosist of the Yueyang Hospital of Integrated Traditional Chinese and Western Medicine, Shanghai University of Traditional Chinese Medicine, in accordance with standard protocols.
High-Performance Liquid Chromatography
The extraction and HPLC analysis of the TDGs were performed using the following methods: 1) In line with standard methods of the Chinese Pharmacopeia, all crude drugs listed in Supplementary Table S1 were boiled and kept at near-boiling temperature for 1 h and then filtered. 2) Another 1,650 ml of water was added to the filtrate, brought to a boil again, kept for 1 h, and then filtered. 3) Two extracts were combined to obtain 1 g/ml of crude drug. Tanshinone IIA (abs47000393, purity ≥98%) and curcumol (abs47005976, purity ≥98%) were examined in the crude drug by using an Agilent 1,200 series HPLC and a ZORBAX SB-C18 chromatographic column (4.6 mm × 250 mm, 5 µm) therewith. The detection chromatographic conditions were as follows: acetonitrile, 0.5% phosphoric aqueous acid solution (70:30, v/v); column temperature, 30°C; detection wavelength, 210 nm; and injection volume, 20 µl. Tanshinone IIA and curcumol are the main active ingredients of Salvia miltiorrhiza Bunge and Curcuma eruginosa Roxb, respectively. Hence, TDGs without Salvia miltiorrhiza Bunge and Curcuma eruginosa Roxb. were used as the negative controls.
Animals
Male specific pathogen-free (SPF)–grade BALB/c mice, with a weight of 25 ± 3 g, were provided by the Shanghai Medical Experimental Animal Center (SCXK Shanghai 2013–0016, Shanghai, China). The mice were maintained in an environment with a temperature of 23 ± 2°C and a 16–8 h light-dark cycle, along with sterile water. The fodder was supplied by Shanghai Pu Lu Tong Biological Technology Co., Ltd. All procedures were reviewed and approved by the Ethics Committee of Yueyang Hospital affiliated to Shanghai University of Traditional Chinese Medicine (no. YYLAC-2020–078–1).
Plant Material and Drugs
The TDGs were acquired from the Pharmacy Department of the Yueyang Hospital of Integrated Traditional Chinese and Western Medicine, Shanghai University of Traditional Chinese Medicine, and stored at 4°C. Petroleum jelly was obtained from Nanchang Baiyun Pharmaceutical Co., Ltd (Jiangxi, China, Drug approval No. F20050006). IMQ cream was obtained from Sichuan Mingxin Pharmaceutical Co., Ltd (Sichuan, China, Drug approval No. H20030128).
Experimental Grouping and Mice Model
Mice were randomly divided into three groups after the back hair was clipped (2 × 2 cm2).
a. Control group: ears and back were treated with 62.5 mg petroleum jelly.
b. IMQ group: ears and back were treated with 62.5 mg of 5% IMQ cream for 6 h, followed by intragastric administration of 1.8 g/kg 0.9% NaCl solution.
c. IMQ + TDG group: ears and back were treated with 62.5 mg of 5% IMQ cream for 6 h, followed by intragastric administration of 1.8 g/kg TDGs.
All treatments were executed from the date of applying IMQ cream (day 0), once a day for 12 days. The PASI score was used to determine the severity of skin inflammation on the backs and ears of the mice. Each parameter of the score ranged from 0 to 4, representing the order of severity. The mice were fasted before collecting specimens, but they could drink water for 12 h. Mice were euthanized by inhalation of CO2 on day 12. Lesions of the back and ear were collected for reserves.
mRNA Sequencing Analysis
Sequencing Method
On day 12, the mice were euthanized. The back lesions were homogenized using TRIzol reagent (Ambion). Total RNA was extracted from the samples, and the DNA was digested with DNase. Magnetic beads with oligo (dT) enriched the mRNA. After adding the interrupting reagent, the mRNA was broken into short fragments, used as a template, and synthesized as one-strand cDNA with six base random primers. Next, a double-strand reaction system was prepared to synthesize double-stranded cDNA, which was purified using the kit. The purified double-stranded cDNA was subjected to terminal repair, with an A-tail connecting the sequencing connector. The fragment size was selected, and PCR amplification was performed. The library qualified with an Agilent 2,100 Bioanalyzer was established, and Illumina HiSeq™ 2,500 was used for sequencing to produce 125–150 bp double-ended data. RNA-seq analysis was performed by Shanghai OE Biotechnology Co., Ltd.
Gene Expression Analysis
Trimmomatic software (version 0.36) preprocessed the quality of the original data, and the number of reads during the entire quality control process was statistically summarized. Hisat2 software (version 2.2.1.0) was used to align CleanReads with the specified reference genome. We applied the known reference gene sequences and annotation files as the database, and the sequence similarity alignment method was adopted to identify the expression abundance of each protein-coding gene in each sample. The htseq-count software (version 0.9.1) was used to obtain the number of reads, compared with the protein-coding genes in each sample. The fragments per kilobase million (FPKM) values, representing the relative gene expression abundance, were calculated using the Cufflinks software (version 2.2.1).
Analysis of Differentially Expressed Genes
Standardization disposal was performed using DESeq software (version 1.18.0) for the gene count of each sample (BaseMean value was used to estimate expression). The multiples were calculated, and the negative binomial distribution test method (NB) was used to verify the significance of the difference in the number of reads. Finally, the different protein-coding genes were screened according to the results of fold changes and the significance of differences.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analysis
After the DEGs were obtained, the significance of the GO and KEGG analyses was analyzed using DAVID (https://david.ncifcrf.gov/). A p-value of <0.05 was considered as the standard for statistically significant differences. The list of target genes was set for “Homo sapiens”.
Reverse Transcription Polymerase Chain Reactio
On day 12, the mice in each group were euthanized by CO2 inhalation. The middle portion of the skin lesions was measured. Total RNA was extracted using the TRIzol reagent kit. Afterward, the Reverse Transcription System First Strand cDNA Synthesis Kit was used with 20.0 a reaction volume. Real-time fluorescent PCR was used for the RT-PCR. This specific method was consistent with previous experiments (Kuai et al., 2018). The primer sequences are shown in Supplementary Table S2.
Enzyme-Linked Immunosorbent Assay
On day 12, the lesions were collected from the mice for ELISA. The levels of chemokine (C-X-C motif) ligand 13 (CXCL13), IL-17a, tumor necrosis factor-alpha (TNF-α), sarcosine dehydrogenase (Sardh), and phosphoglycerate mutase 2 (Pgam2) protein expression were detected by applying a CXCL13 Mouse ELISA kit (ab212167, Abcam), an IL-17 Mouse ELISA kit (ab100702, Abcam), TNF-α Mouse ELISA kit (ab208348, Abcam), a Sardh Mouse ELISA kit (ABIN5521597), and a Pgam2 Mouse ELISA kit (ABIN5525256), respectively. Antibodies against the Vav 1 oncogene (Vav1) (ABIN6256653), LYN proto-oncogene, Src family tyrosine kinase (Lyn) (ABIN6256754), hematopoietic cell kinase (Hck) (ABIN3184982), protein kinase C, beta (Prkcb) (ABIN3032235), cystathionine beta-synthase (CBS) (ABIN6260518), serine dehydratase-like (Sdsl) (ABIN1092123), glycine N-methyltransferase (GNMT) (ABIN5700022), and Rho, GDP dissociation inhibitor (GDI) beta (Arhgdib) (ABIN5699138) from 4A Biotech Co. Ltd. were used for ELISA.
Hematoxylin-Eosin Solution and Immunohistochemistry
The mice were euthanized by inhalation of CO2 on day 12. The center of the lesions were fixed with 4% formalin solution and stained with H&E solution, followed by immunohistochemistry (IHC). The quantitative methods for epidermal thickness together with the positive cell rate have been described in previous studies (Luo et al., 2019; Kuai et al., 2020).
The following antibodies were used for immunohistochemistry: anti-Ki-67 antibody (1:50, ab16667, Abcam), anti-PCNA antibody (1:6,400, ab29, Abcam), anti-NF-κB p105/p50 antibody (1:60,000, ab32360, Abcam), and anti-RAS-related C3 botulinum substrate 2 (Rac2) antibody (1:50, ab2244, Abcam).
Western Blotting
Rac2 and Arhgdib protein expression in the back lesions was measured by western blotting. Briefly, the mice were euthanized by inhalation of CO2 on day 12. The middle portion of the back lesions was immediately placed in liquid nitrogen and stored at −80°C. The cells were collected. RIPA lysis buffer (Beyotime, Shanghai, China) was used to extract the total protein. The BCA protein analysis kit (TB258438; Bio-Rad, United States) was used to determine protein concentration. The total protein (20 μg per sample) was separated and transferred to a polyvinylidene fluoride membrane. The antibodies for western blotting included anti-Rac2 antibodies (ab2244; Abcam), anti-Arhgdib antibodies (ab181252; Abcam), and β-actin (ab8226; Abcam), and incubated overnight at 4°C. Next, the samples were incubated with the secondary antibody (ab205719; Abcam) for 1 h at room temperature.
Statistical Methods
The data were analyzed using SPSS 24.0 (IBM Corp., Armonk International Business Machines, New York, United States), and they are described as mean ± standard deviation (SD). A t-test was used to compare the two groups. Statistical significance was set at p < 0.05.
RESULTS
High-Performance Liquid Chromatography Profiles of Tanshinone IIA and Curcumol in Taodan Granule
Salvia miltiorrhiza Bunge and Curcuma aeruginosa Roxb. are the two major components of the TDGs. Our previous study (Li et al., 2012) confirmed that tanshinone IIA, an active lipopolysaccharide of Salvia miltiorrhiza Bunge, could lead to cell cycle arrest and apoptosis in keratinocytes (KC) of the target cells in psoriasis. Tanshinone IIA has been shown to inhibit the increase in interferon sensitivity and upregulation of aberrant KC differentiation markers (Pedersen et al., 2012). On the other hand, curcumol is one of the main bioactive components of Curcuma aeruginosa Roxb., and is generally used for the quality control of Chinese herbal compounds, which contains Curcuma aeruginosa Roxb. (Lei et al., 2019). Multiple studies have shown that curcumin can inhibit cell proliferation and migration in numerous proliferative diseases (Hashem et al., 2020; Huang et al., 2020; Li et al., 2020). In summary, we chose tanshinone IIA and curcumol to preliminarily establish quality control (Figure 1).
[image: Figure 1]FIGURE 1 | Tanshinone IIA and curcumol were adopted as quality controls for Taodan granule (TDG). Tanshinone IIA and curcumol are detected in both positive control and TDG samples but neither found in the negative control.
Taodan Granules Relieved Back and ear Lesions, as Well as Suppressed Keratinocytes Proliferation in Imiquimod-Induced Psoriasis-like Mice
First, we established an animal model of psoriasis via IMQ induction. Compared with the control group, the IMQ group displayed typical psoriatic skin lesions with scales, erythema, and thickening accompanied by a conspicuous increase in the PASI scores (p < 0.05) (Figures 2A,B; Supplementary Figures S1A, B). Histologically, spinous layer hypertrophy, significantly thickened epidermis (back: p < 0.001; ear: p < 0.001), and obvious inflammation were observed in the IMQ-induced mice on day 12 (Figure 2C; Supplementary Figure S1C). These results revealed that the IMQ-induced mouse model was consistent with the characteristics of psoriasis.
[image: Figure 2]FIGURE 2 | Taodan granules (TDGs) alleviated back lesions in imiquimod (IMQ)-induced psoriasis-like mice and decreased keratinocyte proliferation. (A) The appearance of back lesions in each group on day 12. (B) The psoriasis area severity index (PASI) score (0–4) with scales, thickness, erythema, and a total score. (C) Representative H&E sections of back lesions on day 12 (× 200) (Left). Representative immunohistochemistry sections of Ki67 and PCNA nuclear staining (brown) of the back skin lesions (200×) (Middle and Right). Quantification of epidermis thickness as well as Ki67+ and PCNA+ cells in back lesions. Scale bar: 100 µm. The data are expressed as mean ± SD. Four skin lesions from in group were included for analysis. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the control group. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the IMQ group.
Next, we determined whether TDGs could inhibit back and ear lesions in vivo. With TDG treatment, the skin lesions of IMQ-induced psoriasis-like mice were alleviated, and the PASI scores declined (p < 0.05) (Figures 2A,B; Supplementary Figures S1A, B). The most effective TDG dose was determined to be 1.8 g/kg (Supplementary Figure S2). On day 12, the TDG-treated mice demonstrated reductions in inflammatory cell infiltration and epidermal hyperplasia (back: p = 0.002; ear: p = 0.001) (Figure 2C; Supplementary Figure S1C).
We further predicted whether TDGs could prevent excessive KC proliferation in IMQ-induced mice. With TDG treatment, the lesions of the mice were validated by the significantly decreased the number of Ki67-positive cells (back: p = 0.014; ear: p = 0.014) as well as PCNA-positive cells (back: p = 0.03; ear: p = 0.019) (Figure 2C; Supplementary Figure S1C).
mRNA Sequencing Analysis of Taodan Granule-Regulated Gene Expression in Imiquimod-Induced Psoriasis-Like Skin Lesions
Expression Analysis
We investigated the difference in gene expression with TDG treatment, RNA was extracted from the back tissues of the IMQ and IMQ + TDG groups for mRNA sequencing on day 12. Sequencing reports suggested that the total reads ranged from 47,337,442 to 50,470,212, and the rate of total mapped reads was between 94.97 and 95.79%. The boxplot for the FPKM values and the two-dimensional diagram of the principal component analysis are shown in Supplementary Figure S3.
Differentially Expressed Genes Following Taodan Granule Treatment
DESeq software was used for differential expression analysis to identify candidate genes regulated by TDG treatment (1.18.0). |log2FoldChange| > 1 and p-value < 0.05 of the genes were judged for differential expression. A total of 1,233 DEGs were identified, of which 539 were upregulated and 694 were downregulated (Figure 3A). The 20 most significantly upregulated and downregulated DEGs after TDG treatment are demonstrated in Table 1. The mRNA levels for the 10 most significantly upregulated and downregulated DEGs were verified by RT-PCR, which were consistent with the sequencing results (Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | Differentially expressed genes (DEGs) induced after Taodan granule (TDG) treatment. (A) Cluster analysis of DEGs among samples and groups. The color of the heat map indicates the relative gene expression. The deeper red color indicates the higher gene expression, whereas the deeper blue color indicates the lower gene expression (Left). The volcano map suggests the overall DEGs in the imiquimod (IMQ)+TDG group, compared with the IMQ group (Right). (B) Enriched KEGG analysis of up-(Left) and down-(Right) regulated DEGs. (C) Enriched gene ontology analysis of up-(Left) and down-(Right) regulated DEGs.
TABLE 1 | Top 20 upregulated and downregulated genes in the psoriatic skin of the mice models with or without Taodan granules (TDGs) (Genes with |log2FoldChange| > 1 and p-value < 0.05).
[image: Table 1]The biological characteristics of the potential targets of TDGs were evaluated by KEGG and GO analyses. KEGG analysis results (Figure 3B) demonstrated that the most upregulated gene categories were for the neuroactive ligand-receptor interaction, estrogen signaling pathway, biosynthesis of unsaturated fatty acids, and glycine, serine, and threonine (Gly-Ser-Thr) metabolism. The most downregulated gene categories were cytokine-cytokine receptor interaction, Staphylococcus aureus infection, osteoclast differentiation, and chemokine signaling pathway. GO analysis results (Figure 3C) revealed that the most upregulated gene categories were intermediate filaments, keratin filaments, cellular components, and structural molecule activity. The most downregulated gene categories were inflammatory response, immune system process, extracellular space, and innate immune response. Thus, the above results might reflect abnormalities in biological processes, metabolism, and inflammatory immune-related signaling pathways in psoriasis, and manifest the conceivable mechanism of TDGs.
Experimental Verification
Taodan Granules Increased the Gly-Ser-Thr Metabolism Axis and Decreased Chemokine Signaling Pathway and Inflammatory Marker Protein Expression
Several studies (Gelfand et al., 2018; Tollefson et al., 2018; Evans et al., 2020) have shown that the pathogenesis of psoriasis is closely related to metabolic disorders that are frequently aggravated. The Gly-Ser-Thr axis is a major metabolic crossroad connecting several crucial biological pathways (Aon et al., 2020). Based on the sequencing results, the genes of CBS, Sardh, GNMT, Pgam2, and Sdsl in the Gly-Ser-Thr axis were selected for the determination of protein concentrations on day 12 to explore the involvement of this metabolic pathway in the TDG treatment of psoriasis (Figure 4A). Compared with the IMQ group, the skin protein expression of these five genes in the IMQ + TDG group was significantly increased (CBS: p = 0.030; Sardh: p = 0.030; GNMT: p = 0.005; Pgam2: p = 0.022; Sdsl: p = 0.007), which was consistent with our KEGG enrichment results (Figure 3B).
[image: Figure 4]FIGURE 4 | Increased gene expression in Gly-Ser-Thr metabolism axis and decreased gene expression in chemokine signaling pathway as well as inflammatory markers after Taodan granule (TDG) treatment. (A) Expression determined by ELISA: CBS, Sardh, GNMT, Pgam2, and Sdsl in Gly-Ser-Thr axis; Vav1, Lyn, Hck, Prkcb, and CXCL13 in chemokine signaling pathway; IL-17a as well as TNF-α protein in lesions. (B) Representative immunohistochemistry sections of NF-κB nuclear staining (brown) of the back skin lesions (200×). Quantification of NF-κB+ cells in back lesions. Scale bar = 100 μm. The data are expressed as the mean ± SD. Four skin lesions in each group were included for analysis. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the control group. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the imiquimod (IMQ) group.
Furthermore, the chemokine signaling pathway, which controls inflammatory response and directional cell migration, is involved in KC hyperplasia, regulating inflammation, the formation of new blood vessels, and other processes linked to psoriasis-related damage. KEGG analysis revealed that the chemokine signaling pathway was downregulated by TDG treatment (Figure 3B). Next, we validated the skin protein expression levels of the genes (Vav1, Lyn, Hck, Prkcb, and CXCL13) in this pathway on day 12, and a decrease in the same expression as KEGG was observed (Vav1: p = 0.016; Lyn: p = 0.004; Hck: p = 0.032; Prkcb: p = 0.005; CXCL13: p = 0.020) (Figure 4A).
In addition, compared with the IMQ group, the protein expression of IL-17a (p = 0.008) and TNF-α (p = 0.016) in the back lesions decreased in the IMQ + TDG group on day 12 (Figure 4A), which are inflammatory factors involved in the pathogenesis of psoriasis (Hawkes et al., 2017). We also examined NF-κB in a protein complex that controls the transcriptional regulation of inflammatory cytokines. Previous studies have shown that NF-κB is activated during psoriasis (Capon et al., 2012). Here, the downregulation of NF-κB by TDGs was observed (back: p = 0.013; ear: p = 0.027) (Figure 4B; Supplementary Figure S5). Consistent with the above results, KEGG analysis showed TNF-α together with IL-17a and NF-κB-related pathways were downregulated by TDG treatment (Figure 3B).
Taodan Granules Reduced Protein Expressed Levels of Rac2 in Psoriatic Lesions and Serum Arhgdib
Abnormal proliferation and migration of KCs in psoriasis are vital pathogenic factors (Zhang et al., 2019). Rac2, a member of the small Rho GTPase family, centrally regulating cell migration via cytoskeletal rearrangement (Hordijk, 2006). Our mRNA sequencing results demonstrated that Rac2 was significantly downregulated following TDG treatment (Table 1). To verify whether TDGs could decrease the expression of Rac2, which influenced the regulation of migration in IMQ-induced psoriasis-like mice, IHC was used to detect Rac2 protein expression on day 12. The TDG-treated lesions demonstrated a significant decrease in the number of Rac2-positive cells (Figure 5A; Supplementary Figure S5) in the basal layers of the epidermis compared to the IMQ group. The same results were found on western blotting to verify back lesions (Figure 5C).
[image: Figure 5]FIGURE 5 | Reduced Rac2 and Arhgdib in lesions following Taodan granule (TDG) treatment. (A) Representative images of Rac2 cytoplasm staining (brown) of back lesions from each group (200×). Scale bar = 100 μm. (B) The expression of Arhgdib protein in lesions determined by ELISA. (C) Western blotting of Rac2 and Arhgdib protein in back lesions on day 12. The data are expressed as mean ± SD. Four skin lesions in each group were included for analysis. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the control group. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the imiquimod (IMQ) group.
To further explore the feasible mechanism by which TDGs regulate Rac2 in psoriasis, we conducted a protein-protein interaction analysis using the Search Tool for the Retrieval of Interaction Gene/Proteins (String) database based on our sequencing results (Table 2). The results showed that the Arhgdib, Ncf2, and Cybb genes in DEGs had the highest combined scores for Rac2. We chose to assess the serum expression of the Arhgdib gene, a Rho GDI protein, to test the possible mode action of Rac2 during TDG treatment of psoriasis on day 12. Following TDG treatment, the protein expression of Arhgdib in IMQ-induced psoriasis-like mice was significantly downregulated (p = 0.040) (Figure 5B), which matched our sequencing results. Simultaneously, we also affirmed the protein expression of Arhgdib in the back lesions through western blotting, consistent with the trend of expression by ELISA (Figure 5C). These results suggest that TDGs may alleviate the symptoms of psoriasis by regulating Rac2 and Arhgdib, which are related to the mechanism of cell migration.
TABLE 2 | Top 20 genes of combined-score with Rac2 (Genes with |log2FoldChange| > 1 and p-value < 0.05).
[image: Table 2]DISCUSSION
TDGs have therapeutic effects in relieving psoriasis. Our previous studies have shown that TDGs are effective for the treatment of mild-to-moderate psoriasis vulgaris (Fan et al., 2006a; Fan et al., 2006b), although the mechanism remains unclear. CM mainly exerts therapeutic effects via the interaction of multiple natural products containing an army of targets through numerous pathways, which is a challenge for investigating their mechanisms of action (Zhou et al., 2014). Nonetheless, RNA-seq may provide a new direction for this conundrum. In this study, we performed RNA-seq to determine the mechanism by which TDGs ameliorate psoriasis and verify the observations via in vivo experiments.
To clarify the pharmacological mechanism of TDGs, we used HPLC to establish quality control. Based on the excellent curative effect and unclear mechanism of TDGs in this study, we first induced a mouse psoriatic model with IMQ, which is a classic accepted model of psoriasis that we have often used in our previous studies, to verify the effectiveness of TDGs (Kuai et al., 2020; Ru et al., 2020). Our results demonstrated that TDGs attenuated IMQ-induced psoriatic classical symptoms (Figure 2; Supplementary Figure. S1). To assess whether the remission of psoriatic lesions after TDG treatment may be due to the prevention of the over-proliferation of KCs, we verified the Ki67 and PCNA-positive cells in each group. Ki67 and PCNA are classical markers of cell proliferation in a variety of diseases (Alhosaini et al., 2021; Cai et al., 2021). As expected, following TDG treatment, the number of Ki67 and PCNA-positive cells in IMQ-induced psoriasis-like mice decreased significantly (Figure 2; Supplementary Figure S1), which is consistent with the results of previous studies (Ru et al., 2020; Thatikonda et al., 2020; Tomalin et al., 2020). Accordingly, we speculated that TDGs could mitigate the excessive proliferation of KCs to effectively alleviate psoriasis.
To further explore the potential mechanism of TDG in psoriasis, we applied RNA-seq to investigate skin lesion samples from IMQ-induced psoriasis-like mice with and without TDG. A total of 1,233 DEGs were identified, of which 539 were upregulated and 694 were downregulated (Figure 3A). The mRNA levels of the 10 most significantly upregulated and downregulated DEGs were verified by RT-PCR, consistent with the sequencing results (Supplementary Figure S4).
A bioinformatic analysis concluded that the most upregulated gene categories by TDGs were associated with metabolism-related signaling pathways (Figures 3B,C); these pathways have been found to mediate psoriasis in several existing reports (Chen et al., 2018; Lin et al., 2019). The Gly-Ser-Thr axis is a metabolic pathway closely related to proliferative disease and lifetime (Aon et al., 2020). Nevertheless, no related studies on this axis in psoriasis have been reported. RNA-seq results confirmed that CBS, Sardh, GNMT, Pgam2, and Sdsl were the top five upregulated genes by TDGs in the Gly-Ser-Thr axis. CBS is primarily a cytosolic enzyme that regulates homocysteine metabolism and is involved in the biosynthesis of hydrogen sulfide. Clinical evidence has strongly supported the negative regulatory role of CBS in proliferative diseases (Kim et al., 2009), which induces autophagy and apoptosis via the PI3K/Akt/mTOR pathway in hepatocellular carcinoma (HCC) cells (Zhu et al., 2018). Sardh and GNMT are pivotal enzymes associated with sarcosine metabolism, and transcription and protein levels are regulated in cancer tissues. Meanwhile, Sardh has been reported to reduce sarcosine levels and attenuate the invasion of DU145 prostate cancer cells (Khan et al., 2013). Pgam2 is a crucial enzyme involved in glycolysis related to oxidative stress, and decreased expression of Pgam2 was observed in proliferative disease induced by local infections (Cladel et al., 2019). In addition, clinical evidence has suggested that Sdsl has specific protein expression in peripheral cholangiocarcinoma (Darby et al., 2010). We verified the upregulation of CBS, Sardh, GNMT, Pgam2, and Sdsl following TDG treatment (Figure 4A).
Moreover, the most downregulated gene categories by TDGs were for the canonical immune and inflammatory pathways associated with psoriasis (Figures 3B,C). RNA-seq reported that Vav1, Lyn, Hck, Prkcb, and CXCL13 were the top five downregulated genes in the chemokine signaling pathway. Vav1, a key downstream signaling molecule of the T-cell receptor, can trigger cytoskeleton rearrangement and immune synapse formation, as well as lead to the activation of transcription factors along with cytokine release (NFAT, NF-κB, AP1, etc.) (Bustelo, 2000). During the development of a host of tumor diseases, Vav1 promotes cell proliferation and invasion (Fernandez-Zapico et al., 2005). Lyn is the substrate for caspases in the cysteine protease family and is involved in the regulation of apoptosis and inflammation. Lyn has been validated for specific increases in protein levels in human psoriatic lesions and is involved in regulating the expression of STAT3 and the NF-κB pathway to mediate a chronic inflammatory syndrome resembling human psoriasis in a mouse model by pan-genomic profiling (Marchetti et al., 2009). Hck, a member of the Src family of kinases, is highly expressed in macrophages and is related to various inflammatory responses (Kong et al., 2020). Clinical evidence has shown that the mRNA level of Prkcb in the bone marrow is significantly higher in patients with psoriasis than in healthy individuals. Prkcb is a critical gene for regulating hematopoietic cell development and differentiation, and the abnormal expression of Prkcb may induce dysfunction in the hematopoietic cells of patients with psoriasis (Yin et al., 2011). The inflammatory chemokine CXCL13 is crucial in the homing of B lymphocytes into lymphoid follicles, while CXCL13 mRNA was upregulated in the brain tissues of the IMQ-induced mouse model (McColl et al., 2016). By verifying the sequencing results via ELISA, we found that TDGs could downregulate the expression of these five genes (Figure 4A), and the specific mechanism is worthy of further exploration.
Psoriasis has been identified as a T-cell-mediated autoimmune skin disease. Different T-cell subsets such as Th1, Th17, and regulatory T cells are pivotal for psoriatic pathogenesis and inflammation (Armstrong et al., 2020). The psoriatic inflammatory cascade is triggered by plasmacytoid dendritic cells and activated and polarized Th cells, while producing various inflammatory cytokines (IL-23, IL-6, IFN-γ, IL-17a, TNF-α, etc.) (Zhu et al., 2006; Lowes et al., 2013; Wu et al., 2018). These pro-inflammatory factors induce epidermal over-proliferation and activate KCs to produce chemokines and antimicrobial peptides to maintain the inflammatory microenvironment and promote the development of the psoriatic phenotype (Conrad et al., 2018). Our previous studies have demonstrated that the expression levels of IL-23, IL-17, IFN-γ, and TNF-α in the serum of patients with psoriasis were significantly increased (Li et al., 2016). Furthermore, NF-κB is a crucial regulator of inflammation, cell proliferation, differentiation, and apoptosis in the pathogenesis of psoriasis. The NF-κB pathway regulates the expression of pro-inflammatory factors (TNF-α and IL-6) to aggravate the inflammatory process. IL-6 induces IL-17 to produce an inflammatory response, promotes KC hyperproliferation, and increases T-cell aggregation in the epidermis. IL-17 and TNF-α promote the expression of CCL20 in KCs and further attract dendritic cells as well as Th17 cells, thereby promoting the formation of chemotaxis rings and exacerbating the inflammatory response in psoriasis (Wang et al., 2015; Yang et al., 2020). Several in vivo experiments have also indicated that the inhibition of NF-κB activity could significantly improve the inflammatory response in psoriasis (Kulkarni et al., 2015; Irrera et al., 2017). To further verify whether TDGs could regulate skin inflammation, we measured the concentrations of IL-17a, TNF-α, and NF-κB proteins in each group. Consistent with previous results (Rerknimitr et al., 2016; Yu et al., 2019), the expression of IL-17a, TNF-α, and NF-κB was significantly reduced after TDG treatment (Figure 4; Supplementary Figure S5). Based on the above, we inferred that TDGs upregulated metabolic pathways, such as the Gly-Ser-Thr axis, and downregulated immune- and inflammation-related signaling pathways to treat psoriasis.
Rac2, a major isoform of the Rac GTPases, has been shown to play a crucial role in cell migration and is involved in the homing of T-lymphoid progenitor cells (Lu et al., 2020). High expression of Rac2 may be a diagnostic index for clear-cell renal cell carcinoma, as the knockdown of Rac2 in vitro attenuates the proliferation, migration, and invasion of renal carcinoma cells (Liu et al., 2019). The hyperproliferation and abnormal migration of KCs, which are responsible for psoriasis-lesioned microenvironments, are critical features of psoriasis (Liu et al., 2020). Our sequencing results demonstrated the downregulation of Rac2 in skin lesions of IMQ-induced psoriasis-like mice by TDGs (Table 1). Therefore, IHC and western blotting were used to confirm that Rac2 expression significantly decreased in skin lesions after TDG treatment, to verify the feasible role of TDGs in regulating Rac2 (Figure 5A; Supplementary Figure S5). Next, based on the protein-protein interaction analysis, we found that the skin protein expression of Arhgdib (had the highest combined scores of Rac2) in IMQ-induced psoriasis-like mice was significantly downregulated (Figure 5B). Arhgdib is mainly located in hematopoietic, endothelial, and epithelial cells. Clinical evidence has demonstrated that Arhgdib is often highly expressed in proliferative diseases, and knockout-Arhgdib can reduce proliferation, migration, and invasion of cells in vitro (Wang et al., 2020). Hence, we speculate that TDGs may reduce Rac2 and Arhgdib and, consequently, decrease KC proliferation and migration to relieve psoriasis.
CONCLUSION
We explored the feasible mechanism of action of TDG treatment for psoriasis through RNA-seq analysis and experimental verification. We found that TDGs affected KC proliferation and inflammatory responses to alleviate IMQ-induced psoriatic symptoms. The mechanisms of TDG treatment for psoriasis include the upregulation of metabolic signaling pathways, downregulation of immune and inflammatory pathways, and a decrease in Rac2 and Arhgdib genes. Further studies are needed to clarify the mechanisms of TDGs and provide a reference for clinical indications, along with optimal doses. The fuzziness of Chinese herbal compounds is significant; hence, evidence of their effectiveness in vitro and in vivo is the foundation for all subsequent studies. In future studies, we plan to continue further exploring other signaling pathways involved.
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Clinical studies have demonstrated the anti-psoriatic effect of the LiangXueJieDu (LXJD) herbal formula. However, the systemic mechanism and the targets of the LXJD formula have not yet been elucidated. In the present study, a systems pharmacology approach, metabolomics, and experimental evaluation were employed. First, by systematic absorption-distribution-metabolism-excretion (ADME) analysis, 144 active compounds with satisfactory pharmacokinetic properties were identified from 12 herbs of LXJD formula using the TCMSP database. These active compounds could be linked to 125 target proteins involved in the pathological processes underlying psoriasis. Then, the networks constituting the active compounds, targets, and diseases were constructed to decipher the pharmacological actions of this formula, indicating its curative effects in psoriasis treatment and related complications. The psoriasis-related pathway comprising several regulatory modules demonstrated the synergistic mechanisms of LXJD formula. Furthermore, the therapeutic effect of LXJD formula was validated in a psoriasis-like mouse model. Consistent with the systems pharmacology analysis, LXJD formula ameliorated IMQ-induced psoriasis-like lesions in mice, inhibited keratinocyte proliferation, improved keratinocyte differentiation, and suppressed the infiltration of CD3+ T cells. Compared to the model group, LXJD formula treatment remarkably reduced the expression of inflammatory cytokines and factors, such as IL-1β, IL-6, TNF-α, Cox2, and inhibited the phosphorylation of p-P65, p-IқB, p-ERK, p-P38, p-PI3K, p-AKT, indicating that LXJD formula exerts its therapeutic effect by inhibiting the MAPK, PI3K/AKT, and NF-қB signaling pathways. The metabolic changes in the serum of psoriasis patients were evaluated by liquid chromatography coupled with orbitrap mass spectrometry (LC-MS). The LXJD formula improved two perturbed metabolic pathways of glycerophospholipid metabolism and steroid hormone biosynthesis. Overall, this study revealed the complicated anti-psoriatic mechanism of LXJD formula and also offered a reliable strategy to elucidate the complex therapeutic mechanism of this Chinese herbal formula in psoriasis from a holistic perspective.
Keywords: traditional Chinese medicine, systems pharmacology, psoriasis, liangxuejiedu formula, inflammation cytokines
INTRODUCTION
Psoriasis is an immune-mediated, chronic skin condition that follows a relapsing and remitting course. It poses a significant public health challenge with a high prevalence rate of 0.09–11.43% worldwide and multiple co-morbidities, including arthritis, cardiovascular disease, obesity, diabetes mellitus, reduced quality of life, and depression/anxiety (World health organization, 2016). Psoriasis vulgaris is the most common form of psoriasis, encompassing about 80% of psoriasis patients. Clinical manifestations comprise well-demarcation, scaling, and erythematous plaques that appear anywhere on the body. Histologically, psoriasis is characterized by parakeratosis, acanthosis with downward elongation of rete ridges, thin/no granular cell layer, Munro’s microabscesses (neutrophils in parakeratotic scale), increased mitotic figures above basal layer, and mixed dermal infiltrate of lymphocytes and neutrophils.
Current treatments for psoriasis are categorized as follows: topical therapies (topical corticosteroids, tar-based preparations, dithranol, vitamin D analogs, salicylic acid, and topical retinoids), oral medication (methotrexate, acitretin, and cyclosporine), biological agents (infliximab, adalimumab, etanercept, and ustekinumab), and Ultraviolet phototherapy (UV-B and psoralen-UV-A) (Heng et al., 2000; Gamret et al., 2018). However, 52.3% of patients with psoriasis reported dissatisfaction with their medical treatment because of the inefficacy of the methods and adverse effects (Kurd et al., 2008). Thus, the utilization of complementary and alternative medicine among psoriasis patients is common, with prevalence varying between 42 and 69% (Ben-Arye et al., 2003; Damevska et al., 2014; Talbott and Duffy, 2015). These methods constitute herbal therapies and traditional Chinese medicine (TCM) that have gained popularity in recent years. The application of TCM in the treatment of psoriasis has a long history. According to the theory of TCM, psoriasis vulgaris is classified as three main blood-related syndromes: blood heat, blood stasis, and blood dryness. The blood-heat syndrome is frequently observed at the active stage, accounting for 53.8% of the condition in psoriasis vulgaris (Zhang et al., 2009). LiangXueJieDu (LXJD) formula is commonly used to treat psoriasis vulgaris with blood-heat syndrome and has proven to be a safe remedy with better efficacy compared to conventional therapy in a multicenter randomized controlled study (Sun et al., 2020). However, the mechanisms underlying LXJD formula-alleviated psoriasis remain unclear.
TCM is based on its own theory of medicine with multiple ingredients’ interactions. Relative to Western medicine, TCM treats the function and dysfunction of the body using a holistic approach. However, the complexity of the ingredients and their in vivo activity could interfere with identifying the targets and understanding the mechanisms of TCM. Systems pharmacology is an emerging systematic methodology that combines oral bioavailability screening, multiple drug targets prediction and validation, and network pharmacology, providing a holistic approach to explore the targets and mechanisms of TCM. In recent years, systems pharmacology has been widely used to reveal the potential mechanism of TCM formulas (Liu et al., 2016; Yuan et al., 2020).
Based on the proved clinical efficacy, we applied the systems pharmacology method to explore the pharmacological targets and mechanisms of LXJD formula in the treatment of psoriasis in this study. Next, we verified the mechanism of LXJD formula on the main targets and those integrated by systemic pharmacology in the samples from psoriasis patients and psoriasis-like mice.
MATERIALS AND METHODS
Reagents
High performance liquid chromatography (HPLC)-grade acetonitrile and methanol were purchased from Merck (Darmstadt, Germany). Purified water (18.2 MΩ) was obtained from a Milli-Q water purification system (Millipore, United States). Formic acid was obtained from Sigma-Aldrich (St. Louis, United States). Chlorogenic acid, caffeic acid, paeoniflorin, taxifolin, astilbin, albiflorin, resveratrol, rosmarinic acid, 5-O-methylvisammioside, quercetin, naringenin, luteolin, kaempferol, and isorhamnetin (all 98%, pure) were purchased from the National Institutes for Food and Drug Control (Beijing, China) (Table 1). All other chemicals were of analytical grade. CD3, Ki67, and loricrin antibodies were purchased from Abcam (Cambridge, MA, United States).
TABLE 1 | Identification of the chemical constituents of LXJD formula by UHPLC-ESI-MS analysis.
[image: Table 1]Database Construction
A total of 864 chemical ingredients of 12 herbs in LXJD formula were collected manually from PubMed, the China National Knowledge Infrastructure (CNKI), and the Traditional Chinese Medicines Systems Pharmacology (TCMSP) databases (http://lsp.nwsuaf.edu.cn/) (Ru et al., 2014).
Screening of Active Compounds
We employed an in silico integrative model-ADME (absorption, distribution, metabolism, and excretion of drugs) to screen out the compounds with favorable pharmacokinetics properties. Oral bioavailability (OB) is one of the most desirable attributes of new drugs representing the ratio of the orally administered dose that reaches the circulation system with unaltered activity.
In the present study, the OBioavail1.1 model was utilized to estimate the OB values. The compounds from LXJD formula which satisfy the criteria of OB ≥ 30% were selected as candidate active molecules for further screening (Ru et al., 2014; Yuan et al., 2020). Drug-likeness (DL) is a major factor in the absorption, distribution, metabolism, and elimination of the molecules in the human body. It is estimated from the molecular structure before the substance is synthesized and tested. Herein, a compound with DL ≥ 0.18 was selected as the active compound of herbs for subsequent studies (Ru et al., 2014; Yuan et al., 2020). The oral absorption of drugs was realized via intestinal epithelial cells (IECs). In this study, a computer Caco-2 permeability prediction model was applied to predict the intestinal permeability of the components in TCMSP (Lv et al., 2019). The chemical ingredients with Caco-2 cell permeability ≥–0.4 were filtered out as candidate active compounds. The oil-water partition coefficient AlogP is the logarithm of the ratio of the partition coefficient of the substance in n-octanol and water. Lipophilicity is a leading physical and chemical parameter reflecting the permeability in biofilms. ALOGPS2.1 software was used to calculate AlogP, and the threshold was set to <5 according to Lipinski’s rule of five (Lipinski et al., 2001; Tetko and Bruneau, 2004).
Target Fishing
A weighted ensemble similarity (WES) model was implemented to predict the potential target molecules of the candidate active compounds in LXJD formula. Then, a similarity search based on chemical fingerprinting was applied to obtain potential targets (http://sea.bkslab.org/search/). Finally, the targets from different sources were analyzed against the Pharmacogenomics knowledgebase (PharmGKB, https://www.pharmgkb.org/), Therapeutic Targets Database (TTD, http://database.idrb.cqu.edu.cn/TTD/), and Comparative Toxicogenomics Database (CTD, http://ctdbase.org/) to eliminate redundant and erroneous molecules, thereby guaranteeing the accuracy of the database.
Gene Ontology Enrichment and Clustering Analysis for Targets
To identify the targets associated with the physiological features of psoriasis, a Gene Ontology (GO) enrichment analysis was performed using DAVID (http://david.abcc.ncifcrf.gov) for classification. In this section, the GOBP (biological process) analysis result was highlighted. Then, functional annotation clustering analysis was carried out based on the GOBP enrichment data. p-value <0.05 indicated statistical significance.
Network Construction
TCM is a complex system consisting of multiple effective compounds, multiple targets of action, and related diseases. To illustrate the pharmacological mechanisms of LXJD formula in psoriasis treatment and clarify the complicated associations among the active compounds, targets, and diseases at a systems level, the network visualization analysis Cytoscape software was used to establish the compound-target network, target-disease network, and target-pathway network, respectively. In order to further interpret the molecular mechanism of LXJD formula against psoriasis, an integrated map of “psoriasis-related pathways” was constructed by integrating the key pathway obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.kegg.jp/) using target-pathway network analysis.
Preparation of LiangXueJieDu Formula
LXJD formula, consisting of Tu Fu Ling (Smilax glabra Roxb.) (ratio 1:5), Huai Hua (Styphnolobium japonicum (L.) Schott syn. Sophora japonica L.) (ratio 1:10), Di Huang (Rehmannia glutinosa (Gaertn.) DC.) (ratio 1:10), Zi Cao (Arnebia euchroma (Royle ex Benth.) I.M.Johnst.) (ratio 1:15), Quan Shen (Bistorta officinalis Delarbre syn. Polygonum (Isatis tinctoria L.) (ratio 1:15), Bai Mao Gen (Imperata cylindrica (L.) P.Beauv.) (ratio 1:15), Bai Xian Pi (Dictamnus dasycarpus Turcz.) (ratio 1:15), Bai Hua She She Cao (Scleromitrion diffusum (Willd.) R.J.Wang syn. Hedyotis diffusa Willd.) (ratio 1:15), Fang Feng (Saposhnikovia varzcata (Turcz.) Schischk.) (ratio 1:15), and Mu Dan Pi (Paeonia x suffruticosa Andr), were decocted and provided by the TCM Pharmacy of Beijing Hospital of Traditional Chinese Medicine. Briefly, 150 g of the crude drugs of LXJD formula were soaked and decocted in 400 ml of pure water for 30 min. Then, the water decoction was concentrated to 200 ml, and the final dosage of crude drugs was 0.75 g/ml.
All raw herbs were purchased from Beijing Xinglin Pharmaceutical (Beijing, China, Voucher number 20150301). The voucher specimen, identified by Professor Wei He, was deposited in our laboratory at Beijing Traditional Chinese Medical Hospital.
Preparation of Standard Solutions and Liquid Chromatography
A standard working solution of the 14 reference substances (Table 1, purities>98%) were prepared in concentrations ranging from 0.032 to 0.058 mg/ml in methanol and stored at 4°C. The 14 reference substances were used as standard control to identify the major components of LXJD formula by the UPLC-MS method.
The UPLC separation was performed on an ACQUITY UPLC™ BEH C18 column (100 × 2.1, 1.7 mm). Both negative and positive modes were examined. A gradient elution was used with 0.1% formic acid in methanol as solvent A and 0.1% formic acid in water as solvent B, at a flow rate of 0.2 ml min−1. The following gradient elution scheme was used: 0–2 min, 100–100% B; 2–10 min, 100–93% B; 10–40 min, 93–0% B; 40–45 min, 0–0% B; 45–45.1 min, 0–100% B; and 45.1–60 min, 100–100% B. The injection volume was 10 μl.
Mass Spectrometric Conditions
A Thermo Q Exactive™ Plus Orbitrap™ mass spectrometer was used for the qualitative analysis of the constituents in LXJD formula. Mass spectrometric parameters were: sheath gas flow rate of 35; aux gas flow rate of 10; sweep gas flow rate of 0; S-lens RF level of 50. The spray voltage was 3.5 kV for the positive and −4.5 kV for the negative ion mode. The capillary temperature and aux gas heater temperature were set to 320 and 350 °C, respectively. The m/z ranged from 100–1200 and 150–2000 for the positive and negative ion modes, respectively.
Study Design
A total of 40 psoriasis patients were recruited from the Beijing Traditional Chinese Medical Hospital according to the specified inclusion and exclusion criteria.
The inclusion criteria were as follows: 1) Psoriasis vulgaris was diagnosed according to the “Clinical Guidelines of Psoriasis 2008” reported by the Chinese Medical Association; 2) age 18–65 years; 3) willing to sign a written informed consent; 4) psoriasis patients were diagnosed with blood-heat syndrome based on the theory of TCM; 4) PASI score >5.
Exclusion criteria (patients who met one of the following conditions were excluded): 1) Those who were allergic to LXJD formula or the composition; 2) women who were pregnant or in the lactation stage; 3) those who had been treated with steroids orally in the past 2 weeks or with retinoid orally or steroid topically in the past week; 4) arthropathic, pustular, or erythrodermic psoriasis; 5) those with severe heart, cerebrovascular, liver, kidney, hematopoietic system, cancer, or psychosis diseases.
The treatment group received the Chinese herbal medicine LXJD formula for 8 weeks. Each dose of LXJD formula (150 g of crude drugs) was decocted in 400 ml of water. Then, the water decoction was concentrated to 200 ml, and the final dosage of crude drugs was 0.75 g/ml. In total, 100 ml of the decoction was taken orally 30 min before breakfast and the other 100 ml 30 min before dinner. Serum samples were collected from each patient before and 8 weeks after LXJD formula treatment.
The study duration was 8 weeks. Patients were evaluated before the start of treatment and were followed up every 2 weeks during the trial period. Clinical symptoms, examination of psoriatic skin lesions, and psoriasis area and severity index (PASI) scores were documented. The PASI is a composite index of the severity of the three main characteristics of psoriatic plaques (erythema, scaling, and thickness) weighted by the amount of coverage of these plaques in the four main body areas (i.e., head, trunk, upper extremities, and lower extremities). PASI scores can range from 0 to 72, wherein higher scores indicate greater severity.
Out of a total of 40 potentially eligible patients, 15 patients were subsequently excluded from this study, of which 7 patients were excluded from the Chinese medicine treatment group for failing to adhere to the clinical trial protocol and eight patients were excluded because of the progression and evolution of patients’ symptoms.
Of the remaining 25 patients, 52% of patients (13 in 25) after LXJD treatment achieved PASI60 and were considered as responders to LXJD treatment. Serum metabolomics were analyzed in these 13 responders’ samples only.
Ethics Statement
Informed consent was given by the patients and this study was approved by the Ethics Committee of Beijing Traditional Chinese Medical Hospital (NO. 2017BL-073–01).
Sample Preparation
Serum (100 μl) was added into methanol (400 μl), vortex-mixed for 30 s, and the proteins were precipitated by centrifugation at 12,000 rpm for 15 min. Subsequently, the dried residue was reconstituted in 100 μl of acetonitrile-water (10:90, v/v) and then injected for LC-MS analysis.
Metabolic Profiling
The chromatographic analysis of the serum sample was performed in a Thermo LC system (Thermo, Ultimate 3000 LC, Orbitrap Elite) equipped with a Hypergod C18 column (4.6 mm × 100 mm, 3.0 μm). The column was maintained at 40°C, and the flow rate was set at 0.30 ml/min. The mobile phase was composed of water (A) and acetonitrile (B), each containing 0.1% formic acid. The linear gradient program was optimized as follows: 0–2.0 min, 5% B; 2.0–12 min, 5–95% B; 12–15 min, washing with 95% B for 15–17 min, and equilibration with 5% B. A volume of 4 μl was injected in all the cases and analyzed on a Thermo mass spectrometer equipped with an electrospray ionization source (ESI) operating in positive and negative ion modes. The optimized parameters of TOF were set as follows: the spray voltage was 3.0 kV (ES+) and 3.2 kV (ES−) with the capillary temperature at 350°C, and sheath gas flow and auxiliary gas flow were set at 45 and 15, respectively. The mass range was set at 100–1000 m/z with 70,000 mass resolution at 400 m/z. The accepted scientific names must be updated using Medicinal Plant Name Service - KEW (https://mpns.science.kew.org/mpns-portal/).
The MS raw data of serum samples were processed using SIEVE software (Thermo Corp., Manchester, United Kingdom). This process included deconvolution, normalization, and alignment, and a dataset including retention time and mass pairs with the corresponding intensities of each metabolite was obtained. Then, the processed dataset was introduced into the SIMCA-P software package (v13.0, Umetric, Umeå, Sweden) to perform principal component analysis (PCA) and orthogonal to partial least squares-discriminate analysis (OPLS-DA). In the OPLS-DA model, the variable importance of project (VIP) value and S-plot were employed as standards to select potential biomarkers.
Animals
Eight-week-old male C57BL/6 mice were purchased from Beijing Huafukang Biological Technology Co., Ltd. (Beijing, China) and maintained under specific pathogen-free conditions. All experiments adhered to the principles of the Declaration of Helsinki and were conducted using the protocols approved by the Beijing Institute of Traditional Chinese Medicine.
Establishment of Imiquimod (IMQ)-Induced Psoriasis-like Mouse Models
Mice were divided into four groups (10 mice/group): Control group, model group, MTX group, and LXJD group. All mice except those in the control group received a daily topical application of 42 mg of IMQ cream (5%) (MedShine, Chengdu, China) on their shaved back for seven consecutive days to establish a model of psoriasiform lesions. LXJD and MTX treatment started with the application of IMQ. From days 1–7, mice in the LXJD and MTX (positive control) groups were treated with LXJD (29.4 g herb/kg/day) and MTX (1 mg/kg/day) by gavage, respectively. Mice in the control group (control) and model group (model) were given saline by intragastric administration. On day seven, the animals were sacrificed, and skin samples were collected from their backs.
Histology, Immunohistochemistry, and Immunofluorescence Staining
The mouse back skin was fixed in formalin and embedded in paraffin. Partial sections were stained with hematoxylin-eosin (H&E) for pathological observation by microscopy. Partial sections were stained with anti-Rabbit CD3 (1:100, Abcam, United States) and anti-Loricrin (1:200, Abcam, United States), and Diaminobezidin (DAB) (Zhongshan Golden Bridge Biotechnology, China) was used for color development. For immunofluorescence, Ki-67 (proliferation) level was evaluated in skin sections using anti-Ki67 antibody (1:200, Abcam), following the manufacturer’s instructions. For CD3+, Ki-67+, and Loricrin+ cells, three areas in three sections of each sample were selected randomly, and the number of positive cells was calculated.
Quantitative RT-PCR Analysis (qRT-PCR)
Total RNA was extracted from the skin lesion and cultured cells using an ultrapure RNA extraction kit (Kang Biotechnology, China). Reverse transcription was carried out using the HiFi-MMLV cDNA first-strand synthesis kit (Kang Biotechnology). Quantitative real-time PCR amplification was performed on ABI 7500 Real-Time PCR Systems (Applied Biosystems, United States). A housekeeping gene was utilized as an internal reference standard. The relative gene expression was calculated using the 2-ΔΔCt method.
Western Blot
The tissue extracts were prepared using RIPA buffer (50 mM of Tris-HCl pH 7.4, 150 mM of NaCl, 1 mM of EDTA, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholate) supplemented with a complete protease inhibitor cocktail (Roche) and a PhosSTOP phosphatase inhibit or cocktail (Roche). Samples were subjected to SDS-PAGE and the resolved proteins were then transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore). The immunoblots were probed with indicated antibodies and visualized using a SuperSignal West Pico chemiluminescence ECL kit (Pierce). GAPDH was used as an internal control.
Statistical Analysis
All quantitative data are presented as means ± SD and analyzed for statistical significance using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, United States). One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test and unpaired Student’s t-test was used to analyze the statistical significance among multiple groups and between two groups, respectively. A two-tailed Student’s t-test was performed in a clinical study using the Statistical Package for Social Science program (SPSS 20.0, Chicago, IL, United States). p < 0.05 indicated statistically significant difference.
RESULTS
Bioactive Compounds Identification for Each Herb in LiangXueJieDu Formula
In the current study, 864 chemical ingredients and their pharmaceutical properties in the LXJD formula were obtained from the TCMSP database. A combination of OB (≥30%), Caco-2 permeability (Caco-2) (>−0.4), prediction of permeability (AlogP <5), and drug-likeness (DL) ≥0.18 properties was applied to identify the active compounds of LXJD formula. Based on a previous report, some compounds that did not agree with the threshold of compounds screening were also likely to produce therapeutic effects, and hence, retained as active compounds in this study, such as palmitic acid (Dogra et al., 2018), sitosterol (REISS and JAIMOVICH, 1958), stigmasterol (Srivastava, 2014), trametenolic acid (Ma et al., 2013), lignoceric acid (Tsoukalas et al., 2019), tirucallane (Mireku et al., 2015), etc. These compounds have bioactivity and are reported as anti-psoriatic or anti-inflammatory molecules. Finally, 144 active compounds (Supplementary Table S1), including 37 in Isatis tinctoria, 8 in Scleromitrion diffusum, 10 in Dictamnus dasycarpus, 9 in Paeonia lactiflora, 11 in Rehmannia glutinosa, 14 in Arnebia euchroma, 3 in Paeonia x suffruticosa, 18 in Saposhnikovia varzcata, 5 in Smilax glabra, 8 in Imperata cylindrica, 7 in Bistorta officinalis, and 14 in Paeonia lactiflora, were obtained.
Target Identification and Analysis
TCM formulas exert their pharmacological activities through synergistic interactions between multiple compounds and targets. To identify the relevant targets of the potential compounds in LXJD formula, the TCMSP database and WES algorithms were used. A final list of 125 potential targets for 144 bioactive compounds was obtained. These targets were further subject to PharmGkb, CTD, and TTD for sanity checks. As shown in Supplementary Table S2, most active compounds could act on multiple targets simultaneously, and one target could also be linked to multiple active compounds. PTGS2, also known as cyclooxygenase-2 (COX-2), is one of the potential targets that play a critical role in inflammation (Yalçin et al., 2007). It was predicted that PTGS2 is linked to 86 active compounds in the LXJD formula to exert therapeutic effect synergistically. The active compound quercetin (MOL60) was found to be connected to 79 targets, reflecting the multiple targets of herbal medicine.
Gene Ontology Enrichment Analysis for Potential Targets
To validate whether the 125 potential targets in the network are associated with psoriasis, we performed GO term (BP) enrichment analysis. The top 21 significant GO terms responsible for psoriasis were enriched. As shown in Figure 1B, inflammatory response, positive regulation of NF-қB transcription factor activity, positive regulation of T cell proliferation, regulation of inflammatory response, and IL-6 production was intricately linked to the pathogenesis of psoriasis. These results suggested that the potential targets were significantly involved in the pathogenesis of psoriasis.
[image: Figure 1]FIGURE 1 | (A) Compound-target network analysis. A compound and a target are linked if the target protein is hit by the corresponding compound. Node size is proportional to its degree. The pink square represents the compounds and the purple circle represents the targets. (B) GO enrichment analysis of the predicted protein targets. The top 21 enriched biological processes related to the targets are shown (p < 0.05). (C) Target-disease network. Target proteins are linked to their corresponding diseases and those diseases are linked to the corresponding disease categories they belong to. The purple circle represents the target and the green square represents the disease. (D) The target-pathway network was constructed by linking active compounds to their related pathways. Node size is related to the degree. The red circle represents the target and the purple square represents the pathway.
Compound-Target Network Analysis
Figure 1A shows that the compound-target network consisted of 144 active compounds, 125 targets, and 901 compound-target interactions (269 nodes and 901 edges). The results displayed an average of 7.2° per compound and 6.3° per target protein, respectively. In the correlations between compounds and targets (Supplementary Table S3), MOL60 exhibited the highest number of target interactions (79°), followed by MOL125 (35°), MOL115 (34°), and MOL62 (33°), which was consistent with the multi-component and multi-target traits of herbal medicines. Regarding the candidate targets, estrogen receptor (ESR1) showed the highest degree (113°), followed by PTGS2 (86°), NOS2 (81°), PPARG (60°), and GSK3B (56°), which demonstrated the potential therapeutic effect of each drug in LXJD formula for ameliorating psoriasis.
Target-Disease Network
In order to elucidate the correlation between LXJD formula and diseases, a target-disease network, including 122 target proteins and 12 corresponding diseases, was constructed based on the DrugBank, TTD, and PharmGKB databases. As shown in Figure 1C, LXJD formula was related to 12 types of diseases, including immune system disease (41°), endocrine system disease (37°), skin disease (35°), nutrition disorder (35°), cardiovascular disease (27°) wounds and injuries (29°), metabolic disease (14°), nervous system disease (10°), mental disorder (9°), genetic disease (7°), viral disease (7°), and bacterial infection or mycosis (4°). The target-disease network might explain the theory of “homotherapy for heteropathy” in TCM.
Target-Pathway Network Analysis
To further elucidate the therapeutic mechanisms underlying the LXJD formula in the treatment of psoriasis, all the predicted target proteins were mapped to enrich the relevant pathways. The target-pathway network containing 73 targets and 20 corresponding pathways is shown in Figure 1D. The majority of the target proteins were involved in multiple pathways, indicating that the target proteins of the LXJD formula interplayed with each other in different pathways and exerted synergistic effects in the treatment of psoriasis. As shown in Supplementary Table S4, the crucial target protein-associated pathways included the PI3K/AKT signaling pathway (27°), TNF signaling pathway (21°), MAPK signaling pathway (16°), toll-like receptor signaling pathway (15°), NOD-like receptor signaling pathway (13°), salmonella infection pathway (13°), Ras signaling pathway (13°), apoptosis pathway (12°), calcium signaling pathway (12°), NF-қB signaling pathway (11°), T cell receptor signaling pathway (11°), and JAK-STAT signaling pathway (11°). These results suggested that multiple targets affect various pathways regulating the pathological processes underlying psoriasis, thereby promoting a potent therapeutic approach for these diseases.
Psoriasis-Related Pathway Analysis
Based on the complex mechanism of the LXJD formula in the treatment of psoriasis, an integrated map of “psoriasis-related pathways” was constructed by integrating the key pathways obtained from the KEGG database using target-pathway network analysis. As shown in Figure 2, psoriasis-related pathways consist of four important pathways: the MAPK signaling pathway, calcium signaling pathway, PI3K/AKT signaling pathway, and NF-қB signaling pathway. These pathways were associated with several biological functions, such as inflammation, proliferation, metabolism, cell survival, cell cycle, and immune response, indicating the therapeutic effect of the LXJD formula in psoriasis.
[image: Figure 2]FIGURE 2 | Distribution of target proteins of LXJD formula in integrated psoriasis-related pathways, which includes the MAPK, calcium, NF-κB, and PI3K/AKT signaling pathways.s
Identification of Major Components of LiangXueJieDu Formula
The total ion chromatograms of the LXJD formula extracted in both the positive and negative ion modes are shown in Figure 3. The MS data exhibited high precision with the mass accuracy within 5 ppm. Based on the MS spectra and fragmentation pattern using public databases (Chemspider and MassBank) or literature, 14 compounds were identified (Table 1). Chlorogenic acid, caffeic acid, paeoniflorin, taxifolin, astilbin, albiflorin, resveratrol, rosmarinic acid, 5-O-methylvisammioside, quercetin, naringenin, luteolin, kaempferol, and isorhamnetin were the main components of the LXJD formula extract, which was consistent with the systems pharmacology prediction. These results also demonstrated that the UPLC-MS method was suitable for identifying these compounds.
[image: Figure 3]FIGURE 3 | Total ion chromatograms of a mixture of 14 standards obtained from the negative (A) and positive (B) ion scan modes. LXJD formula extract obtained from the negative (C) and positive (D) ion scan modes.
Effect of LiangXueJieDu Formula in Psoriasis Patients
After 8 weeks of treatment with LXJD formula, the skin symptoms of all patients improved. In addition, psoriasis area and severity index (PASI) scoring, a critical index to evaluate psoriasis in the clinic, decreased significantly (p < 0.05) following LXJD formula treatment (Figures 4A,B and Table 2).
[image: Figure 4]FIGURE 4 | (A, B) Representative photographs of the patient with psoriasis taken at baseline (week 0, A) and after 8 weeks (B) of treatment with LiangxueJiedu formula. Total ions chromatogram of QC samples from the positive (C) and negative (D) ion scan modes. (E, F) PCA score plots of serum samples collected from psoriasis patients before and after 8 weeks of LiangxueJiedu formula treatment measured in (E, R2X = 0.724, Q2 = 0.495) positive and (F, R2X = 0.574, Q2 = 0.371) negative mode. (G, H) OPLS-DA score plots of serum samples collected from psoriasis patients before and after 8 weeks of LiangxueJiedu formula treatment based on UPLC-Q-TOF/MS technology in (G, R2X = 0.557, R2Y = 0.782, Q2 = 0.671) positive and (H, R2X = 0.410, R2Y = 0.852, Q2 = 0.453) negative mode. (I) Summary of pathway analysis with MetPA, a: glycerophospholipid metabolism; b: steroid hormone biosynthesis.
TABLE 2 | Characteristics of the study cohorts.
[image: Table 2]Serum Metabolomics Study of Psoriasis Patients
Serum metabolic profiling of psoriasis patients was acquired to explore the protective effect of the LXJD formula. UPLC/Q-TOF-MS was applied for analysis. The quality-control (QC) sample was used to monitor the precision, repeatability, and reliability of the LC-MS measurements and peak intensity data (Figures 4C,D). These results indicated that methods were suitable for subsequent sample analysis. Principal component analysis (PCA) was employed to obtain unsupervized multivariate statistical analysis of serum metabolomics. In Figures 4E,F, serum metabolites in positive and negative ion modes were displayed by score plots, the cluster of psoriasis patients before LXJD formula treatment was clearly separated from those after 8 weeks of LXJD formula treatment in both modes. The OPLS-DA models were established to identify the discriminating ions contributing to the classification before and after LXJD formula treatment patients (Figures 4G,H and Table 3). The score plots based on the serum metabolomics of these two groups in positive and negative ion modes are shown in Figures 4G,H, the values of R2X, R2Y, and Q2 were 0.557, 0.782, and 0.671 in the positive ion mode, 0.410, 0.852, and 0.453 in the negative ion mode, indicating the classification was well suited for the models. A total of 11 metabolites in the positive mode and seven metabolites in the negative mode were altered after LXJD formula treatment. These included cortisone (S1), L-urobilinogen (S2), PA[15:1(9Z)/22:4(7Z,10Z,13Z,16Z)] (S3), PC[18:0/18:4(6Z,9Z,12Z,15Z)] (S4), PC[18:1(9Z)/4:0] (S5), PC[20:0/14:1(9Z)] (S6), PC[20:4(8Z,11Z,14Z,17Z)/18:3(6Z,9Z,12Z)] (S7), PG[12:0/20:5(5Z,8Z,11Z,14Z,17Z)] (S8), PG[P-18:0/20:4(5Z,8Z,11Z,14Z)] (S9), phenyllactic acid (S10), traumatic acid (S11), 16-hydroxy hexadecanoic acid (S12), 4-hydroxybutanoic acid (S13), L-gamma-glutamyl-L-isoleucine (S14), MG[0:0/16:1(9Z)/0:0] (S15), PA[20:4(5Z,8Z,11Z,14Z)/18:4(6Z,9Z,12Z,15Z)] (S16), PG[20:3(8Z,11Z,14Z)/20:0] (S17), and PS[21:0/18:3(6Z,9Z,12Z)] (S18). To probe the associations between the key metabolic pathways and the regulatory effects of LXJD formula, metabolic pathway analysis (MetPA) (software of MetaboAnalyst 3.0; http://www.metaboanalyst.ca/) was performed by the integration of all serum potential metabolites. As a result, two disturbed metabolic pathways, glycerophospholipid metabolism and steroid hormone biosynthesis were considered as the most relevant pathways involved in psoriasis (Figure 4I). LXJD formula treatment improved both perturbed metabolic pathways.
TABLE 3 | Potential metabolites characterized in the serum profile and the altered trends in different groups.
[image: Table 3]LiangXueJieDu Formula Improved the Differentiation of Keratinocytes and Alleviated the Proliferation of Keratinocytes in an Establishment of Imiquimod-Induced Psoriasis-Like Mouse Model
To assess whether LXJD formula exerts therapeutic effects in a psoriasis mouse model, we applied IMQ on the shaved back skin of the animals for seven consecutive days. Subsequently, the skin developed typical erythema, scaling, and thickening. Consistent with the systems pharmacology analysis, mice treated with LXJD formula had smoother skin, less erythema, and sparser scales (Figure 5A). H&E staining of the skin lesion in the model group showed increased epidermal thickening, parakeratosis, and residual condensation of nuclei in the stratum corneum, representing typical characteristics of psoriasis-like skin lesions. These pathological features were ameliorated by LXJD formula (Figures 5B,F).
[image: Figure 5]FIGURE 5 | C57 BL/6 mice were treated daily with IMQ cream on the shaved back skin to induced psoriasis-like dermatitis, while the control group (CTRL) was treated with matrix. The IMQ-treated mice were administered saline (model) [methotrexate (MTX) serves as a positive control] or LXJD formula for a total of 7 days. (A) Phenotypic presentation of the back skin on day 7 after IMQ treatment. (B) Histological analyses of mouse back skin by H&E staining. (C) Immunohistochemical staining of CD3+ cells in skin lesions. Mouse back skin was stained for Ki67 (D) and loricrin (E). (F–I) Quantification analysis for epidermis thickness, CD3+ and Ki-67+, and loricrin was performed. Data are shown as mean ± SD. n = 5 mice. *p < 0.05 and **p < 0.01 vs. model group.
Loricrin is a keratinocyte differentiation marker that is mainly expressed in the cytoplasm and distributed throughout the stratum corneum of normal mouse skin. In the model group, low levels of loricrin indicated abnormal keratinocyte differentiation, which was reversed in animals treated with LXJD (p < 0.01) (Figures 5D,H). The expression of Ki-67, a marker strongly associated with cell proliferation and immune dysregulation (Alhosaini et al., 2021), was dramatically decreased in the LXJD-treated groups (p < 0.01) (Figures 5E,I), indicating that the IMQ-induced uncontrolled proliferation of basal keratinocytes was ameliorated.
LiangXueJieDu Formula Inhibited T Cell Infiltration in an Establishment of Imiquimod-Induced Psoriasis-Like Mouse Model
We further examined the effect of LXJD formula on CD3+ T cell infiltration in the dermis. The control mice showed fewer CD3+ T cells in the dermis. The T cell infiltration in the dermis and epidermis was markedly higher in the model group than in the control group. On the other hand, LXJD and MTX groups showed reduced CD3+ T cell infiltration in the skin (p < 0.01) (Figures 5C,G).
LiangXueJieDu Formula Regulated the Expression of Inflammatory Cytokines and Factors in an Establishment of Imiquimod-Induced Psoriasis-Like Mouse Model
We determined the mRNA expression of several inflammatory cytokines and factors in the skin lesions and found that the levels of Il1b, Il6, Tnfa, Cox2, Nos2, and Gsk3b were significantly increased, while those of Esr1 and Pparg mRNAs were suppressed in the lesions of the model group. Moreover, compared to the model group, the expression of Il1b, Il6, Tnfa, Cox2, Nos2, and Gsk3b mRNA declined in the LXJD group (p < 0.01 or p < 0.05), and that of Esr1 and Pparg mRNAs reversed after LXJD formula administration (p < 0.01 or p < 0.05) (Figure 6).
[image: Figure 6]FIGURE 6 | The mRNA expression of key inflammatory cytokines and predicted genes in the skin lesion of the psoriasis-like mouse model. Values were normalized to β-actin and expressed relative to the control group. Data are shown as mean ± SD. n = 4 mice. *p < 0.05 and **p < 0.01 vs. model group.
LiangXueJieDu Formula Improved the Establishment of Imiquimod-Induced Psoriasis-Like Dysfunction Pathway
To further validate the prediction of systematic pharmacological analysis, we examined the effect of LXJD formula on key proteins in integrated psoriasis-related pathways, including MAPK, calcium, PI3K/AKT, and NF-қB signaling pathways using Western blot. IMQ application significantly increased the level of p-P65, p-IқB, p-ERK, p-P38, p-JNK, p-PI3K, p-AKT, and p-CAMKⅡ in skin lesions. Compared to the model group, LXJD formula treatment remarkably inhibited the phosphorylation of p-P65, p-IқB, p-ERK, p-P38, p-PI3K, and p-AKT (p < 0.01 or p < 0.05), but showed a negligible inhibitory effect on p-JNK and p-CAMKⅡ phosphorylation, indicating that LXJD formula exerts its therapeutic effect by inhibiting the MAPK, PI3K/AKT, and NF-қB signaling pathways to a large extent (Figure 7).
[image: Figure 7]FIGURE 7 | Effects of LXJD formula on IMQ-induced psoriasis-like dysfunction pathway. Levels of P65, p-P65, IқB, p-IқB, CAMKⅡ, p-CAMKⅡ, ERK, p-ERK, P38, p-P38, JNK, p-JNK, PI3K, p-PI3K, AKT, and p-AKT proteins in skin lesions are detected by Western blot. Semiquantitative analysis was performed. *p < 0.05, **p < 0.01 indicating significant inhibition of LXJD as compared to model group. Data are shown as mean ± SD. n = 3 mice.
DISCUSSION
TCM has been used in clinical treatment in China for more than 2000 years and has accumulated a wealth of experience in the treatment of psoriasis. Our previous study has shown that the administration of LXJD formula in psoriasis vulgaris patients with blood-heat syndrome was associated with significantly better outcomes and a lower recurrence rate compared to standard Western medicine (cetirizine hydrochloride, vitamin C, and vitamin B complex) (Sun et al., 2020). However, bioactive ingredients with potential anti-psoriatic activities and specific targets have not yet been identified. TCM is a complex material system encompassing multiple active compounds, multiple targets of action, and related diseases; while it does not correspond to the theory of “single gene, single target, and single disease” (Lv et al., 2019). Therefore, exploring the targets and mechanism of LXJD formula in the treatment of psoriasis through a systems pharmacology method combined with a screening of active compounds, drug targets, and network analysis is essential.
In this study, we identified 144 compounds in the active fractions of LXJD formula using an in silico integrative model-ADME system with the following thresholds: OB ≥ 30%, DL ≥ 0.18, Caco-2 > -0.4, and AlogP <5. Subsequently, a final list of 125 potential targets for the 144 bioactive compounds was obtained by several integrated approaches, including the WES algorithm, TCMSP database, PharmGkb, Comparative Toxicogenomics database, and Therapeutic Targets database. These potential targets could be classified into the following subgroups: cytokines and chemokines, enzymes, signaling molecules, and transcription factors, and nuclear receptors. Most of these targets exhibited abnormal expression and were designated as the therapeutic targets in psoriasis, such as the cytokines and chemokines (IL-1β, IL-6, TNF, IFN-γ, CXCL8, CCL2). As expected, drugs targeting TNF-α have been applied in the clinic and have shown promising therapeutic effects on psoriasis (Chima and Lebwohl, 2018). Moreover, a total of 125 potential targets were significantly enriched as GO terms (BPs), including inflammatory response, cell proliferation, inflammatory response, NF-κB transcription factor activity, and cytokine production, which are strongly associated with the pathogenesis of psoriasis. Then, the compound-target network was constructed, showing complex interactions between 144 active compounds and 125 targets. Among these, ESR1 was the most common target of 113 compounds, constituting up to 77.1% of the total candidates. Reportedly, ESR1 is the top-ranked hub gene, which is downregulated in psoriasis and related to anti-apoptotic functions (Zeng et al., 2016), deeming it as a potential therapeutic target for psoriasis. Consistently, our compound-target network indicated that the active compounds from LXJD formula could activate ESR1. Moreover, IL1B and STAT3 were also reported as hub genes in psoriasis (Choudhary et al., 2020) and targets of LXJD formula. In this compound-target network, most of the active compounds were connected to multiple targets and exerted pharmacological effects. For example, quercetin exhibited the highest number of target interactions. Quercetin possesses anti-tumor activity (Xu et al., 2015) and anti-proliferative effects (Delgado et al., 2014); also, it is shown to have appreciable anti-psoriasis effects in IMQ-induced mice. The underlying mechanism might involve the improvement of antioxidant, anti-inflammatory activity, and inhibition on NF-κB signaling pathway activation (Chen et al., 2017). In addition, the anti-psoriasis effects of Paeonol (Meng et al., 2017), Baicalin (Hung et al., 2018), Paeoniflorin (Zhao et al., 2016), and Wogonin (Chi et al., 2003) have been demonstrated in an IMQ-induced psoriasis-like mouse model.
To further elucidate the complex mechanism of LXJD formula in the treatment of psoriasis, we established an integrated map of “psoriasis-related pathways” by integrating the key pathways obtained from the KEGG database using target-pathway network analysis. This map showed that the active compounds in LXJD formula interacting with these predicted targets are associated with the MAPK, calcium, PI3K/AKT, and NF-κB signaling pathways. These interactions regulate inflammation, cell proliferation, metabolism, cell survival, cell cycle, and immune response, and ultimately improve psoriasis.
Different complex diseases caused by the same disease gene exhibit overlapping protein-protein interactions and biological processes. Therefore, when a drug acts on the proteins associated with multiple diseases, it might show multiple therapeutic effects (Li et al., 2012). For example, peroxisome proliferator-activated receptor gamma (PPARG or PPAR-γ), a nuclear receptor, is one of the primary targets of LXJD formula, according to our compound-target network. PPAR-γ can bind to DNA and regulate the transcription of genes involved in lipid and glucose metabolism. Activation of PPAR-γ has favorable effects on adipocyte function, insulin sensitivity, lipoprotein metabolism, and vascular structure and function. PPAR-γ has been recognized as a therapeutic target in cardiovascular disease and diabetes mellitus. In addition, several studies demonstrated that PPAR-γ agonists may have antidepressant properties, open-label administration of the PPAR-γ agonist, pioglitazone, was associated with improvement in depressive symptoms and reduced cardiometabolic risk (Kemp et al., 2014). In the skin, PPAR-γ has a critical role in keratinocyte homeostasis, exhibiting pro-differentiation, antiproliferation, and immunomodulatory functions. The expression of PPAR-γ was reduced in a psoriasis hyperproliferative epidermis (Lima et al., 2013). Reportedly, diabetic patients treated with troglitazone (PPAR-γ agonist) showed substantial improvement in their psoriatic plaques (Pershadsingh et al., 1998). In addition to relieving the symptoms of patients with chronic psoriasis, this drug has modified the abnormal phenotype of transplanted psoriatic skin (Hanley et al., 1999). Furthermore, treatment with thiazolidinediones (PPAR-γ agonist) in patients with plaque psoriasis improved their cutaneous symptoms (Pershadsingh et al., 1998; Ellis et al., 2000). Based on the target-disease network, we could speculate that LXJD formula has potential pharmacological effects on immune system disease, endocrine system disease, skin disease, cardiovascular disease, metabolic disease, and mental disorder. Consistently, a previous study identified that psoriasis is not confined to skin impairment, and an increased morbidity of metabolic syndrome, cardiovascular disease, depression, and anxiety are also associated complications (Lima et al., 2013). Chronic inflammation caused by disorganized immune activation and correlated systemic abnormalities might underpin the common pathogenesis of psoriasis and related diseases. There is evidence that an imbalance between different T cells, e.g., T helper cells 17 (Th17) vs. regulatory T cells (Treg) and abnormal cytokine production are the driving forces in common for the progression and development of mental disorder and immune system disease (Ahmad et al., 2017; Ahmad et al., 2017; Bakheet et al., 2019; Ahmad et al., 2020). Many compounds, which have been shown to have promising effects in multiple immune-mediated inflammatory disorders such as asthma, rheumatoid arthritis, and alcoholic liver disease, have therapeutic potential in psoriatic inflammation as well (Alzahrani et al., 2019; Al-Harbi et al., 2020; Nadeem et al., 2020). Collectively, the herbs in LXJD formula exhibit efficacy in psoriasis treatment and in treating related complications, indicating that multiple diseases may be treated using a common herbal medicine.
Metabolomics data might provide useful information to explore the mechanisms underlying these associated diseases, especially metabolism disorders (Lee et al., 2003). Herein, we employed LC-MS to analyze psoriasis patients’ serum metabolomics and investigate the metabolic changes associated with LXJD formula treatment. In concordance with the previous study, the elements of glycerophospholipid metabolism were significantly altered in the plasma of psoriatic patients (Zeng et al., 2017). The current metabolomics results indicated that glycerophospholipid metabolism involving 11 metabolites was significantly influenced in psoriasis patients according to MetPA, and the most influencing targets were related to the therapeutic intervention of LXJD formula against psoriasis. The compound-target network showed that PPAR-γ could be activated by LXJD formula. There is evidence that the PPAR-γ agonist could regulate glycerophospholipid metabolism (Tan et al., 2017), which is consistent with our metabolomics data showing that LXJD formula improved the perturbed metabolic pathways of glycerophospholipid metabolism. Based on this, we inferred that LXJD formula might regulate the glycerophospholipid metabolism through activating PPAR-γ. In addition, abnormalities in glycerophospholipid metabolism are the characteristics of diabetes mellitus (Xu et al., 2013). Dang et al. also revealed that the alteration of glycerophospholipid metabolism pathways is associated with atherosclerosis (Dang et al., 2016). Therefore, glycerophospholipid metabolism might be a drug target for psoriasis and related complications, including diabetes mellitus and atherosclerosis. LXJD formula could treat these associated diseases by regulating the altered metabolism.
Finally, we utilized an IMQ-induced psoriasis-like mouse model to validate the predicted targets and mechanisms of LXJD formula. In line with the current findings from systems pharmacology, LXJD formula could ameliorate psoriasis lesions, inhibit keratinocytes proliferation, improve keratinocytes differentiation, and suppress the infiltration of CD3+ T cells in an IMQ-induced psoriasis-like mouse model. This therapeutic effect was mediated by inhibiting the MAPK, PI3K/AKT, and NF-қB signaling pathways and reducing the subsequent release of inflammatory cytokines.
CONCLUSION AND LIMITATION
In conclusion, our systems pharmacological network identified active compounds and potential target proteins and elucidated the pharmacological mechanism of LXJD formula for the treatment of psoriasis and related diseases. These targets have been validated by our in vivo experiments. The metabolic changes associated with LXJD formula treatment adequately complemented the interaction between the Chinese herbal compounds and body metabolism, thereby revealing the underlying mechanism. These studies provided convincing evidence and a biological basis for LXJD formula in the treatment of psoriasis, contributing to its clinical application and generalization.
Certainly, there are still some limitations in our study. Even though LXJD formula has been proven as a safe treatment for psoriasis (Sun et al., 2020) and been used widely in China for decades, it still cause concerns about its toxicity due to different sources of herbs and different types of concoctions. In this animal study, no significant impact on body weight was found after LXJD formula treatment (data not shown). Nonetheless, further toxicity/safety evaluation studies need to be done in future. Components of Chinese herbal medicine are complicated, it is not clarified whether there are new intermediate metabolites or side effects caused by the interaction between compounds. We were not able to validate all of the 144 compounds in this formula by UPLC-MS analysis. Besides, a new intermediate metabolite might have an effect on psoriasis in a pre-clinical in vivo psoriasis model and/or human trial testing as well. We investigated the whole formula effect on a psoriasis-like animal model and corresponding predicted targets, but the effect of individual compounds on corresponding predicted targets remains unclear. Despite these potentially interesting associations, cautious interpretation and further validation tests are warranted.
Although further validation tests will be required to support deep assessments, the current study combining systems pharmacology, metabolomics, and experiment evaluation illustrated the correlation among active compounds, targets, and metabolism, contributing to the understanding of the mechanism of LXJD formula in the treatment of psoriasis.
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It has been reported that Celtis sinensis Pers. is employed as a folk medicine for the treatment of inflammatory diseases. But the mechanism supporting its use as anti-inflammatory remains unclear. To investigate the anti-inflammatory of Celtis sinensis Pers. ICR mice were provided Celtis sinensis Pers. leaf extract (CLE) at 100, 200 mg/kg after ginkgolic acids (GA) sensitization. Our data showed that CLE and the main flavonoid isovitexin in CLE could ameliorate GA-induced contact dermatitis in mice. Ear swelling, inflammatory cell infiltration and splenomegaly were inhibited significantly by isovitexin, while the weight loss of mice in the isovitexin-treated group was much better than that in the dexamethasone-treated group (positive control drug). It has been reported in previous research that GA-induced inflammation is closely related to the T cell response. Therefore, T cells were the focus of the anti-inflammatory effect of isovitexin in this paper. The in vivo results showed that isovitexin (10, 20 mg/kg) inhibited the expression of proinflammatory cytokines (TNF-α, IFN-γ, IL-2 and IL-17A) in lymph nodes, inhibited the secretion of cytokines into the serum from mice with contact dermatitis and promoted the expression of apoptosis-related proteins. In vitro, isovitexin also induced apoptosis and inhibited proinflammatory cytokine expression in Con A-activated T cells. Further study showed that the MAPK and STAT signaling pathways and the phosphorylation of SHP2 were inhibited by isovitexin. Both molecular docking and biological experiments indicated that SHP2 may be an anti-inflammatory target of isovitexin in T cells. Taken together, isovitexin can serve as a potential natural agent for the treatment or prevention of GA-induced inflammatory problems.
Keywords: isovitexin, ginkgolic acids, dermatitis, inflammation, SHP2, Celtis sinensis Pers. leaf
INTRODUCTION
Ginkgo seeds has been used as a nutritious food for thousands of years, and a variety of medicinal effects have been attributed to the ginkgo seeds. The main active pharmaceutical ingredients in Ginkgo biloba include oxyglycoside flavonoids, terpene trilactones, proanthocyanidins and so on (Zhou et al., 2018; Omidkhoda et al., 2019). However, food poisoning by Ginkgo seeds has been reported in Japan and China, which presents as frequent vomiting and generalized convulsions (Miwa et al., 2001). Ginkgolic acids (GA), the alkylphenol constituents in ginkgo seeds, have been considered one of the potential toxic components in Ginkgo biloba. The functional disorders are probably due to GA (Qian et al., 2017). It has also been reported that contact allergic dermatitis (ACD) can be induced by ginkgolic acids when people contact ginkgo leaf during the picking of Ginkgo seeds (Hotta et al., 2013; Mei et al., 2017). Ginkgo biloba leaf exhibit useful applications in health, food and dietary supplements but are also controversial in the application of some aspects because of the existence of GA. Under some conditions, GA can be separated by organic solvent extraction or column chromatography (Van Beek and Montoro, 2009). However, for raw material products such as Ginkgo seeds and ginkgo tea, the GA removal process cannot be performed (Fransen et al., 2010; Fang et al., 2019). Other methods, such as detoxification by compatibility, need to be taken to solve the GA-caused toxicity problems in the application of Ginkgo seeds and ginkgo tea.
GA, a derivative of alkyl-substituted salicylic acid, is similar to the chemical structure of urushiol and differs by carbon number and unsaturation, classified as C13:0, C15:1, C15:0, and C17:1 (Wang et al., 2014). Allergies were caused by paint occur frequently in our daily lives. As an allergen from paint, urushiol can cause intense, persistent itch, skin rashes and a burning sensation in severe cases (Boelman, 2010). The clinical manifestations of GA-induced ACD are similar to urushiol-induced ACD, followed by the appearance of erythematous edematous plaques and papulovesicles accompanied by intense pruritus on the forearms in severe cases (Han et al., 2016). These inflammatory reactions can lead to a series of problems, such as skin injury, immune liver injury, gastrointestinal inflammatory injury and so on. With an important role in the immune response, T cells appear to proliferate and differentiate. However, overdeveloped T cells are associated with cutaneous allergic and inflammatory responses, which exacerbate skin inflammation, tissue injury and other immunopathies. In a previous study, reports suggested that the mechanism of GA-induced ACD may be consistent with urushiol-induced ACD. Numerous experimental animal models have validated GA as a hapten with the ability to activate T cells against innocuous or autoantigens and induce type IV allergic reactions (Ude et al., 2013). A study has shown that T cells in rats sensitized with GA are differentiated into CD4+ T cells, suggesting that GA may act as an allergen to enhance body sensitivity, induce T cell division and proliferation and enhance the cellular immune response.
Celtis sinensis Pers. has been used as a traditional herbal remedy for thousands of years in China. It uses to treat urushiol-induced dermatitis. There is a folk tale, from the Maolan karst forest, that if someone contacted poison ivy inadvertently, he could be treated by putting the leaf of Celtis sinensis Pers. into his mouth. Isovitexin, the most abundant flavonoid in the leaf of Celtis sinensis (Zehrmann et al., 2010), is a widely found natural carbon glycoside flavonoid. Isovitexin has various pharmacological activities, such as antineoplastic (Cao et al., 2019), antioxidant (Liu et al., 2020a), and neurological protective effects (Liu et al., 2020b). This compound has also shown anti-inflammatory efficacy against human diseases (Fransen et al., 2010; Fang et al., 2019). It has been reported that isovitexin inhibits the MAPK and NF-κB pathways in macrophages in acute lung injury (Fransen et al., 2010; Fang et al., 2019). In lymphocytes, a number of ACD-associated cytokines are dependent on JAK-STAT signaling, and antigen presentation is dependent on MAPK signaling for the effects on cellular transcription and activation. In this study, a contact-hypersensitivity mouse model induced by GA was established to reveal the mechanisms underlying the anti-inflammatory effect of isovitexin. In summary, this study provides supporting data for isovitexin ameliorating GA-induced allergic contact dermatitis.
MATERIALS AND METHODS
Reagents
Isovitexin (CAS No. 38953-85-4, purity: 98.01%) was obtained from Mansite Biotechnology, Chengdu, China) was dissolved in 100% DMSO at a concentration of 100 mM as a stock solution and diluted test concentration with culture medium before each experiment. The concentration of final DMSO did not extend 0.1% throughout the trail. Ginkgolic acids were purchased from Jingzhu Medical Technology (Nanjing, China). The Annexin V-FITC/PI apoptosis kit and ELISA kits for murine (TNF-α, IFN-γ, IL-2, IL-17A) were purchased from MultiSciences (Lianke) Biotech Co., Ltd. (Hangzhou, China). SHP099, the SHP2 inhibitor, purchased from Selleckchem. Concanavalin A (Con A), MTT, Freund’s Adjuvant Complete (FAC) and Dexamethasone (Dex) were purchased from Sigma-Aldrich (St Louis, MO). Antibodies against phospho-STAT3 (Tyr705), phospho-AKT (Ser473), Anti-ERK, phospho-P38 (Thr180/Tyr182), phospho-JNK (Thr183/Tyr185), phospho-ERK1/2 (Thr 202/Tyr 204), Caspase-3, Caspase-8, Cleaved Caspase-3 (Asp175), Cleaved Caspase-8 (Asp387), Cleaved PARP (Asp214) were purchased from Cell Signal Technology (Beverly, MA). Antibodies against phospho-SHP2 (Tyr 542) was purchased from Abcam (Cambridge, United Kingdom). Anti-β-actin, Anti-AKT, Anti-PARP, Anti-P38, Anti-JNK, Anti-AKT, Anti-STAT6 was purchased from Proteintech Group (Wuhan, China). Anti-STAT3, Anti-SHP2 was purchased from Santa cruz Biotechnology.
Animal
Female ICR mice and BALB/c mice, 18–23 g, 6–8 weeks old, were obtained from the Experimental Animal Center of Yangzhou University (Yangzhou, China). The mice were maintained in plastic cages with free access to eat food and drink water, temperature kept at 21 ± 2°C and kept on a 12 h light/dark cycle. Animal welfare and experimental procedures were subjected to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, United States), and the study protocol was approved by the Animal Care and Protection Committee of Nanjing University-Gulou Hospital (SYXK 2004-0013). The authors confirmed that all animals received human care and all animal experiments were performed in accordance with the relevant guidelines and regulations. All the authors complied with the ARRIVE guidelines experiments.
Experimental design for GA-induced contact hypersensitivity is shown in Figure 1A. On the first day (day 0), female ICR mice were sensitized with FAC emulsified GA (GA/FAC, 1 mg/ml, 100 μl) in the right flank by subcutaneous injection. On Day 6 and day 13, mice were sensitized with FAC emulsified GA (GA/FAC, 1 mg/ml, 200 μl) in the back by subcutaneous injection of multipoints. On the last day (day 20), mice were challenged on their left ears with GA/FAC (10 mg/ml, 30 μl). 24 h after the challenge, the ear thickness was measured with a digimatic micrometer. Ears’ swelling was evaluated by the thickness difference between the left and right. Mice in normal group were normally sensitized with FAC and challenged with olive oil without GA. CLE (100, 200 mg/kg, intragastrically) or isovitexin (10, 20 mg/kg, intraperitoneally) or dexamethasone (0.5 mg/kg, intraperitoneally) was administered once a day from day 6 to day 20. Mice in the normal group and model group were given saline as control.
[image: Figure 1]FIGURE 1 | Isovitexin decreases the susceptibility of GA-induced contact dermatitis in mice. In the mouse model of GA-induced contact dermatitis, mice were given isovitexin, a main flavonoid compound from CEL, at 10 and 20 mg/kg respectively. (A) Chemical structural of isovitexin. (B) The ear swelling was measured at day 20. (C) Spleen weight was measured at day 20. (D) The body weight changes of mice in different groups. (E) Hematoxylin and eosin stain (original magnification ×200) of ear tissue sections. Bars, 100 µm. (F) Ear histological scoring. IsoV, isovitexin. Data represented means ± SEM of eight mice. ##p < 0.01 vs. vehicle group, *p < 0.05, **p < 0.01 vs. model group.
Cell Culture and Proliferation Assay
T cells, isolated from female Balb/c mice Lymph nodes, were cultured in 96-well plates in 1,640 medium at the density of 5 × 106 cells/well and stimulated with 5 μg/ml of Con A for 48 h under a humidified 5% (v/v) CO2 atmosphere at 37°C. MTT with concentration of 4 mg/ml dissolves in PBS, 20 μl of MTT was added in each well 4 h before the end of incubation. Then culture media was removed and 200 μl DMSO was added to dissolve the crystals. Measuring the absorbance value at 540 nm.
Plant Material Extraction of Celtis Leaf
The plant name, Celtis sinensis Pers., were confirmed with the Medicinal Plant Names Services (http://mpns.kew.org). Celtis leaves were collected from Guizhou, China, and were authenticated as C. sinensis based on the morphological characteristics by the international Cultivar Registration Center (Nanjing Forestry University). A voucher specimen (voucher number GZCS200503) of this plant was deposited at 2,304 laboratory, college of chemical engineering, Nanjing Forestry University, China.
The method of extraction followed with few modifications as described by Lee et al. (2018). The air-dried leaf of Celtis sinensis (5 kg) were ground in a cutting mill and soaked with ethyl alcohol (25L′3, for 1.5 h each) at 70°C. After the crude extract was dried under reduced pressure, a crude dark green residue was suspended in water with freeze-dried preservation.
Quantitative RT-PCR
Total RNA was extracted from popliteal fossa lymph nodes and reverse transcribed to cDNA. Quantitative PCR was performed with the ABI Prism 7,000 sequence detection system (Applied Biosystems, Foster City, CA)using SYBR Green I dye (Biotium, Inc.) Threshold cycle numbers were obtained using ABI Prism 7000 SDS software version 1.0. PCR cycling conditions were as follows: one cycle of 94 8C for 5 min followed by 40 cycles of 94 8C for 30 s, 58 8C for 30 s, and 72 8C for 45 s. The primer sequences used were as follows:
tnf-α forward 5′-CCC​TCA​CAC​TCA​GAT​CAT​CTT​CT-3′,
tnf-α reverse 5′-GCT​ACG​ACG​TGG​GCT​ACA​G-3′;
ifn-γ forward 5′-GCC​ACG​GCA​CAG​TCA​TTG​A-3′,
ifn-γ reverse 5′-TGC​TGA​TGG​CCT​GAT​TGT​CTT-3′;
il-2 forward 5′-GTG​CTC​CTT​GTC​AAC​AGC​G-3′,
il-2 reverse 5′-GGG​GAG​TTT​CAG​GTT​CCT​GTA-3′;
il-17a forward 5′-TTT​AAC​TCC​CTT​GGC​GCA​AAA-3′,
il-17a reverse 5′-CTT​TCC​CTC​CGC​ATT​GAC​AC-3′;
β-actin forward 5′-GTG​ACG​TTG​ACA​TCC​GTA​AAG​A-3′,
β-actin reverse 5′-GCC​GGA​CTC​ATC​GTA​CTC​C-3′.
Relative message RNA (mRNA) expression was calculated as a ratio to actin.
Cytokine Assay
Cytokine levels were measured using ELISA kits from MultiSciences (Lianke) Biotech Co., Ltd. (Hangzhou, China) according to the manufacturer’s instructions.
Western Blot Analysis
Cells isolated from lymph node were cultured in 6-well plates at a density of 1 × 107 cells/well in RPMI1640 medium and stimulated with Con A (5 μg/ml). Proteins lyzed from cultured cells were separated by SDS-PAGE and electrophoreticically transferred onto PVDF membranes (Millipore, Bedford, MA). After treatment with blocking buffer in 5% BSA at RT for 1 h, membranes were incubated with primary antibodies at 4°C overnight, and the secondary antibody incubation at RT for 2 h. Antibody reactivity was detected by using ECL luminescence reagent (Tanon, Shanghai).
Histological Analysis
The 5 mm thickness of ear sections were obtained by formalin-fixed, paraffin-embedded and stained with hematoxylin and eosin. Histological parameter was following as described before (Omidkhoda et al., 2019): the level of leukocyte infiltration and vascular congestion (Zhou et al., 2018); the erosion and anabrosis of epidermal cells (Miwa et al., 2001); affection of the other side of the ears (Luo et al., 2011). We scored each of the histological assessment on a scale of 1–4 and the higher score means more serious inflammation.
Molecular Docking Analysis
The molecular docking analysis was conducted in Maestro v11.1 (Schrödinger, LLC) by the default protocols (Wang et al., 2020). We prepared the ligand isovitexin and SHP2 protein (Protein Data Bank ID:3o5x). The docking grid was generated based on the position of the tyrosine phosphatase SHP2 with the default protocol. Subsequently, glide docking was performed and induce-fit docking was conducted based on the results of glide docking.
Statistical Analysis
All Data were represented means ± SEM from triplicate experiments performed in a parallel manner. Data were statistically compared and one-way analysis of variance ANOVA followed by Dunnett’s test between the vehicle group and multiple dose groups (Szczepanski et al., 2020). The level of significance was set at p < 0.05.
RESULTS
Celtis sinensis Leaf Extract Protects Mice From Allergic Contact Dermatitis
Celtis sinensis is employed as a folk medicine for treating inflammation, skin infections and other diseases (Rojas-Bedolla et al., 2018). To study the possibility of using Celtis sinensis to treat inflammation in GA-induced allergic contact dermatitis, a mouse model of GA-induced hypersensitive contact dermatitis was established. We stimulated the popliteal lymph nodes and the left ear of ICR mice by GA (Figure 1A). Mice challenged by GA displayed definite inflammation, as indicated by splenomegaly and ear swelling, compared with the vehicle group.
Celtis sinensis leaf extract (investigational ingredient, CLE) and dexamethasone (positive control drug, Dex) were used to treat the degree of ear swelling. Notably, mice that received CLE exhibited significantly reduced susceptibility to GA-induced allergic contact dermatitis, as shown by the milder splenomegaly and ear swelling compared with the model group (Figures 1B,C). Indeed, CLE did not decrease the body weight of mice, but it appeared in mice that received dexamethasone (Figure 1D). Histopathologically, mice that received CLE displayed significantly alleviated leukocyte infiltration, epidermal anabrosis and affection damage compared with the vehicle group (Figures 1E,F). Collectively, intragastric instillation of CLE confers protection from GA-induced allergic contact dermatitis in ICR mice.
Isovitexin, the Main Flavonoid in the Leaf of Celtis sinensis, Ameliorates GA-Induced Allergic Contact Dermatitis in Mice
Since isovitexin (chemical structure is shown in Figure 2A) is the predominant flavone of Celtis sinensis (Ota et al., 2017), we further examined the possible role of isovitexin in dermal inflammation. Mice that received isovitexin exhibited ameliorative ear swelling and splenomegaly compared with the model group (Figures 2B,C). Meanwhile, consistent with the CLE experiments, isovitexin did not show body weight loss, suggesting that compared with dexamethasone, isovitexin displayed significant anti-inflammatory function without serious side effects (Figure 2D). Histopathologically, mice that received isovitexin displayed directly reduced leukocyte chemotaxis and ameliorated proinflammatory cytokine release (Figures 2E,F). Therefore, isovitexin, a natural flavone, exerts immunosuppressive effects in GA-induced allergic contact dermatitis.
[image: Figure 2]FIGURE 2 | Celtis sinensis leaf Extract (CLE) ameliorates ginkgolic acids (GA)-induced contact dermatitis in mice. (A) The mouse model of GA-induced contact dermatitis, drugs were administered once a day from day 6 to day 20. (B) The mice were given CLE at 100 and 200 mg/kg respectively, and the ear swelling was measured 24 h after challenge at day 20. (C) Spleen weight was measured at day 20. (D) The body weight changes of mice in different groups. (E) Hematoxylin and eosin stain (original magnification ×200) of ear tissue sections. Bars, 100 µm. (F) Ear histological scoring. Data represent means ± SEM of eight mice. ##p < 0.01 vs. vehicle group, *p < 0.05, **p < 0.01 vs. model group.
Isovitexin Inhibits T Cell-Mediated Inflammation in Mice With GA-Induced Allergic Contact Dermatitis
Stimulation with GA also exacerbated the release of inflammatory cytokines (TNF-α, IFN-γ, IL-2, and IL-17A) in serum. The upregulation of these T cell-specific cytokines indicates that GA-induced allergic contact dermatitis mainly triggers inflammatory activation of T cells rather than macrophage-mediated innate inflammation. Anti-inflammatory effects of isovitexin were presumably attributed to a decrease in T cell-specific cytokines in serum (Figure 3A). We then evaluated the mRNA level of T cell-associated cytokines in popliteal lymph nodes. Compared with inflamed dermatitis mice, the contents of tnf-α, ifn-γ, il-2, and il-17a were significantly lower in mice that received isovitexin (Figures 3B,C). Moreover, we observed that proapoptotic proteins (cleaved caspase-3 and cleaved PARP) were activated and that proliferation proteins (phosphor-AKT and phospho-ERK1/2) were inhibited in isovitexin-treated T cells from allergic mice (Figures 3D,E). Taken together, these data clearly demonstrate that isovitexin may inhibit T cell-mediated inflammatory responses in dermatitis.
[image: Figure 3]FIGURE 3 | Isovitexin inhibits the expression of pro-inflammatory cytokines in lymph nodes and serum from mice with contact dermatitis and promotes the expression of apoptosis-related proteins. In the mouse model of GA-induced contact dermatitis, (A) the effect of isovitexin on the levels of pro-inflammatory cytokines in the serum was determined by ELISA. Data are representative of three independent experiments; (B,C) the effect of isovitexin on the inflammatory cytokines mRNA expression in lymph nodes was measured by RT-PCR, and the relative band density was analyzed using ImageJ; (D,E) the lymph node cells were harvested and lyzed, and the effect of isovitexin on the protein levels of p-AKT, Cleaved PARP, Cleaved Caspase-3, p-ERK1/2 were analyzed by western blotting, and the relative band density was analyzed using ImageJ. The grouping of gels were cropped from different parts of the different gels. Data represented means ± SEM of three independent time. ##p < 0.01 vs. vehicle group, *p < 0.05, **p < 0.01 vs. model group.
Isovitexin Inhibits the Proliferation and Promotes Apoptosis of Con A-Activated T Cells in vitro
The above findings prompted us to suppose that isovitexin diminished T cell proinflammatory activities in response to GA stimulation. Furthermore, we used Con A-activated T cells to explore the mechanisms underlying the antagonizing effects of isovitexin on metabolic disorders. Con A is a plant lectin that induces the mitogenic activity of T lymphocytes and increases the production of inflammatory cytokines such as IL-2, TNF-α and IFN-γ (Shinohara and Tsukimoto, 2017). The MTT assay was used to assess cell viability. As showing in Figure 4B, Con A (5 μg/ml) strongly promoted T cell proliferation. In addition, cell culture with the addition of 0–100 μM isovitexin was not toxic to naïve T cells, but it inhibited the proliferation of Con A-activated T cells (Figures 4A,B). On the other hand, isovitexin triggered apoptosis of Con A-activated T cells, as analyzed by the Annexin V/PI staining assay (Figure 4C). The percentages of early apoptotic T cells significantly increased with different doses of isovitexin after 24 h of incubation. To define the pathway of apoptosis, western blotting was used to analyze the cleavage of poly (ADP-ribose) polymerase (PARP) and caspase. Strong cleavage of PARP together with activation of caspase-3 and -8 were observed in the Con A-activated T cells treated with isovitexin, which is consistent with the results of animal experiments (Figures 4D,E). These observations indicate that isovitexin inhibits the proliferation of Con A-activated T cells by promoting apoptosis.
[image: Figure 4]FIGURE 4 | Isovitexin induces the apoptosis of Con A-activated T cells. (A) Con A-activated T cells were treated with different concentrations of isovitexin for 48 h, and the cell survival was determined by MTT assay. (B) T cells were treated with different concentrations of isovitexin for 24 h, and the cell survival was determined by MTT assay. Cells incubated without Con A and isovitexin were used as control. Con A-activated T cells were seeded in 12-well plates and incubated with 0, 10, 30 and 100 μM isovitexin for 24 h. (C) Cells were stained with Annexin V and PI, and the apoptosis of the cells was determined by flow cytometry assay of Annexin V/PI staining. Annexin V positive cells of three independent experiments were shown in column statistics. (D,E) Cells treated with different concentrations of isovitexin were harvested and lyzed. The protein levels of p-AKT, Cleaved caspase-3, Cleaved caspase-8, Cleaved PARP in T cells were measured by western blotting, and the relative band density was analyzed using ImageJ. The grouping of gels were cropped from different parts of the different gels. Data represented mean ± SEM of three independent experiments. ##p < 0.01 vs. Blank group, *p < 0.05, **p < 0.01 vs. control (Con A-activated T cells).
Isovitexin Inhibits the Production of Proinflammatory Cytokines in Con A-Activated T Cells
Numerous apoptotic cells have been shown to inhibit proinflammatory cytokine production, preventing chronic inflammation (Voll et al., 1997). For this claim, we examined whether isovitexin is linked with the production of proinflammatory cytokines, including TNF-α, IFN-γ, IL-2 and IL-17A. ELISA was performed to measure the release of cytokines in the culture supernatant, and RT-PCR was carried out to measure the expression of these cytokines from Con A–activated T cells (Figures 5A–C). Interestingly, at a concentration of 100 μM, isovitexin significantly reduced the levels of proinflammatory cytokines (TNF-α, IFN-γ, IL-2 and IL-17A) at both the mRNA and protein levels.
[image: Figure 5]FIGURE 5 | Isovitexin inhibits T cells proinflammatory cytokines production in activated mouse T cells. Con A-activated T cells were treated with different concentrations of isovitexin for 24 h; (A) Proinflammatory cytokines, in culture supernatants of the indicated groups, were determined by ELISA; (B,C) Relative tnf-α, ifn-γ, il-2, il-17a mRNA level was determined by Q-PCR (B) and RT-PCR (C). Data are mean ± SEM and are representative of at least three independent experiments. Significant differences are expressed as ##p < 0.01 vs. Blank group, *p < 0.05, **p < 0.01 vs. control (Con A-activated T cells).
The MAPK and STAT Signaling Pathways are Regulated by Isovitexin in Con A-Activated T Cells
The MAPK and STAT signaling pathways govern the expression of most proinflammatory genes (Huang et al., 2010; Villarino et al., 2017). To understand how isovitexin modulates inflammatory responses in T cells, we examined the relationship between isovitexin and these pathways. Mechanistically, T cells treated with 100 μM isovitexin exhibited markedly reduced phosphorylation of proteins such as P38, JNK, and ERK1/2 in Con A-induced T cells, which are the central kinases in the MAPK signaling pathway that cause inflammation. On the other hand, isovitexin dose-dependently decreased the level of IκB phosphorylation. The kinase is activated by a highly diverse group of extracellular signals, including inflammatory cytokines, growth factors, and chemokines. Unexpectedly, isovitexin did not affect the expression of p65 in whole cell lysate, and whether p65 is in the core needs to be further proven. Western blotting was also used to explore whether isovitexin decreased the phosphorylation of STAT3, STAT6, and SHP2, which play important roles in the proliferation and differentiation of T cells. Thus, isovitexin serves as a negative regulator of the MAPK and STAT signaling pathways (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Isovitexin inhibits MAPK, STAT signaling and decreases the phosphorylated SHP2 level in Con A–activated T cells. (A,B) T cells isolated from the lymph nodes of Balb/c mice were stimulated with 5 μg/ml Con A and various doses of isovitexin for 24 h. The protein levels of p-P38, p-JNK, p-ERK1/2, p-STAT3, p-STAT6, p-SHP2 in T cells were measured by western blotting, and the relative band density was analyzed using ImageJ Data are mean ± SEM and are representative of at least three independent experiments. The grouping of gels were cropped from different parts of the different gels. Significant differences are expressed as *p < 0.05, **p < 0.01 vs. the Con A group. (C,D) The induced fit docking analysis of isovitexin and SHP2 protein (PDB:3o5x). Hydrogen bonds and π-π stacking were indicated with green and pink dot line, respectively.
Molecular Docking Analyses of the Interaction Between Isovitexin and SHP2 Protein
Next, we sought to determine the molecular mechanisms by which isovitexin modulates the MAPK and STAT signaling pathways in Con A-activated T cells. We first tested whether isovitexin might interact with SHP2. The interaction between the SHP2 protein and isovitexin was demonstrated by molecular docking analysis. As shown in the figure, there is a certain intensity of interaction between SHP2 and isovitexin, and the best induced-fit docking score is −5.414 kcal/mol, where isovitexin can insert into the active domain of SH2 kinase and interact by hydrogen bonding and π–π interactions (Figure 6C). The docking results suggest that there is obvious π-π conjugation between TYR279, the B ring and the C ring of isovitexin. There may be two hydrogen bond interactions between SHP2 and isovitexin: one formed between the ASN281 residue and 4′-OH on the C ring of isovitexin, and the other formed between GLN and the carbonyl group on the B ring of isovitexin. Indeed, the A ring of isovitexin forms seven kinds of hydrogen bonds with SHP2 with ASP425, LYS366, AGR465, TRP423 and GLY427, which confer stability to the docking conformation (Figure 6D).
The Effects of Isovitexin on Con A-Activated T Cells can be Reversed by the SHP2-Specific Inhibitor SHP099
SHP099, a selective SHP2 inhibitor, binds to protein tyrosine phosphatase domains, inhibiting SHP2 activity through an allosteric mechanism (Pádua et al., 2018). We investigated whether isovitexin suppressed the release of cytokines by regulating SHP2 in Con A-activated T cells, and the effects were examined in SHP099-treated cells. The results showed that the inhibitory effects of isovitexin on T cell proliferation and proinflammatory cytokine production were partially reversed by SHP099 (Figures 7A,B). Moreover, In the SHP099 group, the phosphorylation levels of STAT3 and STAT6 were higher than isovitexin group (Figures 7C,D). The presumed reason is that SHP099 inhibited MAPK signaling pathway, and STAT as a supplementary pathway the phosphorylation level of increased. In summary, our study proved that isovitexin restrains p-SHP2 and controls dermatitis inflammation (Figure 8).
[image: Figure 7]FIGURE 7 | The SHP2-specific inhibitor SHP099 reversed the effects of isovitexin on activated T cells. Con A-activated T cells were treated with 100 μM isovitexin and added with 10 μM SHP2 or not; (A) The levels of proinflammatory cytokines in cell culture supernatants were determined using ELISA kits after 24 h cultivation. (B) Cells were stained with Annexin V and PI, and the apoptosis of the cells was determined by flow cytometry assay of Annexin V/PI staining. Annexin V positive cells of three independent experiments were shown in column statistics. (C,D) Lymph nodes cells were harvested and lyzed and the phosphorylation of STAT3 and STAT6 was evaluated by Western blot. The grouping of blots was cropped from different parts of the same gel. Data are mean ± SEM and are representative of two independent experiments. Significant differences are expressed as ##p < 0.01 vs. Con A group, *p < 0.05, **p < 0.01 vs. the isovitexin group.
[image: Figure 8]FIGURE 8 | Graphical abstract. When contact hypersensitivity occurs, T cells activated produce proinflammation and chemokine. T cells proliferation and differentiation mediated by receptor tyrosine kinases (RTK) activation, and upregulated its downstream SHP2 protein, MAPK signaling, STAT signaling. On the other hand, isovitexin bind to SHP2 inhibits MAPK signaling, STAT signaling and its dependent deactivating programs in T cells, thus decreasing their production of inflammatory cytokines and reducing the severity of dermatitis.
DISCUSSION
Allergic contact dermatitis is a skin disease caused by environmental or occupational allergens. As a general concept of the antigen presentation process in the sensitization phase of ACD, allergens activate innate immunity through keratinocyte release of proinflammatory cytokines and chemokines to recruit T cells. Hapten-specific T cells are guided to inflammatory sites and produce cytokines, such as TNF-α, IFN-γ and IL-17A. In turn, these cytokines then stimulate skin-resident cells, which lead to further recruitment of T cells and induce an inflammatory cascade (Honda et al., 2013; Leonard and Guttman-Yassky, 2019). Indeed, dysregulation of the skin immune system occurs in nearly all ACD cases, which highlights the importance of appropriate immune regulation in preventing ACD. However, studies of contact-hypersensitivity mouse models have mostly used synthetic experimental allergens, such as DNFB. Different allergens cause widely divergent immune responses, resulting in the eventual failure of the therapeutic strategies for ACD. We therefore optimized a mouse model of GA-induced ACD to identify inflammation and ear swelling. We identified a critical role of proinflammatory cytokines such as TNF-α, IFN-γ, IL-2 and IL-17A in skin inflammation in this model (Figures 3A,B) and revealed that these cytokines may be regulated by SHP2 in vitro (Figure 6A).
As an environmental allergen, GA-induced ACD is usually treated with NSAIDs or immunosuppressive drugs, and long-term use may result in serious side effects, including effects on the gastrointestinal tract and infection susceptibility (Rosa et al., 2016). In this context, new pharmacological strategies are being sought, such as resolution of inflammation with fewer side effects. In the present study, we have provided proof that CLE, especially isovitexin, may dampen proinflammatory signaling and the clearance of proinflammatory mediators to attenuate inflammation. In conclusion, isovitexin acts as an inflammatory inhibitor to ameliorate GA-induced ACD (Figures 1, 2).
Isovitexin is the most abundant flavone in the leaf of Celtis sinensis. It has anti-inflammatory pharmacological properties. In a previous study, isovitexin attenuated the LPS-induced phosphorylation of all three MAPKs, reduced NF-κB activation and promoted M2 polarization in macrophages (Lv et al., 2016; Liu et al., 2019). However, few studies targeting the anti-inflammatory effects of T lymphocytes by isovitexin treatment have been reported. To reveal the regulatory effects of isovitexin on ACD, which is characterized by the Th1 response (Owen et al., 2018), we used T cells from mouse lymph node cells under Con A stimulation. In this study, we found that isovitexin dose-dependently upregulated apoptosis and suppressed the cytokines TNF-α, IFN-γ, IL-2 and IL-17A (Figure 5). This result is consistent with animal experiments, indicating that isovitexin exerts an immunomodulatory effect when facing an inflammatory challenge.
To further reveal the underlying mechanisms of isovitexin on T cell apoptosis and signaling pathways. We further examined the effects of isovitexin on cleaved caspase-3, cleaved caspase-8, MAPK signaling and STAT signaling in activated T cells. In this study, we have provided several lines of evidence that suggest that cleaved caspase-3 and cleaved caspase-8 are significantly enhanced by isovitexin treatment in a dose-dependent manner (Figure 4). These cleaved proteins lead to increasing apoptosis. MAPK signaling and STAT signaling, along with countless studies linking to inflammatory pathologies, provide the rationale for applying potent inhibitors in the treatment of immune-system-mediated diseases (Villarino et al., 2017; Yahfoufi et al., 2018). Our research result is somewhat consistent with a previous report in which isovitexin normalized the phosphorylation of all three MAPKs and the STAT signaling pathway. In addition, isovitexin dampens proinflammatory signaling and promotes the resolution of inflammation (Figure 6).
SHP2, a nonreceptor protein tyrosine phosphatase, was the first reported oncogenic tyrosine phosphatase and has attracted much attention. The function of SHP2 was reported to regulate cell survival and proliferation primarily through activation of the RAS-ERK signaling pathway and to mediate the immune checkpoint pathways (Chen et al., 2016). Moreover, SHP2 is an important mediator in lupus erythematosus, ERK/MAPK signaling normalization and reduced production of IFN-γ and IL-17a cytokines involved in inflammation can occur by directly inhibiting SHP2 (Wang et al., 2016). Meanwhile, SHP2 is required for full activation of the JAK/STAT pathway, a major signaling cascade in inflammation (Frankson et al., 2017). SHP2 has been characterized as a positive regulator of JAK2/STAT3 signaling in rheumatoid arthritis diseases (Ganesan and Rasool, 2017). Here, molecular docking showed that isovitexin may bind to the PTP domain with hydrogen bonding and π–π interactions (Figure 6B). Western blotting experiments suggested that isovitexin normalized Src-homology two domain-containing phosphatase tyrosine (Y542) phosphatase, which upregulates phosphatase activity (Jiang et al., 2019). Indeed, downregulated SHP2 reduces the downstream MAPK and STAT signaling pathways, which decreases the level of proinflammatory cytokine release and ameliorates ACD. It also prevents the T cell-decreased MAPK signaling, which would cause autoreactivity and autoimmunity (Gorelik et al., 2007). In summary, isovitexin blockade of SHP2 may be a novel and effective therapy for the treatment of patients with GA-induced ACD.
SHP099, an inhibitor that binds to the allosteric site of SHP2 and stabilizes the closed form of SHP2 by interacting with the N-SH2 and PTP domains, has been used to provide several lines of evidence, which suggested functional expression and a physiological signaling role of SHP2 in Con A-active T cells. First, the Annexin V/PI staining results showed that T cells treated with isovitexin and SHP099 had an increased proportion of living cells vs. the isovitexin group alone (Figure 7B). These results indicated that isovitexin promotes T lymphocyte apoptosis by downregulating SHP2 activation. Moreover, SHP099 also reversed the inhibitory effects of isovitexin on MAPK and STAT signaling (Figure 7C). Our results indicate that isovitexin exerts SHP2-dependent inhibitory effects in Con A-activated T cells.
In summary, our study demonstrates that isovitexin from Celtis sinensis is a potential therapeutic agent against GA-induced allergic contact dermatitis. The MAPK and STAT signaling pathways can be regulated by isovitexin, and SHP2 may be a potential anti-inflammatory target of isovitexin in T cells. Isovitexin can be used to solve anti-inflammatory problems induced by GA.
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st Cortisone 1.025 360.1936 4487 0018 0268
S2 L-Urobilinogen 111 596.3528 7711 0.009 -0.854
s3 PA[15:1(92)/22:4(7Z,102,13Z,162)] 1.187 708.4561 3832 0.005 0229
S4 PC[18:0/18:4(62,92,12Z,152)] 1.122 781.5589 10.116 0.008 0.899
S5 PC[18:1(92)/4:0) 1.075 591.3074 7.707 0012 ~0672
s6 PCI20:0/14:1(9Z)) 1.070 7595765 11.080 0013 0486
s7 PC20:4(82,112,14Z,172)/18:3(62.92,122)) 1.103 8035414 10.122 0010 1.014
S8 PG[12:0/20:5(52,82,112,142,172)] 1.031 712.4401 8479 0.017 -0.701
s9 PGIP-18:0/20:4(52.82,11Z,142)) 1.159 7825629 10,828 0.006 0650
S10 Phenylactic acid 1.087 166.0626 4.306 0016 0633
S11 Traumatic acid 1.145 228.1364 6.101 0.007 -0.489
s12 16-hydroxy hexadecanoic acid 1.015 272.2349 7.480 0.019 -0.424
S13 4-hydroxybutanoic acid 1.106 104.0476 1624 0010 0694
St4 L-gamma-glutamyl-L-isoleucine 1.004 258.1369 5235 0021 -0758
S15 MG[0:0/16:1(92)0:0] 1.133 328.2605 11.324 0008 -0576
S16 PA[20:4(5,82,11Z,142)/18:4(62,92,12Z,152)] 1.043 716.4334 8207 0016 -0.756
S17 PG[20:3(8Z,112,142)/20:0) 1.030 828.5686 11.208 0017 0481
s18 PS[21:0/18:3(62,92,127) 1.048 827.5646 1112 0015 0508

Potential metabolites are charactenized in the serum profie and their altered trendis i diferent groups. Fold-change (B/A) represents the changing trend before and after LXJD formula
treatment based on log 2 (B/A).
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Days Con

1 100.75 + 0.99
7 127.25 + 1.56
14 196.50 + 1.58
21 239.38 + 2.32
28 288.25 + 3.10

BO

0.1 g/em?

100.63 + 1.65
132,25 + 2.44
200.88 + 4.10
25113+ 6.24
300.50 + 8.42

0.2 g/cm?

102.63 + 1.09
131.13 + 1.88
207.88 + 3.73
261.13 + 4.78
310.38 + 5.16

0.4 g/cm?

103.63 + 1.83
135.25 + 3.50
199.88 + 5.35
252.00 + 4.52
302.38 + 6.00

Con: canola oil and BO: bum ointment. The data are expressed as the mean + SEM

(n = 10), compared with the Con grot

"0 < 0.05, *'p < 0.01.
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Organs

Heart
Liver
Spleen
Lungs
Kidney L.
Kidney R
Testes L
Testes R
Thymus

3.38 + 0.02
27.22 + 0.67
207 +0.02
4.19+020
3.45+0.08
351 +0.03
6.65 + 0.17
6.67 + 0.19
1.64 + 0.01

BO
0.1 g/em? 0.2 g/em* 0.4 g/em?®
360£009  365:007  3.66+008
2858229  28.12:04  27.89 + 0.42
194+005  234:009  215:017
427015  893%013 403001
360:004  349:001 369009
372+008  359+008  3.79:009
654:005  626:018 649002
658008  686:001 653008
185£009  171:018 1731006

Con: canola oil and BO: bum ointment. The data are expressed as the mean + SEM

(n = 10), compared with the Con grot

"0 < 0.05, *'p < 0.01.
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Gene ID

11,867
17,970
13,068
17,972
22,324
105,855
17,969
277,360

94,176
171,207
18,707
223,881
23,912
320,207
18,751
15,163
22,376
19,264
16,414
107,321

Gene
name

Arhgdib
Nef2
Cybb
Nef4
Vavi
Nekapil
Neft
Prext

Dock2
Arhgap4
Pikcd
Rnd1
Rhof
Pik3r5
Prich
Hels1
Was
Piprc
Itgb2
Lpn

Gene definition

Rho, GDP dissociation inhibitor (GDI) beta

Neutrophil cytosolc factor 2

Cytochrome b-245, beta polypepticle

Neutrophil cytosolc factor 4

Vav 1 oncogene

NCK associated protein 1 like

Neutrophil cytosolic factor 1
Phosphatidyiinositol-3,4,5-trisphosphate-dependent rac
exchange factor 1

Dedicator of cyto-kinesis 2

Rho gtpase activating protein 4

Phosphatidylinositol 3-kinase catalytic deita polypeptide
Rho family gpase 1

ras homolog family member F (in filopodia)
Phosphoinositide-3-kinase, regulatory subunit 5, p101
Protein kinase C, beta

Hematopoietic cell specific iyn substrate 1
Wiskott-aldrich syndrome

Protein tyrosine phosphatase, receptor type, C
Integrin beta 2

Leupaxin

Q-VALUE, A Benjamini value (an adjusted p-value).

LOG,|FC|

-1.363,083,474
-1.116,136,949
-1.010,636,235
-1.477,689,282
-1.810,926,467
-1.131,010,001
-1.299,760,797
-1.038,248,484

-1.092,696,865
-1.592,067,061
-1.016,119,488
-1.900,093,986
-1.620,812,138
-1.91,468,164

-1.350,798,593
-1.807,265,374
-1.152,788,414
-1.165,374,311
-2.253,358,932
-1.469,153,083

p-value

9.26E-34
2.99E-14
4.13E-08
B.77E-24
1.18E-37
111E-21
1.81E-21
220619

1.23E-17
8.27E-28
1.31E-14
0.000995
0.000323
9.01E-19
1.38E-27
2.60E-47
2.68E-09
4.22E-14
1.70E-80
6.09E-09

Q-value  Regulation

4.62E-31
2.68E-12
1.15E-06
1.62E-21
8.16E-35
2.37E-19
3.70E-19
3.88E-17

1.67E-15
2.86E-25
1.24E-12
0.007526
0.002942
1.42E-16
4.66E-25
4.68E-44
1.01E-07
3.70E-12
1.02E6-76
2.08E-07

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

Combined-
score

994
991
989
988
987
981
77
967

963
941
909
906
906
821
806
787
772
772
756
751
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Gene ID

Gene
name

Top 20 upregulated genes

66,107 Wide21
432,839 Gprin2
108,151 Semad
16,008 Igfop2
406,220 K77
230613 Skint10
14,622 Gibs
79362 Bhihe4t
73,442 Hspat2a
66,203 Leetm
435,350 Serpinbee
69,117 AdhBa
238,395 Serpinag)
107,585 Diod
11,519 Add2
271,047 Serpinalb
12,411 Cos
68,659 Fam198 b
192,166 Sardh
18,162 Nprd

Top 20 downregulated genes
16,409 Itgam
170677 Cahri
16,414 Itgb2
19,354 Rac2
83,382 Siglece
217,306 Cd300e
73,656 Msdabe

Sprr2a3

100,042,514
83,490 Pik3ap1
15,163 Hls1
23,880 Fyb
72,042 Cotlt
246,256 Fogra
18,173 Sicitat
26,888 Clec4a2
65,221 Slc15a3
14,127 Foerg
244,233 Cd16311
20,525 Sic2at
11,433 Acp5

Gene definition

'WAP four-disulfide core domain 21

G protein reguiated inducer of neurite outgrowth 2

Sema domain, immunoglobuiin domain (g), short basic domain, secreted,
(semaphorin) 3D

Insulin-like growth factor binding protein 2

Keratin 77

Selection and upkeep of intragpithelial T-cells 10

Gap junction protein, beta 5

Basic helix-loop-helix family, member e41

Heat shock protein 12 A

Late comified envelope 1 M

Serine (or cysteine) peptidase inhibitor, clade B, member 6e
Alcohol dehydrogenase 6 A (class V)

Serine (or cysteine) peptidase inhibitor, clade a (alpha-1 antiproteinase, antitrypsin),

member 3J
Deiodinase, iodothyronine type Il

Adducin 2 (beta)

Serine (or oysteine) peptidase inhibitor, clade A, member 3 B
Cystathionine beta-synthase

Family with sequence similarity 198, member B

Sarcosine dehydrogenase

Natriuretic peptide receptor 3

Integrin alpha M
Cadherin-related family member 1

Integrin beta 2

RAS-related C3 botulinum substrate 2

Sialic acid binding ig-iike lectin E

CD300 E molecule

Membrane-spanning 4-domains, subfamiy A, member 6C
Small proline-rich protein 2A3

Phosphoinositide-3-kinase adaptor protein 1
Hematopoietic cel specific yn substrate 1

FYN binding protein

Coactosin-like 1 (dictyostefum)

F receptor, IgG, low affinity IV

Solute carrier family 11 (proton-coupled divalent metal ion transporters), member 1
C-type lectin domain family 4, member a2

Solute carrier family 15, member 3

F receptor, IgE, high affinity 1, gamma polypeptide

CD163 molecule-like 1

Solute carrier family 2 (faciitated glucose transporter), member 1

Acid phosphatase 5, tartrate resistant

Q-VALUE, A Benjamini value (an adjusted p-value).

LOG,IFC|

2.141,861,603
1.969,102,658
1.643,954,426

1.311,271,087
2.889,566,113
1.940,699,804
1.0963,902
1.320,164,851
1.420,015,579
2.169,646,121
3.976,679,949
2.187,395,639
2.590,357,248

1.781,280,765
1.861,512,402
3.973,024,928
1.100,796,697
1.064,341,173
1.064,361,251
1.39,877,771

-2.359,917,295
-3.677,378,859
-2.253,368,932
-2.283,072,327
-2.712,092,471
-2.896,226,408
-1.87,982,465

-4.039,888,592

-1.852,487,496
-1.807,265,374
-1.927,183,842
-1.663,171,219
-2.70,846,219

-1.951,701,945
-1.930,263,987
-2.280,078,606
-1.713,529,716
-2.148,022,202
-1.727,582,584
-1.490,765,474

p-value

1.34E-39
2.22E-30
8.96E-30

4.79E-29
2.87E-27
1.00E-22
1.35E-19
1.48E-19
3.70E-19
6.75E-19
4.75E-18
1.07E-17
1.18E-17

1.45E-17
2.43E-17
7.68E-17
8.20E-17
3.47E-16
5.48E-16
2.50E-15

1.99E-94
1.32E-81
1.70E-80
1.24E-77
6.31E-76
2.08E-73
1.47E-54
1.45E-53

1.62E-52
2.60E-47
5.81E-45
1.30E-44
1.04E-43
3.15E-43
1.02E-41
2.26E-41
2.48E-41
4.31E-41
4.31E-40
6.27E-40

Q-value

1.15E-36
9.20E-28
3.66E-27

1.83E-26
9.37E-25
2.61E-20
2.34E-17
2.54E-17
6.16E-17
1.07E-16
6.83E-16
1.48E-15
1.56E-15

1.95E-15
3.14E-15
9.65E-15
1.02E-14
3.95E-14
6.04E-14
2.59E-13

3.57E-90
1.19E-77
1.02E-76
5.58E-74
2.27E-72
6.24E-70
3.76E-51
3.26E-50

3.23E-49
4.68E-44
9.50E-42
1.94E-41
1.44E-40
4.06E-40
1.22E-38
2.54E-38
2.62E-38
4.31E-38
4.08E-37
5.63E-37
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Con BO
olglem®  02g/em®  04glem?

ALT(UL) 4433111 4500+ 138 4800+ 192 4067 +246
AST (UL)  167.67 +479 191.33+987 15667 +4.13 142.33 + 9.34
Urea 767015  7.57:021  923:017 833005
(mmol/L)

Cr(umoll) 2533146 2433036 2400+084 2233048

ALT: alanine transaminase; AST: aspartate transaminase; Cr, creatinine; Con: canola o,
BO: bum ointment. The data are expressed as the mean + SEM (n = 10), compared with
the Con group; *p < 0.05, *'p < 0.07.
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Con BO

0.1 g/cm? 0.2 g/cm? 0.4 g/cm?
WBC (x1091) 961 +1.18 1045 + 1.44 9.33+1.37 8344021
RBC(x1,0121) 8374013 7.67 +0.27 802023 835 +0.07
HB(g/L) 149.00 + 239 147.67 + 1.74 155.33 + 1.59 160.67 + 1.20
HCT (L) 0.46 + 001 0.46 + 0.00 0.48 + 0.00 050 + 0.00
MCV (iL) 54,60 + 030 59.93 + 155 60.03 + 124 59.50 + 0.65
MCH (pg) 17.80 + 0.14 19.40 + 0.44 19.43 + 0.36 1923 +0.15
MCHC (g/L) 326,00 + 0.84 32333 +1.32 324.00 + 0.55 32333 + 1.80
PLT (x109/L) 1098.67 + 46.97 896.33 + 5198 1184.33 + 18.58 1140.00 + 24.26
PCT (%) 1098.67 + 46.97 896.33 + 5198 1184.33 + 18.58 1140.00 + 24.26
MPV (L) 7.73+008 7.90 + 0.09 7.87 +0.10 7.80 £ 0.06
PDW (i) 830+ 011 847 +0.15 853 +0.08 8.40 +0.08
P-LCR (%) 953+ 043 10.13 + 0.69 10.10 + 0.57 9.70 + 0.46

WBC: leukocyte; RBC: erythrocyte; HB: hemoglobin; HCT: hematocrit value; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular
hemoglobin concentration; PLT: platelet; PCT: procalitonin; MPV: mean platelet volume; PDW: platelet distribution wicith; P-LCR: platelet-larger cell ratio; Con: canola of, BO: bum
ainiment. The data are expressed as the mean + SEM (n = 10}, compared with the Con group; "o < 0.05, *'p < 0.01.
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Ingredient name Amount (g)  Extract () Ingredient name  Amount (g)

Main Ingredient ~ Pinellia terata (Thunb.) Makino 200 1.05 Exciplent  Lactose hydrate 1.490
Ephedra sinica Stapf 1.00 Com starch 1.490
Paconia lactifora Pall. 1.00 Colorant ~ Caramel pigment 0010
Glycyrrhiza uralensis Fisch. 1.00 Fragrance  Ginseng flavor powder ~ 0.010
Cinnamomum cassia (L) J. Pres| 1.00 - - -
Asiasarum heterotropoides var. mandshuricum (Maxim) F. Magk. 1.00 = = =
Zingiver officinale Roscoe 1.00 - - -
Schisandra chinensis (Turcz) Bail. 1.00 - - -

Excipient Lactose hydrate - 082 - . -
Comnstarch = 1.13 — e

Total - - 3.00 Total - 3.00
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Experimental
group (n = 30)

Total participants Sex (M/F) 16/14
Age (years) 2253 + 14.67
Experimental group (n = 15)
Children participants Sex (M/F) 96
Age (years) 10.00 + 1.96

"Values are presented as mean + SD: analyzed by independent t-test.
blalues are presented as mean + SD: analyzed by chi-square test.

Control
Group (n = 30)

921

25.47 + 16.89

Control group (n = 15)
6/9

10.13 £ 240

Total (n = 60)
25/35

24.00 £ 15.75
Total (n = 30)
15/15

10.07 + 2.00

p-value®

0.067°
0476
p-value®
0273
0859
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Car + R — Car'" + R (electron transfer)
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Car + R* — |Car - R" (radical adduct formation)
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Car + R° — Car( - H) + RH (hydrogen atom transfer)
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Disease Xanthone.

Atopic dermatits Xanthene-9-one (1)

a-mangostin (2}

Jmengosiin (3)

Mangiferin (4)

Acne a-mangostin (2}

y-mangostn (3)

p-mangostin (5)

‘Garcioowanone A (6)
Skin cancer and amangostin (2
melanoma

ymangosii (3

Mangiferin (4)

-mangosii (5)
8-deonygartanin (7)

Gambogic adid (8)

Gambogenic acid (9)
33-hydroxyepigambogic acid
(10)

35-hycroxyepigambogic acid
1)

Xanthone V, (12)

Norathyriol (13)
Gentiacauiein (15)
Norswertanin (16)

Psoriasis Mangiterin (4)

Gambogic acid (8)

L. Sl THE: & s el Bk diritones and il inlsnvnaice tlsassssiwsiicnes wid: alils iianelon tibasis

Mechanism of Action

Reduced seru levels of histaminein DNFB-induced mice
Suppressed histarine and TSLP release by PMA-CH-siimulated HMC-1 mast cells
Reduced mANA expression of IL-1B, L6, IL-8, TARC and MDC in mice

Reduced serum levels of IgE

Reduced population of mast cells in skin lesions:

Inhibied phosphoryation of Ba and NF-xB in HaCaT cels

Reduced skin lesions and hyperplasia in DNFB-induced mice

Anti-itching effects by decreasing production of NGF and nerve extensions:

Antagonis of H1 receptors by compeliive inhibiton

Infibied MANA expression of TSLP and IFN-y

Suppressed IgE production by stimulated splenic B cells

Inhibited alergenIgE-induced mest cel actvation

Reduced eosinophil popuiation in skin of NG/Tnd mice by suppressing PIaK recnitng and
activating activy

Inhibited NF-xB and MAPK pathways

Antagorist of H1 receptor

Suppressed IgE production by stimulated splenic B cells

Inhibited alergen-IgE-induced mast cel actvation

Reduced eosinophi popuiation in skin of NG/Tnd e by suppressing PIGK recniing and
activating activy

Reduced serum levels of 1L+, 1L, 1L-13, IL-17A and TNF-a

Increased serum loves of IL-10 and TGF-§

Reduced secreion of IL-15, IL-6 and INOS by RAW264.7 macrophages

Decreased Thd and Th17, and increased Treg sibsets i the spieen

Restored imbalenced Thi/Th2 cel ratio

Reduced inflammatory cell infitration and sosinophi population in the skin

Inhibited phosphorylation of IkB and reduced levels of NF-xB2

Bacteriostatic and bacteriocidal activity on Gram-positive bacteria

Antibacterial activity against P. acnes and . epidermiols

Targeted and disrupted celular membrane integrty, causing rapid loss of ntracellar companents
Inhibited MANA expression of IL-1f, IL-6 and TNF-a in P. acnes-induced HaCaT cells
Inhibited activation of NF-xB and MAPK pathways by suppressing phosphoryation of IkB, p6s,
P38, ERK and JNK

Infibited pase actity of P. acnes

Antibacteria actiity against P. acnes

Inhibitec MANA expression of IL-16, IL-6 and TNF-a in P. acnes-induced HaCa cells
Inhibited activation of NF-8 and MAPK pathways by suppressing phosphonyation of kB, p6s,
P38, ERK and JNK

Inhibied lipase actiy of P. acnes

Antibacterial activty against S. epidermicis

Antibacteria actity against S. epidermidis

Inhibted in vitro cel proiferation, adhesion and invasion of SK-MEL-28, B16-F10 and A375 cells
Inhibied tumor incidence and hyperplasia in DMBA-TPA-induced mice

Increased caspase-3 actity and caused loss of mitochondial membrane potential
Increased expression of Ba, Bad and caspase-3

Downveguiation of Bot-2 and Bal-xL

Induced cell differentiation and aggregation in B16-F10 cells

Anti-metastatic eflect by reducing MMP-1 and MMP-9 acthity

Decreased phosphoryation of PIGK, Akt and TOR proteins

Induced ROS generation

Downreguiated IL-1p, IL-4 and IL-18 in DMBA-TPA-induced skin tumorigeness in rrice
Upreguiated IL-10 in DMBA-TPA-induced skin tumorigenesis in mice.

Ghemoprevention by photoprotective and antioxidative actity

Inhibited in vitro Gell profferation of SK-MEL-28 cells

Induced apoptosis by causing the loss of mitochondiial membrane potential
Chemaprevention by photoprotective and antioxidative actty

Ant-metastatic and anti-angiogenic effect by selectively inhbiting the expression of VEGFR2,
MMP-19 and PGF genes

Selectively infibited NF-8 genes including IL-6, TVF, IFN-y and CCL2

Increased activity of SOD in skin of UVB-iradiated SKH-1 mice

Chemoprevention by photoprotective and antioxidative actty

Chemoprevention by photoprotecive and antioxidative actty

Inhibited in vitro cell prolferation of SK-MEL-28 cells

Induced apoptosis by causing the loss of mitochondrial membrane potental

Inhibited cell profferation and viablty in B16-F10 and A375 cells

Decreased i vivo expression of Akl and A2

Induced apoptosis by increasing Bax/Bal-2 rato and actvation of caspase-3

Moduiated mitochoncrial pBGsh/ROS-pS3/Bax signaling

Modulated miR-199a-3p/2E81 signaling

Ant-metastatic effect by downreguiating ad integrin and fibronectin adhesion

Induced apoptos's via PISK/AKUMTOR signaling pathway

Cytotoxic actiity against SK-MEL-28 cells

Induced cell cycle arrest at S or GZ/M phase

Induced apoptosis by increasing the acthty of caspase-3/7

Oytotoxic actiity against SK-MEL-28 cals

Induced cell cycle arrest at S or G2/M phase

Induced apoptosis by increasing the acthty of caspase-3/7

Incuced cell cycle artest at S phase

Induced apoptos's by increasing activation of caspase-3/7

Inhibted skin carcinogenesis in SKH-1 haiess mice exposed to solar UV

Induced cell cycle arrest at G2/M phase by increasing cycin B1 and phosphorylated Gk 1
Inhibied activation of MAPK and NF-xB cascades by competiively inhibiing ERKZ kinases
Chemaprevention by photoprotection and quenching of excited rboflavin
Chemaprevention by photoprotection and quenching of excited riboflavin

Oytoprotective effects on H0, stressed 3T3 fiorobiast cells

Reduced inflammatory infitrates and MPO activy

Inhibited in vitro keratinocyle proiferation of HaCaT celis

Inhibited activation of NF-xB by suppressing the TNF-a-induced translocation of pe5 into nucleus
Downreguiation of CD3", IL-17 and IL-22

Decreased leukocye recrutment and accumulation by downreguiating ICAM-1, E-selectin,
VEGFR2 and p-VEGFR2

Aye etal. (2020)

Aye et al (2020)

Nakatani et al. (2002)

Ghainungsrierd et al. (1996a), Chairungsrierd et al. (19960)
Higuchi et a. £013)

Jang et al. (2012), Higuchi et al. 2013)

Jang et al. (2012)

Higuchi et a. 2013)

Jang et al. 2012), Xu et al. (2018)
Sukma et . (2011)

Jang et al. (2012), Figuehi et al. (2013)
Jang et al 2012)

Higuchi ot a, 2013)

Guo et al. (2014), Zhao et al. (2017), Yun et al. (2019)
Guo et al. (2014), Zhao et al. (2017), Yun et al. (2019)
Zhao etal. (2017)

Yun et dl (2019)

Guo et al. (2014)

Guo et al. (2014), Zhao et al. (2017), Yun et al. (2019)
Zheo etal. (2017)

Koh et al. (2013), Tatiya-Aphiradee et al. (2016), Svaranjani
etal. (2019)

Auranwiwat et al. (2014), Sivaraniani et al. (2017), Xu et al.
(2018)

Koh et al. (2013)

Xuet al. (2018)

Xuetal (2018)

Xuet al. (2018)
Xuet al. (2018)

Auanwivat et al. (2014)

Auranwivat et al. (2014)

Wang et a. 2011), Beninat et al. (2014)
Wang et al. 2017)

Wang et al. 2011)

Wang et a. 2017)

Wang et al. 2017)

Boninati et al. 2014)

Beninati et al. (2014), Im et a. (2017)
Wang et al. 2017), Xa and Sun (2018)
Xia and Sun (2018)

Im et al. (2017), Wang et al. (2017)
Wang et a. 2017)

Im et al. (2017), Pumaningsi et al. 2018)
Wang et al. 2011)

Im et al. (2017), Pumaningsi et al. (2018)
Delgado-Heréndez et al. (2019)

Deigado-Hemandez e a. (2019)
Petrova et al. (2011)

Magewebeba et al. (2016a), Magcwebeba et al. (20160)
Im et al. (2017), Pumaningsih et al. (2018)

Wang et al 2011)

Zhao et al. (2008), Xu et al. (2009)
Liang et al. (2018)

Xu et al. (2009)

Liang and Zhang (2016)

Liang et a. (2018)

Zhao etal. (2008)

Cheng et al. (2014)

Xu et al. (2015)

Xuetal. (2015)

Kuete et al. (2011)
Lietal. (2012)
Hirakawa et a. (2005)
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General characteristics of parents Parent’s age Under 30
30-34
35-39
Over 40
Education level High school graduate
College graduate
Occupation Employed
Unemployed
Family income (US dollor) Under 200
200-300
300-400
Over 400
General characteristics of chidren Weight at birth (kg) B
Height at birth (cm) -
Breastfeeding experience No lactation

Golostrum lactation
Under 6 months
Over 1 year

Values are presented as mean + SD or number (%): analyzed by Fisher's exact test.
“Values are presented as mean + SD or number (%): analyzed by chi-square test.
*Values are presented as mean + SD or number (%): analyzed by independent t-test.

Experimental
group (n = 15)

1(6.67%)
1(6.67%)
4(26.67%)
9 (60.00%)
5 (33.33%)
10 (66.67%)
11 (73.33%)
4(26.67%)
2(13.33%)
1(6.67%)
6 (40.00%)
6 (40.00%)
3.34+038
50.37 + 1.60
3 (20.00%)
2(13.33%)
6 (40.00%)
4(26.67%)

Control
group (n = 15)

0 (0.00%)
1(667%)
4(2667%)
10 (66.67%)
7 (46.67%)
8 (53.33%)
12 (80.00%)
3 (20.00%)
1(6.67%)
2 (13.33%)
3 (20.00%)
9 (60.00%)
3.26 4049
49.93 £ 1.98
2 (13.33%)
2 (13.33%)
4(26.67%)
7 (46.67%)

p-value

1.000*

0.456"
1.000°

0.582%

0.592°
0519°
0.775%
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Experimental group (n = 14)

Control group (n = 15)

Baseline Week4  Change value p-value®
TSH (ulU/m) 1.46 + 0.48 121£036  -025+082 0012
SBP (mmHg) 100.86 + 10.73  100.79 + 1036 -0.07 + 1020  0.980
DBP (mmHg) 5993+7.15 5957 +947 -036+1207 0911
Body temperature (C)  36.79+ 021 3678+ 032  -0.01:038  0.890
Pulse (times/min) 8557 £546  8236+588 -321+834 0146

Values are presented as mean + SD: analyzed by paired t-fest.
“Values are presented as mean + SD: analyzed by independent t-test.
*» < 0.05.

Baseline

1.40 + 0.68
103.93 + 14.56
63.00 + 11.96

36.67 + 0.22

81.33+6.79

Week 4

1.89+1.23
106.27 + 15.10
63.27 + 12.04
36.77 + 0.22
83.67 £ 5.06

Change value p-value®

0.49 + 1.08
233 +11.33
0.27 +8.42
0.09 +0.28
233+5.14

0.103
0.438
0.904
0.224
0.100

p-value®

0.022*
0.554
0.872
0.396
0.039"
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Experimental group (n = 22)

Control group (n = 27)

Baseline Week 4 Change value
Extent of lesion 33.14 £1213 2377 +11.41  -9.36 + 10.30
Severity of lesion 427+139  318+140  -1.09 +0.92
Subjective symptoms ~ 9.36 + 3.37 6.59 + 3.32 -2.77 £2.49
Total score 3095 +£7.72 2248 +9.07 -8.46 + 5.93

Values are presented as mean + SD: analyzed by paired t-fest.
“Values are presented as mean + SD: analyzed by independent t-test.
‘v < 0.001.

p-value®

0.0003"*
<0.0001***
<0.0001***
<0.0001***

Baseline

3241 +£1586 2337 + 1275

419+ 1.44
852 + 3,62
2065 + 9.44

Week 4

311145
6.26 + 3.72
21.82 + 906

Change value  p-value®

-9.04 + 8.39
-1.07 £ 0.83
-2.26 + 246
-7.83 £ 553

<0.0001***
<0.0001***
<0.0001***
<0.0001***

p-value®

0.903
0.947
0473
0.699
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Experimental group (n = 22)

Control group (n = 27)

Baseline Week4  Change value p-value®

Frequency of use (times)  3.68 + 3.98 6.18 + 8.70 250 +7.63 0.139
Amount of use (g) 759+ 1083 10.59 +13.00  3.00 + 1217 0.260

Values are presented as mean + SD: analyzed by paired t-fest.
“Values are presented as mean + SD: analyzed by independent t-test.
<001,

Baseline

5.93 + 8.81
6.59 + 14.35

Week 4

13.26 + 14.55
18.44 +21.68

Change value

7.33+11.63
11.85 +21.93

p-value®

0.003™
0.009™

p-value®

0.100
0.081
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Experimental group (n = 14)

Control group (n = 15)

Baseline Week 4 Change  p-value®
value

Height (cm) 146.43 + 16.20 147.00 + 16.10 057 + 0.65 0.006"
Weight (kg) 40.21 +10.52 40.53 + 10.73 031+ 0.95 0.239
BMI (kg/m?) 18.56 + 2.82 18.55 + 2.89 -0.01 +0.39 0.946

"Values are presented as mean + SD: analyzed by paired t-test.
"Values are presented as mean + SD: analyzed by independent t-test.
P < 0.05.

<0.01.

Baseline

146.80 + 11.93
45.91 £ 14.30
20.84 + 4.86

Week 4 Change
value

146.87 £ 11.78  0.07 + 0.26
46.47 + 14.38 0.56 + 1.66
21.09 + 4.83 0.26 + 0.74

p-value®

0.334
0.212
0.205

p-value®

0.015*
0.632
0.243
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Gene. Forward Roverse

L6 CTCCACAAGCGCCTICGGTC — TGTGTGGGGCGGCTACATCT
18 ACCACGGTCATIGCTCICACT  GTCAGGTTGATGCTCCATAC
L8 ACCGGAGCACTCCATAAGGCA AGGCTGCCAAGAGAGCCACG
"COLI7  CCATTCCCCTTAGAMAGCTG  GTCTCAAGGCTTTGCAGGTA
ACKCL10  TTGCTGCOTTATCTTTCTGACTC  ATGGCCTTCGATICTGGATT
M4 ATGGGICTCAACCCCCAGCTA TGCATGGCGTCOCTTCTOCT
ML6  GACAACCACGGCCTICCCTA  GGTACTCCAGAAGACCAGAGG
mL8  TITGGGAGACCTGAGACAAG  TGCCTGTCAAGCTGACTICA
MOXCL1D CTGAGTGGGACTCAAGGGAT  TCGTGGAATGATCTCAACAC
MHO-1  CAGAACCAGCCTGAACTAGC  TGGATGTGTACCTOCTIGGT
N2 ACCAAGGGGCAC CTTCGCCGAGTTGCACTCA
CATATAAMAG
GAPDH ~ GAAGGTGAAGGTCGGAGT  GAAGATGGTGATGGGATTTC

L., Intoroukin; CCL17, Chemokine (C-C moti) igand 17; CXCLIO, C-X-C molif
chomokino 10; HO-1, heme oxygenase-1; Ni2, NF-E2 pb-rolated foctor 2; GAPDH,
ol cenaiciehyde 3-phosohels dehydoommese.





OPS/images/fphar.2020.01019/crossmark.jpg
©

2

i

|





OPS/images/fphar.2020.01019/fphar-11-01019-g001.jpg
DNCB DEX AM NT AM +NT

NOR

———

8 8 3 =

U 0Z Ul S3YJRIIS JO JAqUINN

AM NT  AM&NT

NOR  DNGB DX

NT  AM+NT

AM





OPS/images/fphar.2020.01019/fphar-11-01019-g002.jpg
g

2

g

Epidermal thickness (um)
8

AM

B
500
. -
E 400
3 300
2
Lo e - £20
5
£
% 2 100
T A A [
NOR DNCB  DEX AM NT  AM4&NT NOR






OPS/images/fphar.2020.01018/fphar-11-01018-g005.jpg
L

2
[ 3C

4

2

H
3 2

k1

4
o
DNCB
Dexa (1mgkg)
CBT (mg/kg)

c

_&
% &
® 4

2
22

]
o
DNCB
Dexa (1mgkg)
CBT (mg/kg)

300

++

Relative IL-6 mRNA level

o
DNCB

Dexa (1mgkg)
CBT (mykg)

D

o
DNCB

Dexa (1mg/kg)
CBT (mg/kg)

Relative CXCL10 mRNA level





OPS/images/fphar.2020.01018/fphar-11-01018-g006.jpg
>

H
@

o

5
+
i
i
*
i
i

5

°
@

Relative Nrf2 mRNA level
%
i
Relative HO-1 mRNA level
°
@

°
8

°
s

DNCB - + + + + oncs - +
Dexa (Imghkg) - - - - +  Dexa(imgkg) - - -
CBT (mg/kg) - - 150 300 - CBT (mglkg) - - 150

g+
L+





OPS/images/fphar.2020.01018/fphar-11-01018-g007.jpg
Gardeniae Fructus  Phellodendri Cortex  Glycyrrhizae Radix

Chijabyukpi-tang (CBT)

<HPLC analysis>

in vitro

in vivo
© Nef2HO-1 Skin thickness |
*  Pro-inflammatory cytokines Serum IgE |

aL-6,1-13) §
Pro-inflammatory chemokines

(-8, CCL17, CXCL10) |

Pro-inflammatory cytokines
a-4,1-6) §
Pro-inflammatory chemokines
a-s oxeuio b

Nef2/HO-1 §






OPS/images/fphar.2020.01018/table1.jpg
Herb medicine

Gardeniae Fructus
Phellodendr Cortex
Glycyrehizac Radix
Total Amount
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Target gene

o
TEa
L10
T6h
v
C1o
Cat
Ny
wAeOH

5 3 Forward primer

CGGAGAGGAGACTICACAGAGGA
CGTGTAGOCCACGTOGTAGS
‘GACCAGCTGGACMCATACTGCTA
OGGGGOGACCTGRGCACCATCOATGAG
ATGGGTCTCAGOOCCAGS
ACCACGGTCATTGCTOTCA
TOGGTCATCATAGGACATCTGGAG
AGCGGCTGACTGMCTCAGATIGTAG
‘GGCATGGACTGTGGTCATGA

5~ 3’ Reverse primer

GGAGAGCATIGGMATIGGGG
“TIGACGTCAGCGCTGAGTTG.
‘GTIGAGATGATGOTTTGACAGAAG
‘GTGCTCCACCTTGGGOTTGOGACCCAC
‘GOTCTITAGGOTTICCAGGAAGTC
‘GTGTCTOGGACATGOMGCT
GOACAGTOCCTITGGAGTTAMGTC
GTCACAGTTICAGCTGTATAGGG.
TICACCACCATGGAGAAGGC.
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