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Psoriasis, the most common skin inflammatory disease, is characterized by massive keratinocyte proliferation and immune cell infiltration into epidermis. L-Theanine (L-THE), a nonproteinogenic amino acid derived from green tea (Camellia sinensis), has been proved to possess the properties of anti-inflammatory, antidepressants and neuroprotective. However, whether L-THE has a therapeutic effect on psoriasis is still unknown. In this study, we found that the epidermal thickness and inflammatory response were significantly reduced in Imiquimod (IMQ)-induced psoriasis mice by applying with L-THE on mice skin. The expression of proliferation and inflammation associated genes such as keratin 17, IL-23 and CXCL1-3 was also downregulated by L-THE. Furthermore, L-THE inhibited the production of IL-23 in dendritic cells (DCs) after IMQ treatment, and decreased the levels of chemokines in keratinocytes treated with IL-17A by downregulating the expression of IL-17RA. RNA-seq and KEGG analysis revealed that L-THE significantly regulated the expression of IL-17A and NF-κB signaling pathway-associated genes. Metabolomics analysis displayed that L-THE promoted propanoate metabolism which has been reported to inhibit the activity of TH17 cells. Therefore, our results demonstrated that L-THE significantly decreases the levels of IL-23 and chemokines, and attenuates IMQ-induced psoriasis like skin inflammation by inhibiting the activation of NF‐κB and IL-17A signaling pathways, and promoting the propanoate metabolism. Our findings suggest that topical applied L-THE can be used as a topical drug candidate for the treatment of psoriasis or as an adjuvant treatment of ustekinumab or secukinumab to prevent the relapse of psoriasis.
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INTRODUCTION
Psoriasis is one of the most common immune-mediated chronic inflammatory skin disorders, affecting about 2–3% of the population worldwide (Gonzalez-Cantero et al., 2021). It is characterized by massive keratinocyte proliferation, brisk immune cell infiltration and is considered a metabolic syndrome (Yamanaka et al., 2021). The etiology of psoriasis involves both the innate and adaptive immune system which result in the hyperproliferation, abnormal differentiation of keratinocytes and neovascularization (Martinez-Moreno et al., 2020). In psoriasis, characteristic skin lesions contain abnormal infiltration of DCs, T cells, neutrophils and macrophages (Niculet et al., 2020; Damiani et al., 2021). However, the specific mechanism of psoriasis development is still unclear and the strategies to cure psoriasis are also being sought.
Recently, the interleukin 23 (IL-23)/T-helper 17 (Th17) immune axis has been identified as a key driver of psoriasis disease pathogenesis (Di Cesare et al., 2009; Egeberg et al., 2020). A large number of studies have shown that the deregulated production of IL-23 secreted by DCs can initiate the progression of psoriasis (Lillis et al., 2010; Kagami, 2011). These discoveries have also promoted the development of biologics for psoriasis, such as Ustekinumab targeting IL-23, Secukinumab targeting IL-17 which have been approved by the US Food and Drug Administration to treat psoriasis, and result in dramatic improvements in approximately 80–90% of psoriasis patients (Campa et al., 2016; Boutet et al., 2018; Ghoreschi et al., 2021). However, the recurrence of psoriasis is also occurred after biologics therapies (No et al., 2017; Geller et al., 2018). Therefore, there is always a lack of effective measures to prevent the recurrence of psoriasis.
L-Theanine (L-THE), a water-soluble non-protein amino acid, is predominantly found in Camellia sinensis and recognized as one of the critical metabolites contributing to the quality and health benefits of teas (Sharma et al., 2018). L-THE can cross the blood brain barrier via L-amino acid transporter system to reduce stress and inhibit anxiety (Katasonov, 2018; Shojaei-Zarghani et al., 2021). Safety evaluation studies indicate that L-THE is well tolerated at a high dose without any toxic effects (Williams et al., 2020). Currently, L-THE is a known agent for improving sleep disturbances, and it also has effects on reducing stress and anxiety-like symptoms (Williams et al., 2019). In addition, several studies have reported that L-THE has multiple pharmacological and physiological functions, including antioxidant, anti-inflammatory, and immune response regulation (Wang et al., 2018a; Li et al., 2018; Zhang et al., 2019a). It has also been reported that L-THE attenuates the 2-O-tetradecanoylphorbol-13-acetate (TPA)-induced acute skin inflammation (Zeng et al., 2018). However, whether L-THE has an effect on psoriasis and its potential mechanism remain unknown.
In this study, we found that topical applied L-THE significantly alleviated the epidermal thickness and inflammatory response, and inhibited the expression of the proliferation and inflammation associated genes in IMQ-induced psoriasis mice. Furthermore, L-THE inhibited the production of IL-23 and IL-17A in dendritic cells and keratinocytes , respectively. RNA-seq and metabolomics analysis revealed that L-THE significantly regulates the expression of IL-17A and NF-kB signaling pathway associated genes, while promoting propanoate metabolism. Therefore, our results demonstrate that L-THE significantly downregulates the production of IL-23 and chemokines, and alleviates the IMQ-induced psoriasis like skin inflammation by restraining the activation of NF‐κB and IL-17A signaling pathway, and promotes the propanoate metabolism, suggesting that L-THE can be used to treat psoriasis in clinical.
MATERIALS AND METHODS
Mice and Reagents
C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal. All mice were housed at the Zhejiang University Laboratory Animal Center under specific pathogen-free conditions. All the animal experiments were performed with relevant guidelines and regulations approved by the Institutional Animal Care and Use Committee at Zhejiang University. This study was approved by the Ethics Committee of Sir Run Run Shaw Hospital of Zhe Jiang University School of Medicine (approval no. 20200717-015).
IMQ (tlrl-imq) was purchased from Invivo Gen. Recombinant mouse GM-CSF (315-03) and IL-17A (200-17) were from PeproTech. TRIzol (15596018) was purchased from Thermo Fisher. ReverTra Ace qPCR RT Kit (FSQ-201) was from Toyobo. SYBR Green master Rox (04707516001) was from Roche. IL-23 ELISA kit (433704) was purchased from Biolegend and CXCL1 kit (ab216951) was from Abcam.
Animal Models of Psoriasis and L-THE Topical Treatment
For the IMQ-induced mouse model of psoriasis, male C57BL/6 mice (8 weeks-of-age) were subjected to a daily topical dose of 62.5 mg IMQ cream (5%) (Aldara, 3M Pharmaceuticals) on the shaved back skin or ear for five consecutive days. L-THE was obtained from the Department of Tea Science, Zhejiang University and dissolved in the deionized water for 10 mM or 100 mM, then were topical applied with 10 mM or 100 mM L-THE on the skin for twice per day.
RNA Extraction, Library Construction and Sequencing
Total RNA from mouse tissues were extracted using TRIzol (Takara). Preparation of the library and transcriptomic sequencing were carried out using Novaseq™ 6000 (LC-Bio Technology, Hangzhou, China) following the vendor’s recommended protocol. Mapping of 150-bp paired-end reads to genes was done using HTSeq software (version 0.6.0), and fragments per kilobase of transcript per million fragments mapped (FPKM) were also analyzed. The differentially expressed genes (DEGs) were selected with fold change >2 or fold change <0.5 and p value <0.05 by R package edgeR (https://bioconductor.org/packages/release/bioc/html/edgeR.html) or DESeq2 (http://www.bioconductor.org/packages/release/bioc/html/DESeq2.html). Gene ontology (GO) enrichment analysis was calculated using an equation previously described (Wang et al., 2018b). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment was used t to annotate and visualize the signaling pathways of DEGs. The gene expression and pathway analyses were performed by the LC-Bio company (Hangzhou, China). The RNA-Seq data are available in the NCBI’s SRA (Sequence Read Archive) repository (BioProject ID: PRJNA742565).
Bone Marrow-Derived Dendritic Cells Isolation and Culture
Bone marrow cells were isolated from mice and cultured in RPMI-1640 medium with 10% FBS and 20 ng/ml GM-CSF. Fresh medium containing 20 ng/ml GM-CSF was added in the cultured cells at day 3, then removed half of the media and added fresh medium containing 20 ng/ml GM-CSF at day 5. BMDC can be harvested on day 6. All cells were cultured at 37°C and 5% CO2.
RT-PCR
Total RNA was extracted from mouse skin tissues, DC or keratinocytes using TRIzol Reagent (Takara) according to the manufacturer’s directions. Subsequently, single-strand cDNA synthesis was performed using a Tyobo reverse transcription kit. qRT-PCR was performed using SYBR Green Master Rox (Roche) on a CFX-96 (Bio-Rad) or 480II (Roche) Real-Time PCR System, Results were normalized to Gapdh and quantification was carried out using the 2–△△Ct method. The primers of candidate genes for qRT-PCR were showed in the Supplementary Table S1.
Immunohistochemistry Staining
Mouse back skin or ear tissues were fixed with 4% formaldehyde, immunohistochemical staining was performed by the Histomorphology Platform of Zhejiang University, with the standard protocol performed according to the manufacturer’s instructions. Stained sections were captured using an Olympus microscope (IX73).
Enzyme Linked Immunosorbent Assay
BMDC were treated with 4 μg/ml IMQ for 24 h or mouse primary keratinocytes were stimulated with 100 ng/ml IL-17A for 24 h, and supernatant was taken for IL-23 and IL-17A testing according to the manufacturer’s protocols.
Metabolite Extraction, LC-MS Analysis, and Data Processing
The back-skin tissues from mice treated with IMQ or L-THE were thawed on ice, and metabolites were extracted from 20 µl of each sample using 120 µl of precooled 50% methanol buffer. Pooled quality control (QC) sample were also prepared by combining 10 μl of each extraction mixture. All samples were detected by a TripleTOF 5600 Plus highresolution tandem mass spectrometer (SCIEX, Warrington, United Kingdom) with both positive and negative ion modes. Chromatographic separation was performed using an ultraperformance liquid chromatography (UPLC) system (SCIEX, United Kingdom). The acquired LC-MS data pretreatment was performed using XCMS software.
Statistical Analysis
All the statistical analysis was expressed as the mean ± SD and performed using Prism 6 (GraphPad Software). Statistical significance was evaluated by two-way ANOVA. All experiments are repeated at least three times independently. Asterisk coding is indicated in Figure legends as *, p < 0.05; **, p < 0.01; ***, p < 0.001.
RESULTS
L-THE Decreases Epidermal Thickness in Mice With IMQ-Induced Psoriasis Like Skin Inflammation
To investigate whether L-THE could regulate the psoriasis-like skin inflammation, L-THE (10 mM or 100 mM) was applied to the back skin or ears of mice were treated with IMQ cream (5%) for 5 days. We found that L-THE significantly attenuated the symptom of psoriasis-like skin inflammation (Figure 1A). The change in thickness of ear was also decreased after treatment with L-THE (Figure 1B). Compared to the control mice, L-THE-treated mice showed less severe swelling, epidermal acanthosis, skin inflammation, and proliferation of keratinocytes in the ear skin subjected with IMQ cream (Figure 1C). The L-THE-treated mice showed a lower level of ear epidermal thickness than control mice after IMQ cream treatment for 5 days (Figure 1D). We also found that the swelling, epidermal acanthosis, skin inflammation, and proliferation of keratinocytes were also extenuated after L-THE treatment in the back skin after treatment with IMQ cream for 5 days (Figure 1E). The epidermal thickness of back skin was significantly reduced after L-THE treatment (Figure 1F). Therefore, our results demonstrated that L-THE attenuates the epidermal thickness in mice with IMQ-induced psoriasis.
[image: Figure 1]FIGURE 1 | L-THE decreases epidermal thickness in mice with IMQ-induced psoriasis like skin inflammation. (A) C57BL/6 mice (n = 6 per group) were subjected to a daily topical dose of IMQ cream on the shaved back or ear for five consecutive days, and were topical applied with 10 mM or 100 mM L-THE on the skin for twice per day. (B) Mice ear thickness was measured relative to the contralateral ear from IMQ-induced psoriasis mice treated with L-THE or H2O. (C) H&E staining ear skin sections obtained from IMQ-induced psoriasis mice treated with L-THE or H2O for 5 days. (D) The ear epidermal thickness was measured in (C) by the software ImageJ. (E) H&E staining back skin sections obtained from IMQ-induced psoriasis mice treated with L-THE or H2O for 5 days. (F) The ear epidermal thickness was measured in (D) by the software ImageJ. Data is representative of three independent experiments. p values are determined by two-way ANOVA. **p < 0.01, ***p < 0.001.
L-THE Regulates the Expression of Genes Related to the Proliferation and Differentiation of Keratinocytes
Since hyperproliferation and abnormal differentiation of keratinocytes are major features of psoriasis (Papp et al., 2021a), we detected the proliferation and differentiation of keratinocyte-associated genes by RNA-seq. Studies have shown that the abnormal expression of KRT was associated with hyperproliferation and abnormal differentiation of keratinocytes, such as KRT6, KRT17 and KRT10 (Zhang et al., 2019b; Xiao et al., 2020). Therefore, we analyzed the expression of KRT genes from the RNA-seq data and found that L-THE could significantly downregulate the mRNA expression of KRT16, KRT17, KRT6A and KRT6B which have been reported to associate with the proliferation of keratinocytes (Zhang et al., 2019b) (Figure 2A). The levels of KRT1 and KRT10 mRNA, differentiation markers of keratinocytes, were increased after treatment with L-THE in the back skin subjected with IMQ cream (Figure 2A). The volcano plot showed that there were 36 differentially expressed KRT genes, among which, 8 genes were up-regulated such as KRT1 and KRT10, and 28 genes were down-regulated such as KRT17 and KRT6A (Figure 2B). The FPKM value of differentially expressed KRT genes was shown in Supplementary Table S2.
[image: Figure 2]FIGURE 2 | L-THE regulates the expression of genes related to the proliferation and differentiation of keratinocytes. (A,B) Heatmap (A) and Volcano plot. (B) showed the expression of KRT genes based on RNA-seq data from IMQ-induced psoriasis mice treated with 100 mM L-THE or H2O for 5 days. (C) RT-PCR analysis of the mRNA levels of KRT10, KRT1, KRT6A, and KRT17 in IMQ-induced psoriasis mice (n = 6 per group) treated with 100 mM L-THE or H2O for 5 days. (D,F) IHC staining of KRT10, KRT6A and Ki67 in ear or back skin sections obtained from IMQ-induced psoriasis mice (n = 6 per group) treated with 100 mM L-THE or H2O for 5 days. Data is representative of three independent experiments. p values are determined by two-way ANOVA. ***p < 0.001.
To further confirm the results of RNA-seq, we took advantage of RT-PCR analysis to detect the mRNA levels of KRT1, KRT10, KRT17 and KRT6A. We found that KRT1 and KRT10 mRNA levels were significantly upregulated, while the mRNA levels of KRT6A and KRT17 were markedly decreased after treatment with L-THE in the back skin of mice subjected with IMQ cream (Figure 2C). Immunohistochemical analysis showed an increased level of KRT 10 and a decreased level of KRT6A in ear or back skin from IMQ cream-treated mice after L-THE treatment (Figures 2D,E). Furthermore, the proliferation marker Ki67 was significantly decreased after treatment with L-THE in the ear or back skin of IMQ-induced psoriasis mice (Figure 2F). Therefore, our results showed that L-THE regulates the expression of genes related to proliferation and differentiation of keratinocytes.
L-THE Downregulates the Expression of Inflammatory Genes
Inflammation is thought to play a critical role in psoriasis (Kaiser et al., 2021). Next, we analyzed the inflammatory response associated genes by gene ontology (GO) analysis which functionally annotated and classified differentially expressed genes. We found 106 genes were down-regulated, while 25 genes were up-regulated (Figure 3A). Among 131 genes, we investigated the differentially expressed genes about interleukin (IL), chemokine (C-X-C motif) ligand (CXCL) chemokine family, C-C motif (CCL) ligand chemokine family and found that the mRNA levels of IL-1β, IL-33, IL-6 and IL-23A were significantly decreased after L-THE treatment (Figure 3B). The mRNA levels of chemokines such as CXCL1-3, CCL3-4 were downregulated in back skin from IMQ-induced psoriasis mice after L-THE treatment (Figure 3B). We also found that L-THE decreased the mRNA levels of inflammatory cytokines such as TNF-α, S100A7-9 (Figure 3B). The FPKM value of differentially expressed inflammatory genes was shown in Supplementary Table S3. RT-PCR analysis showed that the mRNA levels of IL-23 P19, TNF-α, CXCL2 and S100A8 were significantly attenuated in back skin from IMQ-induced psoriasis mice (Figure 3C). The protein level of IL-23A was significantly decreased in back skin from IMQ-induced psoriasis mice (Figure 3D). Our results indicated that L-THE downregulates the expression of inflammatory cytokine such as IL-23 and CXCL1.
[image: Figure 3]FIGURE 3 | L-THE downregulates the expression of inflammatory genes. (A,B) Volcano plot. (A) showed the expression of inflammatory response associated genes, and heatmap. (B) showed the significantly differentiated genes about interleukin, CXCL, and CCL family genes based on RNA-seq data from IMQ-induced psoriasis mice treated with 100 mM L-THE or H2O for 5 days. (C) RT-PCR analysis of the mRNA levels of IL-23p19, TNF-α, CXCL2, and S100A8 in IMQ-induced psoriasis mice (n = 6 per group) treated with 100 mM L-THE or H2O for 0 or 5 days. (D) ELISA analysis of IL-23A in IMQ-induced psoriasis mice (n = 6 per group) treated with 100 mM L-THE or H2O for 0 or 5 days. Data is representative of three independent experiments. p values are determined by two-way ANOVA. ***p < 0.001.
L-THE Regulates the Gene Expression Profiles of Extracellular Space, Cell Surface and Extracellular Region
Next, we investigated the gene expression profiles regulated by L-THE in the skin from IMQ-induced psoriasis mice by GO analysis. We found gene expression profiles of extracellular space, cell surface and extracellular region were most significantly enriched (Figure 4A). 106 genes were up-regulated, while 160 genes were down-regulated by L-THE in the gene expression profile of extracellular space. Among which, the expression changes of Serpina3b, Serpina3j, Prl2c3 and Prl2c2 were the most significant after L-THE treatment (Figure 4B). L-THE treatment up-regulated 46 genes and down-regulated 93 genes in the gene expression profile of cell surface associated genes, among which, Clstn3, Wnt7b and Sfrp4 were the most prominently increased genes, while Car4, Plaur and Cd14 were the most significantly decreased genes (Figure 4C). Furthermore, L-THE treatment significantly increased the expression of 135 genes and dramatically suppressed the expression of 150 genes associated with extracellular region (Figure 4D). L-THE treatment also up-regulated 13 genes and down-regulated 69 genes in the gene expression profile of immune system process, among which, Cd14, Clec4d, Orm1 and Pla2g2f were the most significantly changed genes (Figure 4E). The FPKM value of differentially expressed extracellular space, cell surface, extracellular region, and immune system process associated genes are shown in Supplementary Tables S4–S7. Our results showed that L-THE regulates the gene expression profile of extracellular space, cell surface and extracellular region.
[image: Figure 4]FIGURE 4 | L-THE regulates the gene expression profiles of extracellular space, cell surface and extracellular region. (A) Scatter plot for GO analysis based on RNA-seq data from IMQ-induced psoriasis mice treated with 100 mM L-THE or H2O for 5 days. (B–E) Volcano plot showed the expression of extracellular space (B), cell surface (C), extracellular region (D), and immune system process. (E) associated genes.
L-THE Treatment Regulates the Expression of Cytokine-Cytokine Receptor Interaction, Chemokine Signaling Pathway, and IL-17A Signaling Pathway Associated Genes
To investigate the mechanisms of L-THE on IMQ-induced psoriasis in mice, we performed the KEGG pathway enrichment analysis and found that L-THE mainly affected the gene expression profiles of cytokine-cytokine receptor interaction, chemokine signaling pathway, and IL-17A signaling pathway (Figure 5A). L-THE treatment increased the expression of 27 genes and significantly decreased the expression of 48 genes associated with cytokine-cytokine receptor interaction, among which, CXCL2, CCL3 and CCL4 were the most prominently decreased genes (Figure 5B). 6 genes were up-regulated, while 27 genes were down-regulated by L-THE in the gene expression profile of chemokine signaling pathway (Figure 5C). The expression of CXCL2, CCL3 and CCL4 were also the most prominently decreased genes (Figure 5C). L-THE regulated the TNF signaling pathway associated genes, among which 20 genes were downregulated such as TNF, and 1 gene was increased (Figure 5D). Furthermore, the gene expression profile of IL-17A signaling pathway was significantly changed by L-THE, among which, IL-1β and IL-17RA expression were downregulated (Figure 5E). We also found L-THE treatment regulated the gene expression profile of NF-κB signaling pathway, among which, the expression of CXCL3 and CD14 were significantly decreased after L-THE treatment (Figure 5F). The heatmap also showed L-THE regulated the expression of cytokine-cytokine receptor interaction, chemokine, TNF, NF-κB and IL-17A signaling pathway associated genes (Supplementary Figure S1). The FPKM value of differentially expressed cytokine-cytokine receptor interaction, chemokine TNF, NF-κB and IL-17A signaling pathway associated genes was shown in Supplementary Tables S8–S11. Our results indicated that L-THE treatment mainly affects the expression of cytokine-cytokine receptor interaction, chemokine signaling pathway, and IL-17A signaling pathway associated genes.
[image: Figure 5]FIGURE 5 | L-THE treatment regulates the expression of cytokine-cytokine receptor interaction, chemokine signaling pathway, and IL-17A signaling pathway associated genes. (A) Scatter plot for KEGG analysis based on RNA-seq data from IMQ-induced psoriasis mice treated with 100 mM L-THE or H2O for 5 days. (B–F) Volcano plot showed the expression of cytokine-cytokine receptor interaction (B), chemokine signaling pathway (C), TNF signaling pathway (D), IL-17A signaling pathway (E), and NF-κB signaling pathway associated genes.
L-THE Upregulates the Propanoate Metabolism by Increasing the Expression of Propanoate Metabolism Associated Genes
Metabolic abnormalities have been reported to associate with the development of psoriasis (Cao et al., 2021). Therefore, we detected the metabolic changes in the back skin from mice with psoriasis after L-THE treatment by untargeted metabolomics. We found that L-THE mainly affected the propanoate, and phenylalanine by KEGG enrichment analysis (Figure 6A). The data of KEGG enrichment analysis in metabolic pathway was showed in Supplementary Table S12. Next, we analyzed the significantly changed metabolites of propanoate, and phenylalanine purine metabolism after L-THE treatment. The metabolites of propanoate metabolism including succinic acid, propionic acid, ortho-hydroxyphenylacetic acid were significantly downregulated in back skin from mice with psoriasis after L-THE treatment (Figure 6B). However, the significantly changed metabolites of phenylalanine, and purine metabolism regulated by L-THE were inconsistent (Figure 6B). So, we focused on the propanoate metabolism and investigated the expression of propanoate metabolism associated genes by RNA-seq analysis. 4 genes were upregulated in the gene expression profile of propanoate metabolism after L-THE treatment, such as Acss2, Echdc1, Ldhb, and Acacb (Figures 6C,D). Therefore, our results demonstrated that L-THE promotes propanoate metabolism by increasing the expression of propanoate metabolism associated genes.
[image: Figure 6]FIGURE 6 | L-THE upregulates the propanoate metabolism by increasing the expression of propanoate metabolism associated genes. (A) Scatter plot for KEGG analysis based on untargeted metabolism data from IMQ-induced psoriasis mice treated with 100 mM L-THE or H2O for 5 days. (B) Heatmap showed the significantly changed production of phenylalanine and propanoate metabolism based on untargeted metabolism data from IMQ-induced psoriasis mice treated with 100 mM L-THE or H2O for 5 days. (C,D) Volcano plot. (C) showed the expression of propanoate metabolism associated genes, and heatmap. (D) showed the significantly differentiated propanoate metabolism genes based on RNA-seq data from IMQ-induced psoriasis mice treated with 100 mM L-THE or H2O for 5 days. (E) The FPKM Value of Acss2, Echdc1, Ldhb, and Acacb in (D).
L-THE Inhibits the Expression of IL-23 and Chemokines in vitro
In the above results, we found that L-THE downregulated the expression of IL-23 in skin tissues from mice with psoriasis. Due to IL-23 is mainly produced by dendritic cell during the development of psoriasis, we investigated whether L-THE could regulate the expression of IL-23 in BMDCs. The mRNA levels of IL-23A and TNF-α were significantly downregulated in L-THE treated DCs after IMQ stimulation (Figure 7A). ELISA assay showed that the production of IL-23A was decreased in BMDCs pre-treated with L-THE (Figure 7B).
[image: Figure 7]FIGURE 7 | L-THE inhibites the expression of IL-23 and chemokines in vitro. (A) Q-PCR analysis of IL-23p19 and TNF-α in mRNA in BMDCs were treated with 4 μg/ml IMQ for indicated time points after pretreatment with L-THE for 12 h. (B) ELISA analysis of IL-23 protein in BMDCs were treated with 4 μg/ml IMQ for indicated time points after pretreatment with L-THE for 12 h. (C) Q-PCR analysis of CXCL1-3, and CCL2 mRNA in mouse primary keratinocytes were treated with 100 ng/ml IL-17A for indicated time points after pretreatment with L-THE for 12 h. (D) ELISA analysis of CXCL1 protein in mouse primary keratinocytes were treated with 100 ng/ml IL-17A for indicated time points after pretreatment with L-THE for 12 h. (E) Q-PCR analysis of IL-17RA mRNA in mouse primary keratinocytes were treated with 100 ng/ml IL-17A for indicated time points after pretreatment with L-THE for 12 h. Data is representative of three independent experiments. p values are determined by two-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
We had found L-THE regulated chemokine signaling pathway and IL-17A signaling pathway associated genes, such as CXCL2, CCL3 and CCL4 in skin tissues from mice with psoriasis (Figure 5). Studies have shown that chemokines are also produced from keratinocytes after stimulation with IL-17A (Nedoszytko et al., 2014). So, we detected whether L-THE could regulate the expression of chemokines in mouse primary keratinocytes treated with IL-17A. We found that the mRNA levels of CXCL1-3 and CCL2 were significantly downregulated in keratinocytes pre-treated with L-THE after IL-17A stimulation (Figure 7C). We found the protein level of CXCL1 was also decreased in keratinocytes pre-treated with L-THE after IL-17A stimulation (Figure 7D). Furthermore, the mRNA level of IL-17RA was lower than control in keratinocytes pre-treated with L-THE (Figure 7E). Our results demonstrated that L-THE inhibits the expression of IL-23 in DCs, and downregulates the production of chemokines in keratinocytes by decreasing the expression of IL-17RA.
DISCUSSION
Psoriasis is a common inflammatory skin disease characterized by aberrant inflammation and epidermal hyperplasia (Peinemann et al., 2021). Drugs that systemically inhibit TNF-α, IL-17 and IL-23 cytokines such as infliximab, secukinumab, and ustekinumab have been proved to be effective and safe therapeutic agents for the treatment of psoriasis (Puig, 2017; Papp et al., 2021b). However, it is common for psoriasis to recur in previously inflamed areas. Therefore, it is crucial to prevent the recurrence of psoriasis after treatment, and inhibition of inflammatory response is an effective strategy. L-THE, a natural constituent in tea, has been granted GRAS (generally recognized as safe) status by the Food and Drug Administration (FDA) and has influential effects on lifestyle associated diseases, such as stress, cardiovascular disorders, diabetes, and hypertension (Shojaei-Zarghani et al., 2021). Here, we found that topical applied L-THE significantly alleviated the inflammation of IMQ-induced psoriasis like skin in mice by decreasing the inflammatory response. Emerging evidences display that there are no significant adverse effects related to excessive L‐THE intake (Unno et al., 2020a; Unno et al., 2020b). Therefore, we speculated and suggested that L-THE can be used as an adjuvant topical treatment to prevent the relapse of psoriasis in clinical.
L‐THE is a nonproteinogenic amino acid derived from tea (Camellia sinensis), and exhibits strong antioxidant and anti‐inflammatory effects (Zhang et al., 2019a; Xu et al., 2020). A large number of studies have been revealed that L-THE significantly improves the neuroprotection, stress‐related disorders, sleep quality, and cognition (Matsuu-Matsuyama et al., 2020; Paiva et al., 2020; Williams et al., 2020). It has been reported that L-THE has an effective treatment for alternative anxiety, stress, and depression, which provides a variety of psychological benefits (Williams et al., 2019). Furthermore, L‐THE has been shown to promote the effectivity of antitumor drugs such as adriamycin, and idarubicin (Shojaei-Zarghani et al., 2021). L‐THE can also regulate the innate and adaptive immunity (Zhang et al., 2019a). For example, coadministration of L‐THE and cysteine displays lower viral titers in lung and increases the levels of anti-DNP, anti-IgG and anti-IgM in serum after influenza virus infection (Takagi et al., 2010). L-THE treatment significantly prevent the CCL4-induced hepatic cirrhosis through decreasing the proinflammatory response and profibrogenic signal pathway (Pérez-Vargas et al., 2016). L-THE has been reported to ameliorate the 12-O-tetradecanoylphorbol-13-acetate-induced acute skin inflammation (Zeng et al., 2018). In this study, we found the function and mechanism of L-THE on psoriasis in psoriasis-like mouse model induced by IMQ.
IMQ is a ligand for Toll-like receptors of macrophages, monocytes, and plasmacytoid dendritic cells (pDCs), and initiates the inflammatory response. IMQ-treated mouse skin closely resembles human plaque-type psoriasis and accompanies with skin thickening, erythema, scaling (van der Fits et al., 2009; Bochenska et al., 2017). In addition, it has been demonstrated that IL-23/IL-17 axis is very crucial in the process of psoriasis (van der Fits et al., 2009). In our study, we found that L-THE alleviated epidermal thickness and inflammatory response in mice with IMQ-induced psoriasis like skin inflammation. Furthermore, the expression of proliferation and differentiation of keratinocytes associated genes were regulated, and the expression of inflammatory genes was significantly decreased in psoriasis mice after treatment with L-THE. The RNA-Seq analysis showed that L-THE significantly decreased the production of IL-23 in dendritic cells after IMQ treatment in vitro. Moreover, the production of chemokines such as CXCL1-3, and CCL2 was markedly inhibited in keratinocytes upon IL-17A stimulation by downregulating the expression of IL-17RA. Therefore, our study provided a new insight on the function of L-THE in inflammatory disease.
Psoriasis is a chronic inflammatory condition and mainly affects skin and joints. However, psoriasis is also a systemic disease that is associated with a range of comorbidities, especially metabolic syndrome (MetS) and cardiovascular disease (Singh et al., 2017). MetS is defined as a pathological condition accompanied by abdominal obesity, dyslipidemia, insulin resistance, and hypertension, and is an important risk contributor to multiple chronic diseases, such as cardiovascular disease, diabetes mellitus. It is important to early recognize MetS and exerts effective interventions (Hu et al., 2019). L-THE exerts its influential effects on stress‐related disorders, diabetes, cardiovascular disorders, hypertension and liver injury through multiple mechanisms (Katasonov, 2018). L-THE increases serotonin, dopamine, GABA, and glycine levels in various areas of the brain to improve relaxation, cognition and sleep quality (Kim et al., 2019). The neuroprotective mechanisms of L-THE include the reduction of oxidative protein and lipid damage as well as the elevation of GSH levels to prevent neurotoxicity and environmental toxin‐induced neuronal cell death in the brain (Matsuu-Matsuyama et al., 2020; Saeed et al., 2020). It has been reported that L-THE regulates glucose, lipid, and protein metabolism by promoting the activation of insulin and AMP-activated kinase signaling pathways (Peng et al., 2021). L-THE can decrease the expression of IL-1β, IL-6 and TGF-β though inhibiting the activation of NF‐κB signaling pathway to prevents liver fibrosis (Pérez-Vargas et al., 2016). Here, we found that L-THE significantly decreased the production of IL-23 in dendritic cells after IMQ treatment in vitro. Moreover, the production of chemokines such as CXCL1-3, and CCL2 was markedly inhibited in keratinocytes upon IL-17A stimulation by downregulated the expression of IL-17RA. KEGG pathway analysis revealed that L-THE regulated the activation of the NF‐κB and IL-17A signaling pathway. Furthermore, we found that L-THE promoted the propanoate metabolism which is typically arises from the production of the acid by gut or skin microflora and has been reported to protect from hypertensive cardiovascular damage by inhibiting the activity of TH17 (Bartolomaeus et al., 2019). Therefore, our results suggested that L-THE downregulates the production of IL-23 and chemokines, and attenuates the IMQ-induced psoriasis like skin inflammation by inhibiting the activation of NF‐κB and IL-17A signaling pathway, and promotes the propanoate metabolism. Further study needs to confirm whether L-THE can respectively restrain the activation of NF‐κB, IL-17A signaling pathway, and propanoate metabolism in dendritic cells or keratinocytes.
CONCLUSION
In summary, our study found a new insight on the function of L-THE in inflammatory disease. Specifically, L-THE can significantly decrease the levels of IL-23 and chemokines, and attenuate the IMQ-induced psoriasis like skin inflammation by inhibiting the activation of NF‐κB and IL-17A signaling pathway. Therefore, we suggested that L-THE can be used as a potential treatment for psoriasis, or as an adjuvant treatment of ustekinumab or secukinumab to prevent the relapse of psoriasis in clinical.
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