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Inflammation is an important contributor to autoimmune thyroiditis. Yanghe decoction (YH) is a traditional Chinese herbal formulation which has various anti-inflammatory effects. It has been used for the treatment of autoimmune diseases such as ankylosing spondylitis In this study we aimed to investigate the effects of YH on autoimmune thyroiditis in a rat model and elucidate the underlying mechanisms. The experimental autoimmune thyroiditis (EAT) model was established by thyroglobulin (pTG) injections and excessive iodine intake. Thyroid lesions were observed using hematoxylin and eosin (H and E) staining and serum TgAb, TPOAb, TSH, T3, and T4 levels were measured by enzyme-linked immunosorbent assay IL-35 levels were evaluated using real-time polymerase chain reaction (RT-PCR) and Th17/Treg balance in peripheral blood mononuclear cells (PBMCs) was determined by flow cytometry and RT-PCR. Changes in Wnt/β-catenin signaling were evaluated using Western blot. Immunofluorescence staining and western blot were employed to examine NLRP3 inflammasome activation in the thyroid. YH minimized thyroid follicle injury and decreased concentrations of serum TgAb, TPOAb, TSH, T3, and T4 in EAT model. The mRNA of IL-35 was increased after YH treatment. YH also increased the percentage of Treg cells, and decreased Th17 proportion as well as Th17/Treg ratio in PBMCs. Meanwhile, the mRNA levels of Th17 related cytokines (RORγt, IL-17A, IL-21, and IL-22) were suppressed and Treg related cytokines (FoxP3, TGF-β, and IL-10) were promoted in PBMCs. Additionally, the protein expressions of Wnt-1 and β-catenin were unregulated after YH treatment. NLRP3 immunostaining signal and protein levels of IL-17, p-NF-κB, NLRP3, ASC, cleaved-Caspase-1, cleaved-IL-1β, and IL-18 were downregulated in the thyroid after YH intervention. Overall, the present study demonstrated that YH alleviated autoimmune thyroiditis in rats by improving NLRP3 inflammasome and immune dysregulation.
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INTRODUCTION
Autoimmune thyroiditis (AIT), the main cause of acquired hypothyroidism, constitutes 30% of all the auto-aggressive diseases. Autoimmune thyroiditis is characterized by lymphocytic infiltration eventually leads to the destruction of the thyroid follicles and the presence of autoantibodies against various thyroid antigens, particularly thyroid peroxidase (TPOAb) and thyroglobulin (TgAb). In clinical practice, the treatment of AIT predominantly depends on nonspecific anti-thyroid drugs, immunosuppressant and anti-inflammatory agents. However, disadvantages such as insufficient efficacy and obvious side effects limit the clinical usages of these drugs and novel therapies are urgently needed (Ma et al., 2017).
Traditional Chinese Medicine (TCM) seems to be an alternative treatment for AIT in China considering its efficacy, low adverse effects and costs. Yanghe decoction (YH) has been recorded in the Life-saving Manual of Diagnosis and Treatment of External Diseases from the Qing dynasty. It is able to dissipate cold and dispel dampness according to basic theory of TCM. It has been reported that modified YH can be used for ankylosing spondylitis (AS) treatment (Wang and Xiao 2018). Interestingly, the rate of autoimmune thyroid disease, specifically Hashimoto’s thyroiditis, is significantly higher in patients with ankylosing spondylitis than the healthy control group. We speculated that YH might protect against autoimmune thyroiditis. Therefore, a rat EAT model was established to investigate the effect of YH on autoimmune thyroiditis.
YH contains seven herbal medicines including Radix Rehmanniae praeparata [Scrophulariaceae; Rehmanniae Radix praeparata], Cortex Cinnamomi [Lauraceae; Cinnamomi Cortex], Ephedra sinica stapf [Ephedreae; Ephedrae Herba], Semen brassicae [Cruciferae; Sinapis Semen], Zingiber offcinale Rose [Zingiberaceae; Zingiberis Rhizome], Radix Rhizoma glycyrrhizae [Leguminosae; Glycyrrhizae radix et rhizoma], Colla cornus cervi [Cervidae; Cervi cornus colla]. Various anti-pharmacological activities have been detected in the components of Yanghe decoction. Radix glycyrrhizae extract can suppress NF-κB-mediated NLRP3 inflammasome activation on intracerebral hemorrhage model (Zeng et al., 2017). Semen brassicae attenuated the thoracic aortic remodeling, inflammation, and oxidative damage in spontaneously hypertensive rats via the downregulation of NF-κB and IL-1β (Lin et al., 2020). The oral administration of Cinnamomum cassia powder protected mice from experimental allergic encephalomyelitis by promoting the production of Foxp3+ T cells, and increasing the mRNA levels of Foxp3 and CD25 (Mondal and Pahan, 2015). Moreover, Cinnamomum cassia was able to increase IL-35, Foxp3, TGF-β, IL-10 mRNA expression in the spleen and thymus of rats with heat syndrome (Wu et al., 2019). These findings indicate that the effects of YH in the rat with experimental autoimmune thyroiditis (EAT) may be related to immune-inflammatory signaling.
The balance between Th17 cells and regulatory T cells (Tregs) has emerged as a prominent factor in regulating autoimmunity. Th17 triggers the immune response via the release of inflammatory cytokines such as IL-17A, IL-21, IL-22, while Treg inhibits the immune response via secreting immunosuppressive cytokines including IL-10 and TGF-β. The Th17/Treg imbalance was identified in several subtypes of autoimmune thyroid diseases such as Hashimoto’s thyroiditis, Graves’ disease and Graves’ ophthalmopathy (Li et al., 2016). Therapies exerted protective efficacy in EAT models by regulating Th17/Treg cell balance (Hou et al., 2018).
Recently, NLRP3 has been reported as a new negative regulator of Treg differentiation (Park et al., 2019). The NLRP3 inflammasome is a large intracellular multiprotein complex, which consists of the sensor molecule NLRP3, the adaptor protein ASC, and the precursor pro-Caspase-1. NLRP3 inflammasome activation leads to the maturation of Caspase-1, which further triggers the release of proinflammatory cytokines IL-1β and IL-18 (Wan et al., 2016). The NLRP3 inflammasome has been demonstrated to be essential for the pathogenesis and development of AIT. Upregulated mRNA and protein expressions of NLRP3, ASC, Caspase-1, pro-IL-1β, and pro-IL-18 were observed in thyroid tissues from AIT patients (Guo et al., 2018). Excessive iodine intake contributed to the development of AIT via the NLRP3 inflammasome activation in thyroid follicular cells (Liu et al., 2019).
The present study was aimed to investigate the effect of YH in a rat EAT model and to elucidate the immune-inflammatory mechanism. The EAT model was established by thyroglobulin (pTG) injections accompanied by excessive iodine intake. We demonstrated that YH intervention could mitigate thyroid follicle injury and reduce the concentration of TgAb, TPOAb, TSH, T3, and T4 in the serum. Furthermore, we also found that YH treatment could suppress the EAT by improving NLRP3 inflammasome and immune dysregulation.
MATERIALS AND METHODS
Reagents
Selenious Yeast Tablet (Selenious) was obtained from Mudanjiang Lingtai Pharmaceuticals CO., Ltd. (Mudanjiang, China). Porcine thyroglobulin (pTg), complete Freund’s adjuvant (CFA) and incomplete Freund’s adjuvant (IFA) were provided by Sigma Aldrich (CA, United States). Lugol’s iodine solution was supplied by Preparation Room of Jiangsu Traditional Chinese and Western Medicine Hospital (Nanjing, China). The antibodies were purchased from CST (Danvers, United States) and Abcam (Burlingame, United States). Antibodies to Wnt-1 (AF5315, Affinity), β-catenin (8,480, CST), IL-17A (DF6127, Affinity), p-NF-κB p65 (3,039, CST), NF-κB p65 (8,242, CST), NLRP3 (ab214185, Abcam), ASC (DF6304, Affinity), Cleaved-Caspase1 (AF4022, Affinity), Cleaved-IL-1β (AF5103, Affinity), IL-18 (ab191860, Abcam), β-Tubulin (AF7011, Affinity) and HRP-conjugated secondary antibodies (7,074, CST) were used for western blot. NLRP3 (DF7438, Affinity) and Alexa Fluor® 488 secondary antibodies (62,304, CST) were used for the immunofluorescent detection of NLRP3.
Extract Preparation and Quality Control of YH Extract
YH consists of seven herbal medicines including Radix Rehmanniae praeparata [Scrophulariaceae; Rehmanniae Radix praeparata] (30 G, batch No. 19010101), Cortex Cinnamomi [Lauraceae; Cinnamomi Cortex] (3 G, batch No. 190706), Ephedra sinica stapf [Ephedreae; Ephedrae Herba] (2 G, batch No. 190812), Semen brassicae [Cruciferae; Sinapis Semen] (6 G, batch No. 190609), Zingiber offcinale Rose [Zingiberaceae; Zingiberis Rhizome] (2 G, batch No. 1908015), Radix Rhizoma glycyrrhizae [Leguminosae; Glycyrrhizae radix et rhizoma] (3 G, batch No. 190728), and Colla cornus cervi [Cervidae; Cervi cornus colla] (9 G, batch No. 1906002). To obtain the water-soluble extract, 0.5 kG YH powder was soaked in water for 1 h and heated at 110°C for another hour. After filtration, YH fluid extract was evaporated into dried extract powder under vacuum of 60°C. The dried powder was dissolved in distilled water for further experiments.
For the quantitative determination of compounds, 50 mG of dried YH extraction was dissolved in 1 ml of distilled water and filtered through a microporous membrane (0.22 μM) as the testing sample. Sample was detected using QTOF-MS (Xevo G2-XS, Waters) operating in positive ion mode. LC separation was achieved on an BEH C18 column using a gradient of solve A (10 mM ammonium acetate) and solvent B (acetonitrile). The flow rate was 0.4 ml/min. The gradient was: 0 min, 20% B; 1.5 min, 20% B; 16 min, 99% B; 18 min, 99% B; 18.1 min, 20% B; 20 min, 20% B. The mass spectrometer was operated with the spray voltage of 3 kV in negative mode. Cone gas and desolvation gas were set at 500 and 800 L/h, respectively. The source temperature was 120°C. Fast data-dependent acquisition (DDA) MS/MS experiments were performed with collision energy map which included low mass ramp start 5 eV from 10 eV and high mass ramp start 40 eV from 65 eV CE. The Progenesis QI (Nonlinear Dynamics, Newcastle, United Kingdom) was used for peak picking and alignment to screen the compounds in sample. Molecular identification was accomplished by matching the acquired precursors and fragment ions against several standard metabolome databases including the Human Metabolome database (http://www.hmdb.ca/), MassBank (http://www.massbank.jp/index.html). The representative extracted ions and total ion currents (TIC) chromatograms of the major constituents in YH decoction are shown in Figure 1. The main components are summarized in Table 1.
[image: Figure 1]FIGURE 1 | Representative extracted ion and total ion currents (TIC) chromatograms of the major constituents in YH decoction. The compounds are detected under positive (A [M + H]+) and negative (B [M-H]−) mode, respectively.
TABLE 1 | Main components in YH decoction.
[image: Table 1]Animals
Female Sprague-Dawley rats, weighing 220–240 G, were purchased from Beijing Vital River Laboratory Animal Technology CO., Ltd. (Beijing, China). Rats were housed under specific pathogen-free conditions with ad libitum access to food and water. All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals approved by the Institutional Animal Care and Use Committee at Nanjing University of Chinese medicine.
Experimental Design
After acclimation, rats were randomized into five groups: Control, Model, YH (5 g crude drug/kG), YH (15 g crude drug/kG), and Selenious (300 μg/kG). The induction of EAT was performed as previously described with minor modifications (Cui et al., 2014). Briefly, rats in all groups except control were immunized by multi-site injection (back, abdomen, subcutis, hind foot) of 5 mG bovine TG (bTg) in Freund’s adjuvant once every 2 weeks for a total of 6 weeks, during which drinking water containing Lugol’s iodine (5%) was supplied. Daily oral administration of YH, selenious and saline were conducted from the seventh week to the 12th week.
Histological Examination
Hematoxylin and eosin (H and E) staining was carried out to examine the injury of thyroid gland. Thyroid glands were fixed in 4% paraformaldehyde and embedded in wax, followed by the preparation of 4 µM-thick sections. Then thyroid tissue slices were stained with hematoxylin and eosin.
Biochemical Analysis
Serum TgAb, TPOAb, TSH, T3, and T4 were assayed using the ELISA kits (IMMCO Diagnostics, NY, United States), according to the manufacturer’s protocol. All samples were analyzed in duplicate.
Immunofluorescence Staining
After deparaffinization, thyroid sections were performed with antigen retrieval in 0.01 M citrate buffer solution. Sections were then incubated with a primary antibody against NLRP3 at 4°C overnight, followed by incubation with secondary antibody. A fluorescence microscope (Eclipse TE2000-E, Nikon, Tokyo, Japan) was used to obtain images of the tissues.
Western Blot
Equal amounts of total proteins were separated on 10% SDS-PAGE and transferred onto PVDF membranes. Protein-transferred membranes were blocked with 3% BSA and incubated with respective primary antibodies overnight at 4 °C. The membranes were subsequently rinsed with TBST and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 90 min at room temperature. The density of bands was visualized and determined by chemiluminescence.
Real-Time Polymerase Chain Reaction
Total RNA was extracted using TRIzol reagent (Invitrogen, Paisley, United Kingdom) according to the manufacturer’s instructions. The purified mRNA was reverse transcribed into cDNA, and real-time PCR was performed using SYBR Premix Ex Taq (TaKaRa, Dalian, China). Data were standardized to the endogenous expression of GAPDH. The sequences of the primers are listed in Table 2.
TABLE 2 | Sequences of the Real-time PCR primers.
[image: Table 2]Flow Cytometry
The flow cytometry analysis was performed as previously described with minor modifications (Ma et al., 2016). Briefly, cells were incubated with CD4 and CD25, followed by fixation in fixation/permeabilization buffer. Then cells were stained with antibodies against FoxP3 and IL-17. All testing was performed on a BD FacsCalibur instrument and analyzed using the CellQuest software (BD Biosciences).
Network Pharmacology Analysis of YH in AIT Treatment
To clarify the anti-thyroiditis ingredients of YH, the network pharmacology analysis was conducted. Firstly, we searched the CAS IDs and canonical SMILES strings of the major constituents including 2-Hexaprenyl-6-methoxy-1,4-benzoquinone, 4-Amino-1-piperidinecarboxylic acid, 5-Megastigmen-7-yne-3, 9-diol 3-glucoside, Corchoionoside B, Ilicifolinoside A, Moclobemide, Molludistin 2″-rhamnoside, Perilloside C, Sampangine, Solanolone, Sterol, 2-Dodecylbenzenesulfonic acid, 3,4′,5-Trihydroxy-3′,7-dimethoxyflavanone, 3-O-Caffeoyl-1-O-methylquinic acid, Carvyl propionate, Eremopetasidione, Glucoliquiritin apioside, Inulobiose, Isoliquiritin, Naringin 6″-rhamnoside and Neolicurosidein YH decoction on Pubchem database (https://pubchem.ncbi.nlm.nih.gov/) (Zhang et al., 2020). Afterward, the canonical SMILES strings were imported into the Swiss TargetPrediction tool (www.swisstargetprediction.ch/), a web server for potential drug target prediction by reversed pharmacophore matching query compound against an in-house pharmacophore model database, in order to predict the potential targets of each major compound (Huang et al., 2020). Furthermore, we applied R software version 4.0.2 (http://www.r-project.org) with several R packages, including clusterProfifiler (Yu et al., 2012) and org. Hs.eg.db (version 3.8.2; bioconductor.org/packages/org.Hs.eg.db), for pathway enrichment analysis by the use of the predicted targets. The compound-target-pathway network was then established with the software Cytoscape-v3.7.2 (Shannon et al., 2003) for understanding the complex relationships and revealing the molecular mechanisms (Wang L. et al., 2020).
Statistical Analysis
All values are expressed as mean ± SEM. The statistical significance was determined by one-way ANOVA with post-hoc Bonferroni test, using GraphPad prism statistical software version 5.0. p < 0.05 was taken as statistically significant.
RESULTS
Histopathology of Thyroid Inflammation
As demonstrated in Figure 2, rats in the control group had rounded or ovoid thyroid follicles, and there was no evidence of lymphoid infiltration in the thyroid tissue. In contrast to control group, clear damage and atrophy of the thyroid follicles, the presence of epithelial hyperplasia and clear evidence of interstitial lymphoid infiltration were observed in EAT rats. Nonetheless, YH administration (5 g crude drug/kG; 15 g crude drug/kG) noticeably attenuated EAT-elicited thyroid gland injury, epithelial hyperplasia and infiltration of inflammatory cells. These findings suggested that YH could decrease thyroid lesions and lymphoid infiltration of the thyroid.
[image: Figure 2]FIGURE 2 | Hematoxylin and eosin staining of thyroid tissue from rats (A) control group (B) model group (C) YH 5 g crude drug/kG group (D) YH 15 g crude drug/kG group (E) selenious group. Magnification times, ×20.
YH Improved Serum TgAb, TPOAb, TSH, T3, and T4
Concentrations of serum TgAb, TPOAb, TSH, T3, and T4 are shown in Figure 3. EAT rats presented an increased expression of these cytokines in the serum compared with those of normal controls. However, compared with the model group, YH administration (5 g crude drug/kG; 15 g crude drug/kG) partially or completely reversed the increase of TgAb, TPOAb, TSH, T3, and T4 in EAT rats.
[image: Figure 3]FIGURE 3 | Serum levels of TgAb, TPOAb, and thyroid function-related parameters among groups (A) TgAb (B) TPOAb (C) TSH (D) T3 (E) T4. All values are expressed as means ± SEM. *p < 0.05, **p < 0.01 vs Model.
YH Increased the mRNA Levels of IL-35 Subsets (IL-12A and EBI3) in PBMCs
The serum IL-35 levels and the mRNA levels of IL-35 subsets were measured because IL-35 upregulation plays a critical role in autoimmune diseases prevention. As illustrated in Figure 4, the mRNA levels of IL-35 subsets including IL-12A and EBI3 in PBMCs were also evidently lower than those in the non-immunized group. With YH intervention (15 g crude drug/kG), both the serum IL-35 level and the expression of IL-12A and EBI3 in PBMCs were greatly increased when compared to the EAT group.
[image: Figure 4]FIGURE 4 | The mRNA levels of the IL-35 subunit (IL-12A, EBI3) in peripheral blood mononuclear cell (PBMCs). All values are expressed as mean ± SEM. *p < 0.05, **p < 0.01 vs Model.
YH Rescued Th17/Treg Imbalance in PBMCs
As IL-35 is mainly synthesized by Tregs, flow cytometry and RT-PCR were carried out to investigate the role of Treg and Th17 cells in the therapeutic effects of YH on EAT model. According to flow cytometric analysis, the EAT challenge induced a significant increase in the proportion of Th17 cells (CD4+IL-17A+), and a substantial reduction in the proportion of Treg cells (CD4+CD25+Foxp3+) to CD4+ T cells (Figure 5). Moreover, the Th17/Treg ratio was dramatically promoted in model group compared with their control counterparts. Nonetheless, YH intervention increased the percentage of Treg cells (15 g crude drug/kG), and decreased the proportion of Th17 cells (5 g crude drug/kG; 15 g crude drug/kG) as well as Th17/Treg ratio (5 g crude drug/kG; 15 g crude drug/kG). Collectively, above findings suggested that YH could prevent against Th17/Treg imbalance induced by EAT modeling.
[image: Figure 5]FIGURE 5 | Changes of Th17 and Treg cell percentages in peripheral blood mononuclear cell (PBMCs) (A) Representative graphics from flow cytometry for Th17 and Treg measurements. Peripheral blood mononuclear cells were incubated with different antibodies and subjected to flow cytometry analysis. Th17 (CD4+IL-17+) flow cytometry analysis graphics. Treg (CD4+ CD25 + Foxp3+) flow cytometry analysis graphics. Th17 (B) and Treg (C) percentage in PMBCs measured by flow cytometry (D) Th17/Treg ratio. All values are expressed as mean ± SEM. *p < 0.05, **p < 0.01 vs Model.
The RT-PCR analysis revealed that the RORγt, IL-17A, IL-21 and IL-22 mRNA levels were significantly upregulated in PBMCs relative to the control group. Meanwhile, the expressions of FoxP3, TGF-β, and IL-10 mRNA were significantly decreased (Figure 6). After the treatment with YH, we observed decreased mRNA levels of RORγt, IL-17A, IL-21, and IL-22 and enhanced mRNA expressions of FoxP3, TGF-β, and IL-10 in EAT rats.
[image: Figure 6]FIGURE 6 | Th17/Treg-related mRNA expression in peripheral blood mononuclear cell (PBMCs) (A) mRNA levels of RORγt, IL-17A, IL-21, IL-22 (B) mRNA levels of FoxP3, TGF-β, and IL-10. All values are expressed as mean ± SEM. **p < 0.01 vs Model.
YH Repaired Wnt/β-Catenin Pathway in PBMCs
Since inhibition of β-catenin was documented to disturb Th17/Treg homeostasis in chronic obstructive pulmonary disease (COPD) (Zhou et al., 2019), changes of Wnt/β-catenin signaling in the PBMCs were detected using RT-PCR and western blot in this study. As illustrated in Figure 7, the mRNA levels of Wnt-1 and β-catenin in EAT rats were evidently lower than those in the non-immunized group. With YH intervention, the expressions of Wnt-1 (5 g crude drug/kG; 15 g crude drug/kG) and β-catenin (15 g crude drug/kG) were greatly increased when compared to the model group. The western blot analysis showed that the protein expression of Wnt-1 and β-catenin were significantly inhibited in the thyroid of EAT rats, whereas YH administration (15 g crude drug/kG) evidently upregulated the levels of Wnt-1 and β-catenin compared with model group. These findings indicated that YH treatment could alleviate EAT-induced inflammasome activation in Wnt/β-catenin pathway.
[image: Figure 7]FIGURE 7 | RT-PCR and Western blot analysis for the expression of molecules in the Wnt/β-catenin signaling pathway in peripheral blood mononuclear cell (PBMCs) (A) mRNA expression of Wnt-1 and β-catenin (B) Western blotting images of Wnt-1and β-catenin: Lane 1, control group; lane 2, model group; lane 3, YH 5 g crude drug/kG group; lane 4, YH 15 g crude drug/kG group; lane 5, selenious group (C) Bar graphs indicate the relative ratio of Wnt-1and β-catenin over tubulin. All values are expressed as mean ± SEM. *p < 0.05, **p < 0.01 vs Model.
YH Inhibited NLRP3 Inflammasome in Thyroid
It has been reported that Treg differentiation was negatively regulated by NLRP3 (Park et al., 2019). We then tested the effect of YH on inflammasome activation applying western blot and immunofluorescence staining (Figures 8, 9). The results showed that rats underwent EAT challenge exhibited increased immunostaining signal for NLRP3 and elevated protein levels of IL-17, p-NF-κB, NLRP3, ASC, cleaved-Caspase1, cleaved-IL-1β and IL-18 in the thyroid when compared to non-immunized rats, suggesting the activation of NLRP3 inflammasome in EAT model. Interestingly, 5 g crude drug/kG of YH profoundly inhibited the aforementioned alternations except for NLRP3 protein expression, while 15 g crude drug/kG of YH suppressed these changes completely, indicating the effect of YH on deactivating the NLRP3 inflammasome in the thyroid.
[image: Figure 8]FIGURE 8 | Western blot analysis of NLRP3 inflammasome cascade in thyroid (A) Western blotting images of IL-17, p-NF-κB, NF-κB, NLRP3, ASC, cleaved-Caspase1, pro-Caspase 1, pro-IL-1β, cleaved-IL-1β, and IL-18: Lane 1, control group; lane 2, model group; lane 3, YH 5 g crude drug/kG group; lane 4, YH 15 g crude drug/kG group; lane 5, selenious group. Bar graphs indicate the relative ratio of IL-17 over tubulin (B), p-NF-κB over NF-κB (C), NLRP3 over tubulin (D), ASC over tubulin (E), cleaved-Caspase-1 over pro-Caspase-1 (F), cleaved-IL-1β over pro-IL-1β (G), and IL-18 over tubulin (H) in thyroid. All values are expressed as mean ± SEM. *p < 0.05, **p < 0.01 vs Model.
[image: Figure 9]FIGURE 9 | Immunofluorescence staining for NLRP3 in thyroid (A) Representative image of immunofluorescence staining of NLRP3 (B) Quantification graph of NLRP3 immunofluorescence. All values are expressed as mean ± SEM. **p < 0.01 vs Model.
Network Pharmacology-Based Strategy for Predicting Active Ingredients of YH in Treating AIT
The identified ingredients were found to interact with 433 independent predicted targets by searching Swiss Target Prediction tool (Supplementary File). After KEGG pathway enrichment analysis, there were 136 significant pathways that met the screening principal Q value <0.05, including Th17 cell differentiation signal pathway (KEGG ID: ko04659) and thyroid hormone signaling pathway (KEGG ID: ko04919), as listed in Supplementary File. As demonstrated in Figure 10A, for revealing the molecular mechanisms, we constructed the compound-target-pathway network, which included 39 nodes and 68 edges. Furthermore, after analyzing the network (as shown in Supplementary File), we visualized the three important network parameters of the nodes, containing degree, closeness centrality and betweenness centrality. The details are shown in Figure 10B. These results suggested that Eremopetasidione, 2-Dodecylbenzenesulfonic acid, Perilloside C, and Moclobemide could be the key components for the anti-thyroiditis activity of YH.
[image: Figure 10]FIGURE 10 | (A) Compound-target-pathway network. Nodes in different colors represent different groups: green for compound, yellow for targets, purple for pathways (B) The centrality of nodes was evaluated according to the degree centrality, betweenness centrality, and closeness centrality. KEGG ID: ko04919, thyroid hormone signaling pathway; KEGG ID: ko04659, Th17 cell differentiation signal pathway.
DISCUSSION
Experimental autoimmune thyroiditis has been used to simulate human autoimmune thyroid disease for decades. It can be elicited by treatment with pTG and adjuvant, along with excessive iodine intake. Infiltration of lymphocytes into the thyroid, high levels of autoantibodies to thyroglobulin (Tg) and thyroperoxidase (TPO), and elevated thyroid hormones were observed on EAT model (Li et al., 2018). In our study, rats underwent EAT challenge displayed similar thyroid lesions and elevated serum TgAb, TPOAb, TSH, T3, and T4, indicating the development of EAT in rats. In addition, YH treatment mitigated the thyroid lesions and decreased serum TgAb, TPOAb, TSH, T3, and T4 levels, suggesting that YH could effectively ameliorate autoimmune thyroiditis in rats.
It was proposed that the IL-35 dysfunction was closely associated with AIT. A study found decreased IL-35 in the serum of AIT patients that was negatively associated with TPOAb and TSH levels (Yilmaz et al., 2016). IL-35 is a heterodimeric protein composed of two shared subunits, EBI3 (Epstein-Barr-Virus-induced gene 3) and IL-12a (p35).
Herein, we demonstrated that EAT challenge decreased the mRNA expressions of IL-35 submits (IL-12A and Ebi3) in PBMCs. YH treatment could reverse the decline of IL-12A and Ebi3 mRNA expression in PBMCs. IL-35 is a novel cytokine with therapeutic properties in diseases whose pathogenesis is associated with the Th17/Treg imbalance (Cafferata et al., 2020). Evidences showed that IL-35 attenuates the Th17/Treg imbalance through Wnt/β-catenin pathway (Yang et al., 2018; Li Y. et al., 2019). In this study, we found that EAT challenge decreased the mRNA and protein expression of Wnt-1 and β-catenin in the thyroid, confirming the disruption of Wnt/β-catenin axis in rats with AIT. YH treatment reversed this decrease, supporting the involvement of Wnt/β-catenin in YH-mediated protective effects in EAT rats.
Th17 and Treg are new lineages of CD4+ T helper cells that are responsible for immune response. While Th17 cells induce the secretion of pro-inflammatory cytokines, Treg cells restrict inflammatory responses and confer immune-tolerance. Recent studies have indicated that the imbalance of Th17/Treg cells is a crucial pathogeny of AIT. Liu and others investigated the alteration of Th17 and Treg cells in AIT patients and found an evident enhancement of Th17 cells in the peripheral blood from AIT patients accompanied by a reduction of Treg cells. Meanwhile, the Th17/Treg ratio in the PBMCs of AIT patients positively correlated with the TgAb levels (Liu et al., 2014). Selenium supplementation has been proven to alleviate the apoptosis of the follicular cells and decrease the levels of TPOAb and TSH in AT via inducing the differentiation of CD4+T cells into Treg cells (Duntas, 2015). In our study, EAT rats showed lower percentage of Treg cells and higher percentage of Th17 cells as well as increased Th17/Treg ratio in the PBMCs. Meanwhile, EAT rats exhibited enhanced RORγt, IL-17A, IL-21, and IL-22 mRNA expression and decreased FoxP3, TGF-β, and IL-10 mRNA levels in the PBMCs when compared with control group. These results indicated that there was a disruption of Th17/Treg balance in EAT rats. YH administration significantly altered these changes, demonstrating the restoration of Th17/Treg balance is involved in YH-induced protective effects in EAT.
Inflammation is a comprehensive array of physiological response to tissue damage, which is resulted from physical injury, infection, exposure to toxins, or other types of trauma. Mounting evidence indicated that inflammation is a major factor for the progression of a variety of diseases including autoimmune thyroiditis (Arulselvan et al., 2016). A study explored the link between inflammasomes and autoimmune thyroiditis, and revealed the activation of NLRP1, NLRC4, and AIM2 inflammasomes in the thyroid tissues from patients with AIT. Furthermore, the thyroid mRNA level of NLRP1 was related to the serum TPOAb and TgAb levels in the AIT group (Guo et al., 2018). Cytotoxic T-lymphocyte associated protein 4 (CTLA-4) inhibition worsened autoimmune thyroiditis in mice via the production of interleukin (IL)-2, interferon gamma, IL-10, and IL-13 cytokines (Sharma et al., 2016). NLRP3 inflammasome plays a crucial role in autoimmune thyroiditis. Promoted posttranslational modifications of Caspase-1, IL-1β and IL-18 were observed in the thyroid tissues from AIT patients; the thyroid ASC mRNA expression was correlated with the serum TPOAb and TgAb in AIT subjects (Guo et al., 2018). Th17 and Treg cells play important roles in regulating NLRP3 inflammasome. The imbalance of Th17/Treg has been reported to trigger NLRP3 inflammasome activation through the IL-17/NF-κB pathway (Wei et al., 2018; Yang et al., 2018). Therefore, we focused on the role of the NLRP3 inflammasome in the present study and found that EAT rats displayed increased NLRP3 immunostaining signal and protein expressions of NLRP3, ASC, cleaved-Caspase1, cleaved-IL-1β, and IL-18 in the thyroid, suggesting the activation of NLRP3 inflammation following EAT challenge. YH successfully reversed the expression of these proteins, reflecting that the beneficial effect of YH in EAT is attributed to the inhibition of the NLRP3 inflammation in the thyroid.
It has been reported that NLRP3 knockdown by using siRNA in CD4 T cells isolated from rheumatoid arthritis (RA) patients suppressed Th17 differentiation (Zhao et al., 2018). Park et al. demonstrated that NLRP3-deficient mice could elevate Treg generation in various organs in the de novo pathway (Park et al., 2019). These data suggested that NLRP3 inflammasome might participate in the regulation of Treg/Th17 cell balance in autoimmune diseases. In a recent study, Jin et al. confirmed that protect in DX (PDX) could restore Treg/Th17 cell balance in RA by inhibiting NLRP3 inflammasome via miR-20a (Jin et al., 2021). Considering that the NLRP3 inflammasome plays an important role in the Treg/Th17 cell balance, which in turn regulates autoimmunity, we speculated that YH treatment alleviated autoimmune thyroiditis in rats, which could be due to the Th17/Treg rebalancing regulated by Wnt/β-catenin pathway through NLRP3 inflammasome deactivation (Figure 11). To further verify this presumption, Nlrp3−/−mice should be used to construct an AIT model and intervene with YH decoction.
[image: Figure 11]FIGURE 11 | Schematic illustration of the Yanghe decoction negatively regulates NLRP3 inflammasome activation by modulated the Th17/Treg balance.
Recently, network pharmacology approach, a systematic analytical technology based on the development of bioinformatics, network biology and pharmacology analysis, has been broadly applied in TCM and emerged as an indispensable method for the development of TCM (Hopkins, 2008; Jiang et al., 2020; Wang Y. et al., 2020). Considering the commendable ability of network pharmacology approach in exploring the multi-components, multi-targets, and multi-pathways of TCM (Zhou et al., 2020), in the present study, we conduct the network pharmacology analysis to clarify the anti-thyroiditis ingredients of YH. The thyroid hormone signaling pathway and the Th17 cell differentiation signal pathway have been implicated in the pathogenesis of AIT since it is closely related to immune system. In the current study, we have found that YH could act on both signaling pathways using experimental evaluations and network pharmacology. As demonstrated in Figure 10B, Eremopetasidione, 2-Dodecylbenzenesulfonic acid, Perilloside C, and Moclobemide were considered to be the key constituents in the anti-thyroiditis activity of YH. Eremopetasidione, a nor-sesquiterpenoid was firstly found from the rhizomes of Petasites japonicus. Studies have shown that sesquiterpenoid and its analogues have immunosuppressive activities (Bartikova et al., 2014). Artemisinin, also a sesquiterpenoid compound, has good immunomodulatory effects and exerts the therapeutic effects on immune-related disorders via regulating the differentiation of CD4+ T cell subsets (Bai et al., 2019). 2-dodecylbenzenesulfonic acid, an AKT inhibitor targets AKT-PH domain, inhibits downstream signaling, and alleviates inflammation (Ahad et al., 2011). A study found that the Akt inhibitor triciribine decreased the severity score of thyroiditis significantly in the EAT model (Li et al., 2018). Perilloside C was found to be an inhibitor of aldose reductase (Fujita et al., 1995). Interestingly, aldose reductase is considered to be linked to thyroiditis in dog thyroid (Schaffhauser et al., 1996). Moclobemide is known as a reversible inhibitor of monoamine oxidase A. Some studies support that monoamine oxidase inhibitors can suppress TSH levels in a fairly high percentage of depression patients (Cabanillas et al., 1994; Kadono et al., 1995).
Given that the research results may be used as a guide to treat diseases, it is critical to discuss adequately for the risk of excessive high doses used in the field of ethnopharmacology (Heinrich et al., 2020). YH decoction has been clinically used as a classical TCM formula in China for thousands of years. 55 g crude drug/70 kG/day is usually used for patients. The rat dose in this study was converted from the human dose based on the body surface area, as was reported (Nair and Jacob, 2016). Therefore, 5 g crude drug/kG is close to the human therapeutic dose and 15 g crude drug/kG is the 3-fold of the human therapeutic dose. In this article higher doses of the crude extract were needed to achieve the effect, consistent with previous research demonstrating a dose of 21.6 g/kg Linggan Wuwei Jiangxin decoction was used in a rat study on cold asthma treatment (Ran et al., 2019). Decoction is the most common form with an average of about 12 ingredients in Chinese medicine. Crude herbs in the amount of 120 g in a decoction is usual. Such large doses of herbs are needed maybe because the majority of the weight of material, (e.g. plant fiber) that is being cooked up is not consumed. In the consumed materials, only a relatively small proportion of the substances might be active ingredients. While the majority such as sugars, starches and other ordinary ingredients are not expected to have a significant biological activity. As described above, in most previous studies the dosage of the decoction reached g crude drug/kG/day in rodents (Li S. et al., 2019; Luo et al., 2019). Future study deserves to repeat the experiment at lower doses levels for evaluating YH decoction’s anti-AIT potential.
Collectively, the present study indicated that YH treatment significantly protected against autoimmune thyroiditis in EAT rats, which was due to improve NLRP3 inflammasome and immune dysregulation. Based on a systematic network pharmacology approach and results of this work, we predicted that Eremopetasidione, 2-Dodecylbenzenesulfonic acid, Perilloside C, and Moclobemide are the main active anti-thyroiditis ingredients of YH. Our findings provide preclinical evidence of the therapeutic benefit of YH decoction in autoimmune thyroiditis and reveals the related immune/inflammatory mechanism.
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