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Introduction: Rheumatoid arthritis (RA) is a chronic autoimmune disease, characterized by activated M1-like macrophage in the joint. Xanthium mongolicum Kitag (X. mongolicum) is a traditional medicinal plant that has long been used to treat RA and other immune diseases in China.
Methods: Fractions of X. mongolicum were separated based on polarity. Anti-RA activity of the fractions were screened by LPS-stimulated RAW264.7 macrophage in vitro. The major active compounds were identified by UPLC-MS and quantified by HPLC. The anti-RA effects of the active fraction was evaluated in complete freund’s adjuvant (CFA)-induced arthritis and collagen-induced arthritis (CIA) mouse models in vivo and LPS-stimulated macrophage in vitro.
Results: Sesquiterpene lactones-enriched fraction from X. mongolicum (SL-XM) exhibited the strongest anti-RA activity among all components in vitro. Five major constituents i.e., Xanthinosin (1), Xanthatin (2), Mogolide D (3), Mogolide E (4), and Mogolide A (5) were identified as major compounds of SL-XM. SL-XM ameliorated symptoms of CFA and CIA induced arthritis mice model. Furthermore, SL-XM treatment inhibited LPS-induced M1 macrophages polarization. In addition, SL-XM inhibited the phosphorylation of NF-κB and MAPK signaling pathways in LPS-induced macrophage and CIA-challenged mice.
Discussion: The main anti-RA active fraction of X. mongolicum may be the Sesquiterpene lactones, which includes five key compounds. SL-XM may exert its anti-RA effect by suppressing M1 macrophage polarization via the NF-κB and MAPK signaling pathway.
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1 INTRODUCTION
Rheumatoid arthritis (RA) is an autoimmune inflammatory disease that affect about 1% of the world’s population and is more common in women than in men (Chen et al., 2019). With the progression of the disease, more than 90% of RA patients will showed some degree of disability within 20 years of onset, which seriously affects their quality of life. The treatment of early RA is particularly important (Emery et al., 2002). To cope with RA, the main treatments are medication, physical therapy, and lifestyle modification. In terms of drug treatment, which generally include NSAIDs, glucocorticoids (GCs) and DMARDs. Which can effectively relieve the symptoms of RA, but chronic and high dose use of these drugs may cause serious side effects (Ramiro et al., 2017; Mazhar et al., 2018). Biological reagents such as tofacitinib (JAK inhibitor) and anti-TNF-α monoclonal antibodies have proven effective, but have significant side effects and high treatment costs (Puxeddu et al., 2016). Therefore, it is urgent to develop safer, more effective and lower-priced new therapeutic agents to treat RA.
Xanthium mongolicum Kitag (X. mongolicum) is a common traditional Chinese medicine, which belongs to the genus Xanthium (Family Compositae) (Han et al., 2007; Han et al., 2009). According to the Compendium of Materia Medica (Ben Cao Gang Mu, pinyin in Chinese) record, Xanthium can be used to treat RA. In addition, Chinese Materia Medica (Zhong Hua Ben Cao, pinyin in Chinese) records that Xanthium commonly used in the treatment of inflammatory and immune-related diseases, especially RA (Editorial Committee of Zhonghua Bencao National Traditional Chinese Herb Administration, 1999). Chemical studies have revealed more than 170 chemicals ingredients in Xanthium species, including sesquiterpenoids, caffeoylquinic acids, lignans, steroids, thiazinodiones, and flavonoids (Fan et al., 2019). However, to the best of our knowledge, the main anti-RA component of X. mongolicum remains unclear.
RA is mainly characterized by chronic inflammation of the synovial joints, ultimately damaging the cartilage and bone (Schett, 2019). Adaptive and innate immune cells participate in persistence and expansion of chronic inflammation in the synovial joints (Calabresi et al., 2018). Among this, macrophages have a dramatic effect on the pathophysiological response to RA, which can polarized into M1/M2 phenotype depending on the microenvironment. M1 macrophages induce early inflammatory responses by secreting pro-inflammatory cytokines, including TNF-a, IL-1β, and IL-6. In contrast, M2 macrophages produce anti-inflammatory cytokines, such as IL-4, IL-10, and IL-13, which are associated with inflammation resolution. Studies have shown that the macrophage in RA joints are predominantly M1 phenotype, which promote RA progression by releasing multiple inflammatory factors. Therefore, targeting macrophages in RA joints has become a promising strategy for its treatment.
In this study, different fractions of the X. mongolicum extractions were separated through polarity; Fraction enriched with sesquiterpene lactones from X. mongolicum (SL-XM) exhibited the strongest anti-RA activity through in vivo experiment. Furthermore, the anti-RA activity of SL-XM was evaluated in CFA and CIA mouse models in vivo. Moreover, the possible anti-RA mechanisms of SL-XM was also explored. These results provide experimental evidence for the development of novel anti-RA drugs.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Acetonitrile (34998) and formic acid (00940) for LC-MS were obtained from Merck (WGK, Germany). Incomplete Freund’s adjuvant (IFA), Complete Freund’s adjuvant (CFA), and bovine type II collagen were obtained from Chondrex, Inc. (Redmond, Wash.). ELISA kits for detections of IL-1β (10 × 96t, 88-7013-88), IL-6 (2 × 96t, 88-7064-86), TNF-α (2 × 96t, 88-7324-22), IL-4 (2 × 96t, 88-7044-22) and IL-10 (2 × 96t, 88-7105-22) were purchased from Invitrogen (Karlsruhe, Germany). Anti-IKKα (ab32041, 1:1000), Anti-IKKβ (ab124957, 1/1000), anti-IKKα/β (ab194528, 1:1000), anti-NF-κB p65 antibody (ab16502, 1:1000), anti-P-NF-κB p65 (phospho S536) antibody (ab76302, 1:1000), anti-P38 (ab122517, 1:1000) antibody, anti-P-P38 (phospho Y182) antibody (ab47363, 1:1000), anti-Histone H3 antibody (ab1791, 1:1000) and secondary antibodies were obtained from Abcam (Cambridge, United Kingdom). Anti-IκBα, anti-P-IκBα (phospho S36/32), anti-P-ERK (Thr202/Tyr204), Anti-ERK, anti-JNK, anti- P- JNK (Thr183/Tyr185), anti-STAT6 and anti-P-STAT6 antibodies were obtained from cell signaling technology (Boston, United States). All other reagents and chemicals used were of standard biochemical quality.
2.2 General experimental procedures
1D NMR spectra were run on a Bruker DRX-400 spectrometer with TMS as internal standard. LC-MS spectra were run on a Waters Xevo TQD mass spectrometer with Waters ACQUITY UPLC® BEH C18 column and Waters Acquity Arc system equipped with a 2998 PDA detector with Xbridge-C18. Semi-preparative HPLC was performed on an Agilent 1100 with the YMC AA12S05-C18. Column chromatography was performed on silica gel, Sephadex LH-20, or Lichroprep RP-18. Fractions were monitored by thin-layer chromatography (TLC), and spots were detected by spraying with 5% vanillin-sulphuric acid reagent for sesquiterpenes.
2.3 Plant material and extraction
The aerial parts (stems and leaves without seeds, floral bud and flower) of X. mongolicum were harvested at the roadside in Qiqihar (47°41′31.93″ N, 123°93′32.76″ E), Heilongjiang Province, China, in August 2018 (Figure 1A). The specimens were identified by Lingyun Chen, PhD. The voucher specimen (No. JH0002) is stored in Jiangsu Museum of Traditional Chinese Medicine (Nanjing, China).
[image: Figure 1]FIGURE 1 | Isolation and identification of SL-XM and the major sesquiterpene lactones. (A) Photo of Xanthium mongolicum Kitag. (B,D) TLC&HPLC analysis showed that sesquiterpene lactones were enriched in E−3 and E4-fractions. ELISA assay of TNF-α in the culture supernatants of RAW264.7 cells incubated with (C) Extracts; (E) Fractions; (F) Sub-fractions of X. mongolicum for 4 h and then incubated with LPS(100 ng/mL) for additional 24 h (G) LC-MS analysis the main sesquiterpene lactones in X. mongolicum.
A total of 10.00 kg of the aerial parts of X. mongolicum (without seeds) were collected. After being heated and refluxed, the sample was extracted with 70% ethanol (60 L× 3, for 3, 3, and 2 h) and concentrated by decompression to obtain the crude extract (approximately 0.81 kg). The extract was partitioned successively with ethyl acetate (EtOAc). The EtOAc fraction (0.48 kg) was subjected to silica gel column chromatography eluting with polar petroleum-EtOAc to acquire nine fractions (E1∼E9) (Supplementary Table S3). According to the anti-inflammatory, TLC and HPLC data (Figures 1B, D, E), which showed that fractions E3 and E4 (113.81 g) were enriched in sesquiterpene lactones and that both fractions showed strong anti-inflammatory activity. The fractions E3 and E4 were merged and subjected to silica gel column to obtain six sub-fractions (SE1∼SE6) (Supplementary Table S4). According to the anti-inflammatory data (Figure 1F), the SE3 (16.52 g, SL-XM) was subjected to RP-18 (MeOH-H2O, 10:90-100:0), then to Sephadex LH-20 (MeOH -CHCl3, 1:1), further purified by MPLC (YMC XDB-C18, 90 μM, 9.4 mm × 250 mm, 1.8 mL/min, UV detection at 254 and 280 nm) eluting with 50%–60% CH3CN, which contained 1.0‰ formic acid to get 1 (1.33 g), 2 (2.79 g), 3 (0.585 g), 4 (0.98 g) and 5 (26.3 mg) (Figure 1G). Compounds were identified by 1H NMR (Supplementary Figures S1–5).
Xanthinosin (1): Purity 98.5%; C15H20O3, yellow oil, 1H NMR (CDCl3, 400 MHz) spectroscopic data see Supplementary Table S1. Positive ESI-MS m/z 249.2 [M + H]+ (Shi et al., 2015).
Xanthatin (2): Purity 98.3%; C15H18O3, yellow oil, 1H NMR (CDCl3, 400 MHz) spectroscopic data see Supplementary Table S1. Positive ESI-MS m/z 247.35 [M + H]+ (Yuan et al., 2018).
Mogolide D (3): Purity 97.5%; C30H35O7, white powder, 1H NMR (CDCl3, 400 MHz) spectroscopic data see Supplementary Table S2. Positive ESI-MS m/z 509.25 [M + H]+ (Xu et al., 2017).
Mogolide E (4): Purity 96.4%; C30H37O7, white powder, 1H NMR (CDCl3, 400 MHz) spectroscopic data see Supplementary Table S2. Positive ESI-MS m/z 509.25 [M + H]+ (Xu et al., 2017).
Mogolide A (5): Purity 98.2%; C30H37O6, white powder, 1H NMR (CDCl3, 400 MHz) spectroscopic data see Supplementary Table S2. Positive ESI-MS m/z 493.25 [M + H]+. (Shang et al., 2014).
2.4 Analysis SL-XM by UPLC-MS
The identification analysis of subfraction SE3 was carried with a Waters Xevo-TQD MS spectrometer. Each compound was dissolved in the concentration range of 0.01–0.1 μg/mL (in triplicate). The peak areas at 280 nm were plotted against the concentration. The LC conditions: the injection volume of Waters ACQUITY UPLC® BEH C18 column was 2 μL with flow rate of 0.3 mL/min. The mobile phase composed of Pump A (0.1% formic acid in water) and Pump B (acetonitrile). The gradient program started from 10% B, increased to 50% B for 8 min, increased to 100% B for 2 min, kept at 100% B for 2 min, returned to 10% B for 4 min, and kept at 10% B for 2 min. The mass spectrum conditions: Capillary voltage 2.5 kV; nitrogen gas flow rate 800 L/h; dissociation temperature 500 °C; and multiple reaction monitoring ESI positive mode.
2.5 Analysis SL-XM by HPLC
The quantitative analysis of the compounds from SL-XM were confirmed by HPLC analysis on the standard compounds, and the ethanolic extract of X. mongolicum was dissolved in methanol. The injection volume on Waters X-Bridge C18 column was 10 μL. The wavelengths were detected at 254 and 280 nm. The gradient elution in mobile phase was composed of 0.1% formic acid (solvent A) and acetonitrile (solvent B), with the flow rate set to 0.8 mL/min. The gradient elution program started from 5% B, increased to 50% B for 25 min, increased to 100% B for 5 min, kept at 100% B for 6 min, returned to 5% B for 4 min, and kept under 5% B for 5 min. The results showed that the concentrations of the compounds in SL-XM were 0.133‰ (xanthinosin), 0.279‰ (xanthatin), 0.0585‰ (mogolide D), 0.0981‰ (mogolide E), and 0.00263‰ (mogolide A) respectively as shown in Table 1.
TABLE 1 | Identification and qualification of sesquiterpene lactone constituents in SL-XM by UPLC.
[image: Table 1]2.6 Animals
Male C57/BL6 and DBA/1 mice (8-10 weeks, 20–25 g) were adapted to a 12-hour light-dark cycle in a 23°C ± 2°C environment for a week before use. Mice were raised in a pathogen-free environment with free access to food and water. All experiments were permissioned by the animal ethics committee of Nanjing University of Chinese Medicine (Nanjing, China).
2.7 Induction and assessment of CFA
The CFA model was established by subcutaneous injection CFA (Sigma-Aldrich, United States) into the left hind-paw of C57/BL mice as previously reported (Quintao et al., 2019). The control animals received equal amount of saline. Dexamethasone (DXM) is a classic drug for the treatment of RA, so we choose oral administrated DXM as a positive control drug for CFA-challenge mice (Quintao et al., 2019). Han et al. reported effects of Xanthium strumarium on acetic acid-induced writhing responses in mice, the doses of chloroform fraction, ethyl acetate fraction, aqueous fraction, and n-Butanol fraction of Xanthium strumarium L used were 100, 200, and 400 mg/kg/day in mice (Han et al., 2007). A previous study of ethanolic leaves extract of X. strumarium for anti-plasmodial activity used doses of 150, 250, 350 and 500 mg/kg/day in BALB/c mice (Chandel et al., 2012). Muhammad et al. reported effects of methanol extract of the aerial parts of X. strumarium on HCl/EtOH-induced mouse model of gastritis, which used doses of 50 and 200 mg/kg/day in mice (Hossen et al., 2016). Based on above studies, we chose 200, 400 mg/kg of SL-XM for mice in our experiments. Mice in SL-XM groups orally received SL-XM (200, 400 mg/kg) daily from day 1 to day 6, and mice in the control and CFA groups received same volume of solvent (n = 6 per group). An electronic caliper was used to measure the left hind paw thickness and ankle thickness. Animals were weighed with an electronic scale. In each cases, a trained observer blinded to the experimental groups performed the severity analysis.
2.8 Induction and assessment of CIA
CIA model was established in DBA/1 mice as previously reported (Wang et al., 2021). The experimental process is detailed in Figure 6A. Briefly, CFA and bovine type II collagen were fully mixed at a 1:1 ratio. The mice in CIA, SL-XM and DXM groups received an injection of 100 μg emulsified reagent subcutaneously at the root of the tail. 21 days later, the same mice were injected intraperitoneal with 100 μg bovine type II collagen. The control mice received same amount of saline. From day 21 to day 45 after the initial immunization, mice in SL-XM and DXM groups received oral SL-XM (200, 400 mg/kg) or DXM (1 mg/kg) daily. While the control and CIA mice received the same volume of vehicle (n = 8 per group). In addition, the arthritis of the mice was evaluated every other day. Paw arthritis was scored 0-4 based on previous report (Atkinson et al., 2012); the scores of the four paws were added to get the mouse arthritis score. The occurrence of arthritis was defined as inflammation of the four paws with an arthritis score of 2 or higher, the incidence of arthritis was the percentage of the diseased mice in all mice. An electronic caliper was used to measure the left hind paw thickness. Animals were weighed with an electronic scale. In each cases, a trained observer blinded to the experimental groups performed the severity analysis.
2.9 X rays and Micro-CT
Ankle joint destruction was analyzed by X-ray, radiographs were evaluated on a 0-3 scale as previously reported (Wang et al., 2021). Three-dimensional (3D) image of the mice paws was performed by micro-CT (NFR Polaris-G90).
2.10 Histopathological evaluation
The mouse hind paws were harvested at the end of experiment. After immersed in 4% paraformaldehyde for up to 3 days. The tissues were immersed in 17% EDTA at 4°C for 14 days. The paws were paraffin-embedded, cut into 5-μm sections, and stained with H&E using standard protocol. Histopathological images were taken under a Leica DM 4000B photomicroscope. Synovial inflammation, cartilage erosion, and bone erosion were estimated on a 0–3 scale as previously reported (Brenner et al., 2005).
2.11 ELISA
Mice blood was taken from the eye socket, and serum was obtained after centrifugation. The concentrations of TNF-α, IL-1β, IL-6, IL-10 and IL-4 were measured with the indicate ELISA kits following the manufacturer’s protocols. After RAW264.7 cells were stimulated with Extracts, Fractions, Sub-fractions of X. mongolicum for 4 h and then incubated with LPS for additional 24 h. The culture supernatants were collected for TNF-α ELISA assay kits following the manufacturer’s protocols.
2.12 Cell culture
The RAW264.7 macrophages and THP-1 cells were obtained from the Cell bank of the Chinese Academy of Medical Sciences (Shanghai, China). Cells were cultured in RPMI-1640 medium (supplemented with 10% FBS and 1% penicillin-streptomycin) at 37°C in an atmosphere of 95% O2 and 5% CO2.
2.13 Cell viability analysis
RAW264.7 cells were seeded at 10,000 per well in 96-well plates. Plant extract, SL-XM were dissolved in DMSO, and DMSO was used as a control in all experiments at a maximum concentration of 0.1%. After addition of the drug, cells were further incubated for 24 h. Cell viability was detected using the CCK8 kit according to the reagent instructions.
2.14 Macrophage polarization toward M1 or M2 phenotype
To explore the effect of SL-XM on the polarization of macrophage towards M1, RAW264.7 or THP-1 cells were stimulated to polarization toward M1 phenotype with LPS (100 ng/mL) for 24 h. At the same time cells were treated with SL-XM. To assess the effect of SL-XM on the polarization of macrophage toward M2, RAW264.7 or THP-1 cells were treated with IL-4 (20 ng/mL) for 24 h, during polarization, macrophages were administrated with SL-XM.
2.15 qRT-PCR
Total RNA was extracted from macrophage or ankle tissue using TRIzol reagent, and transcription-PCR was performed by real-time PCR with a standard procedure as previous reported (Wang et al., 2021). Values were normalized to Gapdh mRNA levels and calculated by 2−ΔΔCt. The primers used are listed in Supplementary Table S3.
2.16 Western blot analysis
RAW264.7 cells were planted in a 6-well plate and cultured for 24 h, incubated with SL-XM for 1 h and then added LPS (100 ng/mL) for 30 min, then the cells were harvested. At the end of animal experiment, ankle tissues of different groups were harvested. Proteins were extracted from cells and tissues, and the protein concentration was measured with a BCA kit. Western blot was analysis using the standard protocol as previous reported (Wang et al., 2018).
2.17 Immunofluorescence staining
RAW264.7 cells were seeded and cultured on 12 mm glass coverslips, and then cells were fixed with 4% PFA for 10min, permeabilized with Triton-X 100 and blockaded with BSA. After incubated with primary antibody at 4°C overnight, the indicate secondary antibody for additional 2 h, and DAPI for the next 5 min, the samples were transferred onto glass slides and analyzed by fluorescence microscopy analysis.
2.18 Flow cytometry
RAW264.7 cells were planted in a 6-well plate and stimulated with IL-4 (20 ng/mL) or LPS (100 ng/mL) for 24h, meanwhile, cells were treated with SL-XM (160 μg/mL). After the cells were prepared into single cell suspension with the density of 106 cells in 100 μL volume in PBS, the cells were incubated with corresponding flow cytometry antibodies on ice for 30 min in dark. After filtration, the stained cells were analyzed with an Attune® NxT Acoustic Focusing Cytometer (Thermo Fisher Scientific, Waltham, MA, United States). The data were further analyzed using FlowJo software version 10.6.2 (Tree Star Inc., Ashland, Or, United States). Antibodies for flow cytometry including BV421-conjugated F4/80, PE-Cy7-conjugated CD86, Alexa 647-conjugated CD206 (San Diego, CA, United States).
2.19 Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.01 software. Unless otherwise stated, data are expressed as mean ± standard deviation (SD). Statistical comparative analysis of results between groups were performed using Student’s t-test, one-way ANOVA, and two-way ANOVA. Statistically significant was considered when p < 0.05.
3 RESULTS
3.1 Identified the major anti-inflammatory compounds from X. mongolicum
To investigate the anti-inflammatory activities of the aerial parts of X. mongolicum (Figure 1A), the aerial part of the plant was extracted by water or 70% ethanol. The anti-inflammatory activities of the extract was evaluated by LPS-stimulated macrophages, the result showed the ethanol extract (80 μg/mL) inhibited the secretion of TNF-α in LPS-stimulated macrophages significantly compared with the water extract (80 μg/mL) (Figure 1C). Then, the ethanol extract was isolated by silica gel chromatography to obtain nine fractions (E1-9). TLC and HPLC were applied for analysing sesquiterpene lactones from X. mongolicum. After sprayed with 5% vanillin-sulfuric acid reagent, the pink spots on TLC visibly appeared in fraction E3 and E4 (Figure 1B), which showed the main sesquiterpene lactones were enriched in fraction E3 and E4 (Figures 1B, D). At the same time, anti-inflammatory experiments found that fraction E3 and E4 (80 μg/mL) significantly inhibit the secretion of TNF-α in LPS-stimulated macrophages (Figure 1E). Then, fractions E3 and E4 were merged and isolated by silica gel to get six sub-fractions (SE1∼SE6). While the sub-fraction (80 μg/mL) of SE-3 (which depicted as SL-XM later) showed a significant anti-inflammatory activity in LPS-stimulated macrophages (Figure 1F). Then, sub-fraction SE3 was isolated and purified. Five sesquiterpene lactones (Figure 1G) were identified by UPLC-MS as the major constituents. All compounds were isolated using available spectrum data compared with published data. Xanthinosin (1) (Shi et al., 2015), Xanthatin (2) (Yuan et al., 2018), Mogolide D (3) (Xu et al., 2017), Mogolide E (4) (Xu et al., 2017), and Mogolide A (5) (Shang et al., 2014). The compounds 1–5 were quantified by HPLC (Table 1). In addition, the extracts, fractions and sub-fractions of X. mongolicum were lyophilized and configured as a solution, and the solution of extracts, fractions and sub-fractions of X. mongolicum showed little cytotoxicity at a concentration of 80 μg/mL (data not shown). In addition, RAW264.7 cells were treated with or without different solutions, and the ELSIA results showed the component showed little effect on the production of TNF-α (Supplementary Figures S6).
3.2 SL-XM attenuates symptoms of CFA in C57/BL mice
CFA-induced arthritis in mice is widely used to screen RA therapeutics. The effect of SL-XM on the symptoms of CFA mice (n = 6 per group) was investigated (Figure 2A). The results showed that oral (p.o.) administration of SL-XM (200 and 400 mg/kg) daily reduced paw thickness (Figure 2C); ankle thickness (Figure 2D) and symptom (Figure 2H) in CFA in a dose-dependent manner compared to mice receiving vehicle treatment. X-ray analysis showed that SL-XM attenuates paws bone damage of CFA mice (Figure 2H). H&E analysis showed that SL-XM alleviated paws inflammatory infiltration of CFA mice (Figure 2H). In addition, SL-XM decreased the serum levels of M1 cytokines (IL-1β, IL-6, and TNF-α) in CFA mice (Figures 2E–G). While high-dose SL-XM (400 mg/kg) exhibit similar effect to DXM. During the experiment, there was no significant difference in the weight change of mice in each group (Figure 2B).
[image: Figure 2]FIGURE 2 | SL-XM dose-dependently attenuates CFA-induced RA in mice. The mice were orally administrated with SL-XM (200, 400 mg/kg) or DXM (1 mg/kg) daily after CFA injection. (A) Schematic depiction of the experimental schedule; the body weight (B), Hind paw thickness (C), Ankle thickness (D) were measured daily during experiment procedure. Serum levels of TNF-α (E), IL-6 (F), and IL-1β (G) were measured 6 days after CFA challenged. (H) Representative image of the general features, X-ray and H&E histological graphs of the ankle joint at the end of experiment. n = 6 in each group, *p < 0.05, **p < 0.01 vs. Ctrl group. #p < 0.05, ##p < 0.01 vs. CFA group.
3.3 SL-XM inhibits M1 macrophage polarization
To determine the optimal concentration and cytotoxicity of SL-XM, a range of concentrations (1, 5, 10, 20, 40, 80, 160, 320, and 640 μg/mL) were selected for the cytotoxicity tests. As shown in Figure 3A, SL-XM treatments showed no significant toxic effect on macrophage viability below the concentration of 160 μg/mL. qRT-PCR analysis showed SL-XM dose dependently decrease the expression of M1-related genes Il-6, Il-1β, Tnf-α, Inos and Il-12b in LPS-stimulated RAW264.7 cells (Figures 3B–F). In addition, SL-XM also attenuated the upregulation of Il-6, Il-1β, Tnf-α and Inos in LPS-stimulated THP-1 cells (Supplementary Figures S7A–D). Western blot analysis showed that SL-XM dose dependently decreased the LPS stimulated iNOS (Figures 3G, H). Immunofluorescence and flow cytometry demonstrated that SL-XM suppressed CD86 positive cells (M1 macrophages) (Figures 3I–K). These data showed SL-XM inhibited M1 polarization in a dose-dependent manner.
[image: Figure 3]FIGURE 3 | Inhibitory effects of SL-XM on M1 macrophages polarization. (A) RAW264.7 cells were stimulated with various concentration of SL-XM for 24 h, and cell viability was measured by CCK8 kit. After RAW264.7 cells were stimulated with LPS (100 ng/mL) and different concentration of SL-XM for 24h, mRNA levels of Il-6(B), Il-1β (C), Tnf-α (D), Inos (E), Il-12b (F) were determined by qRT-PCR; protein level of iNOS (G,H) was determined by Western blot analysis; protein level of CD86 (I) was determined by immunofluorescence; percentage of CD86-positive cells (J,K) was determined by flow cytometry. *p < 0.05, **p < 0.01 vs. Ctrl group. #p < 0.05, ##p < 0.01 vs. LPS group.
3.4 SL-XM promotes M2 macrophage polarization
To explore the effect of SL-XM on the M2 macrophage polarization, macrophage was stimulated with IL-4, followed by treatment with SL-XM. qRT-PCR analysis showed that SL-XM slightly increased the expression of M2-related genes Il-10, Cd206, Arg-1, Pcg1-β, Mgl1 and Mgl2 (Figures 4A–F). In addition, SL-XM also slightly increased the expression of Il-10 and Cd206 in LPS-stimulated THP-1 cells (Supplementary Figures S7A–D). Western blot analysis showed that SL-XM increased the Arg-1 levels in a dose-dependent manner (Figures 4G, H). Immunofluorescence (Figure 4J) and flow cytometry (Figures 4K, L) demonstrated that SL-XM increased CD206 positive cells (M2 macrophages). Subsequently, we examined the molecular expression of M2-related STAT6 pathway (Yang et al., 2017), western blot analysis showed a higher proportion of P-STAT6/STAT6 (Figures 4G, I) in SL-XM-treated macrophages. Which may explain the effect of SL-XM on M2 polarization. These data showed SL-XM slightly increased M2 polarization.
[image: Figure 4]FIGURE 4 | Promotional effect of SL-XM on the polarization of M2 macrophages. After RAW264.7 cells were stimulated with IL-4 (20 ng/mL) and different concentration of SL-XM for 24h, mRNA levels of Il-10 (A), Cd206 (B), Arg-1 (C), Pgc1-β (D), Mgl1 (E), Mgl2 (F) were determined by qRT-PCR; protein level of Arg-1 (G,H), P-STAT6 and STAT6 (G,I) was determined by Western blot analysis; protein level of CD206 (J) was determined by immunofluorescence; percentage of CD206-positive cells (K,L) was determined by flow cytometry. *p < 0.05, **p < 0.01 vs. Ctrl group. #p < 0.05, ##p < 0.01 vs. LPS group.
3.5 SL-XM negatively regulates LPS-induced M1 macrophage polarization through NF-κB and MAPK signal pathways
NF-κB and MAPKs signaling pathways are classic signaling pathways involved in regulating M1 macrophage polarization. RAW264.7 cells were treated with SL-XM for 1 h, followed by treatment with LPS for 30 min. Western blot analysis showed the phosphorylation of IKKα/β, IκBα, P65, JNK1/2, P38, and ERK in Raw264.7 cells were markedly increased after LPS stimulation. While treated with SL-XM dose dependently inhibited LPS-stimulated phosphorylated IKKα/β, IκBα, P65, JNK, P38, and ERK (Figures 5A–F). In addition, an immunofluorescence assay revealed that SL-XM significantly reduced the nuclear level of P65 in RAW264.7 cells induced by LPS (Figure 5G). We also investigated the abundance of nuclear NF-κB P65 protein by Western blot analysis, the result showed SL-XM significantly reduced the upregulated nuclear level of P65 in RAW264.7 cells induced by LPS (Figure 5H).
[image: Figure 5]FIGURE 5 | SL-XM regulated LPS-stimulated NF-κB and MAPK signaling pathways in RAW264.7 cells. After RAW264.7 cells incubated with SL-XM for 1 h and then stimulated with LPS (100 ng/mL) for 30 min, protein levels of P-IKKα/β, IKKα, IKKβ (A), P-IκBα, IκBα (B), P-P65, P65 (C), P-P38, P38 (D), P-JNK, JNK (E), P-ERK and ERK (F) were determined by Western blot analysis. In addition, NF-κB p65 nuclear translocation was determined by immunofluorescence (G) and western blot (H). *p < 0.05, **p < 0.01 vs. Ctrl group. #p < 0.05, ##p < 0.01 vs. LPS group.
3.6 SL-XM alleviates symptoms of CIA in DBA/1 mice
The CIA mouse model display synovial hyperplasia, cellular infiltration, and cartilage degeneration in the ankle, which are hallmark of RA pathology. The functional role of SL-XM on CIA mice were investigated (Figure 6A). The results showed that p.o. administration of SL-XM (200 and 400 mg/kg) dose-dependently reduced the arthritis score (Figure 6B), paw thickness (Figure 6C), and disease onset (Figure 6D) of CIA mice. In addition, X-ray (Figures 6F, G) and Micro-CT (Figure 6F) analysis showed that oral administration of SL-XM attenuated paws bone damage of CIA mice. H&E staining showed that SL-XM alleviated inflammatory cell infiltration in the paws of CIA mice (Figures 6F, H–J). During the experiment, there was no significant difference in the weight change of mice in each group (Figure 6E). ELISA analysis showed SL-XM treatment attenuated the upregulation of M1 cytokines (IL-1β, IL-6, and TNF-α) (Figure 7A) and the downregulation of M2 cytokines (IL-4 and IL-10) (Figure 7B) in serum. qRT-PCR analysis showed SL-XM treatment reversed the upregulation of M1 cytokines (Tnf-α, Il-1β, Il-6 and Inos) (Figure 7C) while upregulated M2 cytokine (Il-10 and Arg-1) (Figure 7D) in the ankle tissues. Western blot analysis showed SL-XM treatment attenuated the upregulation of phosphorylation of IKKα/β, IκBα, P65, JNK1/2, P38 and ERK in the ankle tissues of CIA mice (Figure 7E).
[image: Figure 6]FIGURE 6 | Therapeutic effects of SL-XM on CIA mice. (A) Schematic depiction of the experimental schedule. From day 21 to day 45 after the initial immunization (B) Arthritis scores, (C) Hind paw thickness, (D) Onset of CIA symptoms, (E) Body weight of mice in each group were evaluated every other day. (F) Representative image of the general features, X-ray, micro-CT and H&E histological graphs of the ankle joint at the end of experiment. Mean radiological scores (G) of the hind paws of each group. Mean synovial inflammation (H), cartilage erosion (I), and bone erosion scores (J) of the hind paws of each group. n = 8 in each group, *p < 0.05, **p < 0.01 vs. Ctrl group. #p < 0.05, ##p < 0.01 vs. CIA group.
[image: Figure 7]FIGURE 7 | SL-XM reduces M1 cytokines, while increasing M2 cytokines in serum and ankle tissue of CIA mice. At the end of experiment serum level of M1 cytokines (IL-1β, IL-6, and TNF-α) (A) and M2 cytokines (IL-10 and IL-4) (B) were measured by indicated ELISA kits. At the end of experiment mRNA level of M1 cytokines (Il-1β, Il-6, Tnf-α, and Inos) (C) and M2 cytokines (Il-10 and Arg-1) (D) in the ankle tissue of CIA mice were determined by qRT-PCR. Protein levels of NF-κB and MAPK signaling pathway components in the ankle tissue were determined by Western blot analysis (E). (F) Schematic illustration of SL-XM regulates the M1 macrophage polarization through NF-κB to attenuate experimental RA mouse model symptoms. *p < 0.05, **p < 0.01 vs. Ctrl group. #p < 0.05, ##p < 0.01 vs. CIA group.
4 DISCUSSION
In our study, the most potent anti-inflammatory sub-fractions enriched with sesquiterpene lactones was isolated and identified from X. mongolicum (SL-XM), and five major sesquiterpene lactones were identified from SL-XM. Furthermore, oral administration of SL-XM significant reduced arthritis symptoms in CFA and CIA model mice. Regarding the mechanism, in RAW264.7 cells and a CIA-induced RA mouse model, SL-XM significantly relieved the upregulated of M1 related cytokines, while slightly restoring the reduction of M2 related cytokines. Suggesting SL-XM relieved RA progression by regulating M1/M2 balance, especially by inhibiting M1 macrophage polarization. In addition, SL-XM blocked the upregulation of phosphorylation of IKKα/β, IκBα, P65, JNK, ERK and P38 in LPS-stimulated RAW264.7 cells and the ankle tissue of CIA mouse model, suggesting SL-XM may exert its anti-RA effect by inhibits M1 macrophage polarization through NF-κB and MAPK signaling pathway.
Xanthium is an annual herb that has long been used clinically to treat a range of inflammatory diseases, with many researchers focusing on anti-inflammatory properties. Yeom et al. reported Xanthii fructus inhibits inflammatory responses in LPS-stimulated RAW264.7 macrophages through suppressing NF-κB and JNK/p38 MAPK (Yeom et al., 2015). Hossen et al. reported the anti-inflammatory activity of X. strumarium methanolic extract (Hossen et al., 2016). X. mongolicum is the most widely distributed Xanthium species in the north area of China (Han et al., 2009). However, as far as we know, there are few laboratory studies on the phytochemical and pharmacological properties of X. mongolicum for its anti-inflammatory, especially anti-RA efficacy. In our study, the ethanol extract of the aerial part of X. mongolicum showed stronger anti-inflammatory activity versus water extract. Then the ethanol extract was separated to get nine fractions based on the polarity, the active anti-inflammatory fractions were merged and separated to obtain the most active anti-inflammatory sub-fraction (SL-XM). Our study found sesquiterpene lactones were the main anti-inflammatory active ingredient of X. mongolicum. This is consistent with previous findings that sesquiterpene lactones were the characteristic and major active metabolites of Xanthium species (Merfort, 2011; Schomburg et al., 2013). In terms of the composition of SL-XM, five major sesquiterpene lactones including Xanthinosin, Xanthatin, Mogolide D, Mogolide E and Mogolide A were isolated. As the main compounds in SL-XM, Xanthinosin inhibits iNOS and COX-2 expression and NF-κB activity by inhibiting LPS-induced degradation of IκBα in microglia (Yoon et al., 2008), and Xanthatin alleviated airway inflammation in asthmatic mice by regulating STAT3/NF-κB signaling pathway (Chang et al., 2020), which partially indicates the anti-RA activity of SL-XM.
The imbalance of M1/M2 macrophages in the synovium is related to the inflammation and destruction of RA joints. Previous studies have reported active M1 macrophages express CD86, CD80, and CD64 on their surface and secrete a substantial number of cytokines (such as IL-1β, IL-6, and TNF-α), which promote the onset and progression of RA (Gu et al., 2017). Since LPS is common inducers of M1 macrophage initiation and development, we used LPS to stimulate macrophage to mimic M1 macrophage polarization in the RA. Our study showed that SL-XM significantly reduced M1-related cytokine production, as well as the number of CD86-positive cells in LPS-induced macrophages. Furthermore, M2 macrophages are dominate in promoting tissue remodeling, eliminating inflammatory response and restoring imbalance. As IL-4 plays a key role in the polarization of uncommitted M0 cells into M2 cells (Zhong et al., 2022), it was delighting to find that SL-XM slightly upregulated IL-4 induced M2 macrophage markers, as well as IL-4-induced CD206 positive cells. CFA-induced arthritis is a reliable model to evaluate chronic and acute inflammation leading to joint damage (Quintao et al., 2019), and SL-XM was found dose-dependently alleviate arthritis symptoms in CFA mice. CIA is the most common animal model and its histological features are similar to RA (Miyoshi and Liu, 2018). In the CIA mouse model, SL-XM administered reduced arthritis score and arthritis onset in a dose-dependent manner. In addition, SL-XM treatment reduced immune cell infiltration, cartilage and bone damage in the paw of CIA mice. While high dose of SL-XM showed a similar effect to the treatment of DXM in CIA mice. Moreover, no death or other serious adverse effects were observed in the SL-XM treated mice. These results demonstrate for the first time the significant therapeutic effect of SL-XM on experimental animal model of RA. Macrophage-associated cytokines are primarily produced by macrophages in the inflamed joints and then released into blood, this study found SL-XM strongly inhibited the serum levels of M1-associated cytokines (IL-1β, IL-6 and TNF-α) in CFA and CIA mouse models. We also found SL-XM treatment reversed the upregulation of M1 cytokines (Tnf-α, Il-1β, Il-6, and Inos) and the downregulation of M2 cytokine (Il-10 and Arg-1) in the ankle tissues of CIA mouse. These results suggest that SL-XM has a protective effect on RA pathology by regulating macrophage M1/M2 balance, particularly by inhibiting macrophage polarization toward M1.
LPS, as an outer membrane polysaccharide of Gram-negative bacteria, can activate downstream NF-κB and MAPK signaling pathways by binding to the cell surface TLR4 receptor, thereby stimulating cells to produce inflammatory cytokines, chemokines and mediators (Abdollahi-Roodsaz et al., 2007; Yeung et al., 2018). In addition, blocking the NF-κB and MAPK pathways is the key strategy to control the inflammatory response in RA (Fearon et al., 2016). It was found in our study that SL-XM suppressed the LPS-stimulate phosphorylation of IKKα/β, IκBα, P65, P38, ERK and JNK in macrophages in vitro. In addition, SL-XM reduced P65 nuclear translocation in LPS stimulated macrophage. These results suggest the protective role of SL-XM in RA may achieved by inhibiting NF-κB and MAPK pathways. Which partially indicate SL-XM inhibits M1 macrophage polarization through NF-κB and MAPK signaling pathway, thereby reducing inflammation and alleviating RA symptoms (Figure 7F).
In our study, we isolated the most potent anti-inflammatory sub-fractions from X. mongolicum (SL-XM). The anti-RA effect of SL-XM was evaluated and possible mechanism was explored. For the first time, the anti-RA material base of X. mongolicum was explored. We also isolated five major sesquiterpene lactones from SL-XM that have the potential to be developed as anti-RA drug. Nevertheless, more experiments are needed to isolate more active compound from SL-XM, identify key anti-RA compound, and elucidate the anti-RA effects of each compound in the future studies.
Our study offered experimental evidence for the potential therapeutic effects of SL-XM on RA and isolates five major sesquiterpene lactones from SL-XM. The anti-RA effect of SL-XM is related to the regulation of M1/M2 macrophage homeostasis, especially M1 macrophage polarization. In addition, the anti-RA effect of SL-XM by inhibiting M1 macrophage polarization is closely related to the NF-κB and MAPK signaling pathway. These findings showed that SL-XM has a significant therapeutic effect on RA, and provide an experimental basis for the development of new anti-RA drugs from X. mongolicum.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee of Jinling hospital (protocol code 2020DZGKJDWLS-00131 and approval on 12/3/2020).
AUTHOR CONTRIBUTIONS
DW and JZ designed the study. JH, ZZ, JW, MM, BW, and YW performed the experiments. SZ was in charge of statistical analysis. DW and JH wrote the manuscript. All the authors approved the final version of the manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (No. 31900283 to JH); the Natural Science Foundation of Nanjing University of Chinese Medicine (No. NZY31900283 to JH); the China Postdoctoral Science Foundation (2021T140786 to DW); the Nanjing Postdoctoral Science Foundation (48289 to DW); Natural Science Foundation of Jiangsu province (No. BK20221556 to DW); the Jinling Hospital Postdoctoral Science Foundation (48289 to DW); and the Jinling Hospital Science Foundation (YYQN2021075 to DW).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1104153/full#supplementary-material
REFERENCES
 Abdollahi-Roodsaz, S., Joosten, L. A., Roelofs, M. F., Radstake, T. R., Matera, G., Popa, C., et al. (2007). Inhibition of Toll-like receptor 4 breaks the inflammatory loop in autoimmune destructive arthritis. Arthritis Rheum. 56 (9), 2957–2967. doi:10.1002/art.22848
 Atkinson, S. M., Usher, P. A., Kvist, P. H., Markholst, H., Haase, C., and Nansen, A. (2012). Establishment and characterization of a sustained delayed-type hypersensitivity model with arthritic manifestations in C57BL/6J mice. Arthritis Res. Ther. 14 (3), R134. doi:10.1186/ar3867
 Brenner, M., Meng, H. C., Yarlett, N. C., Griffiths, M. M., Remmers, E. F., Wilder, R. L., et al. (2005). The non-major histocompatibility complex quantitative trait locus Cia10 contains a major arthritis gene and regulates disease severity, pannus formation, and joint damage. Arthritis Rheum. 52 (1), 322–332. doi:10.1002/art.20782
 Calabresi, E., Petrelli, F., Bonifacio, A. F., Puxeddu, I., and Alunno, A. (2018). One year in review 2018: Pathogenesis of rheumatoid arthritis. Clin. Exp. Rheumatol. 36 (2), 175–184.
 Chandel, S., Bagai, U., and Vashishat, N. (2012). Antiplasmodial activity of Xanthium strumarium against Plasmodium berghei-infected BALB/c mice. Parasitol. Res. 110 (3), 1179–1183. doi:10.1007/s00436-011-2611-1
 Chang, J., Gao, J., Lou, L., Chu, H., Li, P., Chen, T., et al. (2020). Xanthatin alleviates airway inflammation in asthmatic mice by regulating the STAT3/NF-κB signaling pathway. Respir. Physiol. Neurobiol. 281, 103491. doi:10.1016/j.resp.2020.103491
 Chen, Z., Bozec, A., Ramming, A., and Schett, G. (2019). Anti-inflammatory and immune-regulatory cytokines in rheumatoid arthritis. Nat. Rev. Rheumatol. 15 (1), 9–17. doi:10.1038/s41584-018-0109-2
 Editorial Committee of Zhonghua Bencao National Traditional Chinese Herb Administration (1999). Zhonghua Bencao. Shang Hai: Shanghai Scientific and Technical Publishing House. 
 Emery, P., Breedveld, F. C., Dougados, M., Kalden, J. R., Schiff, M. H., and Smolen, J. S. (2002). Early referral recommendation for newly diagnosed rheumatoid arthritis: Evidence based development of a clinical guide. Ann. Rheum. Dis. 61 (4), 290–297. doi:10.1136/ard.61.4.290
 Fan, W., Fan, L., Peng, C., Zhang, Q., Wang, L., Li, L., et al. (2019). Traditional uses, botany, phytochemistry, Pharmacology, pharmacokinetics and toxicology of Xanthium strumarium L.: A review. Molecules 24 (2), 359. doi:10.3390/molecules24020359
 Fearon, U., Canavan, M., Biniecka, M., and Veale, D. J. (2016). Hypoxia, mitochondrial dysfunction and synovial invasiveness in rheumatoid arthritis. Nat. Rev. Rheumatol. 12 (7), 385–397. doi:10.1038/nrrheum.2016.69
 Gu, Q., Yang, H., and Shi, Q. (2017). Macrophages and bone inflammation. J. Orthop. Transl. 10, 86–93. doi:10.1016/j.jot.2017.05.002
 Han, T., Li, H. L., Zhang, Q. Y., Han, P., Zheng, H. C., Rahman, K., et al. (2007). Bioactivity-guided fractionation for anti-inflammatory and analgesic properties and constituents of Xanthium strumarium L. Phytomedicine 14 (12), 825–829. doi:10.1016/j.phymed.2007.01.010
 Han, T., Zhang, Q. Y., Zhang, H., Wen, J., Wang, Y., Huang, B. K., et al. (2009). Authentication and quantitative analysis on the chemical profile of Xanthium fruit (Cang-Er-Zi) by high-performance liquid chromatography-diode-array detection tandem mass spectrometry method. Anal. Chim. Acta 634 (2), 272–278. doi:10.1016/j.aca.2008.12.027
 Hossen, M. J., Cho, J. Y., and Kim, D. (2016). PDK1 in NF-κB signaling is a target of Xanthium strumarium methanolic extract-mediated anti-inflammatory activities. J. Ethnopharmacol. 190, 251–260. doi:10.1016/j.jep.2016.06.019
 Mazhar, F., Haider, N., Sultana, J., Akram, S., and Ahmed, Y. (2018). Prospective study of NSAIDs prescribing in Saudi Arabia: Cardiovascular and gastrointestinal risk in patients with diabetes mellitus. Int. J. Clin. Pharmacol. Ther. 56 (2), 64–71. doi:10.5414/CP203071
 Merfort, I. (2011). Perspectives on sesquiterpene lactones in inflammation and cancer. Curr. Drug Targets 12 (11), 1560–1573. doi:10.2174/138945011798109437
 Miyoshi, M., and Liu, S. (2018). Collagen-induced arthritis models. Methods Mol. Biol. 1868, 3–7. doi:10.1007/978-1-4939-8802-0_1
 Puxeddu, I., Caltran, E., Rocchi, V., Del Corso, I., Tavoni, A., and Migliorini, P. (2016). Hypersensitivity reactions during treatment with biological agents. Clin. Exp. Rheumatol. 34 (1), 129–132.
 Quintao, N. L. M., Pastor, M. V. D., Antonialli, C. D., da Silva, G. F., Rocha, L. W., Berte, T. E., et al. (2019). Aleurites moluccanus and its main active constituent, the flavonoid 2''-O-rhamnosylswertisin, in experimental model of rheumatoid arthritis. J. Ethnopharmacol. 235, 248–254. doi:10.1016/j.jep.2019.02.014
 Ramiro, S., Sepriano, A., Chatzidionysiou, K., Nam, J. L., Smolen, J. S., van der Heijde, D., et al. (2017). Safety of synthetic and biological DMARDs: A systematic literature review informing the 2016 update of the EULAR recommendations for management of rheumatoid arthritis. Ann. Rheum. Dis. 76 (6), 1101–1136. doi:10.1136/annrheumdis-2016-210708
 Schett, G. (2019). Resolution of inflammation in arthritis. Semin. Immunopathol. 41 (6), 675–679. doi:10.1007/s00281-019-00768-x
 Schomburg, C., Schuehly, W., Da Costa, F. B., Klempnauer, K. H., and Schmidt, T. J. (2013). Natural sesquiterpene lactones as inhibitors of myb-dependent gene expression: Structure-activity relationships. Eur. J. Med. Chem. 63, 313–320. doi:10.1016/j.ejmech.2013.02.018
 Shang, H., Liu, J., Bao, R., Cao, Y., Zhao, K., Xiao, C., et al. (2014). Biomimetic synthesis: Discovery of xanthanolide dimers. Angew. Chem. Int. Ed. Engl. 53 (52), 14494–14498. doi:10.1002/anie.201406461
 Shi, Y. S., Liu, Y. B., Ma, S. G., Li, Y., Qu, J., Li, L., et al. (2015). Bioactive sesquiterpenes and lignans from the fruits of Xanthium sibiricum. J. Nat. Prod. 78 (7), 1526–1535. doi:10.1021/np500951s
 Wang, D., Wu, Z., Zhao, C., Yang, X., Wei, H., Liu, M., et al. (2021). KP-10/Gpr54 attenuates rheumatic arthritis through inactivating NF-κB and MAPK signaling in macrophages. Pharmacol. Res. 171, 105496. doi:10.1016/j.phrs.2021.105496
 Wang, D., Zhao, C., Gao, L., Wang, Y., Gao, X., Tang, L., et al. (2018). NPNT promotes early-stage bone metastases in breast cancer by regulation of the osteogenic niche. J. Bone Oncol. 13, 91–96. doi:10.1016/j.jbo.2018.09.006
 Xu, F. W., Xiao, C. Q., Lv, X., Lei, M., and Hu, L. H. (2017). Two new dimmeric xanthanolides isolated from Xanthium mogolium Kitag plant. Tetrahedron Lett. 58 (13), 1312–1315. doi:10.1016/j.tetlet.2017.02.044
 Yang, X., Xu, S., Qian, Y., and Xiao, Q. (2017). Resveratrol regulates microglia M1/M2 polarization via PGC-1α in conditions of neuroinflammatory injury. Brain Behav. Immun. 64, 162–172. doi:10.1016/j.bbi.2017.03.003
 Yeom, M., Kim, J. H., Min, J. H., Hwang, M. K., Jung, H. S., and Sohn, Y. (2015). Xanthii fructus inhibits inflammatory responses in LPS-stimulated RAW 264.7 macrophages through suppressing NF-κB and JNK/p38 MAPK. J. Ethnopharmacol. 176, 394–401. doi:10.1016/j.jep.2015.11.020
 Yeung, Y. T., Aziz, F., Guerrero-Castilla, A., and Arguelles, S. (2018). Signaling pathways in inflammation and anti-inflammatory therapies. Curr. Pharm. Des. 24 (14), 1449–1484. doi:10.2174/1381612824666180327165604
 Yoon, J. H., Lim, H. J., Lee, H. J., Kim, H. D., Jeon, R., and Ryu, J. H. (2008). Inhibition of lipopolysaccharide-induced inducible nitric oxide synthase and cyclooxygenase-2 expression by xanthanolides isolated from Xanthium strumarium. Bioorg Med. Chem. Lett. 18 (6), 2179–2182. doi:10.1016/j.bmcl.2007.12.076
 Yuan, Z., Zheng, X., Zhao, Y., Liu, Y., Zhou, S., Wei, C., et al. (2018). Phytotoxic compounds isolated from leaves of the invasive weed Xanthium spinosum. Molecules 23 (11), 2840. doi:10.3390/molecules23112840
 Zhong, Y. M., Zhang, L. L., Lu, W. T., Shang, Y. N., and Zhou, H. Y. (2022). Moxibustion regulates the polarization of macrophages through the IL-4/STAT6 pathway in rheumatoid arthritis. Cytokine 152, 155835. doi:10.1016/j.cyto.2022.155835
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Han, Wang, Wang, Zhu, Zhang, Wu, Meng, Zhao and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1104153-g005.gif
THRNERE L1 SR 3 11
gl e

N | | o
= CEnf A
i i

ke

;
|

L1
W
i

= —
 —1
e






OPS/images/fphar-14-1104153-g006.gif





OPS/images/fphar-14-1104153-g003.gif
e
:;‘:'T

mmm #Lh

\ﬂnl"“ Eﬂ[





OPS/images/fphar-14-1104153-g004.gif





OPS/images/fphar-14-1104153-g007.gif





OPS/images/fphar-14-1104153-t001.jpg
Peak no Figure 1D

1

SL-XM componet

Xanthinosin

Xanthatin

Mogolide D

Mogolide E

Mogolide A

H
CisHi505 oo 26012
I
CioHse07 - 26841
a 2‘ Q
CioHs0; v 27,603
CaoHseOs 28.133

Content (%o)

0133

0279

00585

00981

000263






OPS/xhtml/nav.xhtml
Contents

		Cover

		Sesquiterpene lactones-enriched fractions from Xanthium mongolicum Kitag alleviate RA by regulating M1 macrophage polarization via NF-κB and MAPK signaling pathway		1 Introduction

		2 Materials and methods		2.1 Chemicals and reagents

		2.2 General experimental procedures

		2.3 Plant material and extraction

		2.4 Analysis SL-XM by UPLC-MS

		2.5 Analysis SL-XM by HPLC

		2.6 Animals

		2.7 Induction and assessment of CFA

		2.8 Induction and assessment of CIA

		2.9 X rays and Micro-CT

		2.10 Histopathological evaluation

		2.11 ELISA

		2.12 Cell culture

		2.13 Cell viability analysis

		2.14 Macrophage polarization toward M1 or M2 phenotype

		2.15 qRT-PCR

		2.16 Western blot analysis

		2.17 Immunofluorescence staining

		2.18 Flow cytometry

		2.19 Statistical analysis





		3 Results		3.1 Identified the major anti-inflammatory compounds from X. mongolicum

		3.2 SL-XM attenuates symptoms of CFA in C57/BL mice

		3.3 SL-XM inhibits M1 macrophage polarization

		3.4 SL-XM promotes M2 macrophage polarization

		3.5 SL-XM negatively regulates LPS-induced M1 macrophage polarization through NF-κB and MAPK signal pathways

		3.6 SL-XM alleviates symptoms of CIA in DBA/1 mice





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Sesquiterpene lactones-
enriched fractions from
Xanthium mongolicum Kitag
alleviate RA by regulating

M1 macrophage polarization via
NF-kxB and MAPK signaling
pathway





OPS/images/fphar-14-1104153-g001.gif





OPS/images/fphar-14-1104153-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





