

  molecules-27-04603




molecules-27-04603







Molecules 2022, 27(14), 4603; doi:10.3390/molecules27144603




Article



Xanthatin Alleviates LPS-Induced Inflammatory Response in RAW264.7 Macrophages by Inhibiting NF-κB, MAPK and STATs Activation



Yuanqi Liu[image: Orcid], Wenyu Chen, Fang Zheng, Huanan Yu and Kun Wei *





School of Bioscience and Bioengineering, South China University of Technology, Guangzhou 510006, China









*



Correspondence: weikun@scut.edu.cn







Academic Editor: Athina Geronikaki



Received: 15 June 2022 / Accepted: 11 July 2022 / Published: 19 July 2022



Abstract

:

Xanthatin (XT) is a sesquiterpene lactone isolated from the Chinese herb Xanthium, which belongs to the Asteraceae family. In this study, we developed an inflammation model via stimulating macrophage cell line (RAW 264.7 cells) with lipopolysaccharide (LPS), which was applied to assess the anti-inflammatory effect and probable mechanisms of xanthatin. When compared with the only LPS-induced group, cells that were pretreated with xanthatin were found to decrease the amount of nitric oxide (NO), reactive oxygen species (ROS) and associated pro-inflammatory factors (TNF-α, IL-1β and IL-6), and downregulate the mRNA expression of iNOS, COX-2, TNF-α, IL-1β, and IL-6. Interestingly, phosphorylated levels of related proteins (STAT3, ERK1/2, SAPK/JNK, IκBα, p65) were notably increased only with the LPS-activated cells, while the expression of these could be reverted by pre-treatment with xanthatin in a dose-dependent way. Meanwhile, xanthatin was also found to block NF-κB p65 from translocating into the nucleus and activating inflammatory gene transcription. Collectively, these results demonstrated that xanthatin suppresses the inflammatory effects through downregulating the nuclear factor kappa-B (NF-κB), mitogen-activated protein kinase (MAPK) and signal transducer and activator of transcription (STATs) signaling pathways. Taken together, xanthatin possesses the potential to act as a good anti-inflammatory medication candidate.
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1. Introduction


Inflammation is an organism’s usual self-protective and tightly controlled strategy for avoiding harmful microbe invasion and for repairing tissues [1,2]. It is a part of the body’s complicated bio-responses to internal and external stimuli induced by different pathogens [3,4]. In general, the pre-inflammatory phase is when the body’s immune system is functioning and is a necessary stage for the body to repair itself. However, prolonged, persistent or excessive inflammation might cause wound healing to be delayed. In severe circumstances, it can become a chronic condition, such as rheumatoid arthritis, diabetes mellitus, asthma and metabolic syndromes [5,6]. Additionally, inflammation has long been known as a symptom and trigger of cancer [7]. Currently, anti-inflammatory medications can be divided into two main categories: steroids and non-steroids [8]. However, these medicines are not fully effective therapeutically and are associated with a number of side effects [9,10,11,12,13]. Therefore, more effective anti-inflammatory drugs with low side effects should be explored and discovered [12].



Lipopolysaccharide (LPS) is a key lipid constituent identified in the external membranes of gram-negative bacteria that triggers macrophages to establish models of inflammation [14,15]. Macrophages arrive at the site of damage and induce the production of a number of inflammatory mediators and factors, such as nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), TNF-α, IL-1β and IL-6), thus mobilizing more immune cells and promoting the proliferation of keratin-forming cells, fibroblasts, and epithelial cells [16,17]. A family of Toll-like receptors (TLRs), which expressed in the outer cell membrane, plays a vital function in the immune system [18]. Toll-like receptor 4, the most well-studied protein expressed by immune cells, acts as a receptor for LPS to initiate the immunological response [19]. The Janus kinase-signal transducer and activator of transcription (JAK-STAT), nuclear factor kappa-B (NF-κB) and mitogen-activated protein kinase (MAPK) pathways are linked with immunology, cell growth and differentiation and cellular stress responses. When cells were subjected to unfavorable stimulatory conditions, these pathways were discovered to minimize inflammatory harm by controlling the expression of pro-inflammatory genes [20,21,22].



In China and Vietnam, Xanthium strumarium L. (Asteraceae) is a well-known traditional herbal medicine [23,24]. Traditional Chinese medicine has utilized the fruits and roots of the plant as an anti-inflammatory herb to treat ailments such as nasal sinusitis and arthritis [25]. The xanthium genus contains many bioactive ingredients, including sesquiterpenes, monoterpene glucosides, essential oils, etc. [26,27,28]. In previous studies, the active ingredients in X. strumarium have been demonstrated to possess antibacterial, anticancer, antioxidant, and anti-inflammatory activities [29,30,31,32,33]. From the extracts of X. strumarium roots, some phenolic and flavonoid substances exhibited antioxidant and antitumor activities [34]. Caffeoylquinic acid, which is found in the fruits of X. strumarium, has anti-inflammatory and analgesic properties [35]. In human breast cancer cells, xanthatin (XT) has been demonstrated to block the activator of transcription 3 (STAT3) and NF-κB signaling pathways [25]. In addition, in asthmatic mice and corneal alkali burn models, xanthatin exerted anti-inflammatory activities via blocking STAT3, NF-κB or PI3K/Akt pathways and promoted apoptosis [25,29,36].



To the best of our knowledge, the direct effects of xanthatin on anti-inflammatory effects have not been comprehensively investigated. In this paper, we used LPS stimulation of macrophage cell line (RAW 264.7 cells) to create an inflammatory model that was used to evaluate the anti-inflammatory effectiveness of xanthatin and explore its promising mechanisms.




2. Results


2.1. Cell Viability of Xanthatin


The CCK-8 Cell Proliferation and Cytotoxicity Assay Kits (CCK-8 kits) were used to examine the toxic effect of xanthatin in the absence or presence of LPS (1 μg/mL) on RAW 264.7 cells (Figure 1). First, cells were pre-treated with different concentrations (0–50 μM) of xanthatin for 24 h to assess the toxicity. Also, cells were pre-treated with different concentrations (0–50 μM) of xanthatin in the absence or presence of LPS for 24 h. The concentrations (0–12.5 μM) of xanthatin exhibited no difference in cytotoxicity. The cell viability of RAW 264.7 was not affected in the presence of 1 μg/mL LPS. Therefore, the data indicated that cell viability was not affected by xanthatin (0–12.5 μM) and LPS (1 μg/mL). Furthermore, changes were observed in the morphology of the RAW 264.7 cells in the blank group, LPS group, and different concentrations of the xanthatin treated group. LPS induction caused changes in the cellular morphologies, which also implied the successful establishment of the inflammation model. However, pretreatment with xanthatin suppressed the change of irregular cell morphology, indicating that it could inhibit cell inflammation to some extent.




2.2. Effects of Xanthatin on LPS-Stimulated on NO Production


To characterize the effect of xanthatin on LPS-induced NO release, we employed a Griess reagent. When cells were activated by LPS, the release of NO was increased significantly, which implied that the inflammatory model was successful. The results showed that the amount of NO reduced dramatically in a dose-dependent way, compared to the LPS-induced group. The NO content inhibition rates were 16.7%, 29.7%, 53.4% and 76.8% at 0.78, 1.56, 3.125 and 6.25 μM concentrations of xanthatin, respectively (Figure 2).




2.3. Effects of Xanthatin on LPS-Induced Pro-Inflammatory Mediator Expression


Enzyme linked immunosorbent assay kits (ELISA kits) were utilized to detect pro-inflammatory mediators (TNF-α, IL-1β and IL-6) release (Figure 3). Cells generated a number of cytokines and mediators only in the LPS-stimulated group. The results showed that TNF-α, IL-1β and IL-6 production levels were increased in the culture supernatants of LPS-induced cells. These changes were notably attenuated in a dose-dependent way when cells were pre-treated with xanthatin. Taken together, the above results implied that xanthatin can suppress the inflammatory stimulus response by reducing TNF-α, IL-1β and IL-6 levels.




2.4. Effects of Xanthatin on LPS-Induced iNOS, COX-2, TNF-α, IL-1β, and IL-6 mRNA Levels


The production of pro-inflammatory cytokines is the most direct manifestation of the presence of inflammation. To fully understand the anti-inflammatory function of xanthatin in LPS-induced cells, we investigated the mRNA levels of iNOS, COX-2, TNF-α, IL-1β and IL-6 using quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR). Xanthatin can effectively suppress the mRNA levels of iNOS and COX-2 in a dose-dependent way, as compared to the LPS-stimulated group. TNF-α, IL-1β and IL-6 levels followed the same trend as inflammatory mediators (Figure 4).




2.5. Effects of Xanthatin on LPS-Stimulated on the Reactive Oxygen Species (ROS) Content


Inflammatory stimulation induces large amounts of ROS production by macrophages. ROS can mediate related pathways to produce pro-inflammatory responses and prolong the duration of inflammation. The amount of ROS released was considerably enhanced under LPS-induced RAW 264.7 cells, while the intracellular ROS decreased in a dose-dependent way with a xanthatin pre-treatment (Figure 5). These results indicated that xanthatin works to reduce ROS content and thus inhibits inflammation development and transmission.




2.6. Effects of Xanthatin on LPS-Induced on the iNOS and COX-2 Expression


INOS and COX-2 proteins regulate the production of NO and PGE2 respectively. To understand the inhibitory effect of xanthatin on LPS-stimulated in RAW 264.7 cells, we used Western blotting to explore the expression of iNOS and COX-2 (Figure 6). The result showed that the levels of iNOS and COX-2 were upregulated in response to the LPS-induced group. When compared to the group that was pre-treated with xanthatin, both of their mRNA were downregulated in a dose-dependent way.




2.7. Effects of Xanthatin on LPS-Induced on the NF-κB, MAPK and STATs Signaling Pathways


To fully explore the molecular mechanism of the inhibitory inflammation activity of xanthatin on LPS induction in RAW 264.7 cells, we conducted Western blotting to analyze the expression of NF-κB, STATs and MAPK pathway-related proteins (p-IκBα, IκBα, p-p65, p-STAT3, STAT3, p-ERK1/2, ERK1/2, p-SAPK/JNK and SAPK/JNK). There are relevant cellular signaling pathways in the inflammatory response induced by LPS. Among them, cells were pre-treated with xanthatin or only the LPS-induced group, which had little influence on the non-phosphorylated proteins. However, phosphorylated proteins were markedly increased only with the LPS-induced group. When cells were pre-treated with xanthatin, these alterations were reversed in a dose-dependent way (Figure 7). Above all, cells pre-treated with xanthatin could suppress the inflammatory cytokines by blocking the phosphorylation of NF-κB, STATs and MAPK pathway proteins.




2.8. Effects of Xanthatin on LPS-Induced on the NF-κB p65 Nuclear Translocation


Translocation of NF-κB p65 from the cytoplasm into the nucleus triggers an inflammatory response. To investigate whether xanthatin has an inhibitory effect on LPS-activated NF-κB p65 nuclear translocation, it was observed by laser confocal scanning electron microscopy. As shown in Figure 8, under normal circumstances, NF-κB p65 (red) was largely distributed in the cytoplasm. NF-κB p65 was transposed to the nucleus with LPS-activation, while the red color in the nucleus was significantly diminished by co-culture with xanthatin, indicating that pre-treatment with xanthatin could partially reverse the phenomenon of nuclear translocation.





3. Discussion


Inflammation is a normal response to a complex pathological process, which is the body’s defense response to injurious stimuli or pathogenic components [37]. However, excessive and prolonged inflammation is one of the reasons for the initiation and worsening of a wide range of disorders, for example, autoimmune diseases and chronic inflammation [15]. Therefore, controlling the timing and progression of inflammation is a key point in healing. The present study focused on the anti-inflammatory properties of xanthatin on LPS-induced RAW 264.7 cells, including the expression of inflammatory factors and their associated signaling pathways. Xanthatin showed no toxic effects on RAW 264.7 cells at concentrations below 12.5 μM. RAW 264.7 cell viability was unaffected by xanthatin with doses (0–12.5 μM) or LPS (1 μg/mL). To assess the anti-inflammatory effectiveness, various concentrations of xanthatin were utilized.



In the inflammatory response, macrophages are the most responsive innate immune cells, acting as both reactors and sensors to modulate inflammatory and immunological responses. When activated by LPS, macrophages secrete pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) and NO to enhance the immune response. To amplify and deliver the immune response, RAW 264.7 cells greatly boosted the release and transcription of TNF-α, IL-1β, IL-6, iNOS and COX-2 after being LPS-induced. Pre-treatment with xanthatin reversed this phenomenon. These findings imply that xanthatin may prevent the release of LPS-induced pro-inflammatory factors, resulting in protective and anti-inflammatory effects.



TNF-α binds to the receptor (TNFR), causing it to rapidly synthesize and secrete a variety of cytokines and chemokines, which were capable of transcriptionally upregulating a series of inflammatory gene expression events, all of which contribute to inflammation [38,39]. IL-1β is an important pro-inflammatory cytokine that is produced by a variety of cell types and is involved in the chemotaxis of immune cells such as neutrophils and macrophages [40,41]. In the inflammatory response, IL-6 is a biomarker with pro-inflammatory and anti-inflammatory properties [41,42]. It can operate as a key element in attracting T cells, while also reducing neutrophils to reach the wound site [43,44]. In this study, RAW 264.7 cells were followed by an increase in pro-inflammatory cytokine expression at the levels of mRNA and proteins after being LPS-induced. However, pre-treatment with xanthatin decreased their production. From these results, it is clear that xanthatin can achieve a state of balance by suppressing the massive production of pro-inflammatory factors, thus exerting the maximum immune effect.



NO and PGE2 are critical messenger molecules and indicators of inflammation [45,46]. NO is a free radical formed by the iNOS family [47]. INOS, a part of M1 macrophages, plays a role in the inflammatory response, particularly in reaction to LPS [48]. The high expression of iNOS leads to NO generation over the threshold, which slows wound healing. In the creation of PG, COX (COX-1, COX-2) plays a main role, and COX-2 controls PGE2 expression to reduce inflammation [49,50]. Xanthatin reduces NO generation by downregulating iNOS expression in terms of mRNA and protein. Meanwhile, transcription and expression of the COX-2 gene were affected by the pre-treatment of xanthatin, showing concentration-dependent suppression. These findings show that xanthatin inhibits the expression of similar synthases, hence reducing the generation of inflammatory mediators.



As intracellular pro-inflammatory signaling molecules, ROS have the ability to regulate the immune response [51]. ROS plays a dual role in inflammation [52,53]. It can operate as a redox signal to control the length of time that inflammation lasts [54]. The formation of inflammatory vesicles is exacerbated by the accumulation of large amounts of ROS in injured tissue [55]. Furthermore, ROS can mediate pro-inflammatory reactions via the NF-κB and STATs pathways and stimulate the secretion of pro-inflammatory cytokines [56,57]. In this investigation, the cells that were pre-treated with xanthatin dramatically decreased ROS generation after LPS stimulation. Xanthatin reduced tissue damage and inflammation by removing excess ROS. Further research is needed to assess the possibility that xanthatin reduces ROS levels in relation to inhibition of the NF-κB pathway.



Keratinocytes in the epidermis are the outermost layer of protection and generate various pattern recognition receptors (PRRs) [58,59]. They mainly recognize danger signals with specific small molecular motifs, which are called pathogen-associated molecular patterns (PAMPs) [59]. Some tissue fragments, pathogens, and LPS are recognized by PRRs. Toll-like receptor 4 (TLR4) recognize the chemical structure of LPS and trigger an inflammatory response to clear the foreign substance from the body [60]. Neutrophils and macrophages are recruited to reach the site. Activated macrophages produce pro-inflammatory effects and secrete multiple signaling factors to activate relevant signaling pathways [51,52]. The STATs pathway, which regulates the developmental and internal homeostatic balance of the organism through a series of signaling cascades, is involved in the immune response [53,54]. STAT3 is a characteristic inflammatory signaling molecule in the STAT protein family [51]. Activated STATs translocate to the nucleus, in which they affect gene transcription of related factors and enzymes (like iNOS and COX-2) [55]. ROS played an important role in mediating STAT to regulate the expression of inflammatory genes. STAT phosphorylation can also be regulated by MAPK and NF-κB pathways. In the above study, p-STAT3 expression was greatly elevated in RAW 264.7 macrophages with LPS-induction while lowered by pre-treatment with xanthatin in a concentration-related manner, suggesting that STAT3 may serve as a target for xanthatin to inhibit inflammation. This study suggests that xanthatin is capable of producing anti-inflammatory effects via the STAT pathway, possibly due to an upstream pathway or because of ROS mediation.



NF-κB and MAPK are critical cellular signaling pathways in the inflammatory response promoted by LPS [56]. STAT3 and NF-κB are central transcription factors in immunity in response to LPS stimulation [57]. NF-κB and MAPK play a role as regulators in the process of inflammatory signaling and are involved in the transcription of various pro-inflammatory mediators and cytokines [21,61]. STAT3 and ROS also affect NF-κB mediated pro-inflammatory responses [62,63]. With abnormal stimulation, NF-κB family member p65 is translocated from the dimer to the nucleus, where it triggers the development of TNF-a, IL-1β and IL-6 by binding to a number of target genes [64]. P65 in the cytoplasm dissociates from the heterodimer and translocates to the nucleus to combine with pro-inflammatory genes when a series of cascade reactions are triggered by inflammation [65]. The MAPK pathway is involved in the regulation of inflammatory cytokines and chemokines (iNOS and COX-2), and also in the activation of NF-κB [46,63,66]. However, not all target proteins in the pathway play the same role. In the current investigation, xanthatin was able to effectively inhibit the phosphorylation of ERK1/2 and JNK. The anti-inflammatory effect of xanthatin is through the inhibition of NF-κB and MAPK signal transduction, but its most direct target is not yet clear, and more exploration is needed in the future.



The inflammatory process is mediated by a variety of inflammatory mediators and cytokines that are major causes of inflammatory illnesses [67]. Therefore, blocking the production of these pro-inflammatory mediators may be an effective treatment strategy [68]. LPS stimulates TLR4, which activates NF-κB and MAPK to act as a signaling cascade to regulate the transcription of target genes encoding pro-inflammatory cytokines, chemokines, and inducible enzymes [69,70,71,72]. ROS are signaling molecules that can activate various signaling pathways, such as MAPK and STATs pathways [73,74]. Furthermore, STAT3 interacts with NF-κB and MAPK pathways to inhibit LPS-induced NO, TNF-α, IL-1β and IL-6 transcription and expression [75,76]. Xanthatin down-regulated the transcription of iNOS, COX-2, TNF-α, IL-6 and IL-1β mRNA induced by LPS stimulation. In addition, at the protein level, it also inhibited the expression of iNOS, COX-2 and pathway-related proteins. These results suggest that xanthatin inhibits the transcription and protein translation of the relevant pro-inflammatory genes and proteins to some extent. Furthermore, xanthatin exerts its anti-inflammatory effects through the interaction between ROS signaling molecules and NF-κB, MAPK and STATs signaling pathways to modulate inflammatory factors and mediators. In this study, the positive anti-inflammatory effect of xanthatin in Xanthium sibiricum Patr. has been explored. In addition, it has other active ingredients which have many potent medicinal values and biological activities such as antibacterial, anti-inflammatory, analgesic, antitumor, antioxidant and hypoglycemic effects [26]. These rich functional active ingredients mean that Xanthium has potential as a source of novel nutraceuticals.




4. Materials and Methods


4.1. Materials


Xanthatin (XT) was purchased from Chengdu Herbpurify CO., LTD. LPS (E.coli 0111:B4) and dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), and antibiotic-antimycotic solution were purchased from Gibco (ThermoFisher, Gaisburg, MD, USA). CCK-8 kits were purchased from (GLPBIO). Enzyme-linked immunosorbent assay (ELISA) kits for TNF-α, IL-6, IL-1β were purchased from BOSTER Biological Technology (Wuhan, China). The primary rabbit monoclonal antibodies against STAT3, p-STAT3, SAPK/JNK, p- SAPK/JNK, NF-κB p65, p-NF-κB p65, ERK1/2, p-ERK1/2, IκBα, p-IκBα were purchased from Cell Signaling Technology (Danvers, MA, USA). The primary rabbit monoclonal antibodies against iNOS and COX-2 were purchased from Affinity biosciences OH (USA).




4.2. Cell Culture


A RAW 264.7 murine macrophage cell line was purchased from the National Collection of Authenticated Cell Cultures (Shanghai, China), and cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin, in a humidified incubator with 5% CO2 at 37 °C.




4.3. Cell Viability Assay


The CCK-8 kits were applied to evaluate cell viability. Cells were seeded and pre-treated with various concentrations of xanthatin in the absence or presence of LPS for 24 h in 96-well plates. Then, the morphological changes of RAW 264.7 cells were observed by inverted fluorescence microscopy.10 μL CCK-8 was added and incubation occurred for 1 h at 37 °C. A multi-technology microplate reader was used to detect the absorbance at 490 nm. At least three replicates were included in each sample.




4.4. Measurement of Nitric Oxide (NO)


The Griess reagents (Beyotime, Shanghai, China) were applied to test the release of NO. Cells were seeded and pre-treated with various concentrations of xanthatin in the absence or presence of LPS for 24 h. Then, the supernatant medium of 50 μL in each group was transferred and mixed with the same volume of Griess I and II reagent (50 μL) in 96-well plate. A modular multi-technology microplate reader was used to detect the absorbance at 540 nm.




4.5. ELISA


The expression of cytokines was tested by the mouse ELISA kits (TNF-α, IL-1β and IL-6). Cells were seeded and pre-treated with various concentrations of xanthatin in the absence or presence of LPS for 24 h in 12-well plates. Then each supernatant was collected in a tube. The content of each factor is identified following the instructions of the ELISA kit.




4.6. Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR)


Cells were pre-treated with various concentrations of xanthatin in the absence or presence of LPS for 24 h in 6-well plates. Extraction of total cellular RNA from cells was achieved by using a Trizol reagent. RNA in each sample was reversed to single-stranded cDNA according to the following recipe and procedure: 20 uL of final reverse transcription reaction solution (4 μL of 5X buffer,1 μL of Random Primers, 2 μL of Enzyme Mix, RNA 1.5 g). 25 °C, 5 min, 42 °C, 30 min, 85 °C, 5 min. The relevant primers and their sequences are listed in Table 1. QPCR was conducted according to the standard thermal cycling method [77]. The mRNA levels were normalized to β-Actin. At least three replicates were performed on each sample for independence.




4.7. Reactive Oxygen Species (ROS) Measurement


Cells were seeded and pre-treated with different concentrations of xanthatin with or without LPS for 24 h, after washing cells with cold-PBS and staining it by DCFH-DA at 10 μM for 0.5 h. Performed experiments according to the kit’s instructions. Collected each cell pellet, centrifuged, and resuspended with PBS. Used a flow cytometer (BD FACS Aria) to detect the ROS in cells.




4.8. Western Blot Analysis


Cells were seeded and pre-treated with various doses of xanthatin with or without LPS for 24 h in 6-well plates. The RIPA lysis buffer was applied to each cultivated cell after it was washed twice with cold PBS. Later, the RIPA lysis buffer was collected and centrifugated. A BCA protein assay kit was used to assess each concentration of the protein extraction. Protein samples (30 μg) were electrophoresed on 8–12% SDS-PAGE gels and transferred to PVDF membranes for 1–4 h at 100 V. The membranes were blocked in 5% non-fat dry milk in TBST for 1 h with slight shaking. Later, the PVDF membranes were washed three times with TBST and then incubated overnight at 4 °C with primary rabbit monoclonal antibodies. Washed and incubated for 90 min at room temperature with HRP-conjugated antibodies. Protein signals were visualized using a chemiluminescence kit (Millipore Corporation, Billerica, MA, USA) with the ChemiDoc-It Imaging System (UVP, Upland, CA, USA).




4.9. The NF-κB p65 Nuclear Translocation Immunofluorescence Staining


The NF-κB p65 translocation was investigated using immunofluorescence microscopy. Cells were seeded and pre-treated with different doses of xanthatin with or without LPS for 24 h in 12-well plates. The operation primarily refers to our group’s testing procedure [77]. Finally, the crawls were visualized by a laser scanning confocal microscope (Nikon Ti-EA1, Japan).




4.10. Statistical Analysis


Experimental graphs were obtained with three replicate experiments, and one-way ANOVA and an independent t-test were utilized to identify the results’ statistical significance. A noticeable difference was defined as p < 0.01. Data was analyzed using Origin 2018.





5. Conclusions


In this study, the efficacy and mechanism of xanthatin for the inflammation model established by LPS were studied. Xanthatin exhibits potent anti-inflammatory effects. In LPS-stimulated RAW 264.7 cells, xanthatin can inhibit the production of NO, the expression of IL-1β, IL-6 and TNF-α, and the transcription of IL-1β, IL-6, TNF-α, iNOS and COX2. Concurrently, the upstream signaling proteins were evaluated. Xanthatin reduced the expression levels of iNOS and COX-2 proteins and also inhibited the expression levels of IκBα, p65, STAT3, ERK1/2 and SAPK/JNK phosphorylated proteins. In addition, xanthatin can lower ROS content to reduce cell damage and pathway activation. These changes could suggest that xanthatin inhibits the occurrence of inflammation through the interaction of NF-κB, MAPK and STATs pathways. As a whole, xanthatin improves the inflammatory response induced in RAW 264.7 macrophages when LPS-activated, which offers us ideas for understanding and developing Xanthium L. plants as a treatment for inflammation.







Author Contributions


Y.L.: conceptualization, methodology, data curation, writing—original draft. W.C.: methodology, data curation. F.Z.: supervision, project administration. H.Y.: supervision. K.W.: funding acquisition, project administration. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the International Cooperation Projects of Guangdong Provincial Science and Technology (Grant No. 2015A050502013).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Not available.




References


	



Libby, P. Inflammatory mechanisms: The molecular basis of inflammation and disease. Nutr. Rev. 2007, 65, S140–S146. [Google Scholar] [CrossRef] [PubMed]

	



Aziz, N.; Kim, M.Y.; Cho, J.Y. Anti-inflammatory effects of luteolin: A review of in vitro, in vivo, and in silico studies. J. Ethnopharmacol. 2018, 225, 342–358. [Google Scholar] [CrossRef] [PubMed]

	



Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428–435. [Google Scholar] [CrossRef] [PubMed]

	



Koh, W.; Shin, J.S.; Lee, J.; Lee, I.H.; Lee, S.K.; Ha, I.H.; Chung, H.J. Anti-inflammatory effect of Cortex Eucommiae via modulation of the toll-like receptor 4 pathway in lipopolysaccharide-stimulated RAW 264.7 macrophages. J. Ethnopharmacol. 2017, 209, 255–263. [Google Scholar] [CrossRef]

	



Donath, M.Y.; Shoelson, S.E. Type 2 diabetes as an inflammatory disease. Nat. Rev. Immunol. 2011, 11, 98–107. [Google Scholar] [CrossRef]

	



Chawla, A.; Nguyen, K.D.; Goh, Y.P. Macrophage-mediated inflammation in metabolic disease. Nat. Rev. Immunol. 2011, 11, 738–749. [Google Scholar] [CrossRef]

	



Taniguchi, K.; Karin, M. NF-kappaB, inflammation, immunity and cancer: Coming of age. Nat. Rev. Immunol. 2018, 18, 309–324. [Google Scholar] [CrossRef]

	



Pountos, I.; Theodora, G.; Howard, B.; Giannoudis, P. Nonsteroidal anti-inflammatory drugs: Prostaglandins, indications, and side effects. Int. J. Interferon Cytokine Mediat. Res. 2011, 3, 19. [Google Scholar] [CrossRef]

	



He, Y.; Yue, Y.; Zheng, X.; Zhang, K.; Chen, S.; Du, Z. Curcumin, inflammation, and chronic diseases: How are they linked? Molecules 2015, 20, 9183–9213. [Google Scholar] [CrossRef]

	



Wongrakpanich, S.; Wongrakpanich, A.; Melhado, K.; Rangaswami, J. A Comprehensive Review of Non-Steroidal Anti-Inflammatory Drug Use in The Elderly. Aging Dis. 2018, 9, 143–150. [Google Scholar] [CrossRef]

	



Diakos, C.I.; Charles, K.A.; McMillan, D.C.; Clarke, S.J. Cancer-related inflammation and treatment effectiveness. Lancet Oncol. 2014, 15, e493–e503. [Google Scholar] [CrossRef]

	



Tabas, I.; Glass, C.K. Anti-inflammatory therapy in chronic disease: Challenges and opportunities. Science 2013, 339, 166–172. [Google Scholar] [CrossRef]

	



Yates, C.M.; Calder, P.C.; Ed Rainger, G. Pharmacology and therapeutics of omega-3 polyunsaturated fatty acids in chronic inflammatory disease. Pharm. Ther. 2014, 141, 272–282. [Google Scholar] [CrossRef]

	



Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage biology in development, homeostasis and disease. Nature 2013, 496, 445–455. [Google Scholar] [CrossRef] [PubMed]

	



Krausgruber, T.; Blazek, K.; Smallie, T.; Alzabin, S.; Lockstone, H.; Sahgal, N.; Hussell, T.; Feldmann, M.; Udalova, I.A. IRF5 promotes inflammatory macrophage polarization and TH1-TH17 responses. Nat. Immunol. 2011, 12, 231–238. [Google Scholar] [CrossRef] [PubMed]

	



Koh, T.J.; DiPietro, L.A. Inflammation and wound healing: The role of the macrophage. Expert Rev. Mol. Med. 2011, 13, e23. [Google Scholar] [CrossRef]

	



Hua, Y.; Bergers, G. Tumors vs. Chronic Wounds: An Immune Cell’s Perspective. Front. Immunol. 2019, 10, 2178. [Google Scholar] [CrossRef] [PubMed]

	



Jin, M.S.; Lee, J.O. Structures of the toll-like receptor family and its ligand complexes. Immunity 2008, 29, 182–191. [Google Scholar] [CrossRef]

	



Lu, Y.C.; Yeh, W.C.; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42, 145–151. [Google Scholar] [CrossRef]

	



Guha, M.; Mackman, N. LPS induction of gene expression in human monocytes. Cell Signal 2001, 13, 85–94. [Google Scholar] [CrossRef]

	



Lai, J.L.; Liu, Y.H.; Liu, C.; Qi, M.P.; Liu, R.N.; Zhu, X.F.; Zhou, Q.G.; Chen, Y.Y.; Guo, A.Z.; Hu, C.M. Indirubin Inhibits LPS-Induced Inflammation via TLR4 Abrogation Mediated by the NF-kB and MAPK Signaling Pathways. Inflammation 2017, 40, 1–12. [Google Scholar] [CrossRef]

	



Ju, A.; Cho, Y.C.; Cho, S. Methanol extracts of Xanthium sibiricum roots inhibit inflammatory responses via the inhibition of nuclear factor-kappaB (NF-kappaB) and signal transducer and activator of transcription 3 (STAT3) in murine macrophages. J. Ethnopharmacol. 2015, 174, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Wang, C. Traditional uses, phytochemistry, pharmacology, pharmacokinetics and toxicology of the fruit of Tetradium ruticarpum: A review. J. Ethnopharmacol. 2020, 263, 113231. [Google Scholar] [CrossRef] [PubMed]

	



Yen, P.H.; Hoang, N.H.; Trang, D.T.; Huong, P.T.T.; Tai, B.H.; Nhiem, N.X.; Kiem, P.V. A New Thiazinedione Glycoside From the Fruits of Xanthium strumarium L. Nat. Prod. Commun. 2021, 16, 1934578X211032082. [Google Scholar] [CrossRef]

	



Liu, M.; Xiao, C.Q.; Sun, M.W.; Tan, M.J.; Hu, L.H.; Yu, Q. Xanthatin inhibits STAT3 and NF-kappaB signalling by covalently binding to JAK and IKK kinases. J. Cell. Mol. Med. 2019, 23, 4301–4312. [Google Scholar] [CrossRef] [PubMed]

	



Kuang, H.-X.; Wang, Q.-H.; Jiang, H.; Wang, X.-j.; Yang, L.; Zhang, J.-X.; Hou, A.J.; Man, W.-J.; Wang, S.; Yang, B.-Y.; et al. The fruits of Xanthium sibiricum Patr: A review on phytochemistry, pharmacological activities, and toxicity. World J. Tradit. Chin. Med. 2020, 6, 408–442. [Google Scholar] [CrossRef]

	



Kamoun, E.A.; Kenawy, E.S.; Chen, X. A review on polymeric hydrogel membranes for wound dressing applications: PVA-based hydrogel dressings. J. Adv. Res. 2017, 8, 217–233. [Google Scholar] [CrossRef]

	



Olivaro, C.; Rostan, V.; Bandera, D.; Moyna, G.; Vazquez, A. Xanthane sesquiterpenoids from the roots and flowers of Xanthium cavanillesii. Nat. Prod. Res. 2016, 30, 2238–2242. [Google Scholar] [CrossRef]

	



Nibret, E.; Youns, M.; Krauth-Siegel, R.L.; Wink, M. Biological activities of xanthatin from Xanthium strumarium leaves. Phytother. Res. 2011, 25, 1883–1890. [Google Scholar] [CrossRef]

	



Tao, L.; Cao, Y.; Wei, Z.; Jia, Q.; Yu, S.; Zhong, J.; Wang, A.; Woodgett, J.R.; Lu, Y. Xanthatin triggers Chk1-mediated DNA damage response and destabilizes Cdc25C via lysosomal degradation in lung cancer cells. Toxicol. Appl. Pharmacol. 2017, 337, 85–94. [Google Scholar] [CrossRef]

	



Shi, T.L.; Zhang, L.; Cheng, Q.Y.; Yu, J.S.; Liu, J.; Shen, Y.J.; Feng, X.J.; Shen, Y.X. Xanthatin induces apoptosis by activating endoplasmic reticulum stress in hepatoma cells. Eur. J. Pharmacol. 2019, 843, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Geng, Y.D.; Zhang, L.; Wang, G.Y.; Feng, X.J.; Chen, Z.L.; Jiang, L.; Shen, A.Z. Xanthatin mediates G2/M cell cycle arrest, autophagy and apoptosis via ROS/XIAP signaling in human colon cancer cells. Nat. Prod. Res. 2020, 34, 2616–2620. [Google Scholar] [CrossRef] [PubMed]

	



Tao, L.; Sheng, X.; Zhang, L.; Li, W.; Wei, Z.; Zhu, P.; Zhang, F.; Wang, A.; Woodgett, J.R.; Lu, Y. Xanthatin anti-tumor cytotoxicity is mediated via glycogen synthase kinase-3beta and beta-catenin. Biochem. Pharmacol. 2016, 115, 18–27. [Google Scholar] [CrossRef] [PubMed]

	



Fan, W.; Fan, L.; Peng, C.; Zhang, Q.; Wang, L.; Li, L.; Wang, J.; Zhang, D.; Peng, W.; Wu, C. Traditional uses, botany, phytochemistry, pharmacology, pharmacokinetics and toxicology of Xanthium strumarium L.: A review. Molecules 2019, 24, 359. [Google Scholar] [CrossRef] [PubMed]

	



Kamboj, A.; Saluja, A.K. Phytopharmacological review of Xanthium strumarium L.(Cocklebur). Int. J. Green Pharm. 2010, 4, 129–139. [Google Scholar] [CrossRef]

	



Shen, M.; Zhou, X.Z.; Ye, L.; Yuan, Q.; Shi, C.; Zhu, P.W.; Jiang, N.; Ma, M.Y.; Yang, Q.C.; Shao, Y. Xanthatin inhibits corneal neovascularization by inhibiting the VEGFR2mediated STAT3/PI3K/Akt signaling pathway. Int. J. Mol. Med. 2018, 42, 769–778. [Google Scholar] [CrossRef]

	



Lee, W.S.; Shin, J.S.; Jang, D.S.; Lee, K.T. Cnidilide, an alkylphthalide isolated from the roots of Cnidium officinale, suppresses LPS-induced NO, PGE2, IL-1beta, IL-6 and TNF-alpha production by AP-1 and NF-kappaB inactivation in RAW 264.7 macrophages. Int. Immunopharmacol. 2016, 40, 146–155. [Google Scholar] [CrossRef]

	



Kearney, C.J.; Cullen, S.P.; Tynan, G.A.; Henry, C.M.; Clancy, D.; Lavelle, E.C.; Martin, S.J. Necroptosis suppresses inflammation via termination of TNF-or LPS-induced cytokine and chemokine production. Cell Death Differ. 2015, 22, 1313–1327. [Google Scholar] [CrossRef]

	



Blaser, H.; Dostert, C.; Mak, T.W.; Brenner, D. TNF and ROS Crosstalk in Inflammation. Trends Cell Biol. 2016, 26, 249–261. [Google Scholar] [CrossRef]

	



Chien, S.Y.; Huang, C.Y.; Tsai, C.H.; Wang, S.W.; Lin, Y.M.; Tang, C.H. Interleukin-1β induces fibroblast growth factor 2 expression and subsequently promotes endothelial progenitor cell angiogenesis in chondrocytes. Clin. Sci. 2016, 130, 667–681. [Google Scholar] [CrossRef]

	



Kany, S.; Vollrath, J.T.; Relja, B. Cytokines in inflammatory disease. Int. J. Mol. Sci. 2019, 20, 6008. [Google Scholar] [CrossRef] [PubMed]

	



Hunter, C.A.; Jones, S.A. IL-6 as a keystone cytokine in health and disease. Nat. Immunol. 2015, 16, 448–457. [Google Scholar] [CrossRef] [PubMed]

	



Diehl, S.; Rincón, M. The two faces of IL-6 on Th1/Th2 differentiation. Mol. Immunol. 2002, 39, 531–536. [Google Scholar] [CrossRef]

	



Hurst, S.M.; Wilkinson, T.S.; McLoughlin, R.M.; Jones, S.; Horiuchi, S.; Yamamoto, N.; Rose-John, S.; Fuller, G.M.; Topley, N.; Jones, S.A. IL-6 and its soluble receptor orchestrate a temporal switch in the pattern of leukocyte recruitment seen during acute inflammation. Immunity 2001, 14, 705–714. [Google Scholar] [CrossRef]

	



Park, H.H.; Kim, M.J.; Li, Y.; Park, Y.N.; Lee, J.; Lee, Y.J.; Kim, S.G.; Park, H.J.; Son, J.K.; Chang, H.W.; et al. Britanin suppresses LPS-induced nitric oxide, PGE2 and cytokine production via NF-kappaB and MAPK inactivation in RAW 264.7 cells. Int. Immunopharmacol. 2013, 15, 296–302. [Google Scholar] [CrossRef]

	



Zhou, H.Y.; Shin, E.M.; Guo, L.Y.; Youn, U.J.; Bae, K.; Kang, S.S.; Zou, L.B.; Kim, Y.S. Anti-inflammatory activity of 4-methoxyhonokiol is a function of the inhibition of iNOS and COX-2 expression in RAW 264.7 macrophages via NF-κB, JNK and p38 MAPK inactivation. Eur. J. Pharmacol. 2008, 586, 340–349. [Google Scholar] [CrossRef]

	



Hickey, M. Role of inducible nitric oxide synthase in the regulation of leucocyte recruitment. Clin. Sci. 2001, 100, 1–12. [Google Scholar] [CrossRef]

	



Rath, M.; Müller, I.; Kropf, P.; Closs, E.I.; Munder, M. Metabolism via arginase or nitric oxide synthase: Two competing arginine pathways in macrophages. Front. Immunol. 2014, 5, 532. [Google Scholar] [CrossRef]

	



Tsatsanis, C.; Androulidaki, A.; Dermitzaki, E.; Gravanis, A.; Margioris, A.N. Corticotropin releasing factor receptor 1 (CRF1) and CRF2 agonists exert an anti-inflammatory effect during the early phase of inflammation suppressing LPS-induced TNF-α release from macrophages via induction of COX-2 and PGE. J. Cell. Physiol. 2007, 210, 774–783. [Google Scholar] [CrossRef]

	



Kundu, J.K.; Surh, Y.J. Inflammation: Gearing the journey to cancer. Mutat. Res. 2008, 659, 15–30. [Google Scholar] [CrossRef]

	



Hillmer, E.J.; Zhang, H.; Li, H.S.; Watowich, S.S. STAT3 signaling in immunity. Cytokine Growth Factor Rev. 2016, 31, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Zhu, R.; Huang, Z.; Li, H.; Zhu, H. Lipopolysaccharide-induced toll-like receptor 4 signaling in cancer cells promotes cell survival and proliferation in hepatocellular carcinoma. Dig. Dis. Sci. 2013, 58, 2223–2236. [Google Scholar] [CrossRef] [PubMed]

	



Kou, X.; Qi, S.; Dai, W.; Luo, L.; Yin, Z. Arctigenin inhibits lipopolysaccharide-induced iNOS expression in RAW264.7 cells through suppressing JAK-STAT signal pathway. Int. Immunopharmacol. 2011, 11, 1095–1102. [Google Scholar] [CrossRef]

	



Qi, Z.; Yin, F.; Lu, L.; Shen, L.; Qi, S.; Lan, L.; Yin, Z. Baicalein reduces lipopolysaccharide-induced inflammation via suppressing JAK/STATs activation and ROS production. Inflamm. Res. 2013, 62, 845–855. [Google Scholar] [CrossRef] [PubMed]

	



Ganster, R.T.; Bradley, S.; Shao, L.; Geller, D. Complex regulation of human inducible nitric oxide synthase gene transcription by Stat 1 and NF-κB. Proc. Natl. Acad. Sci. USA 2001, 98, 8638–8643. [Google Scholar] [CrossRef]

	



Zhu, H.; Pu, D.; Di, Q.; Zhao, X.; Ji, F.; Li, H.; Chen, W. Cirsitakaoside isolated from Premna szemaoensis reduces LPS-induced inflammatory responses in vitro and in vivo. Int. Immunopharmacol. 2018, 59, 384–390. [Google Scholar] [CrossRef]

	



Hoffmann, A.; Baltimore, D. Circuitry of nuclear factor κB signaling. Immunol. Rev. 2006, 210, 171–186. [Google Scholar] [CrossRef]

	



Chen, Y.E.; Fischbach, M.A.; Belkaid, Y. Skin microbiota-host interactions. Nature 2018, 553, 427–436. [Google Scholar] [CrossRef]

	



Lebre, M.C.; van der Aar, A.M.; van Baarsen, L.; van Capel, T.M.; Schuitemaker, J.H.; Kapsenberg, M.L.; de Jong, E.C. Human keratinocytes express functional Toll-like receptor 3, 4, 5, and 9. J. Investig. Dermatol. 2007, 127, 331–341. [Google Scholar] [CrossRef]

	



Miller, L.S.; Modlin, R.L. Toll-like receptors in the skin. Semin. Immunopathol. 2007, 29, 15–26. [Google Scholar] [CrossRef]

	



Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb. Perspect Biol. 2009, 1, a001651. [Google Scholar] [CrossRef] [PubMed]

	



Seo, Y.J.; Jeong, M.; Lee, K.T.; Jang, D.S.; Choi, J.H. Isocyperol, isolated from the rhizomes of Cyperus rotundus, inhibits LPS-induced inflammatory responses via suppression of the NF-κB and STAT3 pathways and ROS stress in LPS-stimulated RAW 264.7 cells. Int. Immunopharmacol. 2016, 38, 61–69. [Google Scholar] [CrossRef]

	



Park, H.Y.; Kim, G.Y.; Choi, Y.H. Naringenin attenuates the release of pro-inflammatory mediators from lipopolysaccharide-stimulated BV2 microglia by inactivating nuclear factor-κB and inhibiting mitogen-activated protein kinases. Int. J. Mol. Med. 2012, 30, 204–210. [Google Scholar] [CrossRef]

	



Fu, Y.; Liu, B.; Zhang, N.; Liu, Z.; Liang, D.; Li, F.; Cao, Y.; Feng, X.; Zhang, X.; Yang, Z. Magnolol inhibits lipopolysaccharide-induced inflammatory response by interfering with TLR4 mediated NF-kappaB and MAPKs signaling pathways. J. Ethnopharmacol. 2013, 145, 193–199. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.S.; Ahn, C.B.; Je, J.Y. Anti-inflammatory action of high molecular weight Mytilus edulis hydrolysates fraction in LPS-induced RAW264. 7 macrophage via NF-κB and MAPK pathways. Food Chem. 2016, 202, 9–14. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.G.; Yoon, D.H.; Lee, W.H.; Han, S.K.; Shrestha, B.; Kim, C.H.; & Kim, T.W. Phellinus linteus inhibits inflammatory mediators by suppressing redox-based NF-κB and MAPKs activation in lipopolysaccharide-induced RAW 264.7 macrophage. J. Ethnopharmacol. 2007, 114, 307–315. [Google Scholar] [CrossRef]

	



Lee, J.; Choi, J.W.; Sohng, J.K.; Pandey, R.P.; Park, Y.I. The immunostimulating activity of quercetin 3-O-xyloside in murine macrophages via activation of the ASK1/MAPK/NF-κB signaling pathway. Int. Immunopharmacol. 2016, 31, 88–97. [Google Scholar] [CrossRef]

	



Guo, C.; Yang, L.; Luo, J.; Zhang, C.; Xia, Y.; Ma, T.; & Kong, L. Sophoraflavanone G from Sophora alopecuroides inhibits lipopolysaccharide-induced inflammation in RAW264. 7 cells by targeting PI3K/Akt, JAK/STAT and Nrf2/HO-1 pathways. Int. Immunopharmacol. 2016, 38, 349–356. [Google Scholar] [CrossRef]

	



Kim, J.B.; Han, A.R.; Park, E.Y.; Kim, J.Y.; Cho, W.; Lee, J.; Seo, E.K.; Lee, K.T.J.B.; Bulletin, P. Inhibition of LPS-induced iNOS, COX-2 and cytokines expression by poncirin through the NF-kappaB inactivation in RAW 264.7 macrophage cells. Biol. Pharm. Bull. 2007, 30, 2345–2351. [Google Scholar] [CrossRef]

	



Yun, K.J.; Kim, J.Y.; Kim, J.B.; Lee, K.W.; Jeong, S.Y.; Park, H.J.; Lee, K.T. Inhibition of LPS-induced NO and PGE2 production by asiatic acid via NF-κB inactivation in RAW 264.7 macrophages: Possible involvement of the IKK and MAPK pathways. Int. Immunopharmacol. 2008, 8, 431–441. [Google Scholar] [CrossRef]

	



Kim, J.H.; Kim, D.H.; Baek, S.H.; Lee, H.J.; Kim, M.R.; Kwon, H.J.; Lee, C.H. Rengyolone inhibits inducible nitric oxide synthase expression and nitric oxide production by down-regulation of NF-κB and p38 MAP kinase activity in LPS-stimulated RAW 264.7 cells. Biochem. Pharmacol. 2006, 71, 1198–1205. [Google Scholar] [CrossRef] [PubMed]

	



Chan, E.D.; Riches, D.W. IFN-γ+ LPS induction of iNOS is modulated by ERK, JNK/SAPK, and p38 mapk in a mouse macrophage cell line. Am. J. Physiol. Cell Physiol. 2001, 280, C441–C450. [Google Scholar] [CrossRef] [PubMed]

	



Lum, H.; Roebuck, K.A. Oxidant stress and endothelial cell dysfunction. Am. J. Physiol. Cell Physiol. 2001, 280, C719–C741. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.S.; Choi, Y.J.; Shin, S.Y.; Li, J.; Kang, S.W.; Bae, J.Y.; Kang, Y.H. Dietary flavonoids differentially reduce oxidized LDL-induced apoptosis in human endothelial cells: Role of MAPK-and JAK/STAT-signaling. J. Nutr. 2008, 138, 983–990. [Google Scholar] [CrossRef] [PubMed]

	



Levy, O.; Granot, Y. Arginine-vasopressin activates the JAK-STAT pathway in vascular smooth muscle cells. J. Biol. Chem. 2006, 281, 15597–15604. [Google Scholar] [CrossRef]

	



Yu, Z.; Zhang, W.; Kone, B.C. Signal transducers and activators of transcription 3 (STAT3) inhibits transcription of the inducible nitric oxide synthase gene by interacting with nuclear factor κB. Biochem. J. 2002, 367, 97–105. [Google Scholar] [CrossRef]

	



Kong, F.; Lee, B.H.; Wei, K. 5-hydroxymethylfurfural mitigates lipopolysaccharide-stimulated inflammation via suppression of MAPK, NF-κB and mTOR activation in RAW 264.7 cells. Molecules 2019, 24, 275. [Google Scholar] [CrossRef]








[image: Molecules 27 04603 g001 550] 





Figure 1. Cell viability of xanthatin. (A) The chemical structure of xanthatin. (B) Cytotoxicity of xanthatin at various concentrations (0–50 μM) in the presence of LPS on RAW 264.7 cells, followed by the CCK-8 kits. (C) Microscopy images of cellular morphology. Scale bar = 50 μm. Data is shown as means ± SDs (n = 3). #: significantly different compared to the control (CON) group, **: p < 0.01 as compared to the LPS-induced group. 
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Figure 2. Effects of xanthatin on NO release in RAW 264.7 cells. Cells were pre-treated with different concentrations of xanthatin for 3 h and incubated with LPS for another 21 h. The NO content in the culture supernatant were tested by a Griess reagent. The NO content was decreased with xanthatin in a dose-dependent way. Data is shown as means ± SDs (n = 3). #: significantly different compared to the control (CON) group, **: p < 0.01, as compared to the LPS-induced group. 
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Figure 3. Effects of xanthatin on release of pro-inflammatory factors: TNF-α (A), IL-1β (B), IL-6 (C). When cells were pre-treated with xanthatin and activated by LPS, the concentration of TNF-α, IL-1β, IL-6 in the culture supernatants was tested using an ELISA kit assay. Data is shown as means ± SDs (n = 3). #: significantly different compared to the control (CON) group, *: p < 0.05, **: p < 0.01, as compared to the LPS-induced group. 
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Figure 4. Effects of xanthatin on LPS-induced mRNA levels of iNOS (A), COX-2 (B), TNF-α (C), IL-1β (D) and IL-6 (E) in RAW 264.7 cells. When cells were pre-treated with xanthatin and activated by LPS, the mRNA levels of iNOS, COX-2, TNF-α, IL-1β and IL-6 was detected by qPCR. These results for the related mRNA expression levels were normalized with β-actin. Data is shown as means ± SDs (n = 3). #: significantly different compared to the control (CON) group, *: p < 0.05, **: p < 0.01, as compared to the LPS-induced group. 
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Figure 5. Effects of xanthatin on ROS release in RAW 264.7 cells. When cells were pre-treated with xanthatin and activated by LPS, we used flow cytometry to test the intracellular ROS generation. This graph shows the roles of xanthatin pre-treated and then LPS-induced on ROS formation. (A) Flow cytometry was processed using the BD Accuri C6 Plus software. (B) The ROS content was expressed as the percentage of cells with bright fluorescence. Data is shown as means ± SDs (n = 3). #: significantly different compared to the control (CON) group, **: p < 0.01, as compared to the LPS-induced group. 
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Figure 6. Effects of xanthatin on iNOS and COX-2 protein expression in RAW 264.7 cells. When cells were pre-treated with xanthatin and then activated by LPS, we clarified the protein of iNOS and COX-2 (A) by Western blotting. The relative expression grey value of each protein band is shown (B). GAPDH was considered as an internal reference. Data is shown as means ± SDs (n = 3). #: significantly different compared to the control (CON) group, *: p < 0.05, **: p < 0.01, as compared to the LPS-induced group. 
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Figure 7. Effects of xanthatin on NF-κB, MAPK and STATs (A) protein expression in LPS-induced RAW 264.7 cells. The relative expression grey value of each protein band is shown (B,C). GAPDH was considered as an internal reference. #: significantly different compared to the control (CON) group, *: p < 0.05, **: p < 0.01, as compared to the LPS-induced group. 
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Figure 8. Effects of xanthatin on the NF-κB p65 nuclear translocation in LPS-induced RAW 264.7 cells. Scale bar = 50 μm. When cells were pre-treated with xanthatin and activated by LPS, we used it to evaluate the NF-κB p65 nuclear translocation by laser confocal scanning electron microscopy. NF-κB p65 antibodies (red) and DAPI (blue) were used to stain the cells. 
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Table 1. Reverse transcription polymerase chain reaction primers were utilized.
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	Name
	Primer Sequence (5′-3′)
	Product (bp)





	iNOS
	F: GCTATGGCCGCTTTGATGTGR: ACCTCCAGTAGCATGTTGGC
	184



	COX-2
	F: TGAGTACCGCAAACGCTTCTR: ACGAGGTTTTTCCACCAGCA
	148



	TNF-α
	F: GACGTGGAACTGGCAGAAGAR: ACTGATGAGAGGGAGGCCAT
	192



	IL-1β
	F: AACCTTTGACCTGGGCTGTCR: AAGGTCCACGGGAAAGACAC
	144



	IL-6
	F: ATCCAGTTGCCTTCTTGGGAR: GGTCTGTTGGGAGTGGTATCC
	103



	β-actin
	F: AGGGAAATCGTGCGTGACATR: AACCGCTCGTTGCCAATAGT
	149
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