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Abstract

:

Inflammation is an important immune response to pathogen invasion, but excessive inflammation leads to tissue injury and even cytokine storm. Therefore, proper response is needed depending on the intensity of the infection. Ras guanine nucleotide releasing protein 3 (RasGRP3) is a regulator of the TLR-mediated response. In low-intensity inflammation, it negatively regulates production of pro-inflammatory cytokines, especially IL-6. Citri Reticulatae Pericarpium, the peel of Citrus reticulata Blanco, is a major medicinal herb in Korean medicine. The present study aims to investigate whether the Citri Reticulatae Pericarpium extract (CRE) has immunomodulatory activity using the Raw264.7 macrophage. Also, we investigated the effect of CRE on RasGRP3 expression. In the present study, CRE reduced IL-6 production in the low-LPS environment (1 ng/mL) and did not in the high-LPS environment (100 ng/mL). The suppression of IL-6 production in the low-LPS environment (1 ng/mL) was abolished after the pretreatment of RasGRP3 siRNA. The reduced RasGRP3 protein content by 100 ng/mL LPS treatment was increased by CRE treatment. Additionally, nobiletin, a major component of CRE showed a suppressive effect on IL-6 production in the low-LPS environment (1 ng/mL). The present results suggest that CRE alleviates inflammatory response via activating RasGRP3 expression in low-intensity inflammation.
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1. Introduction


Inflammation is an important immune response to pathological conditions such as bacterial infection or tissue injury [1]. Host cells need to detect the intensity of infection and to respond properly to avoid excessive response [2]. Excessive or inadequate inflammation could lead to collateral tissue damage and various diseases [3]. For example, in case of influenza or coronavirus infection, uncontrolled release of inflammatory cytokines results in a cytokine storm that can lead to multiple-organ damage and even death [4,5].



Macrophages are important in the beginning and maintenance phases of inflammation. In the inflammatory response, macrophages play a role in phagocytosis, production of cytokines, and antigen presentation through major histocompatibility complex (MHC) molecules [6]. Since these cells are located in the brain, lungs, liver, kidneys, skin, intestines, vascular endothelium, testes, and blood [7], excessive activation of macrophages can affect the outcome of different organ systems in a variety of diseases. Hence, dysregulated activation of macrophages has been implicated in inflammatory diseases [6].



Pattern recognition receptors (PRRs) proteins are expressed on the membrane of immune cell, including macrophages. PRRs have four major sub-families: the Toll-like receptors (TLRs), the retinoic acid-inducible gene 1-like receptors, the nucleotide-binding oligomerization domain-Leucin Rich Repeats-containing receptors, and the C-type lectin receptors [8]. Fine tuning of PRRs’ signaling is involved in the detection and elimination of invading pathogens through pro-inflammatory signaling cascades related to the innate immune response [2]. Therefore, there are approaches that explore a negative regulation of PRRs’ signaling for proper inflammatory response.



Ras guanine nucleotide releasing protein 3 (RasGRP3), which is a guanine nucleotide exchange factor, is a negative regulator of the TLR-mediated response [2]. RasGRP3 negatively regulates TLR-induced pro-inflammatory cytokines to prevent excessive inflammatory response in low-intensity inflammation [2]. When RasGRP3 was silenced in macrophages, IL-6 was excessively produced by low-LPS stimulation [2]. In this context, RasGRP3 has attracted attention as a modulator of inflammation.



Citri Reticulatae Pericarpium is the peel of Citrus reticulata Blanco, which is commonly distributed on Jeju Island, Korea. Citri Reticulatae Pericarpium is a major medicinal source due to its therapeutic properties in Korean medicine; it has been traditionally used for a long time to treat various diseases. In addition, pharmacological studies have reported various therapeutic activities including anti-diabetes [9], anti-obesity [10], anti-cancer [11], and anti-inflammation [12] activities.



In the present study, we investigated whether Citri Reticulatae Pericarpium extract (CRE) shows the regulatory activities of IL-6 overexpression on Raw264.7 macrophages. Its regulatory activity was significantly inhibited by the RasGRP3 gene silencing. Furthermore, we observed immunomodulatory effects of nobiletin, which is known as the major component of Citri Reticulatae Pericarpium [13,14], in low-intensity inflammation.




2. Results


2.1. Effects of CRE on the IL-6 Production in Raw264.7 Cells


To assess whether CRE alleviates inflammation induced by LPS in Raw264.7 cells, the amount of IL-6 production was measured using an ELISA assay. The IL-6 production was significantly elevated by LPS treatment at a concentration of 1 and 100 ng/mL, compared with the untreated group (### p < 0.001). As shown in Figure 1, the pretreatment with CRE (0, 25, 50, and 100 μg/mL) significantly suppressed the IL-6 production which was induced by 1 ng/mL and 100 ng/mL of LPS. In particular, the decrease in IL-6 production was stronger in the low-LPS environment (1 ng/mL) than in the high-LPS environment (100 ng/mL).




2.2. Effects of CRE on the RasGRP3 Expression in Raw264.7 Cells


The RasGRP3 expression was examined using immunoblotting. The treatment of 1 or 100 ng/mL LPS decreased RasGRP3 in Raw264.7 cells. The decrease in RasGRP3 was greater in the 1 ng/mL LPS group compared with the 100 ng/mL LPS group. The groups treated with CRE but not LPS showed no differences in RasGRP3 expression compared with the untreated group (Figure 2).




2.3. Effects of CRE on the IL-6 Production in Raw264.7 Cells Transfected with RasGRP3 siRNA


We determined the effect of CRE on the IL-6 production using Raw264.7 cells transfected with siRNA against RasGRP3. The CRE pretreatment significantly suppressed IL-6 production induced by 1 ng/mL LPS; meanwhile, in the cells transfected with siRNA, this inhibitory effect of CRE on IL-6 production was not observed (Figure 3A). In the 100 ng/mL LPS group, CRE significantly inhibited IL-6 production; this inhibitory effect was not observed when cells were transfected with RasGRP3 siRNA (Figure 3B).




2.4. Effects of CRE on the RasGRP3 Expression in Raw264.7 Cells Transfected with RasGRP3 siRNA


To evaluate the effect of CRE on RasGRP3, we compared RasGRP3 protein expression between cells with or without transfection with siRNA against RasGRP3. In the low-LPS group (1 ng/mL), the expression of RasGRP3 was slightly decreased. There are no clear changes depending on LPS and CRE treatment in the low-LPS group (Figure 4A). As shown in Figure 4B, in the high-LPS group (100 ng/mL), CRE pretreatment upregulated the RasGRP3 expression decreased by LPS. This effect of CRE was not observed when the cells were transfected.




2.5. Effects of Nobiletin on the IL-6 Production in Raw264.7 Macrophages


We examined an effect on IL-6 production of nobiletin, which is one of major components of Citri Reticulatae Pericarpium (442.6 ± 30.7 ppm, Figure S1 in Supplemental HPLC Data). As shown in Figure 5A, the pretreatment of nobiletin (2.5, 5, 10, 20, and 40 μM) significantly suppressed IL-6 production in the Raw264.7 cells treated with 1 ng/mL LPS (### p < 0.001). However, pretreatment with nobiletin markedly reduced only at 40 μM against 100 ng/mL of LPS-induced IL-6 production (*** p < 0.001) (Figure 5B). In addition, pretreatment with nobiletin (at 20 μM or less) did not affect IL-6 production in cells treated with 100 ng/mL LPS (Figure 5B).





3. Discussion


Toll-like receptors (TLRs) are the most-investigated of the pattern recognition receptors (PRRs) [15]. TLRs recognize the structures of pathogens, and TLR signaling leads to an immune response, such as production of cytokines and type I IFNs, to eliminate pathogens [16]. To protect the host from overwhelming inflammation, there is a need for a negative regulator of TLR signaling. The previous study revealed that RasGRP3 limits excessive response in low-intensity inflammation [2].



Citri Reticulatae Pericarpium is a dried peel (exocarp, mesocarp, and endocarp) of Citrus reticulata Blanco, which is one of the most common and famous commercial citrus fruits in Korea. Besides its value as a fruit, its nutritional and therapeutic values have come to the fore. In particular, Citri Reticulatae Pericarpium has been used as a medicinal source in Korean medicine; therefore, various studies have been conducted to reveal its therapeutic effects. Recently, the immunomodulatory effect of Citri Reticulatae Pericarpium has been studied [17]. However, the effect of Citri Reticulatae Pericarpium on RasGRP3 has not been elucidated. The present study aims to demonstrate that Citri Reticulatae Pericarpium extract (CRE) has immunomodulatory effect via activating RasGRP3, using Raw264.7 macrophages.



Macrophages are the most notable immune cells. Under inflammation conditions, macrophages induce the pro-inflammatory cytokines, chemokines, and inflammatory mediators and enhance immune response via mobilizing immune cells [18,19]. Among the excessive cytokines induced by macrophages, IL-6 is one of the important [20].



In the present study, LPS treatment markedly increased IL-6 production in the Raw264.7 cells. The rise of IL-6 was greater in 100 ng/mL LPS-treated cells than in 1 ng/mL LPS-treated cells. Pretreatment with CRE suppressed IL-6 production; the decrease in IL-6 production was stronger in the low-LPS environment (1 ng/mL) compared with the high-LPS environment (100 ng/mL) (Figure 1).



After this, we investigated the change of IL-6 production in cells transfected with siRNA against RasGRP3. In the 1 ng/mL LPS treated group, the effect of CRE on IL-6 production was significantly inhibited when cells were transfected with RasGRP3 siRNA (Figure 3A). However, in the 100 ng/mL LPS treated group, there was no significant change between groups with or without RasGRP3 siRNA transfection (Figure 3B). These results on IL-6 production imply that the CRE has regulatory effect on low-level inflammation, and we hypothesized that CRE may affect inflammatory response via activating RasGRP3.



To determine our hypothesis, the protein expression of RasGRP3 was observed. LPS treatment suppressed the expression of RasGRP3 proteins. The 1 ng/mL LPS treatment slightly decreased the RasGRP3 expression, but the 100 ng/mL LPS treatment markedly decreased it (Figure 2). In addition, we used the cells transfected with RasGRP3 siRNA to determine the effect of CRE on RasGRP3 expression. In the transfected cells with low-LPS (1 ng/mL), there were no clear changes depending on LPS and CRE treatment (Figure 4A). These results seem to be due to the mild inflammatory condition, when RasGRP3 expression slightly decreased compared with untreated cells. However, in the cells treated with high levels of LPS (100 ng/mL), CRE increased the expression of RasGRP3, and the increased RasGRP3 expression was blocked by RasGRP3 siRNA (Figure 4B).



The pharmacological activities of medicinal herbs are related to their bioactive components. Polymethoxyflavones (PMFs) exclusively exist in citrus fruits and are one of the main components of citrus peel [21,22]. PMFs are flavonoids in citrus fruits that have been suggested to be beneficial to human health. It has been reported that citrus peel contains PMFs including sinensetin, nobiletin, heptamethoxyflavone, and tangeretin [22]. Nobiletin is an abundant PMF distributed in citrus fruit, including Citrus reticulata Blanco [13,14]. Previous studies revealed that nobiletin possess an anti-inflammatory effect [23,24]. In the present study, we studied the components of CRE, and we discovered that nobiletin has the most effective immune suppression activity (Figure 5).



In the present study, we observed that CRE has an immune hypersensitivity suppression effect on IL-6 production, and its effects appeared through the RasGRP3 protein. The immune hypersensitivity suppression effect was abolished with the transient RasGRP3 gene silencing method using siRNA.



The expression of RasGRP3 protein did not change in the low-LPS environment (1 ng/mL) compared with the untreated group, and CRE treatment did not increase RasGRP3 protein levels (Figure 4A). In a high-LPS environment (100 ng/mL), RasGRP3 expression was markedly suppressed, and this suppressed RasGRP3 expression was increased with CRE treatment (Figure 4B). However, increased RasGRP3 protein did not effectively reduce or alleviate IL-6 production in the high-LPS environment (100 ng/mL, Figure 3B). However, IL-6 production in the low-LPS environment (1 ng/mL) was significantly reduced with CRE treatment (Figure 3A). Moreover, the immune suppression effect of CRE in the low-LPS environment (1 ng/mL) was completely reversed with RasGRP3 siRNA transfection (Figure 3A). Additionally, the expression of RasGRP3 protein was also decreased with RasGRP3 siRNA transfection (Figure 4A).



These results imply that CRE could upregulate RasGRP3 protein, but it is difficult to conclude that the RasGRP3 protein alone results in the immune hypersensitivity suppression effect of CRE. The proposed mechanism of the present study is shown in Figure 6. LPS triggers the activation of TLR responses and leads to the production of pro-inflammatory cytokines, such as IL-6. In a high-LPS environment, IL-6 production is more elevated compared with a low-LPS environment. To protect the host from the overwhelming production of cytokines, RasGRP3 plays the role of negative regulator in low-intensity inflammation [2]. CRE seems to alleviate hypersensitive immune responses through not only RasGRP3 but also other factors. Therefore, further research is needed to reveal details about the mechanisms of action of CRE. In addition, there are some limitations in our study. We only focused on LPS-induced RasGRP3 activation and successively increased IL-6 secretion. RasGRP3 limits pro-inflammatory cytokine production in macrophages by activating Rap1 protein [2]. Thus, the successive cascades of RasGRP3, including Rap1, should be further studied. Additionally, the mechanisms of nobiletin or other active components should be investigated.



Despite the unrevealed mechanism, our study showed that CRE has an immune hypersensitivity suppression effect via RasGRP3 on macrophages. These findings provide pharmacological evidence supporting the idea that that Citri Reticulatae Pericarpium has potential as a preventive agent to inhibit excessive inflammation and cytokine storm while eliminating pathogens.




4. Materials and Methods


4.1. Chemicals


Antibody for RasGRP3 (#3334) was purchased from Cell signaling Technology (Beverly, MA, USA), and antibody for β-actin (SC-47778) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). RIPA buffer, bovine serum albumin (BSA) protein kit, and ECL Western Blotting Substrate were obtained from Thermo Fisher Scientific. All other chemicals, of analytical reagent grade, were purchased from Sigma-Aldrich. The nobiletin, which was chosen from the previous papers [13,14], was also purchased from Sigma-Aldrich (chemical structure shown in Figure S1 in supplemental data).




4.2. Preparation of Citri Reticulatae Pericarpium Extracts (CRE)


Dried Citri Reticulatae Pericarpium was purchased from Omni Herb Inc. (Daegu, Republic of Korea). The identity of the samples was confirmed and deposited in the college of Korean Medicine in Semyung University. Citri Reticulatae Pericarpium was extracted in distilled water for 2 h at 100 ± 2 °C. After filtration, the extract was evaporated in an air vacuum and lyophilized by using a freeze dryer. The crude extract powder (yield 27.13%, w/w) was stored at −20 °C for study.




4.3. Cell Preparation and siRNA Transfection


Raw264.7 cells (ATCC, Rockville, MD, USA) were maintained in Dulbecco’s modified Eagle’s minimum essential medium (DMEM) containing 10% v/v fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 μg/mL streptomycin. The cells were incubated at 37 °C under 5% CO2 in an incubator. The toxicity of CRE was not observed in all tested concentrations, as shown in the supplemental data (Figure S2). We synthesized and selected two small interfering RNA (siRNA) duplexes (Bioneer, Daejeon, Republic of Korea) for the knockdown of RasGRP3 expression and control siRNA. For transient knockdown, 21-nucleotide sequences of siRNAs were synthesized (Mouse-RasGRP3-siRNA sense: GAGUCUGUGUUUCGAAACUTT; antisense: AGUUUCGAAACACAGACUCTT, control siRNA sense: UUCUCCGAACGUGUCACGUTT; antisense: ACGUGACACGUUCGGAGAATT). Both RasGRP3 and control siRNA duplexes were transfected into macrophages using lipofectamine RNAiMAX (Thermo Fisher Scientific., Waltham, MA, USA) according to the protocol. Forty-eight hours later, the efficiency of RNA interference was determined via Western blot assays.




4.4. IL-6 Production in Raw264.7 Cells


The Raw264.7 cells were transferred to 24-well plates (1 × 105 cells per well) and pretreated with CRE dissolved in distilled water at concentration of 0, 25, 50, 100, 200 μg/mL. After 1 h of pretreatment, the cells were treated with LPS (1 or 100 ng/mL) and incubated for 20 h. Thereafter, IL-6 levels in supernatants were evaluated using a commercial IL-6 assay kit, following the manufacturer’s instruction. The nobiletin was dissolved with dimethyl sulfoxide (DMSO) and treated in 0.5% or less DMSO as a final concentration.




4.5. Western Blotting


Raw264.7 cells were washed with PBS and lysed using RIPA buffer. The concentration of protein was measured using a BCA assay kit. Sodium dodecyl sulfate (SDS) sample buffer (4×) was added to each lysed cell, and the samples were heated at 100 °C for 5 min. The samples were electrophoresed by SDS-PAGE and transferred onto nitrocellulose membrane. After 1 h blocking in 5% skimmed milk at room temperature, the membranes were incubated with primary antibodies (1:1000) of RasGRP3, β-actin during overnight at 4C. After incubation with secondary antibodies (1:5000) for 2 h at room temperature, signals were visualized with Western blotting luminal reagent and read on a Chemidoc (VILBER LOURMAT, Eberhaedzell, Germany).




4.6. Statistical Analysis


Data are expressed as mean ± standard deviations (SD). Statistical analysis was conducted with one-way ANOVA followed by Tukey multiple comparisons test post hoc analysis using GraphPad Prism (version 8.0.1, Dotmatics; La Jolla, CA, USA). Differences with p < 0.05 were considered statically significant.
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Figure 1. Effects of Citri Reticulatae Pericarpium extract (CRE) on the IL-6 production in Raw264.7 cells. Raw264.7 macrophages were treated with CRE (25, 50, 100, 200 μg/mL) 1 h before LPS treatment at a concentration of 1 ng/mL (A) or 100 ng/mL (B). The data are presented as mean ± SD. ### p < 0.001 compared with the blank control group; and *** p < 0.001 compared with the LPS-treated group via one-way ANOVA (A) F(5, 12) = 3926, (B) F(5, 12) = 9149. 
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Figure 2. Effects of Citri Reticulatae Pericarpium extract (CRE) on RasGRP3 expression in Raw264.7 cells. Raw264.7 macrophages were treated with 100 μg/mL of CRE 1 h before LPS treatment at a concentration of 1 ng/mL (A) or 100 ng/mL (B). After 18 h post-LPS-treatment, the expression of RasGRP3 was determined using immunoblotting. # p < 0.05 ### p < 0.001 compared with the blank control group; and ** p < 0.01 compared with the LPS-treated group. 
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Figure 3. Effects of Citri Reticulatae Pericarpium extract (CRE) on the IL-6 production in Raw264.7 cells transfected with RasGRP3 siRNA. Raw264.7 macrophages with or without RasGRP3 siRNA were treated with 100 μg/mL of CRE 1 h before LPS treatment at a concentration of 1 ng/mL (A) or 100 ng/mL (B). The data are presented as mean ± SD. *** p < 0.001 compared with the LPS-treated group by one-way ANOVA (A) F (5, 18) = 491, (B) F(5, 18) = 1663. 
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Figure 4. Effects of Citri Reticulatae Pericarpium extract (CRE) on the RasGRP3 expression in Raw264.7 cells transfected with RasGRP3 siRNA. Raw264.7 macrophages with or without RasGRP3 siRNA were treated with 100 μg/mL of CRE 1 h before LPS treatment at a concentration of 1 ng/mL (A) or 100 ng/mL (B). After 18 h post-LPS-treatment, the expression of RasGRP3 was determined using immunoblotting. Different letters (a–d) represent statistically significant differences (p < 0.05) (C,D). 
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Figure 5. Effects of nobiletin on IL-6 production in Raw264.7 macrophages. Raw264.7 macrophages were treated with nobiletin (2.5, 5, 10, 20, 40 μg/mL) 1 h before LPS treatment at the concentration of 1 ng/mL (A) or 100 ng/mL (B). The IL-6 production was determined using a commercial IL-6 assay kit, following manufacturer’s instruction. The data are presented as mean ± SD. ### p < 0.001 compared with the blank control group; and *** p < 0.001 compared with the LPS-treated group by one-way ANOVA (A) F (6, 21) = 278, (B) (6, 21) = 1335. 
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Figure 6. Proposed mechanism of immune hypersensitivity suppression activity of Citri Reticulatae Pericarpium extract (CRE) on the inflammatory responses induced by low-level (1 ng/mL) or high-level (100 ng/mL) LPS. 
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