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Abstract

:

Coriander (Coriandrum sativum L.) is classified in the Apiaceae family and used as an herb. Coriander leaf has been reported to possess various health functions. Here, we report the anti-allergic effect of aqueous coriander leaf extract (ACLE). ACLE with 1.0 mg/mL or higher concentration significantly inhibited degranulation of RBL-2H3 cells in a concentration-dependent manner with no cytotoxicity. ACLE suppressed the increase in the intracellular Ca2+ concentration in response to antigen-specific stimulation. Immunoblot analysis demonstrated that ACLE significantly downregulates phosphorylation of phosphatidylinositol 3-kinase and tends to downregulate phosphorylation of Syk kinase in the signaling pathways activated by antigen-mediated stimulation. Oral administration of ACLE did not alter the sneezing frequency of pollinosis model mice stimulated with cedar pollen, but significantly reduced the serum IgE level. Our data show anti-allergic effects of coriander leaf in both cultured cells and pollinosis mice. These results suggest that coriander leaf has the potential to be a functional foodstuff with anti-allergy effects.
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1. Introduction


An allergy means to immunize excessively against antigens invading from the outside of the body. Allergy falls into four types, among which type I allergy, including allergic rhinitis, asthma, atopic dermatitis, and hay fever, is increasing in the number of patients in recent years worldwide. The number of patients with pollinosis is approximately 30% of the population and is still increasing in Japan [1,2]. Type I allergy, also called immediate hypersensitivity or anaphylactoid type, is attributed to immunoglobulin E (IgE) [3]. Antigen-specific IgE antibodies are secreted by plasma cells and bind to FcεRI receptor on mast cells. Upon crosslinking of antigens to IgE antibody bound on FcεRI, various chemical mediators contained in granules are released from the cells. This phenomenon is called degranulation, and the secreted chemical mediators cause smooth muscle contraction, hypervascular permeability, hyperactivity, etc. Suppressing degranulation can therefore be an effective strategy for relieving allergy symptoms, and the research on the substance that alleviates allergic symptoms is considered crucially important.



Coriander (Coriandrum sativum L.), an aromatic herb commonly used for cooking in southeast Asia thanks to its unique aroma and flavor, belongs to the Apiaceae family. Coriander is well known to possess several biological activities [4,5,6,7,8]. For example, antimicrobial activities of C. sativum essential oil have been well reported [9,10,11]. C. sativum seeds exhibit antidiabetic effects in streptozotocin-induced diabetic mice [12,13], in rats fed a high-fat diet [14], and in obese–hyperglycemic–hyperlipidemic Meriones shawi rats [15]. C. sativum seeds also show anxiolytic [16] and sedative [17] activities. We then tried to find a novel biological activity of C. sativum. After screening using various cell-based assays, we found an anti-allergic effect of a water-soluble extract from leaves of C. sativum in a mast cell degranulation assay using RBL-2H3 cells, although an allergen is present in coriander [18,19]. Herein, we report a suppressive activity of an aqueous extract of coriander leaf on degranulation of RBL-2H3 cells. We also aimed to elucidate the mechanism of action of the extract. We further hypothesized that the extract is effective in a mouse model of type I allergy.




2. Materials and Methods


2.1. Reagents


Triton X-100, anti-dinitrophenyl (DNP) IgE, DNP-human serum albumin (HSA), bovine serum albumin (BSA), Trizma base, and p-coumaric acid were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cedar pollen allergen (purified Cry j1 and Cry j2) was obtained from Hayashibara (Okayama, Japan). Horseradish peroxidase (HRP)-labeled anti-goat IgG antibody and goat anti-actin antibody were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-Syk antibody, anti-phosphorylated Syk (Tyr525/526) antibody, anti-phosphoinositide 3-kinase (PI3K) p55 antibody, anti-phosphorylated PI3K p85 (Tyr458)/p55 (Tyr199) antibody, and anti-rabbit IgG antibody labeled with HRP were purchased from Cell Signaling Technology (Danvers, MA, USA).




2.2. Sample Preparation


C. sativum L. leaf was obtained from S&B Foods Inc. (Tokyo, Japan). First, raw leaves of C. sativum L. were lyophilized and pulverized into powders. The powder was suspended in 10 mM Na phosphate buffer (pH 7.4) for 24 h and was centrifuged at 15,000× g for 20 min at 4 °C. After adjusting the pH to 7.4 and filtrating through a 0.45 µm membrane, the supernatant was used as aqueous coriander leaf extract (ACLE).




2.3. Cells and Cell Culture


Rat basophilic leukemia RBL-2H3 cells were obtained from American Type Culture Collection (Rockville, MD, USA). Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 100 U/mL of penicillin (Sigma-Aldrich), 100 µg/mL of streptomycin (Sigma-Aldrich), and 5% fetal bovine serum (FBS, Sigma-Aldrich) was used for propagation of RBL-2H3 cells in a monolayer culture at 37 °C under humidified 5% CO2 [20]. RBL-2H3 cells were detached using a trypsin/EDTA solution at approximately 80% confluence. RBL-2H3 cells with a viability of >90% before 15 passages were used for the experiments described below.




2.4. Mice


Female BALB/c mice were acquired from Japan SLC (Hamamatsu, Japan) and were kept at 24 ± 1 °C under a 12 h light/dark cycle. Animals freely received water and standard laboratory chow. Animal experiments were approved by the Animal Experiment Committee of Ehime University and were performed in accordance with the Guidelines of Animal Experiments of Ehime University (approval number: 08U13-1).




2.5. β-Hexosaminidase Release Assay


The assay was conducted as previously described [21] with some modifications. RBL-2H3 cells (4.0 × 104 cells/well) seeded in each well of a 96-well culture plate (Corning, Corning, NY, USA) were precultured for 18 h. The cells were next sensitized with 50 ng/mL of anti-DNP IgE for 2 h and were subsequently treated with the indicated concentration of ACLE for 10 min. Degranulation was then induced with 50 ng/mL of DNP-HSA for 30 min. Following the collection of the medium from each well, the cells were sonicated on ice. After preincubating the collected medium and cell lysate for 5 min at 37 °C, the β-hexosaminidase substrate (p-nitrophenyl 2-acetamido-2-deoxy-β-d-glucopyranoside) was added and incubated at 37 °C for 25 min. After terminating the enzymatic reaction, the absorbance (405 nm) was measured using an SH-8000Lab microplate reader (Corona Electric, Hitachinaka, Japan). β-Hexosaminidase release rate (%) was calculated as follows:


100 × [(Asupernatant − Ablank of supernatant)/{(Asupernatant − Ablank of supernatant) + (Acell lysate − Ablank of cell lysate)}]








where “A” is the absorbance of each well.




2.6. Cell Viability


Cytotoxicity of ACLE to RBL-2H3 cells was assessed by WST-8 assay described previously [22]. RBL-2H3 cells were seeded at 4.0 × 104 cells/well into each well of a 96-well culture plate (Corning). After treatment with 0, 1.0, 2.0, and 4.0 mg/mL of ACLE for 10 min, the cells were incubated with a WST-8 reagent for 15 min at 37 °C, and the absorbance (450 nm) was measured using a Model 550 microplate reader (Bio-Rad Laboratories, Hercules, CA, USA). The absorbance of wells with the cells treated with ACLE was compared to the absorbance of wells with the cells untreated. The assay was conducted in triplicate.




2.7. Monitoring of Intracellular Ca2+ Concentration ([Ca2+]i)


[Ca2+]i was monitored using a fluorescent calcium indicator Fluo 3-AM (Dojindo Laboratories, Mashiki, Japan) as described previously [23]. RBL-2H3 cells were seeded and sensitized as described in Section 2.5. The cells were next incubated in the loading buffer containing Fluo 3-AM for 1 h. After washing with phosphate-buffered saline (PBS, pH 7.4), the cells were incubated in the recording buffer containing ACLE (4.0 mg/mL) for 10 min at 37 °C. The cells were subsequently stimulated with DNP-HSA at a final concentration of 2.5 µg/mL, and the fluorescence intensity was immediately monitored using the SH-8000Lab microplate reader (excitation wavelength: 480 nm; emission wavelength: 530 nm).




2.8. Immunoblot Analysis


Immunoblot analysis was conducted as described previously [24]. RBL-2H3 cells seeded at 5.0 × 105 cells/dish in 3.5 cm culture dishes (Corning) were precultured for 18 h. After sensitizing with 50 ng/mL of anti-DNP IgE for 2 h, the cells were subsequently treated with 980 µL of modified Tyrode’s buffer containing 4.0 mg/mL of ACLE for 10 min. The cells were next stimulated with DNP-HSA at a final concentration of 50 ng/mL for 5 min. After the added reagents were removed, the cells were lysed and centrifuged at 12,000× g for 15 min at 4 °C. Proteins were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred onto a polyvinylidene fluoride membrane (GE Healthcare, Buckinghamshire, UK). After blocking with 20 mM Tris-buffered saline (TBS, pH 7.6) containing 5% skim milk for 1 h at room temperature, the membrane was reacted with anti-actin antibody (1:200 dilution), anti-Syk antibody (1:1000 dilution), anti-phosphorylated Syk antibody (1:1000 dilution), anti-PI3K p55 antibody (1:1000 dilution), or anti-phosphorylated PI3K p85/p55 antibody (1:1000 dilution) as a primary antibody at 4 °C overnight. After washing with TBS containing 0.1% Tween 20 thrice, the membrane was reacted with HRP-labeled anti-rabbit IgG antibody (1:2000 dilution) or HRP-labeled anti-goat IgG antibody (1:2000 dilution) as a secondary antibody for 1 h at room temperature. After washing the membrane with TBS containing 0.05% Tween 20 thrice, the blot was developed with ImmunoStar LD chemiluminescence detection reagent (Fujifilm Wako Pure Chemical, Osaka, Japan), and bands were visualized using a ChemiDoc XRS system (Bio-Rad Laboratories).




2.9. A Mouse Model of Japanese Cedar Pollinosis


Japanese cedar pollinosis model mice were developed as described previously [25,26]. Following an adaptation period for 1 week, 6-week-old female BALB/c mice were randomly assigned to two groups as follows: the control group (9 mice) and the ACLE group (8 mice). The mice were intranasally sensitized with 10 μL of PBS containing 2.0 μg of purified cedar pollen allergen on days 0, 7, 14, and 21, as shown in Figure 1. The mice were next intranasally challenged with 10 μL of PBS containing 0.4 μg of cedar pollen allergen for seven consecutive days from day 28 to 34. The mice in the ACLE group were orally administered 20 µL of ACLE at 50 mg/kg/day for six consecutive days from day 28 to 33, while the mice in the control group were with 20 µL of the vehicle alone. On day 34, all the mice were intranasally challenged with 0.4 μg of cedar pollen allergen. Sneezing frequency was counted for 15 min immediately after the final nasal treatment. On day 35, serum was obtained to determine their serum IgE levels.




2.10. Enzyme-Linked Immunosorbent Assay (ELISA)


Serum IgE levels were measured by in-house-developed ELISA as previously de-scribed [27]. The absorbance (415 nm) was measured using the SH-8000Lab microplate reader after adding 1.5% oxalic acid (100 µL/well) to terminate the enzymatic reaction.




2.11. High-Performance Liquid Chromatography (HPLC) Analysis


Reversed-phase HPLC analysis of ACLE was performed on a LaChrom Elite HPLC system (Hitachi, Tokyo, Japan) with an XBridge C18 column (100 × 4.6 mm, 3.5 μm, Waters, Milford, MA, USA). A linear gradient elution program was applied as follows: 0–6 min (20% acetonitrile + 0.1% formic acid); 6–9 min (20–95% acetonitrile + 0.1% formic acid); 9–12 min (95% acetonitrile + 0.1% formic acid). The flow rate was maintained at 1.0 mL/min, and the temperature of the column was set at 35 °C. The chromatogram was monitored at a wavelength of 220 nm.




2.12. Statistical Analysis


Data obtained are shown as mean ± SEM. Statistical analysis was conducted using GraphPad Prism version 7.02 (GraphPad Software, La Jolla, CA, USA). Mann-Whitney U test or Dunnett’s test was used to assess the statistical significance of the treatments against control. Values of * p < 0.05, ** p < 0.01 and *** p < 0.001 were considered statistically significant.





3. Results and Discussion


3.1. Effect of ACLE on Degranulation of RBL-2H3 Cells


We first investigated whether ACLE possesses a suppressive effect on degranulation. RBL-2H3 cells sensitized with anti-DNP IgE were treated with the indicated concentration of ACLE, and degranulation was induced with the antigen. Secreted β-hexosaminidase was utilized as a degranulation marker. ACLE with 1.0 mg/mL or higher concentration significantly inhibited the degranulation in a concentration-dependent manner, as shown in Figure 2A. This result indicates that water-soluble, bioactive substance exist in coriander leaf, which exhibits anti-allergic activity by suppressing degranulation. We next examined by the WST-8 assay whether ACLE affects the viability of RBL-2H3 cells. As shown in Figure 2B, the viability of RBL-2H3 cells was unaffected by ACLE with the concentration tested. These data indicated that ACLE suppresses the degranulation of RBL-2H3 cells with no cytotoxicity.




3.2. Effect of ACLE on the Elevation of [Ca2+]i Induced by Antigen


Degranulation occurs upon the antigen binding to IgE on mast cells, thereby initiating intracellular signal transduction and increasing Ca2+ concentration in the cell. The elevation of intracellular concentration of Ca2+, the major second messenger in intracellular signaling, is the critical process in mast cell degranulation. The effect of ACLE on the elevation of intracellular calcium concentration was hence evaluated using Fluo 3-AM. Relative fluorescence intensity of Fluo 3 reflects the intracellular Ca2+ concentration. RBL-2H3 cells sensitized with anti-DNP IgE antibody were treated with ACLE (4.0 mg/mL), and [Ca2+]i was monitored for 6 min. [Ca2+]i rapidly rose upon stimulation with antigen, as shown in Figure 3. However, the increase in intracellular calcium ion concentration was significantly suppressed in the presence of 4.0 mg/mL of ACLE. It was supposed from this result that ACLE inhibits degranulation by downregulating the intracellular signaling pathway leading to the elevation of [Ca2+]i.




3.3. Effect of ACLE on Intracellular Signaling Pathways Leading to Degranulation


The onset of the signaling pathways resulting in degranulation is regulated by phos-phorylation of Syk kinase located close to FcεRI, accompanied by phosphorylation of downstream signaling factors, leading to the increase in intracellular calcium ion concentration. We examined by immunoblot analysis how ACLE affects the signaling pathways related to degranulation (Figure 4A). As shown in Figure 4B, treating cells with ACLE tended to decrease the phosphorylation of Syk kinase (p = 0.0795 vs. control), and phosphorylation of PI3K was significantly inhibited by ACLE treatment (Figure 4C).



There are two pathways for mast cell degranulation: calcium-dependent and calci-um-independent pathways [28,29]. The calcium-dependent pathway is activated by the tyrosine kinase Lyn located proximal to FcεRI, thereby activating another tyrosine kinase Syk [30]. Phosphorylated Syk activates a signaling cascade including phospholipase Cγ. As a result, Ca2+ inflow into the interior of cells through the Ca2+ channel is induced, which causes degranulation by increased [Ca2+]i. On the other hand, tyrosine kinase Fyn is activated by cross-linking of antigen to IgE on FcεRI, which results in the activation of the calcium-independent pathway [31]. Phosphorylation of PI3K leads to microtubule reorganization that causes degranulation by migrating granules [32]. In the degranulation process, the calcium-dependent pathway plays a crucial role, while the calcium-independent pathway has been reported to be given priority under weak stimulation when cells were stimulated with a low concentration of antigen [33]. Our results indicated that downregulated phosphorylation of Syk kinase and PI3K is a key process for the suppressive activity of ACLE on degranulation. As PI3K is located downstream of Syk kinase, downregulated phosphorylation of PI3K, as shown in Figure 4C, might be attributed to reduced phosphorylation of Syk. Our data suggested that an inhibitory effect of ACLE on the calcium-dependent pathway causes the reduced elevation of [Ca2+]i induced with antigen (Figure 3), resulting in suppressed degranulation.



PI3K plays a crucial role in certain tumor progression [34,35]. Because ACLE inhibits phosphorylation of PI3K, it might exhibit antitumor activity. Indeed, the C. sativum leaf has been reported to possess antitumor effect [36,37]. Syk is expressed in various cells and is a potential target for treating several diseases, such as liver fibrosis [38], acute myeloid leukemia [39], and autoimmune diseases [40]; ACLE might therefore be effective in attenuating the symptoms of these diseases by inhibiting phosphorylation of Syk. In addition, because a Syk inhibitor can attenuate allergen-induced symptoms in patients with allergic rhinitis exposed to pollens [41], we further investigated whether ACLE is capable of reducing allergic symptoms in pollinosis mice.




3.4. Effect of ACLE on a Mouse Model of Japanese Cedar Pollinosis


Cedar pollinosis mice were used to investigate the in vivo effect of ACLE. Mice were sensitized with Cry j1 and Cry j2, the main allergens of Japanese cedar pollen. Cedar pollinosis was induced by intranasal treatment of cedar pollen allergen 11 times for 5 weeks. The ACLE group was orally administered ACLE for the last six days. Oral administration of ACLE unaffected the body weight of mice (data not shown), indicating that ACLE is not toxic to mice. The sneezing frequency was counted for 15 min on day 34. As a result, ACLE administration did not alter sneezing frequency (Figure 5A). This result indicated that the water-soluble, bioactive ingredient in ACLE seems to be inefficiently absorbed into the mouse body or to be readily metabolized after the absorption into the body. ACLE thus did not alleviate the allergic symptom.



On day 35, sera were collected to measure the serum IgE level by ELISA. Unexpectedly, the serum IgE level of the ACLE group was significantly reduced compared with that of the control group (Figure 5B). This result suggested that ACLE could suppress the IgE production as well as mast cell degranulation. This result also implied that ACLE might possess the potential to prevent sensitization with an allergen by inhibiting IgE production. The bioavailability of ACLE in mice is now under investigation to elucidate why ACLE did not mitigate the allergic symptom but decreased IgE levels in pollinosis mice. In addition, the mechanism of ACLE underlying the decrease in IgE production is also under exploration. It might be possible that ACLE affects lymphocytes, such as T lymphocytes and B lymphocytes, to inhibit the class switching to IgE antibody.




3.5. HPLC Analysis of ACLE


Finally, a reversed-phase HPLC analysis of ACLE was conducted. The chemical composition of essential oils of C. sativum has been well reported, and various secondary metabolites in aerial part of C. sativum, such as flavonoids and coumarins, have been also identified [42,43]; however, papers reporting the chemical composition of water-soluble molecules in C. sativum is limited [44], although several papers have reported estimated total phenolic contents.



ACLE (20 µL) was subjected to an XBridge C18 column. Figure 6 shows an HPLC chromatogram of ACLE. The result showed that coumaric acid was present at 6.8 µg/mL in ACLE. Other peaks have not been identified yet. Zeković et al. [45] identified ferulic acid and sinapic acid, in addition to coumaric acid, in an aqueous coriander seeds extract; however, ferulic acid and sinapic acid were not found in ACLE in this study. This seems to result from the differences in the part of the plant used for extraction (seeds vs. leaves) and in the extraction solvent (water vs. sodium phosphate buffer.) Chen et al. [46] have reported that coumaric acid exhibits a suppressive effect on the degranulation of RBL-2H3 cells. Coumaric acid, a secondary metabolite of this plant, thus might be partially attributed to the suppressive effect of ACLE on degranulation of RBL-2H3 cells; however, the coumaric acid concentration (6.8 µg/mL) found in ACLE seems too low to exhibit the suppressive effect of ACLE by itself, as shown in Figure 2A. We thus assume that there is another bioactive ingredient in ACLE in addition to coumaric acid. Identification of the peaks shown in Figure 6 is now under investigation to explore the water-soluble bioactives contained in coriander leaf.





4. Conclusions


ACLE inhibited degranulation of RBL-2H3 cells with no cytotoxicity by suppressing the elevation of intracellular Ca2+ concentration resulting from downregulated phosphorylation of the intracellular signal transduction pathways. In addition, oral administration of ACLE significantly decreased the serum IgE level in pollinosis model mice. These findings suggest that coriander leaf possesses the potential to be a functional foodstuff with anti-allergic effects.
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Figure 1. Schedule of the in vivo experiment using Japanese cedar pollinosis mice. 
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Figure 2. Effects of aqueous coriander leaf extract (ACLE) on degranulation and viability of RBL-2H3 cells. (A) Effect of ACLE on the degranulation. (B) Effect of ACLE on the cell viability. Data are represented as mean ± SEM (n = 3). * p < 0.05, *** p < 0.001 against control (an open bar) by Dunnett’s test. N.S. indicates not significant. 
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Figure 3. Effect of aqueous coriander leaf extract (ACLE) on the elevation in intracellular Ca2+ concentration in RBL-2H3 cells. Relative fluorescence intensity of Fluo 3 reflects intracellular Ca2+ concentration. RBL-2H3 cells were treated with ACLE (4.0 mg/mL). Open circle, the cells not treated with ACLE but stimulated with antigen (control); gray circle, the cells treated with ACLE and stimulated with antigen; closed circle, the cells not treated with ACLE nor stimulated with antigen. Data are shown as mean ± SEM (n = 3). ** p < 0.01 against control by Dunnett’s test. 
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Figure 4. Effect of aqueous coriander leaf extract (ACLE) on the intracellular signaling molecules participating in the degranulation of RBL-2H3 cells. p-Syk and p-PI3K represent phosphorylated Syk and phosphorylated phosphoinositide 3-kinase (PI3K), respectively. (A) A representative blot from four independent experiments. (B) The ratio of phosphorylated protein to the whole protein of Syk. (C) The ratio of phosphorylated protein to the whole protein of PI3K. Data are shown as mean ± SEM (n = 4). * p < 0.05, *** p < 0.001 against control (a closed bar) by Dunnett’s test. 
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Figure 5. Effect of aqueous coriander leaf extract (ACLE) on pollinosis model mice. BALB/c mice were assigned randomly to two groups: the control group (9 mice) and the ACLE group (8 mice). (A) Sneezing frequency was counted for 15 min following the final challenge with pollen allergen. (B) Serum IgE level in each group. Data are shown as mean ± SEM. ** p < 0.01 against control by Mann-Whitney U test. N.S. indicates not significant. 
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Figure 6. Reversed-phase high-performance liquid chromatography fingerprint of aqueous coriander leaf extract. A linear gradient elution program was as follows: 0–6 min (20% CH3CN + 0.1% formic acid); 6–9 min (20–95% CH3CN + 0.1% formic acid); 9–12 min (95% CH3CN + 0.1% formic acid). The chromatogram was monitored at 220 nm. The retention time of coumaric acid was 2.4 min. 
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