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Abstract

:

Mast cells are involved in allergic and other inflammatory diseases. The polyphenol resveratrol is known for its anti-inflammatory properties and may be used as nutraceutical in mast cell associated diseases. We analyzed the effect of resveratrol on mast cells in vivo in ovalbumin-induced allergic enteritis as well as experimental colitis in IL-10−/− mice which received resveratrol via drinking water. Treatment with resveratrol prevented the increase in mast cells in both allergic enteritis and chronic colitis in duodenum as well as in colon. Further, it delayed the onset of diseases symptoms and ameliorated diseases associated parameters such as tissue damage as well as inflammatory cell infiltration in affected colon sections. In addition to the findings in vivo, resveratrol inhibited IgE-dependent degranulation and expression of pro-inflammatory cytokines such as TNF-α in IgE/DNP-activated as well as in LPS-activated bone marrow-derived mast cells. These results indicate that resveratrol may be considered as an anti-allergic and anti-inflammatory plant-derived component for the prevention or treatment of mast cell-associated disorders of the gastrointestinal tract.
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1. Introduction


The prevalence of gastrointestinal disorders such as food allergies or inflammatory bowel disease (IBD) has increased in western countries throughout the past decades [1,2]. Pharmaceutic medication can be associated with negative side effects such as vomiting or nausea for patients affected [3,4,5]. Although conventional drug therapy is well established and safe [6], generally low compliance has been reported [7,8,9,10,11,12,13]. Reasons for low compliance may be high costs, risk of adverse effects or long treatment durations [14]. Natural medication may be associated with none or less adverse effects [4]. Plant substances such as stilbenes, flavonoids and others may be a good alternative and additive therapy option to treat the clinical symptoms of allergy [15,16]. In the context of nutraceuticals, polyphenols such as resveratrol could be of special interest in the near future due to their wide beneficial immunomodulatory effects [17].



Mast cells (MC) are key effector cells of type I allergy and release pro-inflammatory mediators such as pre-stored histamine or de novo synthesized cytokines and lipid mediators in response to IgE-dependent stimulation via the FcεRI receptor crosslinking by antigens [18]. The role of MC and their mediators was numerously shown not only in vitro in different MC models [19,20,21] or in vivo in several allergic conditions [22,23,24] but also in humans [25,26,27]. Consequently, MC play an important role in gastrointestinal disorders due to food allergens [28]. Additionally, MC were shown to be involved in IBD [29,30,31,32] of which ulcerative colitis and Crohn’s disease represent the most common disorders [32]. For example, the MC proteases MCPT-6 and Prss31 were found to be involved in the formation of acute colitis [33,34,35] and MC numbers were found to be elevated in IBD patients and mice with colitis [36,37].



Resveratrol (trans-3,4′,5 trihydroxystilbene, trans-Resveratrol) is mainly found in grapes, berries or peanuts [38,39]. Numerous studies already showed the anti-inflammatory effects of resveratrol in the context of allergy and MC reactivity [24,40,41,42,43,44]. We have recently shown that resveratrol is a potent inhibitor of primary human intestinal mast cells’ (hiMC) activity isolated from surgical tissue from patients undergoing bowel resection [40]. The anti-inflammatory effect of resveratrol was not only shown in vitro [24,40] but also in vivo in murine models of airway inflammation, atopic dermatitis or allergic rhinitis [41,42,43,44]. This was confirmed in humans by intranasal administration of resveratrol in children and adults suffering from allergic rhinitis [25,26].



Resveratrol treatment was found to attenuate clinical symptoms of ovalbumin (OVA)-induced allergic rhinitis in mice accompanied by a reduction in the release of inflammatory mediators [45]. Further, resveratrol treatment resulted in reduced cytokine concentrations in bronchoalveolar fluid (BALF) in mice with OVA-induced asthma [46]. Moreover, anti-allergic property of resveratrol was shown in OVA-induced model of food allergy by preventing onset of allergic symptoms as well as reduced IgE serum production [47]. Food allergy affects the gastrointestinal tract including local inflammations. These inflammations are amongst others associated with infiltration of immune cells such as MC into affected tissues [28,48,49]. In addition, intestinal inflammation such as IBD was also recognized to be correlated with MC numbers and activity [30,31,50]. We observed an increased number of MC and higher expression of MC proteases in IL-10−/− mice which develop a spontaneous form of chronic colitis due to the missing anti-inflammatory cytokine IL-10 [51,52,53]. Thus, we examined the immunomodulatory role of resveratrol on MC in both an OVA-induced allergic enteritis model and the IL-10−/− mouse.




2. Results


2.1. Resveratrol Inhibits Increase in MC in OVA-Enteritis


To induce allergic enteritis, animals were intraperitoneally (i.p.) sensitized twice with 50 µg and challenged six times with 50 mg OVA orally. Allergic disorders in the gut due to Th2 immune responses are known to be accompanied with diarrhea [28]. None of the animals receiving OVA showed signs of severe diarrhea (score 3), but overall stool score was significantly elevated in comparison to controls. First signs of stool softening appeared after gavage number 4 on experimental day 22. Overall, stool scores for OVA groups were significantly elevated in comparison to control animals (Figure 1A). In OVA-challenged mice, stool scores were the highest for OVA group receiving no additive. Ethanol and resveratrol receiving OVA groups thereby showed less high stool scores than those without additive and these observations were not different from effects observed in control groups (Figure 1A). Two animals of the OVA group receiving water died of an anaphylactic shock, after fifth and sixth OVA application, respectively, whereas all animals treated with resveratrol or the vehicle ethanol survived (Figure 1B).



Food allergy and enteritis are accompanied by histological changes and injury in the gut [50,54,55,56,57]. We found that OVA-induced allergic enteritis resembles a mild form of inflammation. All determined scores were relatively low (Figure 1C). Although resveratrol administration seemed to attenuate tissue damage, the results were not significant (Figure 1C). Nonetheless, in OVA-treated animals receiving the additive resveratrol, levels were diminished down to the levels of the control mice.



The involvement of MC in enteritis induced by oral allergens was reported earlier [28]. Here, we found a significant increase in MC numbers in duodenum and colon after OVA challenge (Figure 2A,B). We observed that in OVA-induced allergic enteritis, MC numbers were strongly decreased in response to treatment with resveratrol. This observation was made in the colon (Figure 2B) as well as in the duodenum (Figure 2A). Thereby, a higher MC number was detected per mm2 in the duodenum of the mice receiving OVA in direct comparison to colon sections. Exemplary pictures of MC in duodenum tissue of OVA-treated mice are shown in Figure 2C. Noteworthy, resveratrol diminished MC in both GIT sections down to a level of the control mice not receiving OVA (Figure 2A,B). Expression of MC proteases such as MCPT4 and MC-CPA was also strongly increased in intestinal tissues of OVA-treated mice (Figure 2D,E). However, we did not detect significant inhibitory effects of resveratrol on mRNA expression of MC proteases in comparison to the control group receiving the vehicle ethanol. In addition to increased MC numbers and increased expression of MC proteases, we found an increased expression of the receptor for the murine MC growth factor IL-3 [58] in OVA-induced enteritis. Remarkably, the expression of the α-chain of the IL-3 receptor was strongly down-regulated in response to treatment with resveratrol (Figure 2F). This finding can explain the inhibitory effect of resveratrol on MC in OVA enteritis.




2.2. Resveratrol Inhibits Increase in MC and Shows Anti-Inflammatory Effects in IL-10−/− Mice


As increase in MC numbers in OVA-induced allergic enteritis was prevented by resveratrol application, we further aimed to check for resveratrol effects in experimental colitis of IL-10−/− mice. It was previously shown that MC are enhanced in patients’ inflamed tissue suffering from IBD [30,31,50]. Moreover, Hamilton et al. supposed that MC tryptase could play a critical pro-inflammatory role in IBD [33]. We could show that, like in OVA-induced enteritis, an increase in MC numbers takes place in the duodenum and colon of IL-10−/− mice (Figure 3A,B). Again, treatment with resveratrol prevented the increase in MC numbers in duodenum and colon sections of IL-10−/− mice (Figure 3A,B). Colitis-related parameters such as tissue damage (Figure 3C), reduction in goblet cell numbers (Figure 3D) as well as immune cell infiltration (Figure 3E) in colon were significantly elevated in IL-10−/− mice and lowered by resveratrol treatment. In all cases, the scores of resveratrol receiving IL-10−/− mice did not significantly differ from the levels of the control wildtype groups. Overall, 6 IL-10−/− mice (40%) receiving ethanol as well as 4 animals (60%) receiving no additive developed signs of severe colitis and had to be removed from the study due to reaching a single end point score of 2 or a cumulative score of ≥3. IL-10−/− group receiving resveratrol showed a similar survival rate of 60%, but it is noteworthy that onset of colitis and end point scores for these animals were achieved clearly later (day 64) in the experimental time course compared to control IL-10−/− groups receiving no additive (day 50) or ethanol (day 51) (Figure 3F).




2.3. Resveratrol Inhibits Degranulation and Expression of Pro-Inflammatory Cytokines in BMMC


We recently reported that resveratrol inhibits activation of hiMC [40]. As the increase in MC numbers was prevented in duodenum and colon of mice in OVA enteritis and IL-10−/− mice, we wanted to check for its effects on MC from murine origin. Thus, bone marrow-derived MC (BMMC) were incubated either with a concentration of 50 µM resveratrol prior to IgE-dependent stimulation or lipopolysaccharide (LPS) stimulation. Degranulation, measured as β-hexosaminidase release, was almost completely inhibited by resveratrol treatment in IgE-dependently activated BMMC (Figure 4A). Moreover, in IgE-activated BMMC mRNA expression of pro-inflammatory cytokines CCL2 (Figure 4B) and TNF-α (Figure 4C) were inhibited to the level of unstimulated controls. In addition, we observed strongly reduced mRNA expression of the cytokine TNF-α in response to treatment with resveratrol prior to stimulation with LPS (Figure 4D).





3. Discussion


In this study we could demonstrate that OVA-induced allergic Th2 immune response results in a strong increase in MC numbers in the GIT and that resveratrol treatment inhibits this increase in MC as well as the increased expression of the α-chain of the IL-3 receptor, the murine MC growth factor. We also found an increase in MC in experimental IL-10−/− colitis compared to wildtype mice, which, again, was diminished by resveratrol treatment. Together with our findings in vitro showing a strong inhibitory effect of resveratrol on MC activation, these data indicate that resveratrol may be considered as nutraceutical in the treatment of MC associated diseases such as allergies or IBD.



Histological changes observed in allergen-induced enteritis are combined with the infiltration of inflammatory cells into different layers of the intestinal wall [28,48,49]. We observed pronounced MC numbers in duodenum and colon of OVA-challenged BALB/c mice. This is in concordance with observations from Brandt et al. [28], who showed increased MC numbers in OVA-treated mice and that diarrhea was mediated by MC presence. Increased numbers of MC in affected tissue sections are reported by several studies examining food allergy [59,60] together with elevated levels of MC associated parameters such as MC protease 1 (MCPT1) [24,48,60] or histamine [24,57,61] in the respective intestinal areas or sera. We found that resveratrol treatment for 28 days inhibited the increased MC presence in both GIT sections duodenum and colon. In accordance with our data, resveratrol was shown to be able to prevent passive cutaneous anaphylaxis in mice [62] as well as onset of food allergy [47].



IL-3 is known to be the major growth factor for murine MC [58,63]. Moreover, binding of IL-3 to its receptor induces release of several cytokines such as CXCL8 [64]. IL-3R is also expressed in hiMC and hiMC growth is enhanced if cells were cultured with stem cell factor (SCF) together with IL-3. Enhanced histamine as well as leukotriene C4 (LTC4) release after FcεRI-crosslinking could also be detected [65]. We observed the enhancement of IL-3 receptor α chain (IL-3Rα) expression in OVA enteritis. This finding is in accordance with the increased MC numbers in OVA enteritis. Noteworthy, the increased expression of IL-3Rα was totally blocked by resveratrol. This finding strongly supports the assumption that MC numbers are regulated by the expression of the growth factor receptor and that resveratrol limits MC numbers by blocking IL-3Rα expression.



Elevated presence of MC may be accompanied with enhanced MC activity. The enhancement of proteases levels in food allergy was previously shown [48,57,66]. However, we did not find significant inhibitory effects of resveratrol on mRNA expression of MC proteases in duodenum and colon sections, which have been strongly enhanced in OVA-challenged animals.



OVA is a common allergen to induce several experimental allergic reactions in mice [45,46,47,48,59,67], which can be accompanied by clinical symptoms such as weight loss in affected animals [31,48,68]. However, we did not observe significant effects on weight changes in OVA-treated mice compared to control mice (Figure S5). In mouse models of atopic dermatitis evaluating the role of resveratrol, differences in body weight gain also did not differ between the study groups [69,70]. Onset of diarrhea is one of the most described clinical symptoms in food allergy [28]. We observed stool softening after the 4th allergen challenge, but none of the animals showed signs of severe diarrhea throughout the whole experiment. Brandt and colleagues [28] described diarrhea after the 3rd and 4th OVA applications. From a total of 10 allergen challenges, Huang et al. observed diarrhea symptoms not before the 6th one [71,72]. In a study examining the role of coumarin in OVA anaphylaxis, diarrhea score increased with ongoing allergen challenges [66]. Thus, the absence of severe diarrhea in our experiments could be the result of the shorter treatment time and severe diarrhea may be appeared with ongoing OVA challenges and elongated experiment time.



Besides infiltration with inflammatory cells into affected tissues, food allergies are further associated with several histological changes in the intestine [48,55,56,57]. We observed that tissue damage, evaluated as epithelial barrier disruption, was slightly enhanced in intestinal tissues of OVA mice, with no significant attenuation by resveratrol. In contrast to OVA-induced enteritis, changes on histological levels were clearly detectable in IL-10−/− mice which develop a spontaneous form of chronic colitis due to the missing anti-inflammatory cytokine IL-10 [53]. We observed significantly increased epithelial damage, a reduced number of goblet cells and immune cell infiltration in all IL-10−/− groups as well as delayed onset of colitis symptoms. Treatment with resveratrol resulted in a down-regulation of these scores to levels not different from those of control wildtype animals. Moreover, resveratrol was also able to inhibit the increase in MC numbers in duodenum and colon tissue of colitis mice as found for MC numbers in OVA enteritis.



Although we observed strong inhibitory effects of resveratrol on the increase in MC counts, the effects on MC mediator release were less clear. Recently, we reported that resveratrol is a very potent inhibitor of hiMC. Pre-treatment with resveratrol almost abolished degranulation and expression of the cytokines CXCL8, CCL2, CCL3, CCL4 and TNF-α in hiMC in response to FcεRI receptor crosslinking [40]. Here, we examined the anti-inflammatory and anti-allergic effect of resveratrol on BMMC generated from wildtype mice. As found for human MC, resveratrol significantly diminished β-hexosaminidase release as well as gene expression of Tnf-α and Ccl2 after IgE-mediated activation of BMMC. Similar observations of inhibitory effects of resveratrol on IgE-dependently activated MC were previously reported [39,73]. β-hexosaminidase or histamine release by MC may be affected by several signaling pathways initiated via FcεRI crosslinking. For example, studies already showed that resveratrol inhibits type II phosphatidylinositol (PtdIns) 4 kinase [74], phosphorylation of protein kinase C-µ (PKC-µ), phospholipase-γ (PLC-γ) and spleen tyrosine kinase Syk [62]. Additionally, ATP generated from oxidative phosphorylation in mitochondria was already shown to play an important role for MC degranulation [75] and that activated mitochondrial STAT3 as well as mitochondrial ERK1/2 are blocked by resveratrol [40].



In case of chronic inflammation and bacterial infections, the cell wall component of Gram-negative bacteria LPS is bound to CD14 membrane protein necessary for activation of MC via Toll-like receptor 4 (TLR4) which initiates cytokine and chemokine production in MC [76,77]. We were able to show that treatment with resveratrol totally blocked the mRNA expression of the pro-inflammatory cytokine TNF-α in both BMMC treated with LPS and BMMC stimulated by FcεRI receptor crosslinking. Li et al. [73] detected decreased TNF-α and IL-6 secretion in IgE mediated activated BMMC in response to a concentration of 10 µM resveratrol. Release of IL-6, TNF-α and IL-13 was reduced by more than 50% by a concentration of 25 µM resveratrol in IgE-activated BMMC [21]. We found a complete inhibition of IgE-mediated mRNA expression of Tnf-α and Ccl2 in response to treatment with 50 µM resveratrol. CCL2 and TNF-α serve as regulatory factors in endothelial and immune regulation by attracting macrophages, neutrophils and basophils to inflammation sites and therefore promoting inflammatory reactions [78,79,80]. TNF-α as well as CCL2 are also relevant in pathogenesis of IBD as they are released by MC during early stages of inflammation and needed for sustaining colitis [81]. Inhibition of CCL2 pathway was shown to prevent a Th2 response in allergic asthma [82].



Not only resveratrol but also several other natural plant substances have been shown to have an anti-inflammatory effect on MC. In in vivo OVA models these were, amongst others, Chinese sweet tea (1% weight/volume (w/v)) [61], the flavonoid dihydromyricetin (10 mg/kg) [83], polyphenols from Arecae semen (0.1% w/v) [60] or the polyphenol fisetin (3 mg/kg/day) [84]. Degranulation of MC in jejuni (ca. 50%) together with reduction in MCPT1 (ca. 15%) and histamine levels (ca. 60%) of mice suffering from Th2-induced food allergy was further attenuated by polysaccharides from Aloe vera gel (100 mg/kg) [49]. We found that citrus flavonoids tangeretin and especially nobiletin affect activation of hiMC [85]. Moreover, we found that cinnamon extract, similar to resveratrol, was a more potent inhibitor of MC activation than the citrus flavonoids [40,51,52]. On the other side, cinnamon extract and nobiletin showed clearer effects on the attenuation of symptoms in the pathology of colitis in IL-10−/− mice than resveratrol [51,52,86]; nonetheless, similar to resveratrol, nobiletin also delayed the onset of symptoms in affected animals during the experimental course [52]. These observations lead to the assumption that nobiletin and cinnamon extract may be more auspicious substances than resveratrol in the treatment of colitis [51,52,87]. This may be due to the low bioavailability of resveratrol [38,88] which should be in the focus of future research. The poor bioavailability of resveratrol is due to its transformation into glucuronide and sulphate derivatives, both in liver and intestine [38]. It is important to note that most of the resveratrol is excreted unmetabolized (75%) and that the highest detected amount of free resveratrol was 1.7–1.9% [88]. Even though bioavailability of resveratrol or other polyphenols [89] seems to be a major problem in using them as nutraceutical, there are numerous studies reporting anti-inflammatory effects of resveratrol when applied either via oral gavage [24,46], chow [45,47] or as additive in drinking water [90,91]. Nevertheless, it seems to be necessary to increase the bioavailability of polyphenols, e.g., by encapsulation with carrier substances [46,92,93]. Regarding the application of resveratrol in humans, trials using concentration ranging from 10 mg to 5 g have already been carried out successfully [94,95,96]. Nonetheless, concentrations higher than 500 mg provoked mild to moderate gastrointestinal symptoms [96,97]. A concentration of 50 mg/kg BW in mice corresponds a dose of 243–324 mg in adult humans weighting 60–80 kg [98,99], respectively, and these concentrations are in the range of the concentrations commonly used for human trials and stated to be safe [96,97]. In addition, these levels are below the highest commercially available single dose of about 500 mg per tablet or capsule [100]. In vitro concentrations of resveratrol are also varying from low of 0.03 µM [20] to high doses of 100–200 µM [19], depending on the in vitro models used. The high metabolism and excretion of resveratrol [87] leads to low physiological concentrations (50 nM–2 µM), so that the in vitro concentrations used cannot be reached physiologically by the consumption of resveratrol in food [93].



In conclusion, our results demonstrate that resveratrol treatment prevents the increase in MC in allergen-induced Th2 enteritis as well as in experimental IL-10−/− colitis. Inhibitory effects of resveratrol on MC regarding degranulation and cytokine expression were also found in vitro. Therefore, resveratrol may be considered as an anti-allergic and anti-inflammatory plant-derived component for the prevention or treatment of MC-associated disorders.




4. Materials and Methods


4.1. Animals and Treatments


Four-week-old male BALB/c wild type mice (Janvier Labs, Le Genest-Saint-Isle, France) or IL-10 knockout mice (IL-10−/−) with a BALB/c background were kept in a specific pathogen-free barrier (SPF) facility under controlled conditions and a light/dark cycle of 12 h accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. Mice were kept one mouse per cage and were provided a standard diet (ssniff Spezialdiäten GmbH, Soest, Germany) and drinking water ad libitum. All treatments and procedures were approved by the local Institutional Animal Care and Use Committee of the Ministry of Agriculture, Rural Areas, Veterinary and Food Sector of Stuttgart (permission number: V364/20; RPS35-9185.99/363, permission received on 24th June 2020). OVA enteritis model was as follows: mice were randomly divided into six groups (each n = 8), three for control and three for OVA treatment, receiving either no additive, 50 mg/kg body weight/d ethanol (≥99.8%; Carl Roth, Karlsruhe, Germany) or 50 mg/kg body weight/day resveratrol (dissolved in ≥99.8% ethanol; Carl Roth) in drinking water. Animals of the OVA groups were intraperitoneally (i.p.) sensitized with 50 µg OVA (Genaxxon bioscience, Ulm, Germany) in alum (1:2) (Thermo Fisher Scientific, Bonn, Germany) on challenge day 5 and 11. Oral gavage of 50 mg OVA dissolved in 250 µL 0.9% physiologic salt solution (NaCl; B. Braun, Melsungen, Germany) was carried out 6 times on challenge day 15, 18, 20, 22, 25, and 27. IL-10−/− colitis model: Mice were randomly divided into six groups, three groups consisting of BALB/c wildtype mice (each n = 5) and three groups of IL-10−/− mice (each n = 10). Thereby, animals received either no additive, 50 mg/kg body weight/day ethanol or 50 mg/kg body weight/day resveratrol (dissolved in ethanol) in drinking water for a total time span of 90 days. Drinking volume and body weight were determined every second day and quantity of ethanol or resveratrol was adjusted to the drinking volume of every mouse. Mice were anesthetized with 100 mg ketamine/kg body weight and 16 mg xylazine/kg body weight i.p. and sacrificed by cervical dislocation on experimental day 28 (OVA model) or day 90 (IL-10−/−) when showing no previous signs of inflammation.




4.2. Assessment of OVA-Induced Allergic Enteritis and Colitis in IL-10−/− Mice


Severity of enteritis and colitis was monitored everyday based on a scoring system, accredited by the local ethics committee, with scores ranging from 0 to 3. Important end points of this scoring system were amongst others body weight change, as follows: 0: 0–1%, 1: 1–10%, 2: 10–20%, 3: ≥20%; rectal inflammation: 3: prolapse and/or rectal bleeding and consistency of stool: 3: diarrhea. Scoring of the stool followed the respective criteria, as follows: 0: normal, firm and round-formed feces; 1: soft and round-formed feces; 2: very soft and in parts unformed feces; 3: diarrhea. Mice were killed after reaching a single score of 2. When reaching a cumulative score of 3 or more, mice were killed after a 24 h observation period without recovery. Tissue samples of small intestine and colon were immediately fixed in 4% phosphate buffered formalin solution (Carl Roth) for later embedding or frozen immediately in liquid nitrogen for later isolation of RNA.



Intestinal inflammation was examined using formalin-fixed and paraffin-embedded (Carl Roth) samples of duodenum and colon stained with hematoxylin (Sigma Aldrich, Darmstadt, Germany) and eosin (Sigma Aldrich) (H&E) as previously described [51]. The scores ranged from 0 to 3 and contained the criteria for tissue injury (score 0: undamaged mucosa, 1: single lymphoepithelial damages, 2: surface damages of mucosa, 3: extensive mucosal damage and damage of deeper structures of the intestinal wall), number of goblet cells (score 0: normal; score 1: <50% reduction; score 2: 50–90% reduction; score 3: >90% reduction), and infiltration of inflammatory cells (score 0: low numbers of inflammatory cells in lamina propria; score 1: increased number of inflammatory cells in the lamina propria; score 2: accumulation of inflammatory cells in the lamina propria and infiltration into the submucosa; 3: transmural distribution of inflammatory cells) (Figure S6). Further, bowel wall thickness was measured from muscularis externa to crypt base.




4.3. Histological Analysis of MC


Formalin-fixed tissue samples were embedded in paraffin. After deparaffinization and rehydration, 5 µM thick sections were stained with toluidine blue (Carl Roth) for visualization of MC as previously described [51,52]. Total MC number was obtained at 200–400x in the high field. Microscopic visualization of all parameters was conducted by usage of AxioVision software (Carl Zeiss Microscopy, Jena, Germany).




4.4. Generation of BMMC


Skin and muscles were removed from tibia and femur of wild type mice and DPBS (Gibco; Thermo Fisher Scientific) was used for rinsing out the bone marrow cells. Cells were counted and suspended in 90% fetal calf serum (FCS; Merck; Darmstadt, Germany) with 10% DMSO (Carl Roth) and frozen in liquid nitrogen until further processing. Bone marrow cells were cultured in an overall volume of 5 mL BMMC medium (RPMI1640 GlutaMaxTM (Gibco; Thermo Fisher Scientific) with 10% FCS, 1% penicillin-streptomycin solution (HyCloneTM Laboratories, South Logan, USA) in the presence of murine IL-3 with a final concentration of 30 ng/mL (Peprotech, Hamburg, Germany). During the first 5 weeks of cultivation, medium and plates were changed twice a week, then medium was changed once a week to remove adherent cells. Suspension cells increased in size and developed a round shape. After culturing for 6 to 8 weeks the cells were used for functional assays. Maturity and purity of the BMMC were examined on cytospins stained with May-Grünwald/Giemsa (Carl Roth, medite histotechnic, Burgdorf, Germany).




4.5. Treatment of BMMC


Cells were treated with 50 µM resveratrol (Sigma Aldrich, St. Louis, MO, USA) 1 h prior to incubation with IgE-specific 2,4-dinitrophenol (IgE-DNP; provided by U. Blank, French Institute of Health and Medical Research, Paris, France) for 90 min at 37 °C. Cells were washed twice with DPBS and stimulated with 10 µg/mL DNP (Thermo Fisher Scientific) for 90 min at 37 °C to analyze mRNA expression or 30 min to determine β-hexosaminidase release. For LPS stimulation, cells were treated with 50 µM resveratrol for 1 h prior to 1 µg/mL LPS (Escherichia coli O111:B4; Sigma Aldrich) stimulation for 3 h. Unstimulated controls contained the same concentrations of the vehicle DMSO.




4.6. Measurement of Degranulation


Degranulation of BMMC was measured by determining the amount of released β-hexosaminidase in supernatants by a color enzyme assay [101]. In brief, cell supernatants were incubated with 50 µL of 4-nitrophenyl-N-acetyl-β-d-glucosamid (pNAG; Carl Roth) for 1h hour at 37 °C. The enzymatic conversion of pNAG by β-hexosaminidase into 4-nitrophenol was stopped with 150 µL of 0.2 glycine (pH 10.7; Carl Roth). β-hexosaminidase release was measured by its enzymatic 4-nitrophenol product in a photometer at 405 nm wavelength.




4.7. RNA Preparation and Real-Time RT-PCR


Total RNA was obtained from cell lysates using EXTRACTME® TOTAL RNA kit (blirt, Gdansk, Poland) and from tissue samples using peqGold TrifastTM (VWR International GmbH, Erlangen, Germany). Real-time RT-PCR reactions were performed in optical tubes containing cDNA template, each sense and anti-sense primer, and SsoFastTM EVAGreen Supermix (Bio-Rad Laboratories, Feldkirchen, Germany). Reaction mixture without cDNA was used as negative control. Relative quantification (2−ΔΔCT) was performed using glyceraldehyde 3-phosphate dehydrogenase (Gapdh) housekeeping gene as reference. Mouse sense and antisense primer sequences were as follows: Gapdh: 5′-TGT TCC TAC CCC CAA TGT GT-3′, 5′-AGA GTG GGA GTT GCT GTT GA-3′, product size: 175 bp; Ccl2: 5′-ACT CAC CTG CTG CTA CTC AT-3′, 5′-TCA GCA CAG ACC TCT CTC TT-3′, product size: 138 bp; Il-3rα: 5′-TGG AGG AAG TCG CTG CTC TA-3′, 5′-CGT CAC CTC GCA GTC TTC AA-3′, product size: 111 bp; Tnf-α: 5′-ACC ACC ATC AAG GAC TCA-3′, 5′-AGG TCT GAA GGT AGG AAG G-3′, product size: 127 bp; Mc-cpa: 5′-CAT GGA CAC AGG ATC GAA TG-3′, 5′-TGC AGG TCC CCT GTA GAC AT-3′, product size: 152 bp; Mcpt4: 5′-ATC TTA TGG ACG CGG AGA TG-3′, 5′-GTG ACA GGA TGG ACA CAT GC-3′, product size: 185 bp; (all Eurofins Genomics, Ebersberg, Germany). The CFX 2.1 software and CFX Connect Real-Time PCR System of Bio-Rad Laboratories were used.




4.8. Statistics


Data are expressed as mean ± standard error of the mean (SEM). If not stated otherwise, student’s t-test was used for differences in in vitro experiments and one-way analysis of variance (ANOVA) with Tukey’s post hoc test was used to analyze differences between treatment groups in in vivo experiments. Statistically significant differences between treatment groups are shown by different letters. Common letters between treatment groups mean no significant difference. A value of p < 0.05 is considered to be statistically significant. GraphPad Prism scientific software version 5.0 (San Diego, CA, USA) was used for statistical analysis.
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Figure 1. (A) Survival rate (%) of mice after 28 days, (B) stool score after first signs of diarrhea after 4th gavage of ovalbumin (OVA) and (C) scores for tissue damage in colon. Mice received water (white, (W)), 50 mg/kg bodyweight (BW) ethanol (light grey, (E)) or 50 mg/kg BW resveratrol (dark grey, (R)) via drinking water for 28 days and were intraperitoneally (i.p.) sensitized with 50 µg OVA in alum (1:2) on day 5 and 11 and further treated with or without (control, (C)) 50 mg OVA orally on day 15, 18, 20, 22, 24 and 27. Scores were determined in at least three hematoxylin and eosin (H&E) stained tissue sections, group size was n = 8, respectively. Values are mean ± SEM. Common letters indicate no significant difference between groups, different letters indicate significant change with at least p < 0.05. p-values for the respective data sets are shown in Figure S1. 
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Figure 2. Mast cell (MC) numbers per mm2 in duodenum (A) and colon (B) tissue and representative pictures of MC in duodenum of OVA-treated mice (C). mRNA expression of Mcpt4 (D) (n = 8), Mc-cpa (E) (n = 5) and Il-3rα (F) (n = 6–8) in colon. Mice received water (white), 50 mg/kg BW ethanol (light grey) or 50 mg/kg BW resveratrol (dark grey) via drinking water for 28 days and were i.p. sensitized with 50 µg OVA in alum (1:2) on day 5 and 11 and further treated with or without (control) 50 mg OVA orally on day 15, 18, 20, 22, 24 and 27. Numbers of MC were determined in toluidine blue stained duodenum and colon sections, respectively and are indicated by black arrows (C), group size was n = 8, respectively. Values are mean ± SEM. Common letters indicate no significant difference between groups, different letters indicate significant change with at least p < 0.05. p-values for the respective data sets are given in Figure S2. 
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Figure 3. MC numbers per mm2 in duodenum (A) and colon (B) tissue samples and scores for (C) tissue damage, (D) goblet cell numbers and (E) cell infiltration in colon as well as (F) survival rate [%] of mice after 90 days. Mice received water (white, (W)), 50 mg/kg BW ethanol (light grey, (E)) or 50 mg/kg BW resveratrol (dark grey, (R)) via drinking water for 90 days. Scores were determined in at least three H&E-stained tissue sections. MC numbers were counted in toluidine blue stained duodenum and colon sections, respectively. Group size was n = 5 for BALB/c mice (controls, (C)) and n = 9–10 for IL-10−/−, respectively. Values are mean ± SEM. Common letters indicate no significant difference between groups, different letters indicate significant change with at least p < 0.05. p-values for the respective data sets are given in Figure S3. 
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Figure 4. Degranulation, chemokine and cytokine mRNA expression in mouse bone marrow-derived mast cells (BMMC) following treatment with resveratrol. Cells were incubated with 50 µM resveratrol (R) or the corresponding vehicle control DMSO (D) for 60 min prior to 2,4-dinitrophenyl (DNP)-specific IgE treatment for 60 min and subsequent stimulation with 10 µg/mL DNP for 30 min to determine β-hexosaminidase release (A) (n = 14) and 90 min for mRNA expression of Ccl2 (B) (n = 3) and Tnf-α (C) (n = 10). For lipopolysaccharide (LPS) stimulation, cells were incubated with 50 µM resveratrol or the corresponding control DMSO for 60 min prior to treatment with 1 µg/mL LPS for 3 h to determine Tnf-α mRNA expression (D) (n = 13). Values are mean ± SEM. Common letters indicate no significant difference between groups, different letters indicate significant change with at least p < 0.05. p-values for the respective data sets are given in Figure S4. 
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