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Abstract

:

Quercetin is the great representative of polyphenols, flavonoids subgroup, flavonols. Its main natural sources in foods are vegetables such as onions, the most studied quercetin containing foods, and broccoli; fruits (apples, berry crops, and grapes); some herbs; tea; and wine. Quercetin is known for its antioxidant activity in radical scavenging and anti-allergic properties characterized by stimulation of immune system, antiviral activity, inhibition of histamine release, decrease in pro-inflammatory cytokines, leukotrienes creation, and suppresses interleukin IL-4 production. It can improve the Th1/Th2 balance, and restrain antigen-specific IgE antibody formation. It is also effective in the inhibition of enzymes such as lipoxygenase, eosinophil and peroxidase and the suppression of inflammatory mediators. All mentioned mechanisms of action contribute to the anti-inflammatory and immunomodulating properties of quercetin that can be effectively utilized in treatment of late-phase, and late-late-phase bronchial asthma responses, allergic rhinitis and restricted peanut-induced anaphylactic reactions. Plant extract of quercetin is the main ingredient of many potential anti-allergic drugs, supplements and enriched products, which is more competent in inhibiting of IL-8 than cromolyn (anti-allergic drug disodium cromoglycate) and suppresses IL-6 and cytosolic calcium level increase.






Keywords:


quercetin; flavonoids; immune response; anti-allergic effect; anti-inflammatory properties








1. Introduction


The expansion of allergic diseases has been extended during last three decades all over the world. Different changes in environmental factors (sensitizers such as indoor and outdoor allergens, air pollution, and various infections) may contribute to this problem [1]. Dietary alterations relating to nutritional changes of foods and their amount could be one of the factors that cause increase and worsening of allergic symptoms too. The interaction of environmental and genetic factors with the immune system can thus lead to the development of allergic diseases [2]. Mainly respiratory, skin, and food allergies are included in the inherent allergic problems. The immune system reacts quite sensitively to familiar substances that are, after re-exposure, sensed as allergens. This leads to a massive secretion of allergy-related mediators that could generate allergic symptoms [3].



Therapy with different synthetic agents or drugs could cause certain patients various adverse side effects. Phytochemicals, such as flavonoids, polysaccharides, lactones, alkaloids, diterpenoids and glucosides, are naturally present in many plant foods. These compounds have been reported to be responsible for immunomodulating and anti-inflammatory properties [4]. Dietary polyphenols as natural therapies have been more frequently studied with regard to major allergic diseases such as atopic eczema, food allergy and asthma [5,6,7]. Therefore, the attention concerning the compounds with anti-allergic effect and anti-inflammatory properties has been presently focused on flavonoids, especially quercetin. Its anti-inflammatory and anti-allergic properties have been proven in the treatment of respiratory and food allergies [8,9,10].



Quercetin belongs to the most frequently studied flavonoids that is, together with kaempferol, the most ubiquitous in plant foods although they are generally presented at relatively low concentrations of 15–30 mg/kg FW (fresh weight) [11] except several vegetable varieties with extensive content, such as onions and shallots. Quercetin and its glycosylated forms represent 60%–75% of flavonoid intake [12]. Generally, quercetin occurs in natural plant sources such as various types of vegetable (onions, broccoli, and peppers) [13,14,15], caper fruits [16], different kinds of fruits (apples, various berries, and grapes) [17,18,19], herbs (dill) [20], and some types of tea [21] and wine [22,23].



Besides other natural forms of quercetin, its plant extract is the main ingredient of many potential anti-allergic drugs, supplements and enriched products with quercetin, such as functionally enhanced white and red wines [24]. Quercetin is also a promising component that can prevent lifestyle related diseases [25]. Quercetin extracts are now largely used as a nutritional supplements and curative ingredients for many illnesses such as diabetes related with obesity and circulatory dysfunction, including inflammation, as well as moods troubles [26]. Quercetin exhibits similar anti-allergic potential as a Chinese herbal formula (Food Allergy Herbal Formula) that has been related with blocking of anaphylaxis to peanuts in mouse models [27].




2. Quercetin, Its Structure and Main Sources


Quercetin (3,3′,4′,5,7-pentahydroxyflavone) (Figure 1) is one of the most abundant dietary flavonoids and belongs to the flavonols subgroup. Flavonols (C6-C3-C6 polyphenols) have two hydroxylated benzene rings, A and B. Flavonols differ in the number and type of substitution in the B ring, where quercetin is dihydroxylated in positions 3′ and 4′.



Quercetin is present in plants in many different glycosidic forms. It is usually found in conjugated forms with sugars such as glucose, galactose and rhamnose [28]. The prevalent forms are quercetin conjugated with one or two glucose molecules, such as isoquercetin; and quercetin conjugated with rutinose such as quercetin rutinoside—rutin. However, the aglycone form of quercetin occurs in much lower levels in foods. Different quercetin forms represent 60%–75% of flavonoid intake [12].



The quercetin content of plant foods differs depending on the cultivars or cultivation conditions [25,29,30]. Its content has been shown to also be dependent on light exposure [31].



Quercetin is a flavonol that is found in a considerable quantity in various vegetables such as onions and shallots that are affordable throughout the year. In many countries, onions are the main sources of dietary quercetin [32,33,34]. Onions are thus qualitatively and quantitatively the most important source of quercetin. Other vegetables, including broccoli, asparagus, green peppers, tomatoes and red leaf lettuce, could be great sources of ubiquitous quercetin, especially in the summer [25,33,35]. Fruits (apples as well as berry crops, such as strawberry, red raspberry, blueberry, cranberry and black currants), green tea and wine could also be considered abundant dietary sources [22,25,33,34,35,36,37]. In Finland, onions and apples are the best sources of this dietary flavonoid, while in the Netherlands apples rank third behind tea and onions as top sources of flavonoids [33,38].



Onions (Allium cepa) are one of the richest sources of flavonoids in the human diet. The main flavonoids of onions are represented by quercetin and its conjugates [39,40]. The principal forms are quercetin 4′-glucoside, quercetin dimers, 3,4′-diglucoside, and quercetin 3-glucoside, with the content in the range of 284–486 mg/kg [33,41]. The amount of quercetin in onions varies with bulb color and type [42,43], being distributed mostly in the outer skins and rings [44,45], as flavonols are mainly located in the outer epidermis of the skin, because they have a UV-protecting function [46]. Thus, the highest loss of quercetin happens when onions are peeled [40,47]. According to the part of onions and shallots that is consumed, quite various amounts and forms of quercetin are ingested. The quercetin forms of onion flesh include especially glucosides, with only minimal amounts of quercetin aglycone. The skin and outermost layers of onions, similar to shallots, encompass much more quercetin aglycone [32,48,49,50]. The forms of quercetin in shallot flesh are composed of about 99.2% quercetin glucosides and 0.8% quercetin aglycone. In dry shallot skin, the form distribution is nearly reversed—83.3% quercetin aglycone and 16.7% quercetin glucosides [51].



In apples, another great quercetin source, there are well studied antioxidant compounds such as quercetin-3-galactoside, quercetin-3-glucoside, and quercetin-3-arabinoside [33,41] in the content range of 21–72 mg/kg; quercetin-3-rhamnoside [52]; and quercetin-3-rutinoside [28]. Quercetin conjugates are present entirely in the apple peels [28,53]. Due to the presence of more antioxidants such as quercetin in the apple peel than in the flesh, the apple peels may be considered to have higher antioxidant capacity and also bioactivity [54]. In apples, other dietary quercetin glycosides such as quercetin galactosides are also found [34].



Berry crops are great representatives of quercetin glycosides, especially quercetin-3-glucoside (strawberry and red raspberry), quercetin-3-glucuronide (strawberry, red raspberry and blueberry), quercetin-3-rutinoside (strawberry, red raspberry and blueberry), qurecetin-3-rhamnoside (red raspberry, black currants, blueberry, and cranberry), quercetin-3-galactoside (blueberry, cranberry, and black currants), and quercetin-3-arabinose (cranberry) [33,34,41,55].



Also lesser known fruit species could be considered as notable sources of quercetin. Saskatoon berries (Amelanchier alnifolia) can be characterized by exceptionally high value of quercetin, as determined by Jurikova et al. [56]. The quercetin content in some cultivars was quantified from 236 to 307 mg/kg FW. Saskatoon berry fruits contain quercetin-3-galactoside as the main abundant flavonol (169.5 mg/kg FW) [57]. In six cultivars of edible honeysuckle (Lonicera sp.), quercetin-3-rutinoside and quercetin-3-glucoside are identified as dominated flavonols. The quercetin level is high especially in Lonicera caerulea var. edulis Turcz. (‘Altaj’) (294.1 mg/kg) [58]. Quercetin was the main flavonol detected in chokeberry (Aronia sp.) with the content 89 mg/kg FW [36]. In black chokeberry (Aronia  melanocarpa) Määttä-Riihinen et al. [59] detected the overall amount of 348 mg/kg, which was the fourth highest quercetin value of 18 berries they studied from six families (Grossulariaceae, Ericaceae, Rosaceae, Empetraceae, Elaeagnaceae, Caprifoliaceae), after the amounts of three bog whortleberry (Vaccinium uliginosum) genotypes. Quercetin is the third most representative flavonoid in cornelian cherry (Cornus mas) in the amount from 120 up to 360 mg/kg [60]. Quercetin rhamnosyl hexoside and dirhamnosyl hexoside, and isoquercetin are the main flavonols, which follow after kaempferol, in the fruits of Chinese hawthorn (Crateagus pinnatifida) [56].



Flavonol glycosides are one of the most important groups of polyphenols besides catechins in tea. The composition of tea varies with type, variety, season, age of leaves, climate, and horticultural practices [61]. Black tea and oolong tea, both fermented tea types, have the highest content of quercetin types of flavonol glycosides (50%–52% in oolong tea and 54%–71% in black tea, respectively); green tea manufactured without the process of fermentation has a higher content of kaempferol glycosides, while quercetin represents about 18%–38% of all flavonol glycosides [62]. The predominant quercetin glycosides in black tea are quercetin glucoside, rutinoside (rutin), and galactoside; minor representatives are quercetin dirhamnoglucoside and rhamnogalactoside; and quercetin rhamnodiglucoside is present in the lowest levels. Oolong tea contains mainly quercetin glucorhamnoglucoside, rutinoside, rhamnogalactoside and quercetin dirhamnoglucoside. Quercetin rhamnogalactoside, rhamnodiglucoside and quercetin glucorhamnoglucoside are principal glycosides presented in green tea [62]. The main quercetin forms of green pu-erh tea comprise two constituents, quercetin 3-rhamnosylgalactoside and 3-glucoside. White tea has as predominant flavonol quercetin 3-glucosylrutinoside [63]. There is about 15–35-times higher content of rutin than quercetin [21].



Quercetin is synthesized in white and light red grape varieties together with other mono- and di-substituted B-ring derivatives, kaempferol and isorhamnetin [64], which is the methylated form of quercetin. Quercetin is therefore the main flavonol of white wine varieties (Chardonnay, Riesling, and Sauvignon Blanc), representing over 70% of the total flavonol content [65]; and also of some light red/rosé wine varieties (Pinot Noir, Sangiovese, and Gewürztraminer). Glucose or glucuronic acid and galactose are the main sugars in conjugated forms of quercetin in wines [19].




3. Antioxidant Activity of Quercetin


Quercetin is a frequently studied phenolic compound due to its known great antioxidant properties. Its flavonoid structure, 2,3 double bound in conjunction with 4-oxo bond in the C ring of quercetin, allows electron delocalization from the B ring and shows extensive resonance. This results in the significant efficiency for radical scavenging [66]. Therefore, quercetin has a structure that is responsible for higher antioxidant activity effectiveness than the structure of anthocyanins.



Quercetin seems to be one of the most powerful flavonoids for protecting the body against reactive oxygen species [4,67]. Quercetin, similar to fisetin, catechin, and myricetin, are flavonoid aglycones that have 3-OH groups and are potent inhibitors of lipid oxidation [68]. Quercetin inhibits the initiation step in chain oxidation and prevents chain propagation. This may also include the termination of a chain by the reaction of two radicals [3,8].



Endogenous antioxidant ability of quercetin modifies the range of cellular injury during the allergic damage that is caused by free radicals. Enzymes, such as repair and de novo ones (lipases, DNA repair enzymes, proteases and transferases), act as the third line of defense by repairing damage and reconstituting membranes [4,69].




4. Polyphenols and Quercetin as Effective Anti-Allergic Secondary Metabolites


Polyphenols are considered effective anti-allergy agents capable of influencing multiple biological pathways and immune cell functions in the allergic immune response. Among the most investigated plant-derived polyphenolic compounds (flavonoids), quercetin, together with resveratrol, epigallocatechol-3-gallate, and genistein, have exhibited potent effects on cellular and humoral immune functions in pre-clinical investigations [70]. The interaction of polyphenols with proteins can modulate the process of allergic sensitization and their direct effect on allergic effector cells such as mast cells inhibit mediator release, resulting in the alleviation of symptoms [3]. Polyphenols inhibit histamine release from human basophils and murine mast cells [71,72].



Intake of polyphenols such as flavones, flavone-3-ols, catechins, anthocyanidins, flavanones, procyanidins, and resveratrol can improve a skewed balance of T-helper (Th) type 1 and 2 cells (Th1/Th2) and suppress antigen-specific IgE (Immunoglobulin E) antibody formation [73].



Flavonoids are known to inhibit histamine release from human basophils and murine mast cells [71,72]. Flavonoids inhibit the release of chemical mediators; further suppress interleukin (IL)-4 and IL-13 synthesis (Th2 type cytokines) by allergen- or anti-IgE antibody-stimulated receptor-expressing cells (e.g., peripheral blood basophils or mast cells). They can also affect the differentiation of naïve glycoprotein CD4 (cluster of differentiation 4) T cells (white blood cells) due to the inhibitory effect on the activation of the aryl hydrocarbon receptor [1,74]. The inhibitory activity of flavonoids on IL-4 and CD40 ligand expression is probably related through their inhibitory action on activation of nuclear factors of activated T cells and AP-1 (activator protein-1) [1].



Flavonols extracted from plants inhibit histamine and some cytokines release from rodent basophils and mast cells. Basophils are more responsible for this balance than tissue mast cells, therefore they could be considered as the potent natural substances for allergy cure [75].



Nowadays, the attention is focused on immunomodulation and anti-inflammatory properties of quercetin such as stimulation of immune system, antiviral activity (anti-herpes virus type I), inhibition of histamine release, inhibition of nuclear factor activation (NF-κB), pro-inflammatory cytokines and leukotrienes [8,76].



Quercetin induces significant gene expression and production of Th-1-derived interferon (IFN)-g, as well as downregulating Th-2-derived IL-4 production by normal peripheral blood mononuclear cells [77]. The anti-inflammatory profile of quercetin is known to impact on the recruitment of immune cells to the skin and in preventing the development of secondary infections following disruption of the skin barrier [3].



The anti-inflammatory action of quercetin is caused by the inhibition of enzymes such as lipoxygenase, and the inhibition of inflammatory mediators. Quercetin affects immunity and inflammation by acting mainly on leukocytes and targeting many intracellular signaling kinases and phosphatases, enzymes and membrane proteins often crucial for a cellular specific function [78]. Quercetin inhibits the production and release of histamine and other allergic and inflammatory substances, possibly by stabilizing cell membranes of mast cells [79,80]. In particular, quercetin is an inhibitor of allergic (IgE-mediated) mediator release from mast cells and basophils, another type of white blood cell involved in immune reactions. Quercetin is also an inhibitor of human mast cell activation through the inhibition of Ca2+ influx, histamine, leukotrienes and prostaglandins release and proteinkinase activation [27]. Mast cells are influential immune cells important for the pathogenesis of allergic responses and autoimmune disorders. They also affect release of many cytokines involved in the inflammatory reactions such as IL-8 and Tumor necrosis factor (TNF) [81,82]. It is a reason why quercetin is suitable for the treatment of mast cell-derived allergic inflammatory diseases such as asthma, sinusitis, and rheumatoid arthritis [8].



The anti-allergic and anti-inflammatory properties of quercetin have been proved by several studies, in animal models and in vitro, as presented in Table 1.



4.1. Quercetin and Respiratory Allergic Diseases: In Vitro and Animal Studies


Nowadays, the most studied food products in relation to their anti-allergic properties are onions and their extracts. The anti-allergic activity (type I hypersensitivity) of different onion cultivars (eight cultivars from three geographical origins) were determined by Sato et al. [29] using rat mast cells (RBL-2H3 cells). Extensive variation of anti-allergic effectiveness was ascertained between the cultivars. Between the studied types, Satsuki cultivar demonstrated the highest activity due to inhibitory concentration value (IC50 = 89.1 mg/mL). The positive correlation (r = 0.91) was exhibited between compounds of onion extracts, such as quercetin 4′-glucoside, and anti-allergic response.



Oliveira et al. [94] investigated the effect of onion extract and quercetin on cytokines and on smooth muscle contraction in vitro and its effectiveness in a murine model of asthma. After a treatment with onion extract or quercetin, they examined a decrease in inflammatory cytokines creation, a release of tracheal rings and a lowering of cells quantity in bronchoalveolar lavage and eosinophil peroxidase in lungs.



An herbal fraction from onion bulb can inhibit histamine release and reduce intracellular calcium levels in induced rat peritoneal mast cells. Eosinophil peroxidase activity and protein amount in bronchoalveolar lavage fluid of ovalbumin-challenged mice were also inhibited [89].



The effect of quercetin on pro-inflammatory mediator release and its probable principles of action in human mast cells was investigated by Kempuraj et al. [81]. Human umbilical cord blood-derived cultured mast cells grown in the presence of stem cell factor and interleukin (IL)-6 were incubated for 15 min with quercetin (0.01 µM), followed by activation with anti-IgE. Release of IL-6, IL-8 and TNF-α was inhibited by 82%, tryptase release by 79%–96%, and histamine release by 52%–77% at 100 µM concentration of quercetin, Min et al. [84] also investigated the effect of quercetin on the expression of pro-inflammatory cytokines in human mast cell line. These cells were stimulated with phorbol 12-myristate 13-acetate (PMA) and calcium ionophore. Results of the experiment showed that quercetin decreased the gene expression and production of tumor necrosis factor-α, interleukin-1β, IL-6, and IL-8 in human mast cells. Quercetin reduced phorbol calcium ionophore-induced activation of NF-κB and p38 mitogen-activated protein kinase.



Quercetin has a significant inhibitory effect on histamine release. The effect of quercetin on histamine secretion from antigen sensitized mast cells was examined by Fewtrell and Gomperts already in 1977 at µM concentrations [86]. Quercetin had an inhibitory effect on histamine secretion mediated by antigen, but it had little effect on release induced by the ionophores. Quercetin exerts its effect after the binding of the releasing ligands and the distinction between its effect on ligand induced and A23187 induced secretion. That suggests that it influences the path of Ca2+ entry into the cell.



Like histamine and most cyclin-dependent kinases, quercetin restrains the in vitro growth of some malignant cells and thus indicates considerable anti-cancer effects. Quercetin could restrain compounds responsible for allergy response due to the inhibition action of mast cell secretion, effecting regress in the release of tryptase, monocyte chemoattractant protein 1 (MCP-1) and IL-6 [85].



Haggag et al. [87] tested inhibitory effect of herbs infusion (chamomile, saffron, anise, fennel, caraway, licorice, cardamom and black seed) on histamine that was relinquished from stimulated rat peritoneal mast cells by immunoglobulin E and anti-immunoglobulin E. The results of the experiment showed that the herbs infusion restrained histamine released from chemically- and immunologically-induced cells by 81% and 85%, respectively. In comparison, quercetin appears to be more effective, as it affected histamine release by 95% and 97%, respectively.



Animal studies conducted in rats showed that more than 25% of the absorbed quercetin is localized in the lung tissue, an added benefit to combat allergy and associated asthma [8]. Addition of quercetin already in the concentration of 100 nM may relax airway rings precontracted with acetylcholine. The cure with quercetin in the concentration of 100 μM avoided a force creation upon exposure to acetylcholine. Moreover, quercetin in the concentration of 50 μM notably augmented isoproterenol-induced relaxations. In addition, dispersion of quercetin, in the concentration of 100 μM, in an in vivo model of airways perception notably inhibited methacholine-induced progress in airways resistance [93].



Quercetin inhibits rat tracheal contractility through a presynaptic (involving nitric oxide) and a postsynaptic site of action. The results of Capasso et al. [97] study showed that quercetin produced a concentration-dependent inhibition of contractions induced by carbachol. However, quercetin was more active in inhibiting the contractions produced by electrical field stimulation than those induced by carbachol, suggesting a presynaptic site of action (in addition to a postsynaptic effect, as revealed by the inhibitory action of quercetin on carbachol-induced contractions).



Long ago, in the experiment of Johri et al. [83], a stabilization effect of quercetin, isolated from onions, on mast cell membrane of rats was shown. In the study of Kimata et al. [72], human cultured mast cells were sensitized with IgE, and then treated with flavonoids before challenge with antihuman IgE. Results showed that quercetin inhibited the release of histamine, leukotrienes, prostaglandin D2, and granulocyte macrophage-colony stimulating factor from human cultured mast cells in a concentration-dependent manner. Moreover, quercetin inhibited Ca2+ influx strongly. The activation of extracellular signal-regulated kinases and c-Jun NH2-terminal kinase were clearly suppressed by quercetin.



Quercetin is effective eosinophilic inflammation suppressor for diseases like allergic rhinitis and asthma. Rogerio et al. [91] investigated the anti-inflammatory effect of quercetin and isoquercitrin in a murine model of asthma. In mice feeding with these flavonoids, the amount of white blood cells and eosinophil in the bronchoalveolar lavage fluid, blood and lung parenchyma was detected in lower quantities [91,92].



In another study of Rogerio et al. [92], the anti-inflammatory effect of quercetin-loaded microemulsion and quercetin suspension in an experimental model of airways allergic inflammation have been compared. Oral administration of quercetin suspension failed to interfere with leukocyte recruitment, while quercetin-loaded microemulsion inhibited in a dose-dependent way, the eosinophil recruitment to the bronchoalveolar lavage fluid. The microemulsion considerably reduced IL-5 and IL-4 levels too, but has not be capable to interfere with CCL11, IFN-gamma and LTB(4) levels. Oral treatment with microemulsion also decreased the nuclear transcription factor κB activation, and the mucus production in the lung.



Park et al. [90] examined whether quercetin could influence eosinophil peroxidase activity. They demonstrated that asthmatic reactions in mice, sensitized by ovalbumin injection, could be notably inhibited by their feeding with quercetin. In another experiment, Sakai-Kashiwabara [100] examined peripheral blood eosinophils and IgE levels after infection by Mesocestoides corti. The experiment was designed to examine the influence of quercetin on eosinophil activation induced by SCF stimulation in vitro. The addition of quercetin into cell cultures could suppress eosinophil activation induced by SCF stimulation. The minimum concentration of quercetin that caused significant suppression of factor secretion was 5 μM.



Chirumbolo et al. [27] studied the anti-allergic effect in the Th1/Th2 immune response. They attempted to determine whether quercetin regulates Th1/Th2 cytokine production, T-bet and GATA binding protein 3 gene expression in ovalbumin-induced asthma model mice. Results of experiment showed that quercetin reduced the increased levels of IL-4, Th2 cytokine production in ovalbumin-sensitized and challenged mice. During the experiment the elevation of interferon-gamma, Th1 cytokine production occurred in quercetin administrated mice. Therefore, quercetin is able to regulate Th1/Th2 balance.



Quercetin is an inhibitor of enzymes responsible for inflammatory reaction, naturally derived PDE4-selective (cyclic nucleotide phosphodiesterases) inhibitor. Chan et al. [101] attempted to determine the PDE4(H)/PDE4(L) ratios of different quercetin forms in relation to phosphodiesterase (PDE)-4 activity. The anti-inflammatory effects of PDE4 inhibitors were reported to be associated with inhibition of PDE4 catalytic activity. To reduce inflammation, an inhibition of lipolytic enzyme, human secretory phospholipase A2 group IIA, could be effective as it leads to a decrease in eicosanoids levels. This lipolytic enzyme is therefore of high pharmacological interest in treatment of chronic diseases such as asthma [102]. Good inhibitory activity was shown for quercetin and kaempferol.



Quercetin is structurally related to the anti-allergic drug disodium cromoglycate. Weng et al. [82] compared effect of quercetin and cromolyn on cultured human mast cells. Both compounds at the concentration of 100 µM can effectively inhibit secretion of histamine and leukotrienes from primary human cord blood-derived cultured mast cells stimulated by IgE/Anti-IgE. Quercetin is more effective than cromolyn in inhibiting IL-8; reduces IL-6 in a dose-dependent manner; and inhibits cytosolic calcium level increase.



Quercetin is useful in the treatment of immediate (IP), late-phase (LP), and late-late-phase (LLP) asthma responses via inhibition of histamine and protein release, phospholipase A2 activity. It also reduces recruitment of neutrophils and eosinophils into the lung. Jung et al. [95] studied this effect for IP and LP on the asthmatic responses in ovalbumin-sensitized conscious guinea pigs. The results of experiment showed that quercetin (7.5 mg/kg) significantly and dose-dependently inhibited immediate and late-phase in asthma responses but less efficiently than dexamethasone and salbutamol. Analogously, Moon et al. [96] studied the effects of quercetin inhalation into asthmatic responses by exposure to aerosolized-ovalbumin in conscious sensitized guinea pigs. Results showed that quercetin inhalation decreased IP, LP and LLP in asthma responses, compared with the control. Inhibitory activity of quercetin inhalation on specific airway resistance was similar to effect of its oral administration (10 mg/kg) in asthmatic responses.




4.2. Quercetin and Respiratory Allergic Diseases—Epidemiological Evidence


The results of several epidemiological studies suggest that an increase of flavonoid intake is beneficial for asthma [90,103]. Moreover, clinical trials with flavonoids have shown their ameliorative effects on symptoms related to asthma [74]. A protective effect of quercetin consumption on asthma incidence have been demonstrated by epidemiological- and population-based case-control studies in Finland by Knekt et al. [104], where higher quercetin intake was associated with lower asthma incidence. In the Netherlands, Willers et al. [105] ascertained that consummation of apples during pregnancy may have a protective effect against the development of childhood asthma and allergic diseases. In the Shaheen et al. [106] survey of the United Kingdom, about 600 persons with asthma and 900 healthy subjects were investigated due to their diet habits and lifestyle. Total fruit and vegetable intake was only weakly associated with asthma. Apple intake showed a stronger inverse relationship with asthma. This was mostly clear in subjects who consumed at least two apples per week. Onion, tea, and red wine consumption were not related to asthma incidence, suggesting a beneficial effect of apple flavonoids, especially quercetin.



Tabak et al. [107] deduced a positive association between fruit (such as apples) consumption and general pulmonary health. Scientists in their study with over 13,000 individuals proved a positive link of fruit consumption with pulmonary function, probably due to the high quercetin content. However, they also assessed the lack of association between chronic obstructive pulmonary disease (COPD) and flavonol intake. A profitable result of apple consummation on lung function was also demonstrated in another study with about 2500 middle-aged men. More than four apples consumed weekly notably boosted forced expiratory volume compared to subjects who did not eat apples [38,108]. In the study of Woods et al. [109] involving 1600 adults in Australia, they discovered that apple and pear intake could be associated with a decreased risk of asthma and a decrease in bronchial hypersensitivity. However, total fruit and vegetable intake is not associated with asthma risk or severity.




4.3. Quercetin and Food Allergies


Food allergies are a relevant and common health complaint with an increasing prevalence. Actual allergy therapy is reduced to an avoidance of problematic foods [110]. Studies of this problem are aimed especially at prevention, as the enormous burden is in early childhood [111].



For food allergies, there is a very important practice in an inhibition of dendric cells function. Quercetin together with kaempferol and isoflavones are able to regulate mucosal immunity during hypersensitivity reaction [99].



In the study of Shiseboar et al. [98], the effects of quercetin on peanut-induced anaphylactic reactions were investigated in a rat model with rats sensitized by peanut infusion. After daily-intake of quercetin for four weeks, entirely restricted peanut-induced anaphylactic reactions. The comparison with positive control rat group showed that the plasma histamine values in rats with quercetin ingestion were substantially decreased.



Quercetin is therefore a potent suppressor of the on-going immunoglobulin E responses against peanut proteins, and can be introduced as an alternative medicine like a defender against IgE-mediated food allergies.





5. Conclusions


Allergic disorders (skin, food and respiratory allergies) have been rapidly increasing worldwide during the last three decades. Therefore, there is a demand for new sources of anti-allergic bioactive compounds. Nowadays, most attention has been focused on flavonoids, especially quercetin. Quercetin displays high antioxidant and anti-inflammatory properties that have been proven by many in vivo and in vitro studies. Quercetin’s anti-allergic mechanism of action through the inhibition of enzymes and inflammatory mediators has also been extensively studied. It is well known that quercetin is an inhibitor of human mast cell activation through the inhibition of Ca2+ influx, histamine, leukotrienes and prostaglandins release. This review also summarizes the role of quercetin in relation to respiratory allergic diseases (in vitro, animal and epidemiological studies) and food allergies. The results of the studies prove a unique position of quercetin in the treatment of allergic disorders and the possibility of using phytochemicals such as quercetin for an efficient cure.







Acknowledgments


This study was funded by internal grant agency of Tomas Bata University in Zlín, project no. IGA/FT/2016/008 and IGA ZF 2016.




Author Contributions


All authors designed review. Tunde Jurikova, Jiri Mlcek, Sona Skrovankova and Jiri Sochor contributed to the writing of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kawai, M.; Hirano, T.; Higa, S.; Arimitsu, J.; Maruta, M.; Kuwahara, Y.; Ohkawara, T.; Hagihara, K.; Yamadori, T.; Shima, Y.; et al. Flavonoids and related compounds as anti-allergic substances. Allergol. Int. 2007, 56, 113–123. [Google Scholar] [CrossRef] [PubMed]

	



Ozdemir, C.; Akdis, M.; Akdis, C. T regulatory cells and their counterparts: Masters of immune regulation. Clin. Exp. Allergy 2009, 39, 626–639. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.; Holvoet, S.; Mercenier, A. Dietary polyphenols in the prevention and treatment of allergic diseases. Clin. Exp. Allergy 2011, 41, 1346–1359. [Google Scholar] [CrossRef] [PubMed]

	



Lakhanpal, P.; Rai, D.K. Quercetin: A versatile flavonoid. Internet J. Med. Update 2007, 2, 22–37. [Google Scholar] [CrossRef]

	



Magrone, T.; Jirillo, E. Influence of polyphenols on allergic immune reactions: Mechanisms of action. Proc. Nutr. Soc. 2012, 71, 316–321. [Google Scholar] [CrossRef] [PubMed]

	



Joskova, M.; Franova, S.; Sadlonova, V. Acute bronchodilator effect of quercetin in experimental allergic asthma. Bratisl. Med. J. 2011, 112, 9–12. [Google Scholar]

	



Matsushima, M.; Takagi, K.; Ogawa, M.; Hirose, E.; Ota, Y.; Abe, F.; Baba, K.; Hasegawa, T.; Hasegawa, Y.; Kawabe, T. Heme oxygenase-1 mediates the anti-allergic actions of quercetin in rodent mast cells. Inflamm. Res. 2009, 58, 705–715. [Google Scholar] [CrossRef] [PubMed]

	



Juríková, T.; Mlček, J.; Sochor, J.; Hegedűsová, A. Polyphenols and their mechanism of action in allergic immune response. Glob. J. Allergy 2015, 1, 037–039. [Google Scholar]

	



Gabor, M. Anti-inflammatory and anti-allergic properties of flavonoids. Prog. Clin. Biol. Res. 1986, 213, 471–480. [Google Scholar] [PubMed]

	



Boesch-Saadatmandi, C.; Wagner, A.E.; Wolffram, S.; Rimbach, G. Effect of quercetin on inflammatory gene expression in mice liver in vivo—Role of redox factor 1, miRNA-122 and miRNA-125b. Pharm. Res. 2012, 65, 523–530. [Google Scholar] [CrossRef] [PubMed]

	



Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability. Amer. J. Clin. Nutr. 2004, 79, 727–747. [Google Scholar] [PubMed]

	



Bouktaib, M.; Atmani, A.; Rolando, C. Regio-and stereoselective synthesis of the major metabolite of quercetin, quercetin-3-O-β-d-glucuronide. Tetrahedron Lett. 2002, 43, 6263–6266. [Google Scholar] [CrossRef]

	



Ko, E.Y.; Nile, S.H.; Sharma, K.; Li, G.H.; Park, S.W. Effect of different exposed lights on quercetin and quercetin glucoside content in onion (Allium cepa L.). Saudi J. Biol. Sci. 2015, 22, 398–403. [Google Scholar] [CrossRef] [PubMed]

	



Koh, E.; Wimalasiri, K.; Chassy, A.; Mitchell, A. Content of ascorbic acid, quercetin, kaempferol and total phenolics in commercial broccoli. J. Food Comp. Anal. 2009, 22, 637–643. [Google Scholar] [CrossRef]

	



Sun, T.; Xu, Z.; Wu, C.T.; Janes, M.; Prinyawiwatkul, W.; No, H. Antioxidant activities of different colored sweet bell peppers (Capsicum annuum L.). J. Food Sci. 2007, 72, S98–S102. [Google Scholar] [CrossRef] [PubMed]

	



Francesca, N.; Barbera, M.; Martorana, A.; Saiano, F.; Gaglio, R.; Aponte, M.; Moschetti, G.; Settanni, L. Optimised method for the analysis of phenolic compounds from caper (Capparis spinosa L.) berries and monitoring of their changes during fermentation. Food Chem. 2016, 196, 1172–1179. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zielinski, A.A.F.; Alberti, A.; Braga, C.M.; da Silva, K.M.; Canteri, M.H.G.; Mafra, L.I.; Granato, D.; Nogueira, A.; Wosiacki, G. Effect of mash maceration and ripening stage of apples on phenolic compounds and antioxidant power of cloudy juices: A study using chemometrics. LWT-Food Sci. Technol. 2014, 57, 223–229. [Google Scholar] [CrossRef]

	



Skrovankova, S.; Sumczynski, D.; Mlcek, J.; Jurikova, T.; Sochor, J. Bioactive compounds and antioxidant activity in different types of berries. Int. J. Mol. Sci. 2015, 16, 24673–24706. [Google Scholar] [CrossRef] [PubMed]

	



Flamini, R.; Mattivi, F.; de Rosso, M.; Arapitsas, P.; Bavaresco, L. Advanced Knowledge of Three Important Classes of Grape Phenolics: Anthocyanins, Stilbenes and Flavonols. Int. J. Mol. Sci. 2013, 14, 19651–19669. [Google Scholar] [CrossRef] [PubMed]

	



Tsanova-Savova, S.; Ribarova, F. Flavonols and flavones in some bulgarian plant foods. Pol. J. Food Nutr. Sci. 2013, 63, 173–177. [Google Scholar] [CrossRef]

	



Jeszka-Skowron, M.; Krawczyk, M.; Zgoła-Grześkowiak, A. Determination of antioxidant activity, rutin, quercetin, phenolic acids and trace elements in tea infusions: Influence of citric acid addition on extraction of metals. J. Food Comp. Anal. 2015, 40, 70–77. [Google Scholar] [CrossRef]

	



Martelo-Vidal, M.J.; Vazquez, M. Determination of polyphenolic compounds of red wines by UV-VIS-NIR spectroscopy and chemometrics tools. Food Chem. 2014, 158, 28–34. [Google Scholar] [CrossRef] [PubMed]

	



Yoo, Y.J.; Saliba, A.J.; MacDonald, J.B.; Prenzler, P.D.; Ryan, D. A Cross-cultural Study of Wine Consumers with Respect to Health Benefits of Wine. Food Qual. Pref. 2013, 28, 531–538. [Google Scholar] [CrossRef]

	



Yoo, Y.; Saliba, A.J.; Prenzler, P.D.; Ryan, D. Total Phenolic Content, Antioxidant Activity, and Cross-Cultural Consumer Rejection Threshold in White and Red Wines Functionally Enhanced with Catechin-Rich Extracts. J. Agric. Food Chem. 2012, 60, 388–393. [Google Scholar] [CrossRef] [PubMed]

	



Nishimuro, H.; Ohnishi, H.; Sato, M.; Ohnishi-Kameyama, M.; Matsunaga, I.; Naito, S.; Ippoushi, K.; Oike, H.; Nagata, T.; Akasaka, H.; et al. Estimated daily intake and seasonal food sources of quercetin in Japan. Nutrients 2015, 7, 2345–2358. [Google Scholar] [CrossRef] [PubMed]

	



D’Andrea, G. Quercetin: A flavonol with multifaceted therapeutic applications? Fitoter. 2015, 106, 256–271. [Google Scholar] [CrossRef] [PubMed]

	



Chirumbolo, S. Quercetin as a potential anti-allergic drug: Which perspectives? Iran. J. Allergy Asthma Immunol. 2011, 10, 139–140. [Google Scholar] [PubMed]

	



Vasantha Rupasinghe, H.; Kathirvel, P.; Huber, G.M. Ultrasonication-assisted solvent extraction of quercetin glycosides from ‘Idared’ apple peels. Molecules 2011, 16, 9783–9791. [Google Scholar] [CrossRef] [PubMed]

	



Sato, A.; Zhang, T.; Yonekura, L.; Tamura, H. Antiallergic activities of eleven onions (Allium cepa) were attributed to quercetin 4′-glucoside using quechers method and Pearson’s correlation coefficient. J. Funct. Foods 2015, 14, 581–589. [Google Scholar] [CrossRef]

	



Slimestad, R.; Fossen, T.; Vågen, I.M. Onions: A source of unique dietary flavonoids. J. Agric. Food Chem. 2007, 55, 10067–10080. [Google Scholar] [CrossRef] [PubMed]

	



Beslic, Z.; Todic, S.; Tesevic, V.; Jadranin, M.; Novakovic, M.; Tesic, D. Pruning effect on content of quercetin and catechin in berry skins of cv. Blaufränkisch (Vitis vinifera L.). Turk. J. Agric. Forestry 2010, 34, 461–466. [Google Scholar]

	



Kelly, G.S. Quercetin. Altern. Med. Rev. 2011, 16, 172–194. [Google Scholar] [PubMed]

	



Hertog, M.G.; Hollman, P.C.; Katan, M.B. Content of potentially anticarcinogenic flavonoids of 28 vegetables and 9 fruits commonly consumed in the Netherlands. J. Agric. Food Chem. 1992, 40, 2379–2383. [Google Scholar] [CrossRef]

	



Erlund, I. Review of the flavonoids quercetin, hesperetin, and naringenin. Dietary sources, bioactivities, bioavailability, and epidemiology. Nutr. Res. 2004, 24, 851–874. [Google Scholar] [CrossRef]

	



Rimm, E.B.; Katan, M.B.; Ascherio, A.; Stampfer, M.J.; Willett, W.C. Relation between intake of flavonoids and risk for coronary heart disease in male health professionals. Annals Internal Med. 1996, 125, 384–389. [Google Scholar] [CrossRef]

	



Häkkinen, S.H.; Kärenlampi, S.O.; Heinonen, I.M.; Mykkänen, H.M.; Törrönen, A.R. Content of the flavonols quercetin, myricetin, and kaempferol in 25 edible berries. J. Agric. Food Chem. 1999, 47, 2274–2279. [Google Scholar] [CrossRef] [PubMed]

	



Arai, Y.; Watanabe, S.; Kimira, M.; Shimoi, K.; Mochizuki, R.; Kinae, N. Dietary intakes of flavonols, flavones and isoflavones by Japanese women and the inverse correlation between quercetin intake and plasma LDL cholesterol concentration. J. Nnutr. 2000, 130, 2243–2250. [Google Scholar]

	



Boyer, J.; Liu, R. Apple phytochemicals and their health benefits. Nutr. J. 2004, 3, 5. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Siddiq, M.; Roidoung, S.; Sogi, D.; Dolan, K. Total phenolics, antioxidant properties and quality of fresh-cut onions (Allium cepa L.) treated with mild-heat. Food Chem. 2013, 136, 803–806. [Google Scholar] [CrossRef] [PubMed]

	



Mlcek, J.; Valsikova, M.; Druzbikova, H.; Ryant, P.; Juríková, T.; Sochor, J.; Borkovcová, M. The antioxidant capacity and macroelement content of several onion cultivars. Turk. J. Agric. For. 2015, 39, 999–1004. [Google Scholar] [CrossRef]

	



Gazdik, Z.; Reznicek, V.; Adam, V.; Zitka, O.; Jurikova, T.; Krska, B.; Matuskovic, J.; Plsek, J.; Saloun, J.; Horna, A.; et al. Use of liquid chromatography with electrochemical detection for the determination of antioxidants in less common fruits. Molecules 2008, 13, 2823–2836. [Google Scholar] [CrossRef] [PubMed]

	



Bilyk, A.; Cooper, P.L.; Sapers, G.M. Varietal differences in distribution of quercetin and kaempferol in onion (Allium cepa L.) tissue. J. Agric. Food Chem. 1984, 32, 274–276. [Google Scholar] [CrossRef]

	



Patil, B.; Pike, L. Distribution of quercetin content in different rings of various coloured onion (Allium cepa L.) cultivars. J. Horticult. Sci. 1995, 70, 643–650. [Google Scholar] [CrossRef]

	



Hirota, S.; Shimoda, T.; Takahama, U. Tissue and spatial distribution of flavonol and peroxidase in onion bulbs and stability of flavonol glucosides during boiling of the scales. J. Agric. Food Chem. 1998, 46, 3497–3502. [Google Scholar] [CrossRef]

	



Patil, B.S.; Pike, L.M.; Yoo, K.S. Variation in the quercetin content in different colored onions (Allium cepa L.). J. Amer. Soc. Horticult. Sci. 1995, 120, 909–913. [Google Scholar]

	



Downey, M.O.; Harvey, J.S.; Robinson, S.P. Synthesis of flavonols and expression of flavonol synthase genes in the developing grape berries of Shiraz and Chardonnay (Vitis vinifera L.). Aust. J. Grape Wine Res. 2003, 9, 110–121. [Google Scholar] [CrossRef]

	



Santas, J.; Carbo, R.; Gordon, M.; Almajano, M. Comparison of the antioxidant activity of two Spanish onion varieties. Food Chem. 2008, 107, 1210–1216. [Google Scholar] [CrossRef]

	



Nemeth, K.; Piskula, M. Food content, processing, absorption and metabolism of onion flavonoids. Crit. Rev. Food Sci. Nutr. 2007, 47, 397–409. [Google Scholar] [CrossRef] [PubMed]

	



Smith, C.; Lombard, K.A.; Peffley, E.B.; Liu, W. Genetic analysis of quercetin in onion (Allium cepa L.) ‘lady raider’. Texas J. Agric. Nat. Res. 2003, 16, 24–28. [Google Scholar]

	



Walle, T.; Otake, Y.; Walle, U.K.; Wilson, F.A. Quercetin glucosides are completely hydrolyzed in ileostomy patients before absorption. J. Nutr. 2000, 130, 2658–2661. [Google Scholar] [PubMed]

	



Wiczkowski, W.; Romaszko, J.; Bucinski, A.; Szawara-Nowak, D.; Honke, J.; Zielinski, H.; Piskula, M.K. Quercetin from shallots (Allium cepa L. var. Aggregatum) is more bioavailable than its glucosides. J. Nutr. 2008, 138, 885–888. [Google Scholar] [PubMed]

	



Lee, K.W.; Kim, Y.J.; Kim, D.-O.; Lee, H.J.; Lee, C.Y. Major phenolics in apple and their contribution to the total antioxidant capacity. J. Agric. Food Chem. 2003, 51, 6516–6520. [Google Scholar] [CrossRef] [PubMed]

	



Escarpa, A.; Gonzalez, M. High-performance liquid chromatography with diode-array detection for the determination of phenolic compounds in peel and pulp from different apple varieties. J. Chrom. A 1998, 823, 331–337. [Google Scholar] [CrossRef]

	



Eberhardt, M.V.; Lee, C.Y.; Liu, R.H. Nutrition: Antioxidant activity of fresh apples. Nature 2000, 405, 903–904. [Google Scholar] [PubMed]

	



Cardeñosa, V.; Girones-Vilaplana, A.; Muriel, J.L.; Moreno, D.A.; Moreno-Rojas, J.M. Influence of genotype, cultivation system and irrigation regime on antioxidant capacity and selected phenolics of blueberries (Vaccinium corymbosum L.). Food Chem. 2016, 202, 276–283. [Google Scholar] [CrossRef] [PubMed]

	



Jurikova, T.; Sochor, J.; Rop, O.; Mlcek, J.; Balla, S.; Szekeres, L.; Adam, V.; Kizek, R. Polyphenolic profile and biological activity of chinese hawthorn (Crataegus pinnatifida bunge) fruits. Molecules 2012, 17, 14490–14509. [Google Scholar] [CrossRef] [PubMed]

	



Juríková, T.; Balla, S.; Sochor, J.; Pohanka, M.; Mlcek, J.; Baron, M. Flavonoid profile of saskatoon berries (Amelanchier alnifolia Nutt.) and their health promoting effects. Molecules 2013, 18, 12571–12586. [Google Scholar] [CrossRef] [PubMed]

	



Jurikova, T.; Sochor, J.; Rop, O.; Mlček, J.; Balla, Š.; Szekeres, L.; Žitný, R.; Zitka, O.; Adam, V.; Kizek, R. Evaluation of polyphenolic profile and nutritional value of non-traditional fruit species in the Czech Republic—A comparative study. Molecules 2012, 17, 8968–8981. [Google Scholar] [CrossRef] [PubMed]

	



Määttä-Riihinen, K.R.; Kamal-Eldin, A.; Mattila, P.H.; González-Paramás, A.M.; Törrönen, A.R. Distribution and contents of phenolic compounds in eighteen scandinavian berry species. J. Agric. Food Chem. 2004, 52, 4477–4486. [Google Scholar] [CrossRef] [PubMed]

	



Sochor, J.; Jurikova, T.; Ercisli, S.; Mlcek, J.; Baron, M.; Balla, S.; Yilmaz, S.O.; Necas, T. Characterization of cornelian cherry (Cornus mas L.) genotypes-genetic resources for food production in Czech Republic. Genetika 2014, 46, 915–924. [Google Scholar] [CrossRef]

	



Monobe, M.; Nomura, S.; Ema, K.; Matsunaga, A.; Nesumi, A.; Yoshida, K.; Maeda-Yamamoto, M.; Horie, H. Quercetin Glycosides-rich Tea Cultivars (Camellia sinensis L.) in Japan. Food Sci. Tech. Res. 2015, 21, 333–340. [Google Scholar] [CrossRef]

	



Jiang, H.; Engelhardt, U.H.; Thräne, C.; Maiwald, B.; Stark, J. Determination of flavonol glycosides in green tea, oolong tea and black tea by UHPLC compared to HPLC. Food Chem. 2015, 183, 30–35. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Chen, P.; Lin, L.; Harnly, J.; Yu, L.L.; Li, Z. Tentative identification, quantitation, and principal component analysis of green pu-erh, green, and white teas using UPLC/DAD/MS. Food Chem. 2011, 126, 1269–1277. [Google Scholar] [CrossRef] [PubMed]

	



Mattivi, F.; Guzzon, R.; Vrhovsek, U.; Stefanini, M.; Velasco, R. Metabolite profiling of grape: Flavonols and anthocyanins. J. Agric. Food Chem. 2006, 54, 7692–7702. [Google Scholar] [CrossRef] [PubMed]

	



Castillo-Muñoz, N.; Gómez-Alonso, S.; García-Romero, E.; Hermosín-Gutiérrez, I. Flavonol profiles of Vitis vinifera white grape cultivars. J. Food Compos. Anal. 2010, 23, 699–705. [Google Scholar] [CrossRef]

	



Rice-Evans, C.A.; Miller, N.J.; Bolwell, P.G.; Bramley, P.M.; Pridham, J.B. The relative antioxidant activities of plant-derived polyphenolic flavonoids. Free Rad. Res. 1995, 22, 375–383. [Google Scholar] [CrossRef]

	



De Groot, H. Reactive oxygen species in tissue injury. Hepato-gastroenterol. 1994, 41, 328–332. [Google Scholar]

	



Cook, N.; Samman, S. Flavonoids—Chemistry, metabolism, cardioprotective effects, and dietary sources. J. Nutr. Biochem. 1996, 7, 66–76. [Google Scholar] [CrossRef]

	



Bahorun, T.; Soobrattee, M.; Luximon-Ramma, V.; Aruoma, O. Free radicals and antioxidants in cardiovascular health and disease. Internet J. Med. Update 2006, 1, 25–41. [Google Scholar] [CrossRef]

	



Jantan, I.; Ahmad, W.; Bukhari, S.N.A. Plant-derived immunomodulators: An insight on their preclinical evaluation and clinical trials. Front. Plant Sci. 2015, 6. [Google Scholar] [CrossRef] [PubMed]

	



Marzocchella, L.; Fantini, M.; Benvenuto, M.; Masuelli, L.; Tresoldi, I.; Modesti, A.; Bei, R. Dietary flavonoids: Molecular mechanisms of action as anti-inflammatory agents. Rec. Patents Inflamm. Allergy Drug Disc. 2011, 5, 200–220. [Google Scholar] [CrossRef]

	



Kimata, M.; Shichijo, M.; Miura, T.; Serizawa, I.; Inagaki, N.; Nagai, H. Effects of luteolin, quercetin and baicalein on immunoglobulin E-mediated mediator release from human cultured mast cells. Clin. Exp. Allergy 2000, 30, 501–508. [Google Scholar] [CrossRef] [PubMed]

	



Kumazawa, Y.; Takimoto, H.; Matsumoto, T.; Kawaguchi, K. Potential use of dietary natural products, especially polyphenols, for improving type-1 allergic symptoms. Curr. Pharm. Design 2014, 20, 857–863. [Google Scholar] [CrossRef]

	



Tanaka, T.; Takahashi, R. Flavonoids and asthma. Nutrients 2013, 5, 2128–2143. [Google Scholar] [CrossRef] [PubMed]

	



Ozdemir, C.; Akdis, M.; Akdis, C.A. T-cell response to allergens. Chem. Immunol. Allergy 2010, 95, 22–44. [Google Scholar] [PubMed]

	



Gröber, U. Micronutrients: Metabolic tuning-prevention-therapy. Drug Metab. Drug Interact. 2009, 24, 331. [Google Scholar]

	



Nair, M.P.; Kandaswami, C.; Mahajan, S.; Chadha, K.C.; Chawda, R.; Nair, H.; Kumar, N.; Nair, R.E.; Schwartz, S.A. The flavonoid, quercetin, differentially regulates Th-1 (IFNγ) and Th-2 (IL4) cytokine gene expression by normal peripheral blood mononuclear cells. Bioch. Biophys. Acta Mol. Cell Res. 2002, 1593, 29–36. [Google Scholar] [CrossRef]

	



Chirumbolo, S. The role of quercetin, flavonols and flavones in modulating inflammatory cell function. Inflamm. Allergy Drug Targets 2010, 9, 263–285. [Google Scholar] [CrossRef] [PubMed]

	



Finn, D.F.; Walsh, J.J. Twenty-first century mast cell stabilizers. Br. J. Pharmacol. 2013, 170, 23–37. [Google Scholar] [CrossRef] [PubMed]

	



Thornhill, S.M.; Kelly, A.-M. Natural treatment of perennial allergic rhinitis. Altern. Med. Rev. 2000, 5, 448–454. [Google Scholar] [PubMed]

	



Kempuraj, D.; Madhappan, B.; Christodoulou, S.; Boucher, W.; Cao, J.; Papadopoulou, N.; Cetrulo, C.L.; Theoharides, T.C. Flavonols inhibit proinflammatory mediator release, intracellular calcium ion levels and protein kinase C theta phosphorylation in human mast cells. Br. J. Pharm. 2005, 145, 934–944. [Google Scholar] [CrossRef] [PubMed]

	



Weng, Z.; Zhang, B.; Asadi, S.; Sismanopoulos, N.; Butcher, A.; Fu, X.; Katsarou-Katsari, A.; Antoniou, C.; Theoharides, T.C. Quercetin is more effective than cromolyn in blocking human mast cell cytokine release and inhibits contact dermatitis and photosensitivity in humans. PLoS ONE 2012, 7, e33805. [Google Scholar] [CrossRef] [PubMed]

	



Johri, R.; Zutshi, U.; Kameshwaran, L.; Atal, C. Effect of quercetin and albizzia saponins on rat mast cell. Ind. J. Physiol. Pharm. 1984, 29, 43–46. [Google Scholar]

	



Min, Y.-D.; Choi, C.-H.; Bark, H.; Son, H.-Y.; Park, H.-H.; Lee, S.; Park, J.-W.; Park, E.-K.; Shin, H.-I.; Kim, S.-H. Quercetin inhibits expression of inflammatory cytokines through attenuation of NF-κB and p38 MAPK in HMC-1 human mast cell line. Inflamm. Res. 2007, 56, 210–215. [Google Scholar] [CrossRef] [PubMed]

	



Shaik, Y.; Castellani, M.; Perrella, A.; Conti, F.; Salini, V.; Tete, S.; Madhappan, B.; Vecchiet, J.; de Lutiis, M.; Caraffa, A.; et al. Role of quercetin (a natural herbal compound) in allergy and inflammation. J. Biol. Reg. Homeost. Agents 2005, 20, 47–52. [Google Scholar]

	



Fewtrell, C.; Gomperts, B. Quercetin: A novel inhibitors of Ca2+ influx and exocytosis in rat peritoneal mast cells. Bioch. Biophys. Acta Biomembr. 1977, 469, 52–60. [Google Scholar] [CrossRef]

	



Haggag, E.G.; Abou-Moustafa, M.A.; Boucher, W.; Theoharides, T.C. The effect of a herbal water-extract on histamine release from mast cells and on allergic asthma. J. Herb. Pharmacother. 2003, 3, 41–54. [Google Scholar] [CrossRef] [PubMed]

	



Pearce, F.L.; Befus, A.D.; Bienenstock, J. Mucosal mast cells: III. Effect of quercetin and other flavonoids on antigen-induced histamine secretion from rat intestinal mast cells. J. Allergy Clin. Immunol. 1984, 73, 819–823. [Google Scholar] [CrossRef]

	



Kaiser, P.; Youssouf, M.; Tasduq, S.; Singh, S.; Sharma, S.; Singh, G.; Gupta, V.; Gupta, B.; Johri, R. Anti-allergic effects of herbal product from Allium cepa (bulb). J. Med. Food 2009, 12, 374–382. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.-J.; Lee, C.-M.; Jung, I.D.; Lee, J.S.; Jeong, Y.-I.; Chang, J.H.; Chun, S.-H.; Kim, M.-J.; Choi, I.-W.; Ahn, S.-C.; et al. Quercetin regulates Th1/Th2 balance in a murine model of asthma. Int. Immunopharmacol. 2009, 9, 261–267. [Google Scholar] [CrossRef] [PubMed]

	



Rogerio, A.; Kanashiro, A.; Fontanari, C.; da Silva, E.; Lucisano-Valim, Y.; Soares, E.; Faccioli, L. Anti-inflammatory activity of quercetin and isoquercitrin in experimental murine allergic asthma. Inflamm. Res. 2007, 56, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Rogerio, A.P.; Dora, C.L.; Andrade, E.L.; Chaves, J.S.; Silva, L.F.; Lemos-Senna, E.; Calixto, J.B. Anti-inflammatory effect of quercetin-loaded microemulsion in the airways allergic inflammatory model in mice. Pharm. Res. 2010, 61, 288–297. [Google Scholar] [CrossRef] [PubMed]

	



Townsend, E.A.; Emala, C.W. Quercetin acutely relaxes airway smooth muscle and potentiates β-agonist-induced relaxation via dual phosphodiesterase inhibition of PLCβ and PDE4. Am. J. Physiol. Lung Cell. Mol. Physiol. 2013, 305, L396–L403. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, T.T.; Campos, K.M.; Cerqueira-Lima, A.T.; Carneiro, T.C.B.; da Silva Velozo, E.; Melo, I.C.A.R.; Figueiredo, E.A.; de Jesus Oliveira, E.; de Vasconcelos, D.F.S.A.; Pontes-de-Carvalho, L.C.; et al. Potential therapeutic effect of Allium cepa L. and quercetin in a murine model of Blomia tropicalis induced asthma. DARU J. Pharm. Sci. 2015, 23. [Google Scholar] [CrossRef] [PubMed]

	



Jung, C.H.; Lee, J.Y.; Cho, C.H.; Kim, C.J. Anti-asthmatic action of quercetin and rutin in conscious guinea-pigs challenged with aerosolized ovalbumin. Archives Pharm. Res. 2007, 30, 1599–1607. [Google Scholar] [CrossRef]

	



Moon, H.; Choi, H.H.; Lee, J.Y.; Moon, H.J.; Sim, S.S.; Kim, C.J. Quercetin inhalation inhibits the asthmatic responses by exposure to aerosolized-ovalbumin in conscious guinea-pigs. Archives Pharm. Res. 2008, 31, 771–778. [Google Scholar] [CrossRef] [PubMed]

	



Capasso, R.; Aviello, G.; Romano, B.; Atorino, G.; Pagano, E.; Borrelli, F. Inhibitory effect of quercetin on rat trachea contractility in vitro. J. Pharm. Pharmacol. 2009, 61, 115–119. [Google Scholar] [CrossRef] [PubMed]

	



Shishehbor, F.; Behroo, L.; Broujerdnia, M.G.; Namjoyan, F.; Latifi, S.-M. Quercetin effectively quells peanut-induced anaphylactic reactions in the peanut sensitized rats. Iran. J. Allergy Asthma Immunol. 2010, 9, 27–34. [Google Scholar] [PubMed]

	



Wei, J.; Bhatt, S.; Chang, L.M.; Sampson, H.A.; Masilamani, M. Isoflavones, genistein and daidzein, regulate mucosal immune response by suppressing dendritic cell function. PLoS ONE 2012, 7, e47979. [Google Scholar] [CrossRef] [PubMed]

	



Sakai-Kashiwabara, M.; Asano, K. Inhibitory action of quercetin on eosinophil activation in vitro. Evid. Based Complement. Altern. Med. 2013, 2013. [Google Scholar] [CrossRef] [PubMed]

	



Chan, A.L.-F.; Huang, H.-L.; Chien, H.-C.; Chen, C.-M.; Lin, C.-N.; Ko, W.-C. Inhibitory effects of quercetin derivatives on phosphodiesterase isozymes and high-affinity [(3)H]-rolipram binding in guinea pig tissues. Investig. New Drugs 2008, 26, 417–424. [Google Scholar] [CrossRef] [PubMed]

	



Lättig, J.; Böhl, M.; Fischer, P.; Tischer, S.; Tietböhl, C.; Menschikowski, M.; Gutzeit, H.O.; Metz, P.; Pisabarro, M.T. Mechanism of inhibition of human secretory phospholipase A2 by flavonoids: Rationale for lead design. J. Comput. Aided Mol. Des. 2007, 21, 473–483. [Google Scholar] [CrossRef] [PubMed]

	



Fortunato, L.R.; Alves, C.D.; Teixeira, M.M.; Rogerio, A.P. Quercetin: A flavonoid with the potential to treat asthma. Braz. J. Pharm. Sci. 2012, 48, 589–599. [Google Scholar] [CrossRef]

	



Knekt, P.; Kumpulainen, J.; Järvinen, R.; Rissanen, H.; Heliövaara, M.; Reunanen, A.; Hakulinen, T.; Aromaa, A. Flavonoid intake and risk of chronic diseases. Am. J. Clin. Nutr. 2002, 76, 560–568. [Google Scholar] [PubMed]

	



Willers, S.; Devereux, G.; Craig, L.; McNeill, G.; Wijga, A.; El-Magd, W.A.; Turner, S.; Helms, P.; Seaton, A. Maternal food consumption during pregnancy and asthma, respiratory and atopic symptoms in 5-year-old children. Thorax 2007, 62, 773–779. [Google Scholar] [CrossRef] [PubMed]

	



Shaheen, S.O.; Sterne, J.A.; Thompson, R.L.; Songhurst, C.E.; Margetts, B.M.; Burney, P.G. Dietary antioxidants and asthma in adults: Population-based case–control study. Am. J. Resp. Crit. Care Med. 2001, 164, 1823–1828. [Google Scholar] [CrossRef] [PubMed]

	



Tabak, C.; Arts, I.C.; Smit, H.A.; Heederik, D.; Kromhout, D. Chronic obstructive pulmonary disease and intake of catechins, flavonols, and flavones: The morgen study. Am. J. Resp. Crit. Care Med. 2001, 164, 61–64. [Google Scholar] [CrossRef] [PubMed]

	



Butland, B.K.; Fehily, A.M.; Elwood, P.C. Diet, lung function, and lung function decline in a cohort of 2512 middle aged men. Thorax 2000, 55, 102–108. [Google Scholar] [CrossRef] [PubMed]

	



Woods, R.K.; Walters, E.H.; Raven, J.M.; Wolfe, R.; Ireland, P.D.; Thien, F.C.; Abramson, M.J. Food and nutrient intakes and asthma risk in young adults. Am. J. Clin. Nutr. 2003, 78, 414–421. [Google Scholar] [PubMed]

	



Izadi, N.; Luu, M.; Ong, P.Y.; Tam, J.S. The role of skin barrier in the pathogenesis of food allergy. Children 2015, 2, 382–402. [Google Scholar] [CrossRef]

	



Lodge, C.J.; Allen, K.J.; Lowe, A.J.; Dharmage, S.C. Overview of evidence in prevention and aetiology of food allergy: A review of systematic reviews. Int. J. Environ. Res. Public Health 2013, 10, 5781–5806. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 21 00623 g001 550] 





Figure 1. Chemical structure of quercetin. 
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Table 1. Summarization of quercetin and its anti-allergic effect—in vitro studies.
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Effect

	
Studied Models

	
Mechanism of Action

	
References






	
Inhibition of mast cell activation

	
rats

	
Stabilization of mast cell membrane

	
Johri et al. [83]




	
Inhibition of leucotriens release, prostaglandin D2, Ca2+ influx

	
Kimata et al. [72]




	
Human cultured mast cells

	
Release of IL-6, IL-8, TNF-2, inhibition of tryptase release, activation of NF-κB

	
Kempuraj et al. [81],

Min et al. [84]




	
Inhibition of histamine release

	
In vitro malignant cells

	
Decrease of tryptase, MCP-1, IL-6, histidine decarboxylase (HDC)

	
Shaik et al. [85]




	
Antigen sensitized human mast cells

	
Normal path of Ca2+ entry to cells, inhibition of leucotrienes, PGD-2

	
Fewtrell and Gomperts [86],

Kimata et al. [72],

Weng et al. [82]




	
Rats mast cells

	
Release of immunologically induced cells, inhibition of anaphylactic histamine

	
Haagag et al. [87]

Pearce et al. [88]




	
ovalbumin-challenged mice

	
release from mucosal cells, inhibited eosinophil peroxidase activity and protein content in bronchoalveolar lavage fluid (BALF)

	
Kaiser et al. [89]




	
Suppression of eosinophilic inflammation

	
OVA-induced asthma model rats

	
Reduction of eosinophil peroxidase activity, level of IL-4, Th2 cytokine production

	
Park et al. [90]

Chirumbolo [27]

Jurikova et al. [8]




	
Murine model of asthma

	
Decrease in eosinophil counts in bronchoalveolar lavage fluid, inhibition of NF-kappa B

	
Roger et al. [91]

Roger et al. [92]




	
Relaxation of muscles

	
Male A/J mice

	
Isoproterenol induced relaxation

	
Towsend and Emala [93]




	
Smoth muscle murine model of asthma

	
Reduction of production of inflammatory cytokines

	
Oliveira et al. [94]




	
(OVA)-sensitized conscious guinea pigs

	
Inhibitory activity of quercetin inhalation on sRaw (specific airway resistance)

	
Jung et al. [95]

Moon et al. [96]




	
Isolated tracheal tissue

	
Concentration-dependent inhibition of contractions induced by both carbachol and electrical field stimulation

	
Capasso et al. [97]




	
Suppression of immunoglobulin E against peanuts proteins

	
Wister rats

	
Plasma histamine levels in the quercetin-treated rats were lower significantly, regulate mucosal immunity during hypersensitivity reaction

	
Shiseboar et al. [98]

Wei et al. [99]
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