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Background: Allergic rhinitis is an inflammatory disease dependent on immunoglobulin E and causes inflammation of the nasal mucosa, leading to decreased quality of life for affected patients. Since common treatments, including corticosteroids and antihistamines, have temporary therapeutic effects and numerous side effects, investigating natural compounds effective in improving allergic rhinitis with low complications and high efficacy can be significant and necessary.Purpose: This study aims to present a comprehensive and critical evaluation of the effect of natural compounds in improving allergic rhinitis.Methods: Studies were identified through systematic searches of ScienceDirect, PubMed, Scopus, and Web of Sciences databases. Eligibility checks were conducted based on predefined selection criteria. Forty-six articles were included in this study.Results and discussion: Phytochemicals, including flavonoids, alkaloids, terpenoids, and other compounds showed significant anti-inflammatory and antihistaminic effects. These compounds alleviate allergic rhinitis symptoms by inhibiting inflammatory mediators, oxidative stress, apoptosis, and key signaling pathways such as MAPK/NFκB and TLR4/MyD88/NF-κB.Conclusion: Phytochemicals exhibit anti-inflammatory and antioxidant properties, making them.Keywords: allergic rhinitis, phytochemicals, antioxidants, anti-inflammatory, signaling pathways, pharmacological targets
1 INTRODUCTION
1.1 Definition, general introduction, and epidemiology of allergic rhinitis
Allergic rhinitis (AR) is characterized by inflammation of the nasal mucosa caused by exposure to an allergen (Varshney and Varshney, 2015). Exposure to allergens results in inflammation via the action of immunoglobulin E (IgE) antibodies. Some agents that can induce AR include animal dander, pollen, molds, and dust mites (Skoner, 2001). Asthma is worsened by AR and the majority of individuals with asthma experience AR (Liva et al., 2021). AR leads to a decrease in work and quality of life and imposes a monetary burden on various countries around the world (Nur Husna et al., 2022). There are two types of AR: seasonal and perennial. Seasonal rhinitis typically occurs during a specific season when the concentration of allergens in the air is high. Symptoms of seasonal rhinitis come and go quickly and can be easily detected based on exposure to allergens (Skoner, 2001). However, identifying perennial rhinitis can be challenging, as it often overlaps with other conditions such as vasomotor rhinitis, respiratory infections, and sinusitis. Perennial rhinitis is a type of AR that persists throughout most of the year (Bradding et al., 1993; Skoner, 2001). The allergic response associated with AR has a strong genetic link that is mediated by the activation of eosinophils, plasma cells, mast cells, and mucosal infiltration (Skoner, 2001). AR is first diagnosed based on specific clinical symptoms, as previously discussed. Following diagnosis, laboratory tests were conducted to identify specific allergens that trigger the production of IgE antibodies (Nur Husna et al., 2022). Laboratory tests, such as the skin prick test (SPT; percutaneous), in vitro serum allergen-specific IgE (ssIgE) immunoassay, and intradermal (intracutaneous) skin tests (IDST), are used to detect allergens in AR (Nam and Lee, 2017; Wongpiyabovorn et al., 2018).
There has been a significant rise in the number of cases of AR since 1990 (Wheatley and Togias, 2015). Approximately 40% of the adult population and 25% of children worldwide are affected by AR worldwide. The majority of the symptoms of AR develop before a person turns 20 years old (Skoner, 2001). The peak of these symptoms is seen between the ages of 20 and 40 years, and they eventually start declining (Wheatley and Togias, 2015). Studies have shown a high incidence of males suffering from AR in children, while females have a higher chance of experiencing AR in adolescence (Fröhlich et al., 2017; Pinart et al., 2017). The prevalence of AR has rapidly increased over the years due to increased industrialization and pollution (Nur Husna et al., 2022). Seasonal AR is more prevalent in children than in adults, whereas perennial rhinitis is more common in adults. Approximately one-fifth of people with rhinitis later develop asthma. There is significant geographical variation in the prevalence of AR, asthma, and other similar diseases (Varshney and Varshney, 2015). The prevalence of AR is higher among individuals with higher socioeconomic status, those living in polluted areas, non-white people, individuals with a family history of allergies, and those born during the pollen season. First-born children are at a higher risk of developing AR. Studies in children during the first few years of life have revealed that several factors can increase the risk of developing AR. These factors include heavy smoking by their mothers in the first year of their lives, early exposure to food or formula, exposure to allergens found inside the house such as dust mites and animal dander, allergic complications in parents, and high serum levels of IgE (Bousquet et al., 2020).
1.2 Allergic rhinitis complications
AR causes inflammation of the nasal membrane. Symptoms of rhinitis can often be distressing. It can lead to a depressed mood, fatigue, sleep disturbances, and cognitive function problems. All these symptoms have a devastating effect on both quality of life and work (Meltzer, 2001). In addition, the aforementioned complications, otitis media, conjunctivitis, postnasal drip, dysfunction of the eustachian tube, and sinusitis are additional complications. Facial deformities and dental malocclusions can occur in children (Bousquet et al., 2006; Varshney and Varshney, 2015). Nasal blockage, sneezing, nasal itching, tearing, redness, and eye itching are the symptoms experienced by patients with AR. Coughing and itching of the palate also occur (Bousquet et al., 2008; Brożek et al., 2017; Nur Husna et al., 2022). Allergic complications can weaken the body in certain patients and may lead to severe reactions, such as anaphylaxis (Valenta et al., 2018).
1.3 Cellular and molecular mechanisms involved in allergic rhinitis
Various cellular and molecular mechanisms, including multiple pathways, are involved in the induction and progression of AR. Type 1 helper (Th1) and type 2 helper (Th2) cells play significant roles in AR. Studies have shown that recruitment and activation of IgE antibody-producing B cells, mast cells, and eosinophils are mediated by Th2 cells. Delayed-type hypersensitivity and interferon-γ (IFNγ) production play a major role in Th1 cells. IFNγ plays an important role in destroying phagocytosed microbes at the intracellular level (Bellanti, 1998; Deo et al., 2010). Regulation of eosinophil and basophil-mediated responses and secretion of interleukin (IL)-4, IL-5, IL-6, and IL-13 are important functions of Th2 cells (Malmhäll et al., 2007). Many studies have suggested that in AR, there is a relative deficiency of Th1 cells on one hand and an upregulation of Th2 cells. This theory explains many aspects of AR, but not all. Many other mechanisms are also involved in the development of AR (Reisinger et al., 2005; Malmhäll et al., 2007). With the advancement of science and the discovery of regulatory T (Treg) and Th17 cells, new dimensions have been added to the original Th1/Th2 balance theory (Wang et al., 2014). Currently, the Th9 cell subset plays a significant role in allergic responses. This subset is important because it shows a high expression of IL-9 (Cortelazzi et al., 2013; Esmaeili and Alilou, 2014; Schlapbach et al., 2014). Normal tissues and inflammatory cells are affected by IL-9. IL-9 plays a crucial role in various processes, such as increasing the number of mast cells, eosinophils, and lymphocytes. It also stimulates the secretion of IgE, enhances mast cell responses to allergens, promotes mucin expression, and stimulates cytokine secretion by inflammatory cells (Dugas et al., 1993; McLane et al., 1998; Louahed et al., 2000; Soussi-Gounni et al., 2001). Although Th9 cells are involved in allergic asthma, their exact role in AR remains unclear. Inflammatory responses are regulated by various subsets of T cells via secretion of cytokines such as IL-4, IL-5, IL-9, IL-13, IL-17, and IFN-γ (Kaplan, 2013). Several studies have shown that the presence of cytokines such as IL-1, IL-2, IL-4, IL-6; tumor necrosis factor α (TNFα); granulocyte-macrophage colony-stimulating factor (GM-CSF), and sargramostim in nasal secretions is involved in the development and progression of AR (Fireman, 1996; Verschoor and von Gunten, 2019). Various pathways are involved in the development of AR. Nuclear factor-kappa B (NF-κB) plays a crucial role in numerous inflammatory and immune processes. It does so by regulating the cytokines involved in the immune and inflammatory responses. In addition, it regulates the expression of inflammatory mediators (Ghosh et al., 1998). Although the role of NF-κB in asthma has been established, clear information regarding its role in AR is not yet available. It has been demonstrated in both animal and human studies that NF-κB is upregulated in the nasal mucosa of patients with AR (Kim et al., 2000; Wang and Zheng, 2011; Wang et al., 2013; Wee et al., 2017). There is also a link between Toll-like receptors (TLRs) and the NF-κB pathway in AR. TLRs play a crucial role in allergic transduction pathways. TLRs are important components of the immune system (He and Wang, 2021). Enhanced protein and mRNA expression of TLR-2 and TLR-4 have been demonstrated in patients with persistent AR (Cui et al., 2015). In addition, high expression of TLR3, TLR7, and TLR9 has been detected in the nasal epithelial cells of patients with AR. Initially, when TLRs were activated, they exhibited a protective response. However, constant activation of TLRs leads to an inflammatory response owing to the continuous release of proinflammatory chemokines and cytokines (Matsushima et al., 2004). TLRs induce the activation of NF-κB, which in turn produces important pro-inflammatory effects (Zhang et al., 2014). Mitogen-activated protein kinases (MAPKs) also play an important role in AR. In an experimental study, it was found that p38 MAPK plays a role in AR, specifically in the release of Th2 cytokines (Liu et al., 2010). It has been observed that MAPKs are involved in the expression of pro-inflammatory genes (Lasa et al., 2001). Inhibition of the MAPK pathways results in increased susceptibility of proinflammatory gene mRNA to rapid breakdown. This leads to a decrease in the expression of these genes (Barnes, 2006). An experimental study has shed light on the association between the extracellular signal-regulated protein kinase (ERK) signaling pathway in CD4+T cells and the development of AR (Ai et al., 2021). Some researchers have explored the role of oxidative stress in the development of AR. An imbalance between oxidative species and the body’s antioxidant defense system often leads to various physiological and pathological conditions. This imbalance often leads to conditions such as chronic inflammation (Pawankar et al., 2011; Lim J.-O. et al., 2021). According to the literature, AR is characterized by an excessive formation of reactive oxygen species (ROS), which inhibits the body’s antioxidant system and triggers inflammatory responses (Sugiura and Ichinose, 2008; Pawankar et al., 2011; Lim J.-O. et al., 2021; Lim et al., 2021 S.).
1.4 Restriction of current treatments and the role of natural products in allergic rhinitis
Currently, the therapeutic approaches to treating AR include avoidance (i.e., avoiding allergens or allergic conditions to which a patient is susceptible), immunotherapy, and pharmacotherapy. Patients should be kept in an environment and social conditions that positively maintain their quality of life and work efficiency (Varshney and Varshney, 2015). The fundamental concept behind allergen immunotherapy is that relevant allergens are administered to the patient through subcutaneous injection. The dose of the allergen was gradually increased until an effective dose was reached to induce immunological tolerance to the allergen. Allergen immunotherapy is an effective treatment for AR, especially in patients with seasonal AR caused by pollen (Calderon et al., 2007; Frew, 2010; Walker et al., 2011; Small et al., 2018). This therapy is also effective against AR caused by dog and cat dander, dust mites, and cockroaches. Allergen immunotherapy should only be considered if a patient is unresponsive to conventional treatments, as this therapy carries the risk of anaphylaxis, a potentially life-threatening reaction. In addition, therapy should only be carried out under the supervision of a physician who has experience in treating allergies and possesses adequate equipment to manage anaphylaxis. Anaphylaxis is a severe adverse effect associated with allergen immunotherapy (Small et al., 2007). The therapy shows beneficial effects only when administered for a minimum of 3 years, and these effects can last for several years (Durham et al., 1999; Eng et al., 2006). Allergen immunotherapy also offers protection to children with AR against the future development of asthma in the future (Frew, 2010). Sublingual immunotherapy, which involves placing a tablet containing an extract of an allergen under the tongue until it dissolves, is also used to treat AR. The local side effects associated with this route include ear pruritus, throat irritation, and oral pruritus (Small et al., 2018). In pharmacotherapy for AR, the treatment is administered using a variety of drugs available on the market. Nasal saline irrigation solutions, intranasal corticosteroids, oral antihistamines, a combination of corticosteroid/antihistamine sprays, and leukotriene antagonists have been used to treat AR (Small et al., 2018). Histamine blockers, such as cetirizine, loratadine, desloratadine, and fexofenadine, are used for the treatment of AR. Recently, rupatadine and bilastine were introduced for the treatment of AR (Durham et al., 1999). Zafirlukast and montelukast are leukotriene antagonists that are effective in the treatment of AR. However, they are not as effective as intranasal corticosteroids (Pullerits et al., 1999). They are primarily used when antihistamines or corticosteroids are not well tolerated or are ineffective in managing AR (Small et al., 2007; Kim and Kaplan, 2008). Intranasal corticosteroids are crucial primary medications for treating AR. Studies have shown that intranasal corticosteroids are more effective than antihistamines and leukotriene antagonists in treating the symptoms of AR (Weiner et al., 1998; Pullerits et al., 2002; Yáñez and Rodrigo, 2002; Wilson et al., 2004). Various corticosteroids such as beclomethasone, fluticasone propionate, triamcinolone acetonide, fluticasone furoate, ciclesonide, mometasone furoate, and budesonide have been used to treat AR. The proper use of intranasal sprays is crucial for the effective delivery of corticosteroids. Therefore, it is essential to provide patients with proper advice on how to administer intranasal corticosteroid sprays. It is ideal to start using intranasal corticosteroid sprays just before exposure to allergens because it takes several days for their peak effect to develop. They are used daily by patients with AR (Lee and Mace, 2009). If intranasal corticosteroids are ineffective on their own, they can be used in combination with antihistamines. This combination is more effective than the individual drugs. Combinations such as fluticasone propionate–azelastine (which acts within minutes) and mometasone–olopatadine (which acts in approximately 1 h) are available for use (Hampel et al., 2010; Bousquet et al., 2018; Patel et al., 2019; Segall et al., 2019). Corticosteroids have various adverse effects such as stinging, nasal irritation, and epistaxis. These adverse effects can be prevented by using a spray containing corticosteroids slightly away from the nasal septum (Small et al., 2007; Wu E. L. et al., 2019). Intranasal corticosteroids, such as triamcinolone and beclomethasone, may cause growth retardation in children compared with placebo. Other corticosteroids, besides those mentioned above, do not cause growth retardation (Agertoft and Pedersen, 2000; Schenkel et al., 2000; Skoner, 2001; Allen et al., 2002). Based on the aforementioned observations, it can be said that the current therapy for AR focuses on treating the symptoms of the condition. Medications must be taken regularly; however, there is no complete relief from the condition. However, we can also explore the natural benefits of medicinal plants and natural products for treating AR. Some medicinal plants have traditionally been used to treat AR; however, further scientific research is needed to establish their effects. Many natural products have anti-inflammatory effects and regulate various mediators of AR. They also act via their antioxidant activity and control the activity of the NF-κB pathway, which is stimulated by ROS. IL-4, IL-5, IL-13, TNF-α, IFN-γ, cyclooxygenase 2 (COX-2), and phospho-ERK1/2 (p-ERK1/2) are the main mediators associated with AR and can be influenced by natural products (Lim S. et al., 2021). Medicinal plants and natural products have been demonstrated to be effective in reducing inflammation, sneezing, and other symptoms associated with AR (Lim S. et al., 2021; Rahim et al., 2021). Clinical trials have demonstrated the effectiveness and safety of natural products for the treatment of AR. Natural products have the advantage that, when used with proper information and in suitable doses, they can prove to be better tolerated and safer than current allopathic treatments. In the future, newer bioactive and other natural products may be discovered that can offer long-term relief or even a complete cure for AR (Lim S. et al., 2021; Rahim et al., 2021).
2 METHODS
2.1 Search strategy
The present systematic review adhered to the guidelines outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) (Moher, 2009). Multiple electronic databases (Science Direct, PubMed, Web of Sciences, and Scopus) were used. The search was conducted using the keywords “allergic rhinitis” in the title/abstract and “plant” OR “herb” OR “phytochemical” OR “polyphenol” OR “phenolic” OR “flavonoid” OR alkaloid” in the full text. Additional information regarding the selection of articles can be found in the PRISMA diagram in Figure 1.
[image: Figure 1]FIGURE 1 | The PRISMA flowchart on the literature search procedure and selection of related studies.
2.2 Inclusion criteria
Experimental studies (in vivo and in vitro) in the English language that assessed the effects of natural products on AR were included.
2.3 Exclusion criteria
We implemented the following criteria for exclusion: 1) conference abstracts, books, book chapters, and unpublished findings; 2) papers not written in English; 3) reviews, systematic reviews, meta-analyses, and letters; and 4) primary research papers that did not utilize tumor cell lines or animal models.
2.4 Data extraction
The final eligible studies were reviewed for phytochemical name, study design, model, intervention, and outcome. The separation information of the articles is visible in the PRISMA diagram (Figure 1).
3 RESULTS
In this study, 4,521 results were obtained, of which 757 studies were excluded due to duplication. After that, 315 studies were excluded because they were not in English, 1,038 were excluded because they were reviews, and 2,177 were excluded because the title and abstract were irrelevant. Finally, 46 articles were examined entirely and included in the present study. In the following, we have reviewed the valuable information from these articles.
3.1 Alkaloids and nitrogen-containing compounds
3.1.1 Berberine
Berberine (5,6-Dihydro-9,10-dimethoxybenzo[g]-1,3-benzodioxolo[5,6-a]quinolizinium) a quaternary ammonium salt from the protoberberine group of benzylisoquinoline alkaloids is usually found in Berberis species (Neag et al., 2018). Berberine can decrease blood IgE levels, tissue eosinophil counts, GATA-3 mRNA levels, T-bet mRNA levels, and allergic inflammation in a mouse model of AR. Furthermore, berberine increased the proportion of CD4+ CD25+ Foxp3+ T cells, indicating its potential role in the control of Treg cells (Kim et al., 2015).
3.1.2 Dictamenine
Dictamenine is a furoquinoline alkaloid found in the medicinal plant D. dasycarpus Turcz. [Rutaceae]. Dictamenin has shown its ability to inhibit the molecular signaling pathway mediated by LYN kinase during the activation of mast cells, which plays an important role in the early stages of the pathogenesis of AR. Dictamanin has also been shown to reduce nasal rubbing and sneezing in a murine model of ovalbumin (OVA)-induced AR (Liu R et al., 2023). Furthermore, an analysis of the results of 19 randomized controlled trials has shown that Chinese herbal medicines, including D.dasycarpus, are more effective in treating AR in children than in the control groups (Zheng et al., 2018). However, it must be mentioned that Cortex dictamni, which includes Dictamnus dasycarpus, is associated with potential hepatotoxicity (Fan et al., 2018).
3.1.3 Ellipticine
Ellipticine (5,11-dimethyl-6h-pyrido(4,3-b)carbazole) is a pyridindole alkaloid discovered in the leaves of some Ochrosia species (Miller and McCarthy, 2012). Several studies have demonstrated its potential as an antitumor agent, showing favorable characteristics with limited side effects and no hematotoxicity (Shvydenko et al., 2022). Ellipticine was investigated for its potential protective properties in murine models of OVA-induced AR. The findings show that ellipticine can reduce allergic inflammatory responses and symptoms associated with AR through the dual inhibition of COX-2 and NF-κB (Wang et al., 2021).
3.1.4 Higenamine
Higenamine ((S)-Norcoclaurine) is a benzyltetrahydroisoquinoline alkaloid that has various effects such as relaxing blood vessels and trachea and having antioxidant, anti-apoptotic, anti-inflammatory, and immune system-modulating properties. A study investigated the effect of higenamine and its underlying mechanism on AR. According to the study, higenamine may reduce AR by inhibiting EGFR/JAK2/c-JUN signaling and activating AKT1. This study also showed that higenamine affects histamine one-induced changes in serine/threonine kinase 1 (AKT1), EGFR, c-Jun, iNOS, and JAK2 (Wei et al., 2021).
3.1.5 N,N-dicoumaroylspermidine
N,N-dicoumaroylspermidine is a phenolic amine derived from Lithospermum erythrorhizon Siebold & Zucc. [Boraginaceae] that exhibit significant antiallergic properties. In a study using an OVA-induced AR mouse model, N,N-dicoumarolespermidine reduced serum OVA-specific IgE production and the abundance of inflammatory cells in nasal lavage fluid. These findings suggest that N,N-dicoumarolespermidine is a promising therapeutic agent for AR (Le et al., 2022).
3.1.6 Piperine
Piperine (1-peperoyl piperidine) is a simple and pungent piperidine-type alkaloid found in the seeds of black pepper (Piper nigrum L. [Piperaceae]) that shows many pharmacological activities, including anti-oxidant, anti-inflammatory, immune modulator, anti-cancer, and anti-asthmatic activities (Chopra et al., 2016). Aswar et al. demonstrated that the treatment of AR mice with piperine reduced spleen weight and reduced NO, histamine, IL-1β, IgE, and IL-6 levels in the serum (Aswar U. et al., 2015). Therefore, this phytochemical, which reduces oxidative stress and suppresses the production of inflammatory cytokines, modulates AR activity.
3.1.7 Sinomenine
Sinomenine is an isoquinoline-type alkaloid derived from Sinomenium acutum (Thunb.) Rehder and E.H.Wilson [Menispermaceae]. The anti-inflammatory and immunomodulatory activities of this herb have been previously confirmed (Lodge et al., 1974; Yamasaki, 1976). Chen et al. demonstrated that AR mice treated with sinomenine showed a reduction of rubbing and sneezing also reduction in the eosinophils levels in the nasal mucosa, a reduction in the IgE, IL-4, and IFN-ϒ levels in the serum, and an increase in the TGF-β expression in the serum and nasal mucosa (Chen et al., 2017). Therefore, sinomenine improves AR by modulating Th2 cytokine and eosinophil infiltration.
3.1.8 Warifteine
Warifteine, an bisbenzylisoquinoline-type alkaloid discovered in Cissampelos sympodialis Eichler [Menispermaceae], has shown the ability to modulate the allergic profile in a model of chronic AR. In particular, it has been shown to reduce immediate allergic reactions and thermal hyperalgesic responses in sensitized animals. In a specific study, inhaled warifteine at a concentration of 2 mg/mL was used to treat OVA-sensitized BALB/c mice with chronic AR. The results showed a decrease in the frequency of sneezing and nose rubbing as well as a decrease in total IgE and OVA-specific IgE levels in the bloodstream. These findings suggest that warifteine may have a beneficial effect on AR by reducing allergic responses (Vieira et al., 2018).
3.2 Flavonoids
3.2.1 Apigenin
Apigenin (4′,5,7-Trihydroxyflavone) is a bioactive plant flavone with anti-allergic properties. Apigenin reduces AR inflammation by inhibiting the activation of the TLR4/MyD88/NF-κB signaling pathway. Apigenin also reduced allergic reactions to OVA-induced AR in laboratory mice by modulating Th1/Th2 responses. In addition, apigenin modulates the Th1/Th2 balance by suppressing Th2 responses (IgE, histamine, ILs, GATA3, Signal transducer and activator of transcription 6 (STAT6), Suppressor of cytokine signaling-1 (SOCS1), and NF-κB) (Chen et al., 2020).
3.2.2 Baicalin
Baicalin is the main glycosyloxyflavone of Scutellaria baicalensis Georgi [Lamiaceae]. Its pharmacological activities have been confirmed including anti-oxidant, anti-inflammatory, anti allergic (Zhou et al., 2016). Chen et al. showed that treatment of AR rats with baicalin reduced IgE, histamine, IL-4, IL-13, IL-6, and TNF-α levels in serum and also reduced nasal sneezes in behavioral tests (Chen et al., 2019).
3.2.3 Cirsilineol
Cirsilineol (4′,5-Dihydroxy-3′,6,7-trimethoxyflavone) is a bioactive flavone with anti-inflammatory and anti-allergic properties that can protect against OVA-induced AR, according to a study in mice. This study showed that administration of cirsilineol effectively reduced sneezing and nasal rubbing in OVA-stimulated mice and reduced the levels of IgE, prostaglandin D2 (PGD2), and leukotriene C4 (LTC4) in animals with AR. These findings suggested that cirsilineol could potentially serve as a therapeutic option for AR (Li et al., 2021).
3.2.4 Diosmetin
Diosmetin (5,7,3′-trihydroxy-4′-methoxyflavone), a natural O-methylated flavone found in tangerines, exhibits significant anti-inflammatory and antioxidant properties (Lee et al., 2020). Hu and Peng showed that diosemetin effectively reduced OVA-induced nasal inflammation in mouse models of AR by regulating the sirtuin 1 (SIRT1)/NF-κB signaling pathway (Hu and Peng, 2023).
3.2.5 Hesperidin
Hesperidin (Hesperetin, 7-rutinoside) is a flavonoid glycoside often found in citrus fruits, including grapefruit, oranges, and lemons. Hesperidin have anti-inflammatory and antioxidant properties, they can be used to treat a variety of inflammatory conditions, including AR. Hesperidin was studied to determine how they affect mice with OVA1-induced AR. According to this study, hesperidin reduces inflammation and allergy symptoms in AR. Comparing the AR group with the other groups, a significant decrease in total antioxidant capacity (TAC) levels and an increase in IgE, IL-5, IL-13, and total oxidant status (TOS) levels were observed. There was a significant increase in these parameters for hesperidin group (Kilic et al., 2019).
3.2.6 Kaempferol
Kaempferol (3,4′,5,7-tetrahydroxyflavone) is a naturally occurring flavonol found in fruits and vegetables that shows pharmacological activities such as anti-oxidant, anti-cancer, anti-inflammatory, and anti-asthma effects (Molitorisova et al., 2021; Sharma et al., 2021). Oh et al. demonstrated that in vitro treatment of Eosinophilic leukemia cell line-1 cells (EoL-1) with kaempferol reduced IL-8 levels and Caspase-1 activity. In vivo, treatment of AR mice with kaempferol reduced spleen weight, IgE, and histamine levels in serum, reduced IL-4, and increased IFN-ϒ levels in spleen tissue in nasal mucosa treated with kaempferol reduced IL-32, thymic stromal lymphopoietin (TLSP) expression, and MIP-2, ICAM-1 and Cox-2 levels (Oh et al., 2013). Therefore, kaempferol improves AR by regulating inflammatory markers.
3.2.7 Luteolin
Luteolin (3′,4′,5,7-Tetrahydroxyflavone) is a flavone aglycone that is present in Perilla frutescens (L.) Britton [Lamiaceae], and exhibit a wide range of pharmacological activities, such as antioxidant, anti-inflammatory, anti-cancer, and immunomodulatory activities (Jeon et al., 2014). Liang et al. demonstrated that treatment of AR mice in vivo reduced IgE and IgG levels, increased IgG2α levels in the serum, increased IFN- and IL-17 cytokine levels, and reduced IL-4 and IL-10 levels in the spleen tissue. In an in vitro study on peripheral blood mononuclear cells from AR patients, treatment with luteolin blocks Th2 cytokine production via inhibition of STAT-6 and GATA-3 expression (Liang et al., 2020). Also, luteolin suppresses IL-4, a cytokine essential for AR development In mice with AR, luteolin effectively reduces mucus production, serum IgE levels, and allergic symptoms. In addition, luteolin promotes downregulation of the Th1/Th2 imbalance (Dong et al., 2021).
3.2.8 Morin
Morin (3,5,7,2′,4′-pentahydroxyflavone), a pentahydroxyflavone is an important phytochemical in many plants belonging to the Moraceae family (e.g., Morus alba L. [Moraceae]). It has been found to have antioxidant, anti-inflammatory, anti-tumor, and neuroprotective properties that help in a variety of human diseases (Thakur et al., 2020). Liang et al. showed that morin administration in BALB/c mice has anti-allergic properties against OVA-induced AR in BALB/c one to two mice. Murine anti-allergic action is achieved by blocking the STAT6/SOCS1 and GATA3/T-bet one to two signaling pathways. Morin ameliorates OVA-induced AR by inhibiting the STAT6/SOCS1 and GATA3/T-bet signaling pathways in BALB/c mice (Liang et al., 2019).
3.2.9 Myricetin
Myricetin (3,3′,4′,5,5′,7-Hexahydroxyflavone) is a common plant-derived flavonol with anti-inflammatory, anti-allergic, and antioxidant properties. According to a previous study, myricetin protects mice from AR caused by OVA by controlling the Th1/Th2 balance. In addition, myricetin significantly reduced nasal symptoms and histamine levels. However, there is no clear evidence for the effect of myricetin on AR in humans (Shi et al., 2023).
3.2.10 Naringenin
Naringenin ((2S)-4′,5,7-Trihydroxyflavan-4-one), a flavanone found in citrus fruits, has been investigated for its potential protective properties against AR in rats. In a study by Sahin et al., rats with induced AR were orally treated with naringenin for 7 days. The group treated with naringenin showed significant clinical recovery, with lower sneezing and nasal itching scores than the AR group (Şahin et al., 2021). Additionally, the serum levels of total IgE, IL4, and IL5 were significantly lower in the naringenin group, indicating a decrease in allergic inflammation. Histopathological examination also revealed significant improvement in the nasal structures in the naringenin group.
3.2.11 Quercetin
Quercetin (3,3′,4′,5,7-Pentahydroxyflavone) is the major flavonoid involved in vegetables and fruits and has many pharmacological activities, such as anti-inflammatory, anti-cancer, anti-oxidant, and immune modulators (Wang W. et al., 2016; Lucarini et al., 2021; Fakhri et al., 2022). Sagit et al. showed that the treatment of AR rats with quercetin inhibits inflammatory pathways through the inhibition of Cox-2 and vasoactive intestinal peptide (VIP) expression in the nasal tissue (Sagit et al., 2017). Cox-2 plays an important role in the inflammatory response, and VIP is a regulator of mucus secretion in the nasal mucosa (Shaida et al., 2001; Raap and Braunstahl, 2010).
3.2.12 Skullcapflavone II
Skullcapflavone II (neobaicalein) is a flavone isolated from S. baicalensis Georgi [Lamiaceae] and shows pharmacological activities such as anti-inflammatory, immune modulator, anti-oxidant, anti-bacterial, anti-cancer, anti-allergy, and anti-asthma effects (Jung et al., 2012; Tsai et al., 2015). Bui et al. demonstrated that treatment of AR mice with skullcapflavone II reduced eosinophil levels, and PAS + cells and mast cells in the nasal tissue also reduced IgE and IgG1 levels in serum but had no significant effect on IgG2α levels, as well as reduced TNF-α, IL-4, IL-13, and GATA-3 levels and increased IL-12 levels in the nasal lavage fluid and lung tissue, but had no significant effect on IL-10 and IFN-levels. In addition, it reduced histamine and NF-κB and increased IκB levels in nasal lavage fluid and lung tissue (Bui et al., 2017). Therefore, this phytochemical modulates AR via inhibition of the NF-κB signaling pathway, histamine release, and Th2 cytokine release.
3.2.13 Tangeretin
Tangeretin (4′,5,6,7,8-Pentamethoxyflavone) is a flavonoid found in the peels of tangerines and other citrus fruits. It has been found to have various medicinal properties, including anti-inflammatory effects. A mouse study revealed that tangeretin might enhance regulatory T cell responses by reducing Notch1/Jagged1 expression and increasing the growth of FOXP3/Treg cells, and thus could serve as a potential treatment for AR. Researchers investigated the effect of tangeretin on allergy symptom scores, OVA-specific IgE titers, histopathological features, and cytokine levels associated with T-helper cells (Th1, Th2, and Th17). The number of splenic CD4+ CD25+ FOXP3+ Treg cells and the transcription factor FOXP3 significantly increased when tangeretin was administered to AR mice or naïve CD4+ T cell development. This is followed by a concomitant decrease in Notch1/Jagged1 expression (Xu et al., 2019). In contrast, dexamethasone treatment of AR did not appear to be associated with Notch1/Jagged1 expression or Treg cell differentiation, which served as a positive control.
3.3 Phenolic compounds
3.3.1 Gallic acid
Gallic acid, also known as 3,4,5-trihydroxybenzoic acid, is found in several herbs and fruits. The pharmacological activities of this phenolic acid including anti-oxidant, anti-inflammatory, anti-diabetes, and anti-cancer activities, have been confirmed (Kim et al., 2006). Fan et al. demonstrated that treatment of AR mice with gallic acid reduced the levels of eosinophils, neutrophils, lymphocytes, and macrophages in the nasal lavage fluid and reduced the IgE, IgG1, and IgG2α levels in the serum. Gallic acid treatment reduced IL-4, IL-5, IL-13, IL-17, and Related orphan nuclear receptor ϒt (RORϒt), and increased IFN-ϒ and IL-12 levels in the nasal lavage fluid. A reduction in rubbing and sneezing in mice confirmed these biochemical results (Fan Y. et al., 2019). This study confirmed that gallic acid improved AR by modulating the Th1/Th2 response.
3.3.2 Proanthocyanidins polyphenols
Proanthocyanidin polyphenols (type A) derived from Cinnamomum verum J.Presl [Lauraceae] have many pharmacological activities, including antioxidant, anti-inflammatory, and immunomodulatory effects (Anderson et al., 2004). Aswar et al. showed in AR mice intranasal administration of proanthocyanidin polyphenols in AR mice reduced rubbing and sneezing, histamine, IgE, and NO levels in the serum (Aswar U. M. et al., 2015). Therefore, this phytochemical reduced the inflammatory markers in the treated mice and improved AR.
3.3.3 Resveratrol
Resveratrol is a polyphenolic phytochemical found in many herbs and phytochemicals, especially in grapes, and shows many pharmacological activities, including anti-diabetes, anti-Alzheimer, anti-cancer, anti-inflammatory, anti-oxidant, and improvement of lung and liver function (Delmas et al., 2011). A study in mice showed that resveratrol significantly alleviated AR by blocking the thioredoxin-interacting protein (TXNIP) oxidative stress pathway (Zhang et al., 2020). Another study of adults with severe chronic AR found that resveratrol treatment significantly reduced nasal symptoms such as congestion, itching, sneezing, and rhinorrhea compared to a placebo-treated group, and increased quality of life in people with AR. These data suggested that resveratrol has medicinal potential (Lv et al., 2018).
3.3.4 Resveratrol and β-glucan
Resveratrol is a non-flavonoid polyphenol with anti-inflammatory activity. On the other hand, β-glucan is a polysaccharide that has been noted for its anti-inflammatory and immune modulator activities (Müller et al., 1996). Del Giudice et al. demonstrated that intranasal administration of resveratrol and β-glucan to children with AR reduced allergic symptoms including itching, sneezing, rhinorrhea, and obstruction (Miraglia Del Giudice et al., 2014). This effect is probably caused by the inhibition of inflammatory pathways, including the NF-κB, IκB, and COX-2 signaling pathways (Zang et al., 2011; Mastromarino et al., 2012).
3.4 Terpenoids
3.4.1 1,8-cineole
1,8-cineole (Eucalyptol) is a monoterpenoid that naturally occurs in volatile oils of several species such as Peumus boldus Molina [Monimiaceae] (Urzúa et al., 2010; Fuentes-Barros et al., 2023) 1,8-cineole inhibits the production of prostaglandins and leukotrienes, which are important causes of AR. In one study, the molecular mechanism underlying the protective effect of cineole against OVA-induced AR in mice was investigated. Compared to the untreated group, cineole significantly reduced Th2-type cytokines and OVA-specific IgE in mice with AR, improved nasal mucosal tissue damage, and relieved nasal symptoms (Liu F.-L et al., 2023).
3.4.2 Glycyrrhizic acid
Glycyrrhizic acid is a triterpene glycoside found in the roots of licorice Glycyrrhiza glabra L. [Fabaceae]. The anti-viral, anti-oxidant, and anti-cancer activities of this triterpene glycoside have been previously confirmed (Sasaki et al., 2002; Khazraei-Moradian et al., 2017). Fouladi et al. demonstrated that the in vitro treatment of CD4+ T cells with glycyrrhizic acid reduced OX40 expression. OX40 is a receptor of the TNF family (Willoughby et al., 2017). On the contrary, glycyrrhizic acid treatment raises T-bet, and GATA3 and FOXP3 protein and gene expression as well as reduces IL-4 levels, but it has no significant effect on IFN-ϒ and IL-10 levels (Fouladi et al., 2018).
3.4.3 Glycyrrhizin
Glycyrrhizin is a triterpene glycoside isolated from G. glabra and has pharmacological activities, including anti-oxidant, anti-inflammatory, and anti-cancer (Finney and Somers, 1958; Shibata et al., 1987). Li et al. confirmed that treatment of AR mice with glycyrrhizin reduced IgE, IL-4, IL-5, IL-6, NO, TNF-α, and NOS, and increased IgA, IgG, IL-2, and IL-12 levels in the blood as well as in nasal mucosa, reduced substance P, and raised acetylcholinesterase (AchE) activity (Li and Zhou, 2012).
3.4.4 Platycodin D
Platycodin D is a triterpenoid saponin isolated from Platycodon grandiflorum (Jacq.) A.DC. [Campanulaceae], which exhibits many pharmacological activities, such as anti-inflammatory, anti-cancer, immune modulator, and anti-oxidant activities (Chung et al., 2008; Chun et al., 2013). Wang et al. demonstrated that treatment of human nasal epithelial cells (RPMI2650) with platycodin D reduced NF-κB, eotaxin, and GM-CSF protein levels and reduced the mRNA expression of mucin 5AC (MUC5AC), ERK, and P65 (Wang B. et al., 2016). Therefore, this phytochemical improves AR in vitro via inhibition of the MAPK signaling pathway and mucus production.
3.4.5 Thymol
Thymol (2-isopropyl-5-methylphenol) is a phenolic monoterpene found in several plants such as oregano and thyme. Thymol exhibits multiple biological and pharmacological properties, including anti-inflammation and anti-oxidation potential, and can be utilized to treat a wide range of inflammatory conditions, including AR. Thymol was examined to see how it affects mices with OVA1-induced AR. According to the findings, thymol reduces inflammation and allergy symptoms in this AR model. Comparing the AR group with the other groups, a significant decrease in total antioxidant capacity (TAC) levels and an increase in IgE, IL-5, IL-13, and total oxidant status (TOS) levels in thymol group were observed (Kilic et al., 2019).
3.4.6 Tussilagone
Tussilagone is a sesquiterpenoid isolated from Farfarae Flos, the dried flower buds of Tussilago farfara L. [Asteraceae], which has been used as a traditional medicine for the treatment of asthma and bronchitis because of its anti-inflammatory activity (Cheon et al., 2018). Cheon et al. demonstrated that tussilagone reduced histamine, IgE, IL-6, and TNF-α levels in AR guinea pigs in vitro in RBL2H3 cells, demonstrating that treatment with tussilagone reduces Lyn, Syk, NF-κB, ERK, p38, and MAPK expression (Cheon et al., 2018). Therefore, this sesquiterpenoid inhibits the NF-κB/ERK/MAPK signaling pathway, and inhibition of proinflammatory cytokine production modulates inflammation and improves AR.
3.4.7 Ursolic acid
Ursolic acid (3β-hydroxy-urs-12-en-28-oic acid) is a naturally derived pentacyclic triterpenoid widely distributed in various plant foods and Chinese herbal medicines. It has been found to have numerous physiological properties, including anti-inflammatory, anticancer, bone regeneration, anti-fungal, hepatoprotective, and antioxidant effects (Seo et al., 2018). Based on these findings, Ursolic acid demonstrates potential in the management of allergic inflammation, particularly in alleviating nasal symptoms and inhibiting the expression of Th2 cytokines and eosinophilic infiltration. In a rat model of AR following exposure to particulate matter ≤2.5 μm (PM2.5), ursolic acid mitigates mucus secretion and tissue remodeling, while also reducing the frequency of sneezing and nasal rubbing. Furthermore, ursolic acid impedes FcεRI-mediated mast cell activation and allergic inflammation. However, the impact of ursolic acid intervention on PM2.5-induced AR remains unclear (Sun et al., 2021).
3.5 Miscellaneous compounds
3.5.1 (2′S,7′S)-O-(2-methylbutanoyl)-columbianetin
(2′S,7′S)-O-(2-methylbutanoyl)-columbianetin is an active phytoalexin isolated from Corydalis heterocarpa var. japonica (Franch. and Sav.) Ohwi [Papaveraceae] extract. This plant has been used since the past as an anti-inflammatory agent for the treatment of inflammatory diseases in Korea (Kim et al., 2010). Nam et al. showed that treatment of the human leukemic cell line with (2′S,7′S)-O-(2-methyl butanol)-columbianetin reduced histamine and tryptase levels; reduced IL-1β, IL-6, IL-8, and TNF-α levels; inhibited the MAPK signaling pathway via inhibition of ERK, JNK, and p38 phosphorylation, and inhibited the phosphorylation of IκB-α and NF-κB. This phytochemical also reduced caspase-1 expression and activity in human leukemic cell lines in vitro. During the in vivo investigation on AR mice, it has been confirmed that treatment with (2′S, 7′S)-O-(2-methyl butanol)-columbianetin reduced the histamine, IgE, and IL-1β levels in serum also reduced the MIP-2 and Intercellular Adhesion Molecule 1 (ICAM-1) protein levels and eosinophils and mast cells in the nasal mucosa tissue and reduced the spleen weight and increased the IFN-ϒ levels in the spleen tissue (Nam et al., 2014). This study confirmed that (2′S, 7′S)-O-(2-methyl butanol)-columbianetin is a potent anti-AR compound that acts via inhibition of the MAPK/NFκB signaling pathway, inhibition of proinflammatory and Th2 cytokines, and increasing the Th1 cytokines.
3.5.2 Alpha linolenic acid
α-Linolenic acid (18:3n-3) is an essential omega-3 polyunsaturated fatty acid that is found in plant seed oils and beans. Ren et al. found that α-linolenic acid reduced inflammation in mice with OVA-induced AR by regulating Th1/Th2 imbalance (Ren et al., 2022). Furthermore, Ding et al. suggested that α-linolenic acid enhances the nasal mucosal epithelial barrier function in AR by inhibiting CD4+ T cell differentiation via the IL-4Rα-JAK2-STAT3 pathway (Ding et al., 2023). In addition, they showed that α-linolenic acid improves nasal mucosal epithelial barrier function in AR patients.
3.5.3 Alpha lipoic acid
Alpha lipoic acid (thioctic acid) is an organosulfur compound with strong antioxidant properties. It is used to regulate diabetic neuropathy and has potential applications in the treatment of other diseases associated with oxidative stress and inflammation. Nguyen et al. showed that alpha lipoic acid has a positive effect on allergic inflammation in a mouse model of AR. Alpha lipoic acid treatment improved the differentiation and function of Treg cells, which contributed to the balance of Th17/Treg expression and increased Nrf2/heme oxygenase-1 (HO-1) pathway signaling. Alpha lipoic acid administration also significantly reduces nasal symptoms, such as rubbing and sneezing, and improves the histopathology of the nose and lungs (Van Nguyen et al., 2020).
3.5.4 Acetylshikonin
Acetylshikonin is a naphthoquinone isolated from purple gromwell Aegonychon purpurocaeruleum (L.) Holub [Boraginaceae]. The anti-inflammatory and antioxidant activities of this naphthoquinone have been confirmed previously (Singh et al., 2003; Cheng et al., 2008). Fan et al. demonstrated that in AR mice treatment with acetyl shikonin reduced the IgE and IgG1 levels but it had no effect on IgG2α levels in serum also in the nasal lavage fluid it caused a reduction in the Th2 cytokines including IL-4, IL-5, IL-13, GATA-3, and TNF-α levels also reduced the histamine levels in serum and nasal lavage fluid but it has not a significant effect on Th1 cytokines including IFN-ϒ, IL-10 and IL-12 levels (Fan X. et al., 2019). This study confirmed that acetyl shikonin exerts its anti-AR effect via inhibition of the Th2 response.
3.5.5 Caffeoylxanthiazonoside
Caffeoylxanthiazonoside is an active constituent isolated from the fruit of Xanthium strumarium L. [Asteraceae] and studies have confirmed the oxidant anti-inflammatory and anti-asthmatic activities of caffeoylxanthiazonoside (Wu Q. et al., 2019). Peng et al. demonstrated that treatment with caffeoylxanthiazonoside reduced IgE levels in the serum, as well as nasal sneezing and scratching in mice with AR (Peng et al., 2014). In another study, it has been confirmed that treatment of AR mice with caffeoylxanthiazonoside-coated gold nanoparticles reduced the IFN-ϒ and IL-4 levels in nasal lavage fluid. Histopathological studies confirmed an improvement in AR in mice (Peng and Chen, 2019).
3.5.6 D-pinitol
D-pinitol (O-methyl inositol) is a cyclitol found in many foods, such as soy, and legumes, and has a wide range of pharmacological activities, such as antioxidant, anti-inflammatory, anti-cancer, and anti-aging activities (Sethi et al., 2008). You et al. demonstrated that in AR mice treated with D-pinitol symptoms of improvement were seen due to Th1/Th2 response balancing such as reducing the IgE, IgG1, IL-4, IL-5, IL-13, LTC-4 and increasing the IFN-ϒ levels in nasal lavage fluid also reduce the GATA-3, STAT-6, SOCS1, TLR4, and MyD88 expression and increase the T-bet expression in the spleen tissue (You et al., 2021).
3.5.7 Fucoxanthin
Fucoxanthin is a carotenoid found in brown seaweed that has anti-inflammatory and antioxidant effects. A study in male BALB/c mice showed that fucoxanthin could successfully prevent the development of OVA-induced AR. This study investigated the effect of fucoxanthin on allergic mice and discovered that allergic reactions, such as rubbing and sneezing, reflected the effect of fucoxanthin in both the stimulated and treated groups. The mean histological scores were different between the OVA-treated and fucoxanthin-treated groups in terms of ciliary loss, eosinophil infiltration, and other factors. The modulatory effect of fucoxanthin on AR was confirmed by the lipid profile (malondialdehyde). In addition, reduced IgE and histamine levels were observed in the fucoxanthin-treated groups (Li et al., 2019).
3.5.8 Geniposide
Geniposide is the main iridoid glucoside of Gardenia jasminoides J.Ellis [Rubiaceae] that is used for the treatment of inflammatory diseases such as colitis and rheumatoid arthritis (Shin et al., 2018). Zhang et al. demonstrated that treatment of AR mice with geniposide reduced IgE, IL-4, IL-5, and IL-17 levels and increased the IL_2 and IFN-ϒ levels in serum, and reduced CD4+ T cells and Foxp3 cell population in the spleen tissue (Zhang et al., 2019).
3.5.9 Magnolol
Magnolol is a lignan derived from Magnolia spp. [Magnoliaceae]. It has pharmacological activities such as anti-inflammatory, anti-allergic, anti-asthmatic, and immunomodulatory activities (Huang et al., 2019). Phan et al. demonstrated that in vitro treatment of HEK293T cells and Calu-3 cells with magnolol inhibits ORAI1 (which causes T-lymphocyte and mast cell activation and initiates allergy) and anoctamin 1 (ANO1) (which causes mucin secretion and allergic inflammation) in HEK293T cells and chloride secretion in the Calu-3 cells also reduced IL-2 levels in T-lymphocytes. In an in vivo study on AR mice, intranasal administration of magnolol reduced IL-13 levels in the nasal mucosa and eosinophil infiltration in the nasal tissue, and also reduced sneezing and rubbing in AR mice (Phan et al., 2022). Therefore, reducing the levels of inflammatory markers in this phytochemical can improve AR.
3.5.10 Mangiferin
Mangiferin (1,3,6,7-tetrahydroxyxanthone-C2-β-D-glucoside) is a C-glucosyl xanthone predominantly isolated from the mango tree. Mangiferin has anti-allergic, anti-inflammatory, and antioxidant properties related to AR. Mangiferin effectively inhibited OVA-induced nasal allergic symptoms, as evidenced by the reduction in rubbing and sneezing scores. In an AR model, mangiferin reduced ciliary loss, vascular congestion in the lamina, goblet cell elevation, and eosinophil infiltration, indicating its anti-inflammatory properties (Piao et al., 2020). Mangiferin exerts antioxidant effects by modulating the Th1/Th2/Th17 pathway. Consequently, Mangiferin has been shown to reduce AR by activating the Nrf2/HO-1/NF-κB signaling pathways (Piao et al., 2020).
3.5.11 Total glucosides of paeony
The total glucosides of paeony derived from the roots of Paeonia lactiflora Pall. [Paeoniaceae] show pharmacological activities, such as anti-oxidant, anti-inflammatory, anti-pain, and immune modulators (Jiang et al., 2020). Jin et al. demonstrated that treatment of AR mice with total glycosides of paeony reduced TGF-β increased Smad7 expression in the nasal tissue and reduced IgE levels in serum, sneezing, and rubbing. In the histopathological evidence of nasal tissue, this phytochemical treatment reduced the number of eosinophils, gablet cells, and collagen fibers. It also reduced malondialdehyde (MDA) and increased glutathione (GSH), catalase (CAT), and superoxide dismutase (SOD) levels in the serum. Reduced apoptosis by reducing Apoptosis regulator bcl-2-like protein 4 (BAX) and Caspase-3 levels and increasing B-cell lymphoma 2 (Bcl2) expression in the serum and nasal tissues. also reduced IL-4, IL-5, IL-17, and IFN-ϒ levels in serum (Jin and Zhang, 2022). This study confirmed that total glycosides of paeony improve AR by modulating inflammation, apoptosis, and the SMAD/TGF-β signaling pathway.
Supplementary Table 1 provides comprehensive details of the impact of phytochemicals on cellular, molecular, and external markers that are effective in improving AR. The ↑ and ↓ symbols show the effect of phytochemicals on the increase and decrease of the effective factors in AR, respectively.
4 DISCUSSION
The findings of this study indicate that various phytochemicals, including flavonoids (such as apigenin, baicalin, cirsilineol, diosmetin, hesperidin, kaempferol, luteolin, morin, myricetin, naringenin, quercetin, skullcapflavone II, and tangeretin), alkaloids (including berberine, dictamenine, ellipticine, higenamine, N,N-dicoumaroylspermidine, piperine, sinomenine, and warifteine), terpenoids (particularly 1,8-cineole, glycyrrhizic acid, menthol, glycyrrhizin, platycodin D, thymol tussilagone, and ursolic acid), as well as various miscellaneous compounds (such as (2′S,7′S)-O-(2-methylbutanoyl)-columbianetin, alpha-linolenic acid, alpha-lipoic acid, acetylshikonin, caffeoylxanthiazonoside, D-pinitol, fucoxanthin, magnolol, and mangiferin), exhibit significant anti-inflammatory and antihistaminic properties. These compounds mitigate tissue damage and alleviate symptoms associated with AR by inhibiting inflammatory mediators, oxidative stress, and apoptosis. The mechanisms through which these phytochemicals exert their effects include the inhibition of the MAPK/NF-κB signaling pathway (notably by (2′S,7′S)-O-(2-methylbutanoyl)-columbianetin, tussilagone, platycodin D, skullcapflavone II, and diosmetin), the inhibition of IκB and COX-2 signaling pathways (as seen with resveratrol and β-glucan), the suppression of the STAT6/SOCS1 and GATA3/T-bet signaling pathways (mediated by morin), and the inhibition of the TLR4/MyD88/NF-κB signaling pathway (as demonstrated by apigenin). These pathways are integral to the therapeutic potential of these phytochemicals in the management of AR.
Allergic rhinitis results from an imbalance in the functioning of the immune system, which leads to an imbalance in the Th1/Th2 response, resulting in an increase in Th2 cytokines and a decrease in Th1 cytokines. This systematic study showed that phytochemicals inhibit the release or activity of mast cells, such as histamine, inhibit the secretion of Th2 cytokines, such as IL-4, IL-5, IL-13, and GATA-3, and reduce IgE levels as well as macrophages and lymphocytes. can reduce inflammation and thus reduce the symptoms of AR (Guo and Liu, 2013). One of the mechanisms stated in the present study that can improve AR is through the antioxidant system. It has been reported that ROS increases inflammation by activating the ERK and NF-κB pathways. Phytochemicals reduce tissue damage and inflammation with their antioxidant activity and modulate apoptosis via modulating the activities of Bax, Bcl2, and caspase (Jin and Zhang, 2022).
Figure 2 shows a summary of the effects of the phytochemicals investigated in this study on the mechanisms and pathways involved in AR.
[image: Figure 2]FIGURE 2 | Effects of phytochemicals on the mechanisms of allergic rhinitis.
Flavonoids, polyphenols, and terpenoids, which are phytochemicals combine with lymphocytes in order to regulate their function as a way of promoting the equilibrium state of immune system. Flavonoids like quercetin have been found to enhance natural killer cells’ activity and stimulate macrophage phagocytosis hence strengthening innate immunity (Hoskin and Coombs, 2022; Maheshwari et al., 2022).
Additionally, such substances can affect inflammatory pathways by changing signaling cascades, for example, JAK/STAT pathway that is important for cell–cell communication during immune response. These compounds act like adaptogens where they either enhance or suppress immune capacity depending on the situation thereby maintaining homeostasis (Bland, 2021).
Also, phytochemicals have great anti-oxidant properties since they scavenge ROS thus reducing oxidative stress in cells which is crucial for cell integrity and functioning (Hoskin and Coombs, 2022). Their ability to change gene expression through epigenetic modifications underscores their potential use in therapy particularly for treating diseases connected with immune dysfunction and improving body health in general (Behl et al., 2021). In addition, incorporating phytochemicals into dietary practices shows promise as an avenue to support immunological resilience while addressing oxidative stress-related disorders (Maheshwari et al., 2022).
Phytochemicals from medicinal plants show promise as alternative treatments for AR, but more research is needed to establish their efficacy compared to conventional therapies. While some studies suggest phytochemicals may improve symptoms like rhinorrhea and nasal itchiness, there is no clear evidence they outperform placebo or antihistamines in overall symptom relief (Lim et al., 2024). Phytochemicals appear to work by suppressing IgE, cytokines, histamine, and eosinophils (Rahim et al., 2021). However, the safety and side effect profile of most phytochemicals for AR is still unclear. More high-quality clinical trials are necessary to determine if phytochemicals can be recommended as first-line or adjunct treatments to intranasal corticosteroids, antihistamines, and other standard therapies. Patients’ preferences and quality of life should be considered when choosing between conventional and herbal treatments (Lim et al., 2024).
The present treatments, including antihistamines and corticosteroids, often have negative side effects thus suggesting the need for safer options. Scientific studies affirm that natural substances can relieve AR symptoms through the modulation of inflammatory mediators such as interleukins and TNFα, besides governing oxidative stress pathway as well. This discovery indicates that clinical practice could be improved by integrating natural products into treatment plans thus leading towards new physiological approaches in AR control (Lim et al., 2024; Park et al., 2024). More trials must be conducted on larger populations so as to confirm their safety and efficacy in this regard (Lim et al., 2024).
Some limitations have been addressed with suggestions for future studies in this article. Firstly, most of the studies inspected in this review tended to have small sample sizes, which limits the applicability of the results. Moreover, this difference of the types of plants made it indecisive about their effectiveness and innocuousness among different communities. Moreover, these products were observed to lack mechanisms that could explain their activities; hence there is a need for more detailed research on its cellular signaling pathways as well as its pharmacological targets. Furthermore, there are no long-term investigations showing how chronic users should benefit from such natural remedies considering the possible harm they may cause when combined with other types of medication. There is also another aspect regarding standardization of natural product research methodologies so that reliability and consistency can be achieved. Future clinical trials should target large multicentre settings and determine whether there is an additive effect between natural products and existing treatments against AR. This would offer a holistic approach towards AR management by improving therapeutic strategies leading to enhanced patient outcomes.
With the potential to establish lasting tolerance and avoid diseases progression, allergen immunotherapy is becoming an interesting alternative to symptomatic drugs (Gomes, 2014; Reinwald et al., 2022).
Conversely, conventional immunotherapy regimens may be time consuming, costly and carry the danger of increased reactogenicity This has led scientists to investigate new protocols such as the use of natural compounds in the treatment of allergic reactions like alkaloids and flavonoids (Sakshi et al., 2023). Such substances have shown anti-inflammatory, antihistaminic and immunomodulating activities during preclinical studies (Sakshi et al., 2023).
Our findings are part of a growing body of evidence suggesting that natural products may represent a reasonable option for allergy immunotherapy. The improvements seen in symptom scores with concomitant reductions in medication use are consistent with sublingual allergen immunotherapy (SLIT)/oral immunotherapy (OIT) studies using standardized allergen extracts (Sakshi et al., 2023).
However, it is necessary to undertake larger placebo-controlled trials for further assessment of efficacy and safety profile of these natural product-based immunotherapies. Combining natural compounds with adjuvants or using them as an adjunct to conventional treatment are promising strategies to optimize outcomes (Sakshi et al., 2023). Therefore, there is need for further research into this area so as to provide more affordable and acceptable interventions for AR as well as other atopic disorders.
5 CONCLUSION
We conclude from this systematic review that phytochemicals improve the symptoms of AR by affecting antioxidant, anti-inflammatory, and anti-apoptotic factors and signaling pathways. Therefore, we hope that these phytochemicals can be used as auxiliary treatments to improve allergic diseases, especially AR.
AUTHOR CONTRIBUTIONS
SM: Writing–original draft. HK: Writing–original draft. MT: Writing–original draft. SJ: Writing–original draft. TJ: Writing–original draft. IA: Writing–original draft. MF: Software, Writing–review and editing, Writing–original draft, Conceptualization. JE: Writing–review and editing, Writing–original draft, Conceptualization.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article
ACKNOWLEDGMENTS
We gratefully acknowledge support from Kermanshah University of Medical Sciences and Dirección de Investigación Científica y Tecnológica - Universidad de Santiago de Chile (DICYT-USACH) project 022441EM_Ayudante.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1447097/full#supplementary-material
REFERENCES
 Agertoft, L., and Pedersen, S. (2000). Effect of long-term treatment with inhaled budesonide on adult height in children with asthma. N. Engl. J. Med. 343, 1064–1069. doi:10.1056/NEJM200010123431502
 Ai, S., Lin, Y., Zheng, J., and Zhuang, X. (2021). Xingbi gel ameliorates allergic rhinitis by regulating IFN-γ gene promoter methylation in CD4+ T cells via the ERK-DNMT pathway. Front. Surg. 7, 619053. doi:10.3389/fsurg.2020.619053
 Allen, D. B., Meltzer, E. O., Lemanske, R. F. J., Philpot, E. E., Faris, M. A., Kral, K. M., et al. (2002). No growth suppression in children treated with the maximum recommended dose of fluticasone propionate aqueous nasal spray for one year. Allergy asthma Proc. 23, 407–413.
 Anderson, R. A., Broadhurst, C. L., Polansky, M. M., Schmidt, W. F., Khan, A., Flanagan, V. P., et al. (2004). Isolation and characterization of polyphenol type-A polymers from cinnamon with insulin-like biological activity. J. Agric. Food Chem. 52, 65–70. doi:10.1021/jf034916b
 Aswar, U., Shintre, S., Chepurwar, S., and Aswar, M. (2015b). Antiallergic effect of piperine on ovalbumin-induced allergic rhinitis in mice. Pharm. Biol. 53, 1358–1366. doi:10.3109/13880209.2014.982299
 Aswar, U. M., Kandhare, A. D., Mohan, V., and Thakurdesai, P. A. (2015a). Anti-allergic effect of intranasal administration of type-A procyanidin polyphenols based standardized extract of cinnamon bark in ovalbumin sensitized BALB/c mice. Phyther. Res. 29, 423–433. doi:10.1002/ptr.5269
 Barnes, P. J. (2006). How corticosteroids control inflammation: quintiles prize lecture 2005. Br. J. Pharmacol. 148, 245–254. doi:10.1038/sj.bjp.0706736
 Behl, T., Kumar, K., Brisc, C., Rus, M., Nistor-Cseppento, D. C., Bustea, C., et al. (2021). Exploring the multifocal role of phytochemicals as immunomodulators. Biomed. Pharmacother. 133, 110959. doi:10.1016/j.biopha.2020.110959
 Bellanti, J. A. (1998). Cytokines and allergic diseases: clinical aspects. Allergy Asthma Proc. 19, 337–341. doi:10.2500/108854198778612735
 Bland, J. S. (2021). Application of phytochemicals in immune disorders: their roles beyond antioxidants. Integr. Med. (Encinitas). 20, 16–21. Available at: http://www.ncbi.nlm.nih.gov/pubmed/34803535.
 Bousquet, J., Anto, J. M., Bachert, C., Baiardini, I., Bosnic-Anticevich, S., Walter Canonica, G., et al. (2020). Allergic rhinitis. Nat. Rev. Dis. Prim. 6, 95. doi:10.1038/s41572-020-00227-0
 Bousquet, J., Khaltaev, N., Cruz, A. A., Denburg, J., Fokkens, W. J., Togias, A., et al. (2008). Allergic rhinitis and its impact on asthma (aria) 2008 update (in collaboration with the world health organization, GA(2)len and AllerGen). Allergy 63, 8–160. doi:10.1111/j.1398-9995.2007.01620.x
 Bousquet, J., Meltzer, E. O., Couroux, P., Koltun, A., Kopietz, F., Munzel, U., et al. (2018). Onset of action of the fixed combination intranasal azelastine-fluticasone propionate in an allergen exposure chamber. J. Allergy Clin. Immunol. Pract. 6, 1726–1732. doi:10.1016/j.jaip.2018.01.031
 Bousquet, J., Van Cauwenberge, P., Aït Khaled, N., Bachert, C., Baena-Cagnani, C. E., Bouchard, J., et al. (2006). Pharmacologic and anti-IgE treatment of allergic rhinitis ARIA update (in collaboration with GA 2 LEN). Allergy 61, 1086–1096. doi:10.1111/j.1398-9995.2006.01144.x
 Bradding, P., Feather, I. H., Wilson, S., Bardin, P. G., Heusser, C. H., Holgate, S. T., et al. (1993). Immunolocalization of cytokines in the nasal mucosa of normal and perennial rhinitic subjects. The mast cell as a source of IL-4, IL-5, and IL-6 in human allergic mucosal inflammation. J. Immunol. 151, 3853–3865. doi:10.4049/jimmunol.151.7.3853
 Brożek, J. L., Bousquet, J., Agache, I., Agarwal, A., Bachert, C., Bosnic-Anticevich, S., et al. (2017). Allergic rhinitis and its impact on asthma (ARIA) guidelines—2016 revision. J. Allergy Clin. Immunol. 140, 950–958. doi:10.1016/j.jaci.2017.03.050
 Bui, T. T., Piao, C. H., Song, C. H., and Chai, O. H. (2017). Skullcapflavone II attenuates ovalbumin-induced allergic rhinitis through the blocking of Th2 cytokine production and mast cell histamine release. Int. Immunopharmacol. 52, 77–84. doi:10.1016/j.intimp.2017.08.029
 Calderon, M. A., Alves, B., Jacobson, M., Hurwitz, B., Sheikh, A., and Durham, S. (2007). Allergen injection immunotherapy for seasonal allergic rhinitis. Rev. 1, CD001936 2007, CD001936. doi:10.1002/14651858.CD001936.pub2
 Chen, F., He, D., and Yan, B. (2020). Apigenin attenuates allergic responses of ovalbumin-induced allergic rhinitis through modulation of Th1/Th2 responses in experimental mice. Dose-Response 18, 1559325820904799. doi:10.1177/1559325820904799
 Chen, S., Chen, G., Shu, S., Xu, Y., and Ma, X. (2019). Metabolomics analysis of baicalin on ovalbumin-sensitized allergic rhinitis rats. R. Soc. Open Sci. 6, 181081. doi:10.1098/rsos.181081
 Chen, Z., Tao, Z.-Z., Zhou, X.-H., Wu, T.-T., and Ye, L.-F. (2017). Immunosuppressive effect of sinomenine in an allergic rhinitis mouse model. Exp. Ther. Med. 13, 2405–2410. doi:10.3892/etm.2017.4237
 Cheng, Y. W., Chang, C. Y., Lin, K. L., Hu, C. M., Lin, C. H., and Kang, J. J. (2008). Shikonin derivatives inhibited LPS-induced NOS in RAW 264.7 cells via downregulation of MAPK/NF-kappaB signaling. J. Ethnopharmacol. 120, 264–271. doi:10.1016/j.jep.2008.09.002
 Cheon, H. J., Nam, S.-H., and Kim, J.-K. (2018). Tussilagone, a major active component in Tussilago farfara, ameliorates inflammatory responses in dextran sulphate sodium-induced murine colitis. Chem. Biol. Interact. 294, 74–80. doi:10.1016/j.cbi.2018.08.022
 Chopra, B., Dhingra, A. K., Kapoor, R. P., and Prasad, D. N. (2016). Piperine and its various physicochemical and biological aspects: a review. Open Chem. J. 3, 75–96. doi:10.2174/1874842201603010075
 Chun, J., Joo, E. J., Kang, M., and Kim, Y. S. (2013). Platycodin D induces anoikis and caspase-mediated apoptosis via p38 MAPK in AGS human gastric cancer cells. J. Cell. Biochem. 114, 456–470. doi:10.1002/jcb.24386
 Chung, J. W., Noh, E. J., Zhao, H. L., Sim, J.-S., Ha, Y. W., Shin, E. M., et al. (2008). Anti-inflammatory activity of prosapogenin methyl ester of platycodin D via nuclear factor-kappaB pathway inhibition. Biol. Pharm. Bull. 31, 2114–2120. doi:10.1248/bpb.31.2114
 Cortelazzi, C., Campanini, N., Ricci, R., and Panfilis, G. (2013). Inflammed skin harbours Th9 cells. Acta Derm. Venereol. 93, 183–185. doi:10.2340/00015555-1408
 Cui, X., Chen, X., Yu, C., Yang, J., Lin, Z., Yin, M., et al. (2015). Increased expression of toll-like receptors 2 and 4 and related cytokines in persistent allergic rhinitis. Otolaryngol. Neck Surg. 152, 233–238. doi:10.1177/0194599814562173
 Delmas, D., Aires, V., Limagne, E., Dutartre, P., Mazué, F., Ghiringhelli, F., et al. (2011). Transport, stability, and biological activity of resveratrol. Ann. N. Y. Acad. Sci. 1215, 48–59. doi:10.1111/j.1749-6632.2010.05871.x
 Deo, S., Mistry, K., Kakade, A., and Niphadkar, P. (2010). Role played by Th2 type cytokines in IgE mediated allergy and asthma. Lung India 27, 66–71. doi:10.4103/0970-2113.63609
 Ding, Y., Wang, Y., Zhang, Y., Dang, B., Hu, S., Zhao, C., et al. (2023). Alpha-linolenic acid improves nasal mucosa epithelial barrier function in allergic rhinitis by arresting CD4+ T cell differentiation via IL-4Rα-JAK2-STAT3 pathway. Phytomedicine 116, 154825. doi:10.1016/j.phymed.2023.154825
 Dong, J., Xu, O., Wang, J., Shan, C., and Ren, X. (2021). Luteolin ameliorates inflammation and Th1/Th2 imbalance via regulating the TLR4/NF-κB pathway in allergic rhinitis rats. Immunopharmacol. Immunotoxicol. 43, 319–327. doi:10.1080/08923973.2021.1905659
 Dugas, B., Renauld, J. C., Pène, J., Bonnefoy, J. Y., Peti-Frère, C., Braquet, P., et al. (1993). Interleukin-9 potentiates the interleukin-4-induced immunoglobulin (IgG, IgM and IgE) production by normal human B lymphocytes. Eur. J. Immunol. 23, 1687–1692. doi:10.1002/eji.1830230743
 Durham, S. R., Walker, S. M., Varga, E.-M., Jacobson, M. R., O’Brien, F., Noble, W., et al. (1999). Long-term clinical efficacy of grass-pollen immunotherapy. N. Engl. J. Med. 341, 468–475. doi:10.1056/NEJM199908123410702
 Eng, P. A., Borer-Reinhold, M., Heijnen, I. A. F. M., and Gnehm, H. P. E. (2006). Twelve-year follow-up after discontinuation of preseasonal grass pollen immunotherapy in childhood. Allergy 61, 198–201. doi:10.1111/j.1398-9995.2006.01011.x
 Esmaeili, M. A., and Alilou, M. (2014). Naringenin attenuates CC l 4 -induced hepatic inflammation by the activation of an Nrf2-mediated pathway in rats. Clin. Exp. Pharmacol. Physiol. 41, 416–422. doi:10.1111/1440-1681.12230
 Fakhri, S., Gravandi, M. M., Abdian, S., Moradi, S. Z., and Echeverría, J. (2022). Quercetin derivatives in combating spinal cord injury: a mechanistic and systematic review. Life 12, 1960. doi:10.3390/life12121960
 Fan, Q., Zhao, B., Wang, C., Zhang, J., Wu, J., Wang, T., et al. (2018). Subchronic toxicity studies of Cortex dictamni extracts in mice and its potential hepatotoxicity mechanisms in vitro. Molecules 23, 2486. doi:10.3390/molecules23102486
 Fan, X., Cheng, L., and Yan, A. (2019a). Ameliorative effect of acetylshikonin on ovalbumin OVA-induced allergic rhinitis in mice through the inhibition of Th2 cytokine production and mast cell histamine release. APMIS 127, 688–695. doi:10.1111/apm.12984
 Fan, Y., Piao, C. H., Hyeon, E., Jung, S. Y., Eom, J.-E., Shin, H. S., et al. (2019b). Gallic acid alleviates nasal inflammation via activation of Th1 and inhibition of Th2 and Th17 in a mouse model of allergic rhinitis. Int. Immunopharmacol. 70, 512–519. doi:10.1016/j.intimp.2019.02.025
 Finney, R. S. H., and Somers, G. F. (1958). The antiinflammatory activity of glycyrrhetinic acid and derivatives. J. Pharm. Pharmacol. 10, 613–620. doi:10.1111/j.2042-7158.1958.tb10349.x
 Fireman, P. (1996). Cytokines and allergic rhinitis. Allergy Asthma Proc. 17, 175–178. doi:10.2500/108854196778996886
 Fouladi, S., Masjedi, M., Ghasemi, R. G., Hakemi, M., and Eskandari, N. (2018). The in vitro impact of glycyrrhizic acid on CD4+ T lymphocytes through OX40 receptor in the patients with allergic rhinitis. Inflammation 41, 1690–1701. doi:10.1007/s10753-018-0813-8
 Frew, A. J. (2010). Allergen immunotherapy. J. Allergy Clin. Immunol. 125, S306–S313. doi:10.1016/j.jaci.2009.10.064
 Fröhlich, M., Pinart, M., Keller, T., Reich, A., Cabieses, B., Hohmann, C., et al. (2017). Is there a sex-shift in prevalence of allergic rhinitis and comorbid asthma from childhood to adulthood? A meta-analysis. Clin. Transl. Allergy 7, 44. doi:10.1186/s13601-017-0176-5
 Fuentes-Barros, G., Echeverría, J., Mattar, C., Liberona, L., Giordano, A., Suárez-Rozas, C., et al. (2023). Phytochemical variation of wild and farmed populations of boldo (Peumus boldus Molina). J. Appl. Res. Med. Aromat. Plants 35, 100502. doi:10.1016/j.jarmap.2023.100502
 Ghosh, S., May, M. J., and Kopp, E. B. (1998). NF-κB and rel proteins: evolutionarily conserved mediators of immune responses. Annu. Rev. Immunol. 16, 225–260. doi:10.1146/annurev.immunol.16.1.225
 Gomes, P. J. (2014). Trends in prevalence and treatment of ocular allergy. Curr. Opin. Allergy Clin. Immunol. 14, 451–456. doi:10.1097/ACI.0000000000000100
 Guo, H., and Liu, M. (2013). Mechanism of traditional Chinese medicine in the treatment of allergic rhinitis. Chin. Med. J. Engl. 126, 756–760. doi:10.3760/cma.j.issn.0366-6999.20121844
 Hampel, F. C., Ratner, P. H., Van Bavel, J., Amar, N. J., Daftary, P., Wheeler, W., et al. (2010). Double-blind, placebo-controlled study of azelastine and fluticasone in a single nasal spray delivery device. Ann. Allergy, Asthma Immunol. 105, 168–173. doi:10.1016/j.anai.2010.06.008
 He, X., and Wang, Y. (2021). The role of toll-like receptors in allergic rhinitis. Sch. J. Otolaryngol. 6, 596–602. doi:10.32474/sjo.2021.06.000232
 Hoskin, D. W., and Coombs, M. R. P. (2022). Editorial: immune modulation by flavonoids. Front. Immunol. 13 13, 899577. doi:10.3389/fimmu.2022.899577
 Hu, Q., and Peng, L. (2023). Diosmetin alleviates ovalbumin-induced nasal inflammation by regulating the SIRT1/NF-κB signaling in mouse models of allergic rhinitis. Rev. Bras. Farmacogn. 33, 1232–1242. doi:10.1007/s43450-023-00448-w
 Huang, Q., Han, L., Lv, R., and Ling, L. (2019). Magnolol exerts anti-asthmatic effects by regulating Janus kinase-signal transduction and activation of transcription and Notch signaling pathways and modulating Th1/Th2/Th17 cytokines in ovalbumin-sensitized asthmatic mice. Korean J. Physiol. Pharmacol. 23, 251–261. doi:10.4196/kjpp.2019.23.4.251
 Jeon, I., Kim, H., Kang, H., Lee, H.-S., Jeong, S., Kim, S., et al. (2014). Anti-inflammatory and antipruritic effects of luteolin from Perilla (P. Frutescens L.) leaves. Molecules 19, 6941–6951. doi:10.3390/molecules19066941
 Jiang, H., Li, J., Wang, L., Wang, S., Nie, X., Chen, Y., et al. (2020). Total glucosides of paeony: a review of its phytochemistry, role in autoimmune diseases, and mechanisms of action. J. Ethnopharmacol. 258, 112913. doi:10.1016/j.jep.2020.112913
 Jin, Y., and Zhang, A. (2022). Total glucosides of paeony ameliorates oxidative stress, apoptosis and inflammatory response by regulating the Smad7-TGF-β pathway in allergic rhinitis. Mol. Med. Rep. 25, 83. doi:10.3892/mmr.2022.12599
 Jung, H.-S., Kim, M. H., Gwak, N.-G., Im, Y.-S., Lee, K.-Y., Sohn, Y., et al. (2012). Antiallergic effects of Scutellaria baicalensis on inflammation in vivo and in vitro. J. Ethnopharmacol. 141, 345–349. doi:10.1016/j.jep.2012.02.044
 Kaplan, M. H. (2013). Th9 cells: differentiation and disease. Immunol. Rev. 252, 104–115. doi:10.1111/imr.12028
 Khazraei-Moradian, S., Ganjalikhani-Hakemi, M., Andalib, A., Yazdani, R., Arasteh, J., and Kardar, G. A. (2017). The effect of licorice protein fractions on proliferation and apoptosis of gastrointestinal cancer cell lines. Cancer 69, 330–339. doi:10.1080/01635581.2017.1263347
 Kilic, K., Sakat, M. S., Yildirim, S., Kandemir, F. M., Gozeler, M. S., Dortbudak, M. B., et al. (2019). The amendatory effect of hesperidin and thymol in allergic rhinitis: an ovalbumin-induced rat model. Eur. Arch. Oto-Rhino-Laryngology 276, 407–415. doi:10.1007/s00405-018-5222-y
 Kim, B. Y., Park, H. R., Jeong, H. G., and Kim, S. W. (2015). Berberine reduce allergic inflammation in a house dust mite allergic rhinitis mouse model. Rhinol. J. 53, 353–358. doi:10.4193/Rhin15.028
 Kim, H., and Kaplan, A. (2008). Treatment and management of allergic rhinitis. Clin. Focus 1, 1–4. 
 Kim, J.-J., Kang, T.-H., Seo, J.-U., Na, H.-J., Kim, S.-J., Moon, P.-D., et al. (2010). Libanoridin inhibits the mast cell-mediated allergic inflammatory reaction. Immunopharmacol. Immunotoxicol. 32, 258–264. doi:10.3109/08923970903279991
 Kim, S.-H., Jun, C.-D., Suk, K., Choi, B.-J., Lim, H., Park, S., et al. (2006). Gallic acid inhibits histamine release and pro-inflammatory cytokine production in mast cells. Toxicol. Sci. 91, 123–131. doi:10.1093/toxsci/kfj063
 Kim, S.-T., Oh, S.-C., Kim, C.-W., Park, C., Jang, I.-H., Cha, H.-E., et al. (2000). Expression of NF-K B and IK B in allergic rhinitis. Korean J. Otolaryngol. Neck Surg. , 1191–1195. 
 Lasa, M., Brook, M., Saklatvala, J., and Clark, A. R. (2001). Dexamethasone destabilizes cyclooxygenase 2 mRNA by inhibiting mitogen-activated protein kinase p38. Mol. Cell. Biol. 21, 771–780. doi:10.1128/MCB.21.3.771-780.2001
 Le, T. T., Kang, T. K., Lee, W.-B., and Jung, S. H. (2022). Antiallergic effects of N,N-dicoumaroylspermidine isolated from Lithospermum erythrorhizon on mast cells and ovalbumin-induced allergic rhinitis. Int. J. Mol. Sci. 23, 10403. doi:10.3390/ijms231810403
 Lee, D., Park, J., Choi, J., Jang, H., and Seol, J. (2020). Anti-inflammatory effects of natural flavonoid diosmetin in IL-4 and LPS-induced macrophage activation and atopic dermatitis model. Int. Immunopharmacol. 89, 107046. doi:10.1016/j.intimp.2020.107046
 Lee, P., and Mace, S. (2009). An approach to allergic rhinitis. Allergy Rounds 1, 1. 
 Li, E., Wang, D., Xue, Y., Yan, J., and Wang, J. (2021). The protective role of cirsilineol against ovalbumin-induced allergic rhinitis in mice by suppression of inflammation and oxidative stress. J. Environ. Pathol. Toxicol. Oncol. 40, 63–73. doi:10.1615/JEnvironPatholToxicolOncol.2021038489
 Li, S., Zhang, Y., Veeraraghavan, V. P., Mohan, S. K., and Ma, Y. (2019). Restorative effect of fucoxanthin in an ovalbumin-induced allergic rhinitis animal model through NF-κB p65 and STAT3 signaling. J. Environ. Pathol. Toxicol. Oncol. 38, 365–375. doi:10.1615/JEnvironPatholToxicolOncol.2019030997
 Li, X.-L., and Zhou, A.-G. (2012). Evaluation of the immunity activity of glycyrrhizin in AR mice. Molecules 17, 716–727. doi:10.3390/molecules17010716
 Liang, K., Kandhare, A. D., Mukherjee-Kandhare, A. A., Bodhankar, S. L., and Xu, D. (2019). Morin ameliorates ovalbumin-induced allergic rhinitis via inhibition of STAT6/SOCS1 and GATA3/T-bet signaling pathway in BALB/c mice. J. Funct. Foods 55, 391–401. doi:10.1016/j.jff.2019.01.052
 Liang, K.-L., Yu, S.-J., Huang, W.-C., and Yen, H.-R. (2020). Luteolin attenuates allergic nasal inflammation via inhibition of interleukin-4 in an allergic rhinitis mouse model and peripheral blood from human subjects with allergic rhinitis. Front. Pharmacol. 11 11, 291. doi:10.3389/fphar.2020.00291
 Lim, J.-O., Song, K. H., Lee, I. S., Lee, S.-J., Kim, W.-I., Pak, S.-W., et al. (2021a). Cimicifugae rhizoma extract attenuates oxidative stress and airway inflammation via the upregulation of Nrf2/HO-1/NQO1 and downregulation of NF-κB phosphorylation in ovalbumin-induced asthma. Antioxidants 10, 1626. doi:10.3390/antiox10101626
 Lim, S., Jeong, I., Cho, J., Shin, C., Kim, K.-I., Shim, B.-S., et al. (2021b). The natural products targeting on allergic rhinitis: from traditional medicine to modern drug discovery. Antioxidants 10, 1524. doi:10.3390/antiox10101524
 Lim, X. Y., Lau, M. S., Zolkifli, N. A., Mohd Rahim, N. S., Lai, N. M., Tan, T.Y.C., et al. (2024). Medicinal plants for allergic rhinitis: a systematic review and meta-analysis. PLoS One 19 19, e0297839. doi:10.1371/journal.pone.0297839
 Liu, J., Liu, L., Cui, Y., Zhang, J., and Jiang, H. (2010). p38 MAPK regulates Th2 cytokines release in PBMCs in allergic rhinitis rats. J. Huazhong Univ. Sci. Technol. Med. Sci. 30, 222–225. doi:10.1007/s11596-010-0218-x
 Liu F.-L, F.-L., Rong, Y., Zhou, H., Yu, T., Liu, L., Cao, Q., et al. (2023). Cineole inhibits the biosynthesis of leukotrienes and prostaglandins to alleviate allergic rhinitis: insights from metabolomics. J. Pharm. Biomed. Anal. 234, 115574. doi:10.1016/j.jpba.2023.115574
 Liu R, R., Zhang, Y., Wang, Y., Huang, Y., Gao, J., Tian, X., et al. (2023). Anti-inflammatory effect of dictamnine on allergic rhinitis via suppression of the LYN kinase-mediated molecular signaling pathway during mast cell activation. Phyther. Res. 37, 4236–4250. doi:10.1002/ptr.7904
 Liva, G., Karatzanis, A., and Prokopakis, E. (2021). Review of rhinitis: classification, types, pathophysiology. J. Clin. Med. 10, 3183. doi:10.3390/jcm10143183
 Lodge, D., Headley, P. M., Duggan, A. W., and Biscoe, T. J. (1974). The effects of morphine, etorphine and sinomenine on the chemical sensitivity and synaptic responses of Renshaw cells and other spinal neurones in the rat. Eur. J. Pharmacol. 26, 277–284. doi:10.1016/0014-2999(74)90238-6
 Louahed, J., Toda, M., Jen, J., Hamid, Q., Renauld, J.-C., Levitt, R. C., et al. (2000). Interleukin-9 upregulates mucus expression in the airways. Am. J. Respir. Cell Mol. Biol. 22, 649–656. doi:10.1165/ajrcmb.22.6.3927
 Lucarini, M., Durazzo, E. B., Tzvetkov, N. T., Jóźwik, M. S., Strzałkowska, N., and Horbańczuk, A. G. (2021). Quercetin: total-scale literature landscape analysis of a valuable nutraceutical with numerous potential applications in the promotion of human and animal health–a review. Anim. Sci. Pap. Rep. 39, 199–212. 
 Lv, C., Zhang, Y., and Shen, L. (2018). Preliminary clinical effect evaluation of resveratrol in adults with allergic rhinitis. Int. Arch. Allergy Immunol. 175, 231–236. doi:10.1159/000486959
 Maheshwari, S., Kumar, V., Bhadauria, G., and Mishra, A. (2022). Immunomodulatory potential of phytochemicals and other bioactive compounds of fruits: a review. Food Front. 3, 221–238. doi:10.1002/fft2.129
 Malmhäll, C., Bossios, A., Pullerits, T., and Lötvall, J. (2007). Effects of pollen and nasal glucocorticoid on FOXP3 +, GATA-3 + and T-bet + cells in allergic rhinitis. Allergy 62, 1007–1013. doi:10.1111/j.1398-9995.2007.01420.x
 Mastromarino, P., Nardis, C., Cannata, F., De Leo, A., and Mosca, L. (2012). Resveratrol inhibition of human rhinovirus replication. Virologie 17, S153. 
 Matsushima, H., Yamada, N., Matsue, H., and Shimada, S. (2004). TLR3-TLR7-and TLR9-mediated production of proinflammatory cytokines and chemokines from murine connective tissue type skin-derived mast cells but not from bone marrow-derived mast cells. J. Immunol. 173, 531–541. doi:10.4049/jimmunol.173.1.531
 McLane, M. P., Haczku, A., van de Rijn, M., Weiss, C., Ferrante, V., MacDonald, D., et al. (1998). Interleukin-9 promotes allergen-induced eosinophilic inflammation and airway hyperresponsiveness in transgenic mice. Am. J. Respir. Cell Mol. Biol. 19, 713–720. doi:10.1165/ajrcmb.19.5.3457
 Meltzer, E. O. (2001). Quality of life in adults and children with allergic rhinitis. J. Allergy Clin. Immunol. 108, S45–S53. doi:10.1067/mai.2001.115566
 Miraglia Del Giudice, M., Maiello, N., Capristo, C., Alterio, E., Capasso, M., Perrone, L., et al. (2014). Resveratrol plus carboxymethyl-β-glucan reduces nasal symptoms in children with pollen-induced allergic rhinitis. Curr. Med. Res. Opin. 30, 1931–1935. doi:10.1185/03007995.2014.938731
 Moher, D., Liberati, A., Tetzlaff, J., and Altman, D. G.PRISMA Group (2009). Preferred reporting Items for systematic reviews and meta-analyses: the PRISMA statement. Ann. Intern. Med. 151, 264–W64. doi:10.7326/0003-4819-151-4-200908180-00135
 Molitorisova, M., Sutovska, M., Kazimierova, I., Barborikova, J., Joskova, M., Novakova, E., et al. (2021). The anti-asthmatic potential of flavonol kaempferol in an experimental model of allergic airway inflammation. Eur. J. Pharmacol. 891, 173698. doi:10.1016/j.ejphar.2020.173698
 Müller, A., Rice, P. J., Ensley, H. E., Coogan, P. S., Kalbfleish, J. H., Kelley, J. L., et al. (1996). Receptor binding and internalization of a water-soluble (1-->3)-beta-D-glucan biologic response modifier in two monocyte/macrophage cell lines. J. Immunol. 156, 3418–3425. doi:10.4049/jimmunol.156.9.3418
 Nam, S.-Y., Kim, M.-H., Seo, Y., Choi, Y., Jang, J.-B., Kang, I.-C., et al. (2014). The (2′S,7′S)-O-(2-methylbutanoyl)-columbianetin as a novel allergic rhinitis-control agent. Life Sci. 98, 103–112. doi:10.1016/j.lfs.2014.01.003
 Nam, Y.-H., and Lee, S.-K. (2017). Comparison between skin prick test and serum immunoglobulin E by CAP system to inhalant allergens. Ann. Allergy, Asthma Immunol. 118, 608–613. doi:10.1016/j.anai.2017.03.005
 Neag, M. A., Mocan, A., Echeverría, J., Pop, R. M., Bocsan, C. I., Crişan, G., et al. (2018). Berberine: botanical occurrence, traditional uses, extraction methods, and relevance in cardiovascular, metabolic, hepatic, and renal disorders. Front. Pharmacol. 9, 557. doi:10.3389/fphar.2018.00557
 Nur Husna, S. M., Tan, H.-T. T., Md Shukri, N., Mohd Ashari, N. S., and Wong, K. K. (2022). Allergic rhinitis: a clinical and pathophysiological overview. Front. Med. 9, 874114. doi:10.3389/fmed.2022.874114
 Oh, H.-A., Han, N.-R., Kim, M.-J., Kim, H.-M., and Jeong, H.-J. (2013). Evaluation of the effect of kaempferol in a murine allergic rhinitis model. Eur. J. Pharmacol. 718, 48–56. doi:10.1016/j.ejphar.2013.08.045
 Park, S.-Y., Lee, Y. Y., Kim, M. H., and Kim, C.-E. (2024). Deciphering the systemic impact of herbal medicines on allergic rhinitis: a network pharmacological approach. Life 14, 553. doi:10.3390/life14050553
 Patel, P., Salapatek, A. M., and Tantry, S. K. (2019). Effect of olopatadine-mometasone combination nasal spray on seasonal allergic rhinitis symptoms in an environmental exposure chamber study. Ann. Allergy, Asthma Immunol. 122, 160–166. doi:10.1016/j.anai.2018.10.011
 Pawankar, R., Mori, S., Ozu, C., and Kimura, S. (2011). Overview on the pathomechanisms of allergic rhinitis. Asia Pac. Allergy 1, 157–167. doi:10.5415/apallergy.2011.1.3.157
 Peng, Q., and Chen, R. (2019). Biosynthesis of gold nanoparticles using Caffeoylxanthiazonoside, chemical isolated from Xanthium strumarium L. fruit and their Anti-allergic rhinitis effect-a traditional Chinese medicine. J. Photochem. Photobiol. B Biol. 192, 13–18. doi:10.1016/j.jphotobiol.2018.12.015
 Peng, W., Ming, Q.-L., Han, P., Zhang, Q.-Y., Jiang, Y.-P., Zheng, C.-J., et al. (2014). Anti-allergic rhinitis effect of caffeoylxanthiazonoside isolated from fruits of Xanthium strumarium L. in rodent animals. Phytomedicine 21, 824–829. doi:10.1016/j.phymed.2014.01.002
 Phan, H. T. L., Nam, Y. R., Kim, H. J., Woo, J. H., NamKung, W., Nam, J. H., et al. (2022). In-vitro and in-vivo anti-allergic effects of magnolol on allergic rhinitis via inhibition of ORAI1 and ANO1 channels. J. Ethnopharmacol. 289, 115061. doi:10.1016/j.jep.2022.115061
 Piao, C. H., Fan, Y. J., Nguyen, T., Van Song, C. H., and Chai, O. H. (2020). Mangiferin alleviates ovalbumin-induced allergic rhinitis via Nrf2/HO-1/NF-κB signaling pathways. Int. J. Mol. Sci. 21, 3415. doi:10.3390/ijms21103415
 Pinart, M., Keller, T., Reich, A., Fröhlich, M., Cabieses, B., Hohmann, C., et al. (2017). Sex-related allergic rhinitis prevalence switch from childhood to adulthood: a systematic review and meta-analysis. Int. Arch. Allergy Immunol. 172, 224–235. doi:10.1159/000464324
 Pullerits, T., Praks, L., Ristioja, V., and Lötvall, J. (2002). Comparison of a nasal glucocorticoid, antileukotriene, and a combination of antileukotriene and antihistamine in the treatment of seasonal allergic rhinitis. J. Allergy Clin. Immunol. 109, 949–955. doi:10.1067/mai.2002.124467
 Pullerits, T., Praks, L., Skoogh, B.-E., Ani, R., and Lötvall, J. (1999). Randomized placebo-controlled study comparing a leukotriene receptor antagonist and a nasal glucocorticoid in seasonal allergic rhinitis. Am. J. Respir. Crit. Care Med. 159, 1814–1818. doi:10.1164/ajrccm.159.6.9810016
 Raap, U., and Braunstahl, G.-J. (2010). The role of neurotrophins in the pathophysiology of allergic rhinitis. Curr. Opin. Allergy Clin. Immunol. 10, 8–13. doi:10.1097/ACI.0b013e328334f5de
 Rahim, N. A., Jantan, I., Said, M. M., Jalil, J., Razak Abd, A. F., and Husain, K. (2021). Anti-allergic rhinitis effects of medicinal plants and their bioactive metabolites via suppression of the immune system: a mechanistic review. Front. Pharmacol. 12, 660083. doi:10.3389/fphar.2021.660083
 Reinwald, S., Rolland, J. M., O’Hehir, R. E., and van Zelm, M. C. (2022). Peanut oral immunotherapy: current trends in clinical trials. Immunother. Adv. 2 2, ltac004. doi:10.1093/immadv/ltac004
 Reisinger, J., Triendl, A., Kuchler, E., Bohle, B., Krauth, M., Rauter, I., et al. (2005). IFN-γ–enhanced allergen penetration across respiratory epithelium augments allergic inflammation. J. Allergy Clin. Immunol. 115, 973–981. doi:10.1016/j.jaci.2005.01.021
 Ren, M., Wang, Y., Lin, L., Li, S., and Ma, Q. (2022). α-Linolenic acid screened by molecular docking attenuates inflammation by regulating Th1/Th2 imbalance in ovalbumin-induced mice of allergic rhinitis. Molecules 27, 5893. doi:10.3390/molecules27185893
 Sagit, M., Polat, H., Gurgen, S. G., Berk, E., Guler, S., and Yasar, M. (2017). Effectiveness of quercetin in an experimental rat model of allergic rhinitis. Eur. Arch. Oto-Rhino-Laryngology 274, 3087–3095. doi:10.1007/s00405-017-4602-z
 Şahin, A., Sakat, M. S., Kılıç, K., Aktan, B., Yildirim, S., Kandemir, F. M., et al. (2021). The protective effect of Naringenin against ovalbumin-induced allergic rhinitis in rats. Eur. Arch. Oto-Rhino-Laryngology 278, 4839–4846. doi:10.1007/s00405-021-06769-7
 Sakshi, S., Mazumder, R., Monika, M., Singh, N., and Kumar, B. (2023). Novel approaches for allergen-specific immunotherapy—an overview. Trends Immunother. 7, 2026. doi:10.24294/ti.v7.i1.2026
 Sasaki, H., Takei, M., Kobayashi, M., Pollard, R. B., and Suzuki, F. (2002). Effect of glycyrrhizin, an active component of licorice roots, on HIV replication in cultures of peripheral blood mononuclear cells from HIV-seropositive patients. Pathobiology 70, 229–236. doi:10.1159/000069334
 Schenkel, E. J., Skoner, D. P., Bronsky, E. A., Miller, S. D., Pearlman, D. S., Rooklin, A., et al. (2000). Absence of growth retardation in children with perennial allergic rhinitis after one year of treatment with mometasone furoate aqueous nasal spray. Pediatrics 105, e22. doi:10.1542/peds.105.2.e22
 Schlapbach, C., Gehad, A., Yang, C., Watanabe, R., Guenova, E., Teague, J. E., et al. (2014). Human T H 9 cells are skin-tropic and have autocrine and paracrine proinflammatory capacity. Sci. Transl. Med. 6, 219ra8. doi:10.1126/scitranslmed.3007828
 Segall, N., Prenner, B., Lumry, W., Caracta, C. F., and Tantry, S. K. (2019). Long-term safety and efficacy of olopatadine-mometasone combination nasal spray in patients with perennial allergic rhinitis. Allergy Asthma Proc. 40, 301–310. doi:10.2500/aap.2019.40.4233
 Seo, D. Y., Lee, S. R., Heo, J.-W., No, M.-H., Rhee, B. D., Ko, K. S., et al. (2018). Ursolic acid in health and disease. Korean J. Physiol. Pharmacol. 22, 235–248. doi:10.4196/kjpp.2018.22.3.235
 Sethi, G., Ahn, K. S., Sung, B., and Aggarwal, B. B. (2008). Pinitol targets nuclear factor-kappaB activation pathway leading to inhibition of gene products associated with proliferation, apoptosis, invasion, and angiogenesis. Mol. Cancer Ther. 7, 1604–1614. doi:10.1158/1535-7163.MCT-07-2424
 Shaida, A., Kenyon, G., Devalia, J., Davies, R. J., MacDonald, T. T., and Pender, S. L. F. (2001). Matrix metalloproteinases and their inhibitors in the nasal mucosa of patients with perennial allergic rhinitis. J. Allergy Clin. Immunol. 108, 791–796. doi:10.1067/mai.2001.119024
 Sharma, N., Biswas, S., Al-Dayan, N., Alhegaili, A. S., and Sarwat, M. (2021). Antioxidant role of kaempferol in prevention of hepatocellular carcinoma. Antioxidants 10, 1419. doi:10.3390/antiox10091419
 Shi, Y.-N., Su, J.-Z., Wang, J., and Geng, J.-Q. (2023). Myricetin alleviates ovalbumin-induced allergic rhinitis in mice by regulating Th1/Th2 balance. Asian pac. J. Trop. Biomed. 13, 306–314. doi:10.4103/2221-1691.380562
 Shibata, S., Takahashi, K., Yano, S., Harada, M., Saito, H., Tamura, Y., et al. (1987). Chemical modification of glycyrrhetinic acid in relation to the biological activities. Chem. Pharm. Bull. 35, 1910–1918. doi:10.1248/cpb.35.1910
 Shin, D., Lee, S., Huang, Y.-H., Lim, H.-W., Lee, Y., Jang, K., et al. (2018). Protective properties of geniposide against UV-B-induced photooxidative stress in human dermal fibroblasts. Pharm. Biol. 56, 176–182. doi:10.1080/13880209.2018.1446029
 Shvydenko, K. V., Grafova, I. A., Shvydenko, T. I., Kostyuk, A. N., Picanço, N. S., Silva, L. F. R., et al. (2022). Indole alkaloid ellipticine as efficient multitarget compound. Ukr. Bioorg. Acta 17, 92–100. doi:10.15407/bioorganica2022.01.092
 Singh, B., Sharma, M. K., Meghwal, P. R., Sahu, P. M., and Singh, S. (2003). Anti-inflammatory activity of shikonin derivatives from Arnebia hispidissima. Phytomedicine 10, 375–380. doi:10.1078/0944-7113-00262
 Skoner, D. P. (2001). Allergic rhinitis: definition, epidemiology, pathophysiology, detection, and diagnosis. J. Allergy Clin. Immunol. 108, S2–S8. doi:10.1067/mai.2001.115569
 Small, P., Frenkiel, S., Becker, A., Boisvert, P., Bouchard, J., Carr, S., et al. (2007). Rhinitis: a practical and comprehensive approach to assessment and therapy. J. Otolaryngol. 36, S5. doi:10.2310/7070.2006.X002
 Small, P., Keith, P. K., and Kim, H. (2018). Allergic rhinitis. Allergy, Asthma Clin. Immunol. 14, 51. doi:10.1186/s13223-018-0280-7
 Soussi-Gounni, A., Kontolemos, M., and Hamid, Q. (2001). Role of IL-9 in the pathophysiology of allergic diseases. J. Allergy Clin. Immunol. 107, 575–582. doi:10.1067/mai.2001.114238
 Sugiura, H., and Ichinose, M. (2008). Oxidative and nitrative stress in bronchial asthma. Antioxid. Redox Signal. 10, 785–797. doi:10.1089/ars.2007.1937
 Sun, N., Deng, C., Zhao, Q., Han, Z., Guo, Z., Wang, H., et al. (2021). Ursolic acid alleviates mucus secretion and tissue remodeling in rat model of allergic rhinitis after PM2.5 exposure. Am. J. Rhinol. Allergy 35, 272–279. doi:10.1177/1945892420953351
 Thakur, K., Zhu, Y.-Y., Feng, J.-Y., Zhang, J.-G., Hu, F., Prasad, C., et al. (2020). Morin as an imminent functional food ingredient: an update on its enhanced efficacy in the treatment and prevention of metabolic syndromes. Food Funct. 11, 8424–8443. doi:10.1039/D0FO01444C
 Tsai, P.-J., Huang, W.-C., Hsieh, M.-C., Sung, P.-J., Kuo, Y.-H., and Wu, W.-H. (2015). Flavones isolated from scutellariae radix suppress propionibacterium acnes-induced cytokine production in vitro and in vivo. Vivo. Mol. 21, 15. doi:10.3390/molecules21010015
 Urzúa, A., Santander, R., Echeverría, J., Villalobos, C., Palacios, S. M., and Rossi, Y. (2010). Insecticidal properties of Peumus boldus Mol. essential oil on the house fly, Musca domestica L. Bol. Latinoam. del Caribe Plantas Aromat. 9, 465–469. Available at: http://www.scopus.com/inward/record.url?eid=2-s2.0-79951499550&partnerID=MN8TOARS.
 Valenta, R., Karaulov, A., Niederberger, V., Gattinger, P., van Hage, M., Flicker, S., et al. (2018). Molecular aspects of allergens and allergy. Adv. Immunol. 138, 195–256. doi:10.1016/bs.ai.2018.03.002
 Van Nguyen, T., Piao, C. H., Fan, Y. J., Shin, D.-U., Kim, S. Y., Song, H.-J., et al. (2020). Anti-allergic rhinitis activity of α-lipoic acid via balancing Th17/Treg expression and enhancing Nrf2/HO-1 pathway signaling. Sci. Rep. 10, 12528. doi:10.1038/s41598-020-69234-1
 Varshney, J., and Varshney, H. (2015). Allergic rhinitis: an overview. Indian J. Otolaryngol. Head. Neck Surg. 67, 143–149. doi:10.1007/s12070-015-0828-5
 Verschoor, D., and von Gunten, S. (2019). Allergy and atopic diseases: an update on experimental evidence. Int. Arch. Allergy Immunol. 180, 235–243. doi:10.1159/000504439
 Vieira, G. C., Gadelha, F. A. A. F., Pereira, R. F., Ferreira, L. K. D. P., Barbosa-Filho, J. M., Bozza, P. T., et al. (2018). Warifteine, an alkaloid of Cissampelos sympodialis, modulates allergic profile in a chronic allergic rhinitis model. Rev. Bras. Farmacogn. 28, 50–56. doi:10.1016/j.bjp.2017.10.009
 Walker, S. M., Durham, S. R., Till, S. J., Roberts, G., Corrigan, C. J., Leech, S. C., et al. (2011). Immunotherapy for allergic rhinitis. Clin. Exp. Allergy 41, 1177–1200. doi:10.1111/j.1365-2222.2011.03794.x
 Wang, B., Gao, Y., Zheng, G., Ren, X., Sun, B., Zhu, K., et al. (2016a). Platycodin D inhibits interleukin-13-induced the expression of inflammatory cytokines and mucus in nasal epithelial cells. Biomed. Pharmacother. 84, 1108–1112. doi:10.1016/j.biopha.2016.10.052
 Wang, J., Liu, X., Liu, Z., Ge, Y., and He, S. (2021). Protective effect of Ellipticine in ovalbumin (OVA)-induced murine model of allergic rhinitis via dual inhibition of COX-2 and NF-κB. Isr. J. Plant Sci. 68, 79–89. doi:10.1163/22238980-bja10026
 Wang, S.-B., Deng, Y.-Q., Ren, J., Xiao, B.-K., Liu, Z., and Tao, Z.-Z. (2014). Exogenous interleukin-10 alleviates allergic inflammation but inhibits local interleukin-10 expression in a mouse allergic rhinitis model. BMC Immunol. 15, 9. doi:10.1186/1471-2172-15-9
 Wang, S. Z., Ma, F. M., and Zhao, J. D. (2013). Expressions of nuclear factor-kappa B p50 and p65 and their significance in the up-regulation of intercellular cell adhesion molecule-1 mRNA in the nasal mucosa of allergic rhinitis patients. Eur. Arch. Oto-Rhino-Laryngology 270, 1329–1334. doi:10.1007/s00405-012-2136-y
 Wang, W., Sun, C., Mao, L., Ma, P., Liu, F., Yang, J., et al. (2016b). The biological activities, chemical stability, metabolism and delivery systems of quercetin: a review. Trends Food Sci. Technol. 56, 21–38. doi:10.1016/j.tifs.2016.07.004
 Wang, W., and Zheng, M. (2011). Nuclear factor kappa B pathway down-regulates aquaporin 5 in the nasal mucosa of rats with allergic rhinitis. Eur. Arch. Oto-Rhino-Laryngology 268, 73–81. doi:10.1007/s00405-010-1282-3
 Wang, Y., Cui, C., and Sun, H. (2020). Anti-inflammatory effect of mangiferin on an experimental model of allergic rhinitis through the inhibition of NF-κB signaling pathways. J. Environ. Pathol. Toxicol. Oncol. 39, 357–364. doi:10.1615/JEnvironPatholToxicolOncol.2020032390
 Wee, J. H., Zhang, Y.-L., Rhee, C.-S., and Kim, D.-Y. (2017). Inhibition of allergic response by intranasal selective NF-κB decoy oligodeoxynucleotides in a murine model of allergic rhinitis. Allergy. Asthma Immunol. Res. 9, 61–69. doi:10.4168/aair.2017.9.1.61
 Wei, X., Zhang, B., Liang, X., Liu, C., Xia, T., Xie, Y., et al. (2021). Higenamine alleviates allergic rhinitis by activating AKT1 and suppressing the EGFR/JAK2/c-JUN signaling. Phytomedicine 86, 153565. doi:10.1016/j.phymed.2021.153565
 Weiner, J. M., Abramson, M. J., and Puy, R. M. (1998). Intranasal corticosteroids versus oral H1 receptor antagonists in allergic rhinitis: systematic review of randomised controlled trials. BMJ 317, 1624–1629. doi:10.1136/bmj.317.7173.1624
 Wheatley, L. M., and Togias, A. (2015). Clinical practice. Allergic rhinitis. N. Engl. J. Med. 372, 456–463. doi:10.1056/NEJMcp1412282
 Willoughby, J., Griffiths, J., Tews, I., and Cragg, M. S. (2017). OX40: structure and function – what questions remain?Mol. Immunol. 83, 13–22. doi:10.1016/j.molimm.2017.01.006
 Wilson, A. M., O’Byrne, P. M., and Parameswaran, K. (2004). Leukotriene receptor antagonists for allergic rhinitis: a systematic review and meta-analysis. Am. J. Med. 116, 338–344. doi:10.1016/j.amjmed.2003.10.030
 Wongpiyabovorn, J., Suratannon, N., Boonmee, S., and Chatchatee, P. (2018). Comparison of specific IgE detection by immunoblotting and fluorescence enzyme assay with in vivo skin prick test. Asian Pac. J. Allergy Immunol. 36, 159–165. doi:10.12932/AP-270217-0035
 Wu, E. L., Harris, W. C., Babcock, C. M., Alexander, B. H., Riley, C. A., and McCoul, E. D. (2019a). Epistaxis risk associated with intranasal corticosteroid sprays: a systematic review and meta-analysis. Otolaryngol. Neck Surg. 161, 18–27. doi:10.1177/0194599819832277
 Wu, Q., Wang, H., Che, X., and Wang, W. (2019b). Effects of caffeoylxanthiazonoside on airway inflammation in an allergic asthma mice model. Trop. J. Pharm. Res. 18, 761–766. doi:10.4314/tjpr.v18i4.12
 Xu, S., Kong, Y.-G., Jiao, W.-E., Yang, R., Qiao, Y.-L., Xu, Y., et al. (2019). Tangeretin promotes regulatory T cell differentiation by inhibiting Notch1/Jagged1 signaling in allergic rhinitis. Int. Immunopharmacol. 72, 402–412. doi:10.1016/j.intimp.2019.04.039
 Yamasaki, H. (1976). Pharmacology of sinomenine, an anti-rheumatic alkaloid from Sinomenium acutum. Acta Med. Okayama 30, 1–20.
 Yáñez, A., and Rodrigo, G. J. (2002). Intranasal corticosteroids versus topical H1 receptor antagonists for the treatment of allergic rhinitis: a systematic review with meta-analysis. Ann. Allergy, Asthma Immunol. 89, 479–484. doi:10.1016/S1081-1206(10)62085-6
 You, X., Sun, X., Kong, J., Tian, J., Shi, Y., and Li, X. (2021). D-pinitol attenuated ovalbumin-induced allergic rhinitis in experimental mice via balancing Th1/Th2 response. Iran. J. Allergy, Asthma Immunol. 20, 672–683. doi:10.18502/ijaai.v20i6.8017
 Zang, N., Xie, X., Deng, Y., Wu, S., Wang, L., Peng, C., et al. (2011). Resveratrol-mediated gamma interferon reduction prevents airway inflammation and airway hyperresponsiveness in respiratory syncytial virus-infected immunocompromised mice. J. Virol. 85, 13061–13068. doi:10.1128/JVI.05869-11
 Zhang, M., Liu, L., and Wang, S. (2014). Role of immune deviation by toll-liked receptor’s doping LPS in pathogenesis of allergic rhinitis. Zhonghua er bi yan hou tou jing wai ke za zhi = Chin. J. Otorhinolaryngol. Head. neck Surg. 49, 288–293.
 Zhang, W., Tang, R., Ba, G., Li, M., and Lin, H. (2020). Anti-allergic and anti-inflammatory effects of resveratrol via inhibiting TXNIP-oxidative stress pathway in a mouse model of allergic rhinitis. World Allergy Organ. J. 13, 100473. doi:10.1016/j.waojou.2020.100473
 Zhang, Y.-L., Yu, P.-C., and Liu, P. (2019). Using high-throughput metabolomics to discover perturbed metabolic pathways and biomarkers of allergic rhinitis as potential targets to reveal the effects and mechanism of geniposide. RSC Adv. 9, 17490–17500. doi:10.1039/C9RA02166C
 Zheng, Z., Sun, Z., Zhou, X., and Zhou, Z. (2018). Efficacy of Chinese herbal medicine in treatment of allergic rhinitis in children: a meta-analysis of 19 randomized controlled trials. J. Int. Med. Res. 46, 4006–4018. doi:10.1177/0300060518786905
 Zhou, Y., Wang, H., Sui, H., Li, L., Zhou, C., and Huang, J. (2016). Inhibitory effect of baicalin on allergic response in ovalbumin-induced allergic rhinitis Guinea pigs and lipopolysaccharide-stimulated human mast cells. Inflamm. Res. 65, 603–612. doi:10.1007/s00011-016-0943-0
GLOSSARY
[image: ]Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Moradi, Khazaei, Tarlan, Jasemi, Joshi, Aneva, Farzaei and Echeverría. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1447097-g002.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Natural products for the treatment of allergic rhinitis: focus on cellular signaling pathways and pharmacological targets		Background

		Purpose

		Methods

		Results and discussion

		Conclusion

		1 Introduction		1.1 Definition, general introduction, and epidemiology of allergic rhinitis

		1.2 Allergic rhinitis complications

		1.3 Cellular and molecular mechanisms involved in allergic rhinitis

		1.4 Restriction of current treatments and the role of natural products in allergic rhinitis





		2 Methods		2.1 Search strategy

		2.2 Inclusion criteria

		2.3 Exclusion criteria

		2.4 Data extraction





		3 Results		3.1 Alkaloids and nitrogen-containing compounds

		3.2 Flavonoids

		3.3 Phenolic compounds

		3.4 Terpenoids

		3.5 Miscellaneous compounds





		4 Discussion

		5 Conclusion

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References

		Glossary









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Natural products for the
treatment of allergic rhinitis:
focus on cellular signaling
pathways and pharmacological
targets





OPS/images/fphar-15-1447097-001.jpg
Glossary

AchE acetylcholinesterase
AKT1 serine/threonine kinase 1

AR Allergic rhinitis

ANO1 anoctamin 1

APCs antigen-presenting cells

AR allergic rhinitis

BAX bel-2-like protein 4

Bl2 B-cell lymphoma 2

Calu-3 cultured human airway epithelial cells

CAT catalase

CDa+T CD4 T lymphocytes cells

JUN transcription factor Jun

CcoX-2 cyclooxygenase 2

EoL-1 Eosinophilic leukemia cell line-1

ERK extracellular signal-regulated protein kinase

FeeRI high-affinity IgE receptor

Foxp3 forkhead box protein P3

GATA3 GATA binding protein 3

GM-CSF granulocyte-macrophage colony-stimulating factor
GSH glutathione

HEK293T cells  human embryonic kidney 293 cells

HO-1 heme oxygenase-1

ICAM-1t intercellular adhesion molecule 1

IDST intradermal (intracutaneous) skin tests

[FNy interferon-y

IgE immunoglobulin E

KB inhibitor of NF«kB

1B, interleukin-1p

IL-4 interleukin 4

IL-5 interleukin 5

IL-6 interleukin 6

IL-13 interleukin 13

JAK2 janus kinase 2

LTC4 Leukotriene C4

Lyn Tyrosine-protein kinase Lyn

mRNA messenger RNA

MAPKs mitogen-activated protein kinases

MDA malondialdehyde

MIP-2 Macrophage inflammatory protein-2

MUCSAC ‘mucin 5AC

NE-xB Nuclear factor-kappa B

NO Nitric oxide

NOS nitric oxide species

oIT oral immunotherapy

OVA ovalbumin

0X40 antigen CD134

p-ERK1/2 phospho-ERK1/2

PGD2 prostaglandin D2

PM2.5 particulate matter 2.5 pm

ROS reactive oxygen species

RORyt thymus or t isoform of the retinoic acid-related orphan receptor
gamma

RPMI2650 human nasal epithelial cells

SLIT sublingual allergen immunotherapy

SMAD suppressor of mothers against decapentaplegic

SIRT1 NAD-dependent deacetylase sirtuin-1

SOCS suppressor of cytokine signaling

SOCS1 suppressor of cytokine signaling 1

SOD Superoxide dismutase

SPT skin prick test

STAT6 signal transducer and activator of transcription 6

SYK spleen tyrosine kinase

TAC total antioxidant capacity

T-bet T box expressed in T cells

TGF-p tumor growth factor B

Thi Type 1 helper cells

Th2 Type 2 helper cells

Thi7 Type 17 helper cells

TLRs Toll-like receptors

TLSP thymic stromal lymphopoietin

TNFa tumor necrosis factor a

TOS total oxidant status

Treg regulatory T cells

TXNIP thioredoxin interacting protein

VIP vasoactive intestinal peptide





OPS/images/fphar-15-1447097-g001.gif
Rocords dentied hvough dtabase searching

(0= d521)

(e =724, S =284 S et =75 W of Sors = 65)

T
Records afterduplcaos emoved
=157
T
el
Rocorts screoned Revaw= 103
e 3740 e
Ropors assessod or sighity

ez

Stuios ncuded in e
r=40)

o mam o










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





