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Abstract

:

Allergic rhinitis (AR) is a prevalent inflammatory condition affecting millions globally, with current treatments often associated with significant side effects. To seek safer and more effective alternatives, natural sources like Urtica dioica (UD) are being explored. However, UD’s mechanism of action remains unknown. Therefore, to elucidate it, we conducted an in silico evaluation of UD phytochemicals’ effects on known therapeutic targets of allergic rhinitis: histamine receptor 1 (HR1), neurokinin 1 receptor (NK1R), cysteinyl leukotriene receptor 1 (CLR1), chemoattractant receptor-homologous molecule expressed on type 2 helper T cells (CRTH2), and bradykinin receptor type 2 (BK2R). The docking analysis identified amentoflavone, alpha-tocotrienol, neoxanthin, and isorhamnetin 3-O-rutinoside as possessing a high affinity for all the receptors. Subsequently, molecular dynamics (MD) simulations were used to analyze the key interactions; the free energy of binding was calculated through Generalized Born and Surface Area Solvation (MMGBSA), and the conformational changes were evaluated. Alpha-tocotrienol exhibited a high affinity while also inducing positive conformational changes across all targets. Amentoflavone primarily affected CRTH2, neoxanthin targeted NK1R, CRTH2, and BK2R, and isorhamnetin-3-O-rutinoside acted on NK1R. These findings suggest UD’s potential to treat AR symptoms by inhibiting these targets. Notably, alpha-tocotrienol emerges as a promising multi-target inhibitor. Further in vivo and in vitro studies are needed for validation.
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1. Introduction


Allergic rhinitis (AR) is a common inflammatory condition, affecting up to 30% of the global population [1]. It manifests symptoms such as sneezing, nasal congestion, and runny nose [2]. AR happens when allergens activate certain parts of the immune system, specifically immunoglobulin E (IgE) and type 2 helper T (Th2) cells [3]. Although often perceived as mild, AR significantly impacts patients’ lives, as numerous studies have shown [4,5,6]. Poor management due to misdiagnosis or inadequate treatment exacerbates patients’ difficulties [2,7]. There are two main treatments for AR, intranasal glucocorticoids (GCs) and antihistamines. GCs are highly effective anti-inflammatory and immunosuppressive agents [8]. However, they come with potential long-term side effects, including osteonecrosis, osteoporosis, myopathy, hyperglycemia, and weight gain [9]. Meanwhile, antihistamines, the most commonly used AR treatment, provide moderate relief from symptoms. Therefore, they often require supplementation with intranasal GCs or other therapies for better results [8]. Given the prevalent side effects and economic burdens of AR treatments, there is growing interest in exploring alternative therapies, particularly plant-derived ones. Plant-based medicine, the primary healthcare method for over 4 billion people around the world [10], can alleviate AR symptoms without significant side effects [3,11]. However, a deeper understanding of the mechanisms of action and the specific phytochemicals involved is crucial for developing newer, more affordable, and efficient treatments.



One of the most promising plants deserving further exploration is Urtica dioica (UD), commonly known as stinging nettle. UD can be found in Europe, North America, North Africa, and Asia [12,13]. Historically, it has had a wide range of traditional uses, such as alleviating joint pain, anemia, arthritis, gout, cardiovascular symptoms, diabetes, arthritis, and AR [12,13]. UD’s efficacy in alleviating AR symptoms has been evident since the early 1990s [14]. Recent clinical trials involving UD have corroborated its effectiveness in reducing the severity of clinical symptoms and nasal eosinophil counts [15]. However, the fact that UD does not induce significant changes in IgE levels has prompted questions regarding its mechanism of action. To this point, UD extracts can inhibit HR1 and key enzymes in prostaglandin formation [16]. Furthermore, UD could attenuate inflammatory cell recruitment in an asthmatic rat model [17].



Nevertheless, questions and inconsistencies regarding its mechanism of action and overall efficacy persist. One of the most common problems with treatments based on plant extracts is the significant variability in their phytochemical content. This variability can result from different harvesting seasons, external stimuli, types of tissues collected, postharvest changes, and extraction techniques [18,19,20,21,22]. This variability is particularly notable within the context of UD due to its problematic taxonomic classification [23,24]. As UD is found in various parts of the globe, there is an effort to reclassify UD into subspecies [23,24], a consideration often overlooked in many studies. Thus, numerous factors could alter the phytochemical contents, potentially contributing to the inconsistencies observed in UD treatment outcomes.



With this aim in mind, our study sought to evaluate the effectiveness of UD in treating AR by examining the affinity of UD phytochemicals for specific treatment targets. Through this investigation, we sought to enhance our comprehension of UD’s mechanism of action, efficacy, and the underlying molecules responsible for alleviating AR symptoms. HR1, NK1R, CLR1, CRTH2, and BK2R were tested against UD phytochemicals through docking analyses to achieve these objectives. The top five molecules with the highest affinity for all receptors were chosen for a triplicated MD simulation of 100 ns. Consequently, protein–ligand complex interactions were analyzed, and their affinity was evaluated using MMGBSA. In addition, a detailed analysis of structural changes was conducted to detect the phytochemicals’ ability to inhibit said targets. Notably, alpha-tocotrienol exhibited high-affinity interactions with all the receptors and structural changes similar to antagonists of these receptors. This highlights alpha-tocotrienol as a potential multi-target inhibitor for AR symptoms. These findings hold promise for advancing our understanding of UD’s therapeutic potential and may contribute to developing novel and more effective AR treatments.




2. Results and Discussion


2.1. Molecular Docking of UD Database against AR Targets


Initially, a database was established using reported UD phytochemical structures. This was followed by a literature search for AR pharmacological targets. Due to the limited passive diffusion of phytochemicals through cell membranes [25], this research was focused on G protein-coupled receptors (GPCRs) rather than intracellular receptors. Therefore, we selected five GPCRs with crystallized structures and known inhibitors. Consequently, HR1, NK1R, CLR1, CRTH2, and BK2R were chosen as target receptors. HR1 triggers diverse AR responses, including smooth muscle contraction, respiratory dilation, NF-kB pathway activation, and the synthesis of various factors [26,27,28]. NK1R activation is linked to proinflammatory responses and airway inflammation [29,30]. CLR1 contributes to nasal obstruction and airway inflammation [31], while CRTH2 induces vasodilation, nasal obstruction, and inflammation [32]. Meanwhile, K2R mediates increased vascular permeability, nasal obstruction, and nerve stimulation [33,34].



The molecular docking targeting the HR1 receptor was configured using the binding pocket identified from reported inhibitor binding sites [35,36,37,38]. Known inhibitors, including fexofenadine, loratadine, and doxepin, were also docked to comprehensively compare the affinity values. Fexofenadine exhibited the highest mean affinity value at −7.31 kcal/mol. The affinity values of the phytochemicals and inhibitors can be found in Table S1. Notably, four phytochemicals surpassed fexofenadine in affinity: 7α-hydroxy-sitosterol (−7.46 kcal/mol), β-sitosterol (−7.38 kcal/mol), γ-sitosterol (−7.33 kcal/mol), and phytosterol (7.33 kcal/mol).



In the case of NKR1, the binding pocket was set based on the reported interaction with the known inhibitor aprepitant [39]. The affinity values for all the phytochemicals are presented in Table S2, showcasing the top 15 phytochemicals, with the affinities ranging from −7.95 kcal/mol to −9.6 kcal/mol. Amentoflavone demonstrated the highest affinity at −9.6 kcal/mol, surpassing the known inhibitor aprepitant, which had an affinity of −9.03 kcal/mol (Table 1). Regarding CLR1, the chosen inhibitor was zafirlukast, and the binding pocket was also determined based on its interaction [40]. The affinity values and their mean, obtained from both software, are detailed in Table S3. Zafirlukast exhibited the highest affinity against CLR1 at −11.29 kcal/mol. Moreover, there was a significant discrepancy between the affinity values of zafirlukast and the UD phytochemicals. Amentoflavone (−9.56 kcal/mol) demonstrated the closest binding affinity to zafirlukast (Table 1).



The CRTH2 binding pocket was defined by its interactions with a PGD2 derivative (15mPGD2) and fevipiprant [41]. Fevipiprant served as the known inhibitor for CRTH2, and the corresponding affinity values are detailed in Table S4. Fevipiprant exhibited a mean affinity value of −9.2 kcal/mol. Notably, only two phytochemicals surpassed this affinity value: neoxanthin (−9.52 kcal/mol) and alpha-tocotrienol (−9.25 kcal/mol) (Table 1). The BK2R binding pocket was established based on documented interactions with bradykinin [42,43]. JSM10292 served as the selected known inhibitor, and the associated affinity values are detailed in Table S5. JSM10292 demonstrated a binding affinity of −8.375 kcal/mol. In this case, six phytochemicals exhibited higher affinity values than JSM10292: isorhamnetin rutinoside (−8.718 kcal/mol), heptadecanoic acid (−8.647 kcal/mol), 7β-hydroxy-sitosterol (−8.645 kcal/mol), γ-sitosterol (−8.603 kcal/mol), 7α-hydroxy-sitosterol (−8.569 kcal/mol), and amentoflavone (−8.384 kcal/mol) (Table 1).



The outcomes from the five dockings underscored that UD comprises phytochemicals with comparable or, in certain instances, superior affinity compared to established inhibitors. Additionally, we noted certain phytochemicals exhibiting a high affinity across multiple receptors (Tables S6–S10). To systematically assess this, we computed the average values for each phytochemical from the five dockings and identified their presence in the top 15 highest binding affinities in each docking (Table S11). Notably, our analysis revealed the presence of four phytochemicals consistently ranking within the top 15 in four out of the five dockings: amentoflavone, alpha-tocotrienol, neoxanthin, and isorhamnetin 3-O-rutinoside (Table 1). The existence of phytochemicals with a high affinity for more than one pharmacological target presents a great advantage. Multiple reports highlight the benefits of combining therapies for AR treatment [44], such as the inhibition of HR1 and NKR1 [45] or HR1 and CLR1 [46]. Therefore, we performed MD simulations to further analyze the ability of amentoflavone, alpha-tocotrienol, neoxanthin, and isorhamnetin 3-O-rutinoside to function as antagonists of the five selected targets.



Furthermore, alpha-tocotrienol, cholecalciferol, hecogenin, and solanidine were identified in Roschek Jr. et al.’s screen (Table 1). Notably, despite Ayers and Roschek Jr. using UD from Blessed Herbs and HPLC-grade water for extraction, Ayers’ screen did not find these phytochemicals. Moreover, Roschek Jr. et al. used the extract to test its effects on key receptors and enzymes linked to allergic rhinitis. Thus, it is encouraging that some of those molecules are found within this table [16]. Additionally, kaempferol-3-rutinoside, isorhamnetin rutinoside, epigallocatechin gallate, and epicatechin gallate were identified in the screen conducted by Repajić et al. [47], which involved a diverse array of plant samples from various regions in Croatia. Isorhamnetin 3-O-rutinoside and kaempferol-3-rutinoside were also detected in the study by Pinelli et al. [48], while isorhamnetin rutinoside appeared in Garcia et al.’s research [49,50]. Both studies focused on plants from Tuscany. Finally, the remaining six molecules were featured in the review by Grauso et al. [50]. It is worth noting that the six molecules also originate from samples primarily sourced from Europe [51,52,53,54]. However, due to the lack of comparison with samples from other regions, it remains uncertain if there is any specific regional tendency.




2.2. Stability and Equilibrium of Receptor–Ligand Complexes


In all systems, the negative control (flavoxate) consistently dissociated. However, despite its structural similarity to amentoflavone, it failed to establish the same stability with the receptors. This underscores the credibility of the interactions formed by the phytochemicals. Conversely, the NKR1, CLR1, CRTH2, and BK2R positive controls, and all the phytochemicals exhibited stable interactions with their respective complexes. However, for HR1, both neoxanthin and the known inhibitor (fexofenadine) dissociated. The dissociation of fexofenadine from HR1 might suggest a potentially higher affinity for HR1 among these three compounds. While no experimental structure or direct observation of the fexofenadine–HR1 interaction exists, MD simulations [55] and flexible ligand–receptor docking experiments [37] have reported that fexofenadine binds to Asp107, Tyr108, Lys179, Lys191, and Tyr458. This aligns with our docking parameters (Table 1). Thus, the main difference between the methodologies of those studies and ours is the binding pocket size. The methodologies mentioned above defined their binding pocket based on the interactions generated by doxepin with HR1 in the experimental structure PDB:3RZE. Here, we established the binding pocket based on PDB:3RZE and other computational and mutagenesis analyses [35,36,37,38]. Coupled with using PDB:7DFL as the base HR1 structure, this enabled us to have a more detailed and realistic binding pocket.



The RMSD analysis revealed that equilibrium was typically attained within 30 to 100 ns across most receptor–ligand complexes, as illustrated in Figure S1. The observed fluctuations ranged from 2 to 4 Å in the HR1 complexes (Figure S1A), 2 to 12 Å in the NKR1 complexes (Figure S1B), 2 to 7 Å in the CLR1 complexes (Figure S1C), 3 to 8 Å in CRTH2 (Figure S1D), and 2 to 5 Å in BK2R (Figure S1E). The convergence of the Rg values was observed between 40 and 100 ns (Figure S1), with values spanning from 20 to 22 Å in the HR1 complexes (Figure S1F), 27 to 31 Å in the NKR1 complexes (Figure S1G), 29 to 33 Å in the CLR1 complexes (Figure S1H), 28 to 31 Å in CRTH2 (Figure S1I), and 21 to 23 Å in BK2R (Figure S1J). Furthermore, the RMSF analysis demonstrated that all the phytochemicals exhibited a magnitude of change comparable to that of the known inhibitors, with differences of less than 2 Å (Figure S2). This observation suggests that the phytochemicals achieved stability in the same region as the known inhibitor, eliciting similar structural changes.




2.3. Analysis of Protein–Ligand Complexes


We conducted a cluster analysis to analyze the key interactions between the phytochemicals and HR1 during the simulation. Within most population structures, alpha-tocotrienol demonstrated 14 interactions with HR1 (Figure 1A). Specifically, residues Trp158, Thr194, and Asn198 were reported to interact with doxepin [37], while Trp158 and Asn198 interact with histamine [56]. Amentoflavone exhibited interactions with 13 residues (Figure 1B), including Thr112, Trp158, and Asn198, which also interacted with doxepin, and Thr112 and Asn198, which interact with histamine [37,56]. Isorhamnetin-3-O-rutinoside demonstrated interactions with 14 residues (Figure 1C), with Trp158 and Thr194 also interacting with doxepin but none of the residues interacted with histamine. Notably, none of the residues interacted with Asp107, Tyr108, or those surrounding residue 400. Thus, while these molecules occupy the desired binding pocket, the docking analysis revealed greater stability around TM3, TM4, and TM5 [56].



The cluster analysis of the NKR1 complexes revealed that aprepitant established interactions with 17 residues, forming five hydrogen bonds with His108, Asn109, Ile182, Gln165, and Phe268 (Figure 2A). Notably, nine of these interactions are consistent with literature findings: Asn109, Ile113, Gln165, Ile182, Trp184, Glu193, His197, Phe264, and Phe268 [39]. It is worth noticing that Gln165 and Tyr287 play a pivotal role in both agonist and antagonist binding [57]. Alpha-tocotrienol engaged with 20 residues (Figure 2B), with nine interactions overlapping with aprepitant. Amentoflavone also interacted with 20 residues (Figure 2C), forming hydrogen bonds with His108, Asn109, Phe267, and Tyr287. Seven of these interactions mirrored those observed with aprepitant. Isorhamnetin-3-O-rutinoside formed interactions with 21 residues (Figure 2D), including three hydrogen bonds (Asn89, His265, Phe268), with nine shared interactions with aprepitant. Neoxanthin engaged with 18 residues (Figure 2E), establishing three hydrogen bonds (Val94, His108, Asn109) and sharing three interactions with aprepitant. Notably, neoxanthin shifted slightly toward TM1 and TM2 but remained within the desired binding pocket.



The cluster analysis of the CLR1 complexes illustrated that zafirlukast established interactions with 21 residues (Figure 3A), forming hydrogen bonds with Tyr104, Phe174, and Leu189. In the experiment, zafirlukast interacted with 16 residues: Tyr104, Tyr108, Thr154, Ser155, Pro157, Phe158, Pro176, Leu189, His190, Ser193, Tyr249, Arg253, His256, Val277, Thr280, and Leu281 [40]. Notably, 11 out of the 16 interactions from the experimental structure were recapitulated in the MD simulation. Similarly, alpha-tocotrienol generated interactions with 21 residues (Figure 3B), with a hydrogen bond observed with His256. Fifteen of these interactions overlapped with those of zafirlukast. Amentoflavone engaged with 18 residues (Figure 3C), forming hydrogen bonds with Glu175 and Pro176, and 13 of these interactions were shared with zafirlukast. Isorhamnetin-3-O-rutinoside interacted with 17 residues (Figure 3D), with no hydrogen bonds formed and ten interactions were common with zafirlukast. Finally, neoxanthin established interactions with 28 residues (Figure 3E) without hydrogen bonds. The extensive interactions of neoxanthin were attributed to its significant stretching inside CLR1. Notably, 15 out of these 28 interactions were also observed in zafirlukast. Importantly, none of the molecules deviated from the desired binding pocket, maintaining interactions similar to those of the known inhibitor.



In the CRTH2 cluster analysis, fevipiprant formed interactions with 19 residues (Figure 4A), establishing hydrogen bonds with His107, Tyr184, Lys210, and Tyr262. Fourteen of these interactions aligned with those observed in the experimental structure (Met17, Phe87, His107, Phe111, Phe112, Arg170, Cys182, Tyr183, Tyr184, Lys210, Tyr262, Leu286, Pro287, and Thr290), where, notably, Tyr184, Lys210, and Tyr262 also participated in hydrogen bonding [58]. This consistency between the experimental and MD analyses underscores the preservation of fevipiprant’s binding pocket. Alpha-tocotrienol engaged with 22 residues (Figure 4B), forming a single hydrogen bond with His107, while 15 interactions coincided with those observed in fevipiprant. Amentoflavone established interactions with 20 residues (Figure 4C), featuring five hydrogen bonds (Phe87, Phe90, Met181, Cys182, and Glu269). Additionally, 17 of these interactions were shared with fevipiprant. Isorhamnetin-3-O-rutinoside interacted with 20 residues (Figure 4D), with four hydrogen bonds (Met17, Phe90, Met181, Tyr262, and Glu269) and 13 interactions were in common with fevipiprant. Lastly, neoxanthin displayed interactions with 29 residues, the highest among the molecules (Figure 4E). However, only 3 of these interactions formed hydrogen bonds (Arg170, Tyr262, and Glu269), yet 16 interactions were shared with fevipiprant.



In the BK2R cluster analysis, JSM-10292 established interactions with 17 residues (Figure 5A), forming a single hydrogen bond with Phe121. Notably, ten of these interactions (Trp113, Phe121, Asn134, Ile137, Ser138, Leu141, Leu228, Phe286, Asp311, and Thr314) coincided with the binding pocket of bradykinin and JSM10292, as reported in previous studies [42,43]. Alpha-tocotrienol engaged with 20 residues (Figure 5B), generating a lone hydrogen bond with Trp113. Nine of these interactions were also observed in JSM-10292. Amentoflavone formed interactions with 22 residues (Figure 5C) and established four hydrogen bonds with Trp113, Phe121, Asp311, and Tyr322. Of these residues, 12 were shared with JSM-10292. Isorhamnetin-3-O-rutinoside interacted with 22 residues (Figure 5D), creating hydrogen bonds with Glu221, Asn225, Asp293, and 314. Twelve of these interactions overlapped with JSM-10292. Neoxanthin interacted with 19 residues (Figure 5E), producing three hydrogen bonds (Ser138 and Tyr201), with 11 of these interactions shared with JSM-10292. In summary, all molecules established stable interactions within the desired binding pocket, primarily interacting with TM3, TM4, the loop between both, and TM7. In conclusion, the comprehensive analysis revealed that all the examined phytochemicals consistently established stable interactions within the binding pockets of their respective receptors. Notably, many of these interactions mirrored those observed with known inhibitors, reinforcing their potential as ligands with interactions comparable to those of known inhibitors.




2.4. Binding Free Energy of UD Phytochemicals


To comprehensively assess the affinity of the phytochemicals for the target, we employed the MMGBSA approach to calculate the binding free energies. HR1 and alpha-tocotrienol exhibited the highest affinity among the compounds studied, yielding a binding free energy of −38.493 (±5.112) kcal/mol. Amentoflavone and isorhamnetin 3-O-rutinoside demonstrated comparable binding free energies of −28.679 (±3.301) kcal/mol and −26.446 (±4.216) kcal/mol, respectively (Table 2). An in-depth analysis of the per-residue decomposition of the free energy revealed that alpha-tocotrienol formed 11 interactions above the 0.5 kcal/mol cutoff. At the same time, amentoflavone generated 12, and isorhamnetin 3-O-rutinoside had 10 interactions (Table S12). The discernible difference in the affinity of alpha-tocotrienol compared to the other phytochemicals can be attributed to its ability to establish a higher number of interactions, albeit with lower affinities.



For NKR1, isorhamnetin-3-O-rutinoside had the highest binding affinity of all the molecules with −46.756 (±4.78) kcal/mol, followed by alpha-tocotrienol with −45.400 (±3.28) kcal/mol, neoxanthin with −39.455 (±7.95) kcal/mol, aprepitant with −38.343 (±3.61) kcal/mol, and amentoflavone with −33.954 (±3.70) kcal/mol (Table 2). Notably, only amentoflavone failed to surpass the affinity of the known inhibitor, aprepitant. The per-residue decomposition of the free energy highlighted isorhamnetin 3-O-rutinoside as the molecule generating the highest number of interactions above the 0.5 kcal/mol threshold, with a count of 19. This was followed by neoxanthin with 16, and amentoflavone and alpha-tocotrienol with 14 interactions, while aprepitant exhibited 11 interactions (Table S13). Thus, once again, the highest affinity was more associated with the number of interactions than with the magnitude of the affinity.



For CLR1, neoxanthin displayed the highest binding affinity at −61.436 (±5.20) kcal/mol, with alpha-tocotrienol closely following at −54.785 (±2.89) kcal/mol, which is consistent with the cluster analysis. Notably, neoxanthin and alpha-tocotrienol surpassed the binding affinity of zafirlukast (−49.684 (±4.43) kcal/mol). In the per-residue decomposition of the free energy, neoxanthin emerged as the molecule generating the highest number of interactions above the 0.5 kcal/mol threshold, with an impressive count of 24. Alpha-tocotrienol generated the second-highest number of interactions at 18, followed by isorhamnetin-3-O-rutinoside with 17 interactions, zafirlukast with 16, and amentoflavone with 14 (Table S14). Here, the remarkable binding affinity of neoxanthin towards CLR1 can be attributed to the substantial 24 interactions above the 0.5 kcal/mol threshold. Thus, once again, the high affinity is due to the high number of interactions with lower affinity.



For CRTH2, neoxanthin exhibited the highest binding affinity at −56.836 (±4.22) kcal/mol, followed by alpha-tocotrienol at −53.334 (±4.96) kcal/mol, amentoflavone at −45.005 (±3.37) kcal/mol, fevipiprant at −43.221 (±4.58) kcal/mol, and isorhamnetin-3-O-rutinoside at −41.325 (±6.32) kcal/mol (see Table 2). Notably, only isorhamnetin-3-O-rutinoside failed to surpass the binding affinity of the known inhibitor, fevipiprant. In the per-residue decomposition of the free energy, amentoflavone and alpha-tocotrienol displayed the highest number of interactions above the cutoff, each with 17. Despite amentoflavone and alpha-tocotrienol sharing the same number of interactions above 0.5 kcal/mol, alpha-tocotrienol displayed an energy higher by 8 kcal/mol. Then, isorhamnetin-3-O-rutinoside and fevipiprant exhibited the second-highest number of interactions above the cutoff, with 15, while neoxanthin generated the lowest number of interactions at 14 (Table S15). This suggests that neoxanthin achieves its affinity through many interactions below 0.5 kcal/mol.



For BK2R, consistent with the cluster analysis findings, all the phytochemicals exhibited higher binding affinity than JSM-10292 at −32.310 (±4.73) kcal/mol. Neoxanthin demonstrated the highest affinity towards the binding pocket at −47.394 (±4.81) kcal/mol, followed by alpha-tocotrienol at −42.654 (±3.71) kcal/mol, amentoflavone at −38.984 (±5.37) kcal/mol, and isorhamnetin-3-O-rutinoside at −37.080 (±4.76) kcal/mol (refer to Table 2). In the per-residue decomposition of the free energy, isorhamnetin-3-O-rutinoside produced the highest number of interactions above the cutoff, with 17, followed by alpha-tocotrienol with 15. JSM-10292 and neoxanthin each had 13 interactions, while amentoflavone had 12 (Table S16).



Alpha-tocotrienol’s superior affinity compared to all the known inhibitors prompted further analysis. The binding free energies for alpha-tocotrienol and the known inhibitors were recalculated using the MMPBSA methodology (Table 3). For HR1, in which, the known inhibitor dissociated, amentoflavone was used for comparison, revealing an affinity of −34.65 (±4.7) kcal/mol for alpha-tocotrienol and −28.2 (±3.81) kcal/mol for amentoflavone. Both molecules maintained the observed difference seen with MMGBSA. For NKR1, CLR1, and BK2R, alpha-tocotrienol consistently exhibited better binding free energies than the known inhibitor, affirming its higher affinity. For NKR1, the affinity was −35.7 (±4.65) kcal/mol for alpha-tocotrienol versus −29.52 (±5.01) kcal/mol for aprepitant. For CLR1, the affinity was −45.55 (±3.07) kcal/mol for alpha-tocotrienol versus −38.95 (±4.65) kcal/mol for zafirlukast. For BK2R, the affinity was −31.93 (±5.38) kcal/mol for alpha-tocotrienol versus −23.77 (±4.12) kcal/mol for JSM-10292. Only for CRTH2 did alpha-tocotrienol (−31.73 ± 4.33 kcal/mol) exhibit a lower affinity than the known inhibitor fevipiprant (−52.55 ± 5.93 kcal/mol). Alpha-tocotrienol maintained a superior affinity within all systems, but the results for CRTH2 are encouraging [59]. Even for CRTH2, where its affinity was reduced, alpha-tocotrienol remained a viable antagonist, as its binding free energy aligned with that of other inhibitors and its values in the different systems.



Consequently, alpha-tocotrienol demonstrated a higher affinity and stability than most known inhibitors, consistently ranking as the highest or second highest across most systems analyzed using the MMGBSA and MMPBSA methodologies. However, it is noteworthy that alpha-tocotrienol did not maintain this superiority towards the known inhibitor for CRTH2 according to the MMPBSA calculations. However, its value remained as high as in other systems. Meanwhile, neoxanthin exhibited a higher affinity than the known inhibitors in all systems except for HR1. Finally, isorhamnetin-3-O-rutinoside had a higher affinity than the known inhibitors for NKR1 and BK2R, while amentoflavone’s affinity was higher for BK2R and CRTH2. A further analysis of the per-residue decomposition showed that the difference between alpha-tocotrienol and the known inhibitors or other phytochemicals was attributed to alpha-tocotrienol generating more interactions with an affinity lower than 0.5 kcal/mol.




2.5. Evaluation of Structural Inactivation of Target Receptors


One key benefit of studying GPCRs is their propensity to undergo distinct and well-documented structural alterations upon interaction with G proteins. This characteristic enables us to discern the potential effects induced by phytochemicals that may trigger agonistic or antagonistic conformational shifts. In most GPCRs, the agonists bind to the receptor’s extracellular domain, initiating a cascade of conformational changes that draw the TMs closer within the extracellular region. This process forms an intracellular cavity that facilitates G protein binding [60]. Conversely, antagonists exert the opposite effect by pushing TMs away within the extracellular portion and closing the intracellular cavity. Notably, conformational changes within TM2, TM3, TM5, TM6, and TM7 are commonly observed across various systems. However, CRTH2 stands apart as it operates without conventional activation [41,61]. Molecular dynamics studies have revealed consistent transmembrane conformations among antagonists, agonists, and CRTH2 alone [41,58,62], except for the behavior of helix 8 [61,62]. This helix, upon binding of an agonist, will undergo compaction to inhibit arrestin recruitment.



To evaluate these conformational changes, we analyzed the phytochemicals that exhibited a higher affinity than the known inhibitors. This is performed by comparing their structures to those derived from experimental studies alongside the simulations with the known inhibitors. First, a preliminary analysis was conducted based on the most populated cluster structure (Table 4). Complexes exhibiting conformational changes similar to those of the known inhibitors underwent further scrutiny by analyzing the structural changes within the 100 ns of the MD simulation.



For HR1, only alpha-tocotrienol was chosen due to its significantly higher affinity. The experimental structures of HR1–histamine (PDB: 7DFL) and HR1–doxepin (PDB: 3RZE) were used for comparison [37,56]. In this way, despite the alpha-tocotrienol/HR1 complex being based on the HR1–histamine complex, the most populated cluster revealed an intracellular closure of the G protein cavity (Table 4 and Figure S3). At the simulation’s start, the alpha-tocotrienol complex’s intracellular segment had TM6 positioned 1.93 Å farther from the structural core compared to the histamine complex (Figure 6A). By 50 ns, TM6 had undergone a displacement of 3.44 Å towards the core, directed towards TM3 and TM5. At 100 ns, TM6 was positioned 6.31 Å closer to TM5/TM3 than the histamine complex (Figure 6A). In this way, as depicted in Figure 6B and Movie S1, TM6 exhibited a consistent trend, progressively shifting towards TM3 and TM5. This movement of TM6 brought it to the same position as the doxepin structure, effectively closing the G protein cavity (Figure 6C,D). This motion of TM6 originated from an extracellular stimulus exerted by alpha-tocotrienol in the same direction as the inhibitor (Figure S4). Consequently, despite its primary interactions with TM3, TM4, and TM5, alpha-tocotrienol effectively sealed the intracellular cavity of the G protein to a degree nearly matching that of doxepin (Movie S1).



For NKR1, isorhamnetin-3-O-rutinoside, alpha-tocotrienol, and neoxanthin exhibited higher binding affinities than aprepitant. Thus, these complexes were compared to the experimental structures of NKR1–substance P (PDB:7RMG), NKR1–aprepitant (PDB:6J20), and the MD structure of NKR1–aprepitant [57,63]. Encouragingly, the most populated cluster of NKR1–aprepitant maintained the same intracellular closing pattern that was observed in the experimental structure (Figure S5). Neoxanthin and isorhamnetin-3-O-rutinoside closed the G protein cavity like aprepitant (Table 4 and Figure S5). At the same time, alpha-tocotrienol induced a complete remodeling of the G protein binding site by notably shifting TM6 close to TM3 and TM5 (Table 4 and Figure S5). Thus, all three phytochemicals were further analyzed. Alpha-tocotrienol’s remodeling increased proportionally with time (Figure 7A and Movie S2A). At 50 ns, alpha-tocotrienol moves TM3, TM5, and TM6 more than 10 Å in the opposite direction of TM2 and TM4. Furthermore, at 100 ns, these four TMs continued moving in the same direction, drawing closer than any other TMs within all the NKR1 complexes (Figure 7A). Thus, alpha-tocotrienol completely reshaped the NKR1 structure in both the intra- and extracellular portions (Figure S6). The MD structure of NKR1–aprepitant exhibited a similar structural shift from alpha-tocotrienol, but with a lower intensity (Figure 7C,D). Finally, isorhamnetin-3-O-rutinoside did not display any consistent or specific shift pattern (Figure 7E,F), while neoxanthin consistently moved TM3, TM5, and TM6 towards the direction of the initial location of TM5 (see Figure 7G,H). Therefore, all three phytochemicals effectively preserved the closure of the intracellular cavity of G proteins (Movie S2).



For CLR1, only alpha-tocotrienol and neoxanthin showcased superior affinity compared to the known inhibitor, zafirlukast. Given the absence of an experimental CLR1 structure with an agonist, our comparison relied on structural deviations of the reference structure (PDB:6RZ5) compared to the MD CLR1/zafirlukast conformation identified through a cluster analysis. Our simulations revealed that zafirlukast prompted TM6 to shift towards the center, effectively closing the cavity within TM3, TM5, TM6, and TM7 (Table 4 and Figure S7). Alpha-tocotrienol induced a subtle inward movement of TM2 and TM7 towards the core, whereas neoxanthin caused TM6 to move outward from the core, as an agonist would (Table 4 and Figure S7). Considering that such outward movement may be undesirable, we focused our subsequent analyses solely on alpha-tocotrienol. Throughout the 100 ns simulation, alpha-tocotrienol and zafirlukast maintained a similar conformation, with noticeable movements primarily observed in TM5 and TM6 (Figure 8 and Figure S8). Despite these movements, none of the movement followed a specific direction (Movie S3). However, it is worth noting that alpha-tocotrienol generated a movement of TM6 away from the center. While this movement might not be ideal for obstructing the cavity for G proteins, it is important to mention that TM6 did not follow a particular trajectory either in the extracellular portion or intracellular portion (Figure 8 and Figure S8). Within the intracellular portion, from 0 to 50 ns, it moved away from TM7, while from 50 to 100 ns, it moved closer (Figure 8A). Additionally, the alpha-tocotrienol-induced movements did not generate an opening as pronounced as that of neoxanthin. Therefore, we associated this movement with the unidirectional movements observed in other TMs within HR1 and NKLR1 (Figure 6 and Figure 7). Thus, alpha-tocotrienol maintained the inactivation state of CLR1.



For CRTH2, amentoflavone, alpha-tocotrienol, and neoxanthin exhibited a stronger binding affinity to the receptor’s pocket than the established inhibitor fevipiprant. A structural analysis was conducted to explore these interactions by employing the agonist reference structure (PDB:7M8W) and the CRTH2/fevipiprant complex (PDB:6D26). As mentioned above, the only identified structural change was the agonist-induced compaction of helix 8. [61,62]. During the MD simulation, most transmembrane segments remained unaltered. The only distinctive behavior was the decompaction of helix 8, which lost its helical structure to some degree in all complexes (Table 4 and Figure S9). A further analysis showed that helix 8 lost its helical structure in all systems within the first 50 ns (Figure 9 and Movie S4). Therefore, none of these systems should inhibit arrestin recruitment.



All phytochemicals exhibited a superior affinity for BK2R compared to the established inhibitor. A structural comparison was conducted between the most populated clustering structures and PDB:7F6H, the base structure for the simulation, in which, BK2R is bound to a G protein and the agonist, bradykinin [64]. During the 100 ns simulation, amentoflavone and neoxanthin were not able to induce any significant changes in the conformational structure (Figure S10). However, JSM-10292 and alpha-tocotrienol triggered a displacement of TM6 and TM7 towards the core of the transmembrane helices (Figure S10). Conversely, isorhamnetin-3-O-rutinoside caused TM6 to move away from the core, surpassing even the activated position (Figure S10). Given that amentoflavone, neoxanthin, and isorhamnetin-3-O-rutinoside did not induce shifts similar to those caused by the known inhibitor, they were not further analyzed. Alpha-tocotrienol and JSM-10292 prompted movements of TM5 and TM6 (Figure 10 and Movie S5), with a discernible inactivation movement of TM6 towards the core being detected. Throughout the MD simulation, alpha-tocotrienol moved TM6 4.74 Å towards the direction of TM3, effectively closing the G protein cavity (Movie S5A and Figure 10B). Consequently, alpha-tocotrienol demonstrated the ability to act as a BK2R antagonist.




2.6. UD Phytochemicals’ Effects on Sensorial Nerves and Immune Cells


The investigation into botanical remedies for AR has spotlighted UD since the early 1990s [14]. In a recent clinical trial, Bakhshaee et al. explored the impact of a one-month UD treatment, which showed a significant reduction in the severity of clinical symptoms as evaluated through the SNOT-22 (Sinonasal Outcome Test-22). This widely recognized questionnaire is specifically designed to comprehensively assess the health-related quality of life in individuals with sinonasal conditions. Despite these positive findings, uncertainties persist, particularly in relation to UD’s limited impact on modifying IgE levels [15].



IgE, released promptly after allergen exposure, initiates the early phase response characterized by histamine release, sneezing, rhinorrhea, and nasal congestion [65]. While UD may not alter IgE release, it holds the potential for improving AR symptoms by potentially inhibiting the subsequent reactions in this cascade. This is especially remarkable in this context, as GPCRs are key to the activation of sensorial nerves [66,67,68,69,70]. The activation of these receptors could lead to pain, itch, cough, and neurogenic inflammation [71].



From Figure 11, it is apparent that the coordinated activity of five receptors significantly impacts the regulation of the inflammatory response through transient receptor potential (TRP) channels and calcium signaling. Within the realms of pain and itch pathways, the activation of GPCRs activates a signaling cascade that culminates with TRP activation. This occurs through the activation of phospholipases or via the stimulation of kinases, which positively modulate TRP activity [72]. Subsequently, TRPs induce a calcium influx, which modulates the activation of T cells and mast cells and promotes mucosal secretion from epithelial cells [73]. Within sensory neurons, TRP activation stimulates depolarization, giving rise to sensations of pain or itch [72]. Therefore, TRPs serve as pivotal regulators of AR [73].



Additionally, there are specific instances where multiple GPCRs can activate the same TRP channel. For example, HR1, NKR1, and BK2R have been shown to activate transient receptor potential vanilloid 1 (TRPV1) [75,76,77]. TRPV1 has been implicated in various physiological responses, including rhinorrhea, itch, sneezing, and T-cell activation [78,79,80]. Furthermore, mice lacking TRPV1 exhibited reduced IgE-mediated anaphylaxis [81]. Thus, even though the same GPCRs may not be expressed in the same cell types, this signaling pathway can be inhibited through multiple avenues, highlighting the significance of targeting this pathway as a therapeutic approach.



Moreover, the simultaneous inhibition of the five GPCRs studied here can positively impact a broader range of symptoms. HR1 antagonists effectively address rhinorrhea, sneezing, and nasal itching [82]. Meanwhile, HR1 and BK2R both increase vascular permeability. Additionally, HR1, alongside BK2R, contributes to increased vascular permeability [83,84]. Furthermore, NKR1 antagonists alleviate similar symptoms and reduce allergy-induced ocular redness and eosinophilic infiltration [29,85,86], benefits that traditional antihistamines fail to achieve. Finally, CLR1 as an NKR1 antagonist also influences eosinophilic proliferation and accumulation and type 2 innate lymphoid cell activity, both of which are strongly linked to rhinosinusitis [87,88]. CRTH2 also controls type 2 innate lymphoid cell activity [89]. In this way, these multiple targets broaden the modulation of more key AR players.




2.7. Perspective


Among the UD phytochemicals, alpha-tocotrienol has been the only molecule studied within this context. This is especially due to its observed capability to induce an antagonist shift in various structures. Alpha-tocotrienol holds particular importance as the primary form of vitamin E in blood and tissues [90]. Interestingly, a lower serum concentration of vitamin E has been linked to AR in children and pregnant women [91,92]. Moreover, treatment with vitamin E has demonstrated efficacy in mitigating inflammation and mucus secretion [93]. Despite this, the effectiveness of vitamin E treatment in AR remains uncertain, with studies yielding inconclusive results [93,94].



However, exploring beyond traditional vitamin E, long-chain metabolites have shown promise for inhibiting key aspects of allergic responses, including the Th2 immune response and mast cell activation [95]. This aligns with the desired inhibition of targets for AR. Intriguingly, in a rat model of AR, the intranasal administration of a tocotrienol-rich fraction demonstrated potential in reducing vascular congestion, inflammation, and polymorphonuclear cell infiltration [96]. Additionally, it is worth noting that within the extract utilized by Roschek Jr. et al. against known proteins associated with AR, including HR1, alpha-tocotrienol was identified with a relative abundance of 8.65%, which is encouraging [16]. Despite these promising findings, it is essential to highlight the scarcity of specific studies focusing on alpha-tocotrienol’s effects on AR or its direct impact on inflammation.



Conversely, amentoflavone, neoxanthin, and isorhamnetin 3-O-rutinoside have not been thoroughly studied in the context of AR. Notably, another extract (S. uncinata), in which amentoflavone is recognized as the principal flavonoid, demonstrated positive effects against asthma. This effect was attributed to its interaction with bitter taste receptors (T2Rs), a subfamily of GPCRs [97]. Additionally, amentoflavone exhibits anti-neuroinflammatory properties by inhibiting the TLR4/MyD88/NF-κB pathway and acting as a matrix metalloproteinase two inhibitor, which are other known AR targets [98,99].



Therefore, it is encouraging to note that our top candidate, alpha-tocotrienol, is supported by the existing literature. Furthermore, the positive outcomes demonstrated by long-chain metabolites in alleviating AR symptoms serve to reinforce our results [95]. In addition, it might highlight that molecular size plays a significant role in this inhibition. In our study, this was evidenced by the fact that both alpha-tocotrienol and neoxanthin possess long-chain structures. Nevertheless, while this study provides valuable insights into the potential therapeutic effects of UD phytochemicals in AR management, some limitations should be acknowledged.



Firstly, molecular dynamics simulations offer valuable structural insights but further validation through in vitro assays and animal studies is essential to assess the efficacy and safety of these phytochemicals in AR treatment. By addressing these limitations, our understanding of UD’s therapeutic effects on AR could pave the way for the development of novel and effective treatment strategies. In particular, alpha-tocotrienol shows potential as a candidate for managing AR symptoms and may even serve as a scaffold for designing molecules targeting multiple AR pathways.





3. Materials and Methods


3.1. Urtica dioica Phytochemicals


To establish a comprehensive database of UD phytochemicals, we meticulously curated literature reports from 2008 to 2021. This database, comprising 277 phytochemicals, was compiled from phytochemical screening studies and a review. However, it is important to note that these studies exhibited notable variations in plant growth conditions and extraction techniques, factors that significantly influence screening outcomes. For instance, Ilies et al. utilized plants collected in June from the Dambovita region, employing hydrodistillation for extraction [100], whereas Gül et al. collected plants in September in Tortepe, Turkey, using the same extraction method [101]. Repajić et al. collected plants before, during, and after flowering in various regions of Croatia, utilizing an Accelerated Solvent Extractor [47]. Roschek Jr. et al. and Ayers et al. obtained plant material from Blessed Herbs and extracted phytochemicals using HPLC-grade water [16,102]. Pinelli et al. cultivated UD under controlled conditions in Tuscany and extracted phytochemicals using EtOH [48].



Similarly, García et al. collected plants in July in Tuscany and employed a sonicator for extraction [49]. Al-Tameme et al. utilized methanol for extraction [66], while Grauso et al. collected plants in April and July in Cicerale, Italy, and used n-hexane for extraction [103]. Moreover, Majedi et al. and Grauso et al. compiled data from UD phytochemicals obtained from different sources [50,104]. This enhanced database consolidates a wide array of phytochemical data and offers a more nuanced understanding of the variability in extraction methods and plant growth conditions across different studies. By incorporating the diverse methodologies employed by various researchers, it provides a more comprehensive view of the phytochemical composition of UD. Subsequently, the database was refined to include only phytochemicals with available structures in PubChem [105], which is essential for docking and MD analyses. These phytochemicals are listed in Table S17.




3.2. Molecular Docking


To yield a more reliable result, the UD database was analyzed for docking to HR1, NKR1, CLR1, CRTH2, and BK2R with two software products, MOE [106] and AutoDock Vina [107]. The structure and detailed information about the system characteristics of all five receptors is provided in Table S18. Receptor structures were prepared using MOE for the MOE docking and AutoDock Tools [108] for the AutoDock Vina docking. All docking pockets were based on the reported binding pocket of the antagonist/agonist. In HR1, the MOE docking pocket was set as residues Asp107, Tyr108, Ile115, Trp158, Lys179, Phe184, Phe190, Lys191, Thr194, Asn198, Phe199, Phe424, Trp428, Tyr431, Phe432, His450, and Tyr458, whereas the grid box of AutoDock Vina was set as 134 × 135 × 161 Å, with a size of 29.25 × 29.25 × 25.5 Å. For NKR1, the MOE pocket was set as residues Asn109, Pro112, Ile113, Val116, Gln165, Ile182, Trp184, Glu193, His197, Val200, Ile204, Trp261, Phe264, His265, and Phe268, and the grid box of AutoDock Vina was set as −86.928 × 62.428 × 366.378, with a size of 25.5 × 25.5 × 27.0 Å. For CLR1, the MOE pocket was set as the residues Arg79, Thr100, Tyr104, Tyr108, Phe150, Thr154, Ser155, Pro157, Phe158, Phe174, Pro176, Val186, Leu189, His190, Ser193, Val196, Gly197, Tyr249, Arg253, His256, Leu257, Leu260, Val277, Thr280, and Leu281, and the Autodock Vina grid box was set as 12.575 × 12.957 × −13.8 Å, with a size of 27.75 × 30.75 × 32.25 Å. For CRTH2, the MOE pocket was set as residues Phe87, Phe90, Trp97, His107, Phe111, Arg179, Cys182, Tyr183, Tyr184, Lys210 Tyr262, Leu286, Pro287, and Phe294, and the grid box of Autodock Vina was set as −4.802 × −56.984 × 544.436 Å, with a size of 28.5 × 24.75 × 30.0 Å. Finally, for BK2R, the MOE pocket was set as residues Trp113, Phe121, Asn134, Ile137, Ser138, Leu141, Ser190, Met192, Ala210, Cys211, Val212, Ile213, Asn225, leu228, Phe286, Gln287, Thr290, Asp293, Glu307, Ile310, Asp311, and Thr314 Å, and the Autodock Vina grid box set as 120.628 × 129.497 × 104.933, with a size of 27.75 × 24.0 × 30.75 Å. We conducted a thorough validation process to bolster the robustness of our docking methodology. This encompassed the re-docking of co-crystallized ligands tailored to each receptor, utilizing both software platforms. Remarkably, our analysis unveiled a consistent localization of ligands within the anticipated binding pockets, with minimal variance in conformations (Figures S12 and S13). All these structures RMSD’s were calculated using PYMOL v 2.3.4 [109] (Figure S14).




3.3. MD Positive and Negative Controls


For the MD positive control, known inhibitors were utilized. As a negative control, we opted for a widely used drug devoid of any capacity to alleviate AR symptoms or exhibit anti-inflammatory effects. The negative control was identified through the Chemical Structure Search on DrugBank with a threshold of 0.5, within the dataset “Approved Drugs” [110], using amentoflavone as the reference with the highest affinity score among the four phytochemicals. The selected molecule, flavoxate, shared a score of 0.552 with amentoflavone and is commonly employed in treating overactive bladder syndrome [111]. Flavoxate has not been reported to possess direct anti-inflammatory effects, nor does it influence prostaglandin synthesis [112].




3.4. MD Simulation


The MD simulation employed the optimal conformation achieved by molecules in MOE or AutoDock Vina docking. Receptor–ligand complexes were constructed using the Amber22 package’s antechamber and tleap modules [113]. Ligand force fields were parameterized with the general amber force field [114] and the AM1-BCC method [115], while proteins were built using the amber ff14SB force field [116]. Counter ions were added to neutralize complexes and equilibrate the total charge, and systems were immersed in a truncated octahedral water box with a 12 Å boundary [117]. System equilibration involved 5000 cycles using the steepest descent method followed by 4000 cycles using the conjugate gradient method. The temperature was increased over 200 ps from to 310 K under an NVT ensemble, with heavy atoms in the receptor constrained using an elastic constant of 3 kcal/mol∙Å^2. Density equilibrium was achieved over 200 ps under an NTP ensemble, and pressure equilibration for 600 ps at 310 K with constrained heavy atoms. MD simulations, conducted under an NPT ensemble without restrictions, employed the Particle Mesh Ewald (PME) algorithm [118] for treating long-range electrostatic interactions [119]. Van der Waals and short-range electrostatic interactions were set to 10 Å. A time step of 2 fs was used, and the SHAKE algorithm [120] was used to constrain the bond lengths between hydrogen atoms and linked heavy atoms. The MD simulations were run in triplicate using the pmemd.cuda module in Amber22 [113]. The trajectory analysis utilized a single concatenated trajectory from overlapping triplicate simulations, providing estimates for the root mean squared deviation (RMSD), radius of gyration (RG), clustering analysis, and binding free energy calculations. The representative conformation shown in the figures corresponds to the most populated conformation obtained through a clustering analysis performed over the equilibrated simulation time of each system. The structural comparisons involved superimposing and aligning structures using PYMOL v 2.3.4 [109] and visualized in VMD software [121]. Two-dimensional graphical interactions were computed with MOE, and the legend of the interaction can be seen within each figure.




3.5. Binding Free Energy Studies with MMGBSA and MMPBSA


The binding free energy values were estimated over the equilibrated simulation time from the single concatenated trajectories using the MMGBSA method using the single-method MD simulation protocol with the MMPBSA.py module [122]. These methods were used to obtain the binding free energy values and perform the per-residue decomposition analysis as previously described [123].





4. Conclusions


Based on the docking analysis, this study showed that there are phytochemicals from UD that possess a higher or similar affinity for HR1, NKR1, CLR1, CRTH2, and BK2R than known inhibitors. The docking analysis revealed that amentoflavone, alpha-tocotrienol, neoxanthin, and isorhamnetin 3-O-rutinoside possess a high affinity for these receptors. The MD simulation confirmed this observation by showing that all the phytochemicals generated a higher or similar binding affinity towards all the receptors, except for neoxanthin with HR1. Out of these four phytochemicals, alpha-tocotrienol stands out as it generated a high affinity in all the systems while also causing structural changes that are associated with the structural inactivation of the five GPCRs. This result is in accordance with the reports of vitamin E and tocotrienols having an effect on AR symptoms. Thus, these results suggest that amentoflavone, alpha-tocotrienol, neoxanthin, and isorhamnetin 3-O-rutinoside might alleviate AR symptoms by inhibiting HR1, NKR1, CLR1, CRTH2, and BK2R. Although further research using in vitro and in vivo analyses is needed, our results suggest that alpha-tocotrienol can act as a multi-target inhibitor and thereby treat multiple AR symptoms.
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Author Contributions


Conceptualization, E.B.C. and M.B.; methodology, E.B.C. and M.B.; software, M.B.; validation, E.B.C. and M.B.; formal analysis, E.B.C. and M.B.; investigation, E.B.C. and M.B.; resources, M.B.; data curation, E.B.C. and M.B.; writing—original draft preparation, E.B.C. and M.B.; writing—review and editing, E.B.C. and M.B.; visualization, E.B.C. and M.B.; supervision, E.B.C. and M.B.; project administration, E.B.C. and M.B.; funding acquisition, M.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported by a project grant from SIP-IPN 20240883.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data and supporting information are available in the article.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Tohidinik, H.R.; Mallah, N.; Takkouche, B. History of Allergic Rhinitis and Risk of Asthma; a Systematic Review and Meta-Analysis. World Allergy Organ. J. 2019, 12, 100069. [Google Scholar] [CrossRef] [PubMed]

	



Greiner, A.N.; Hellings, P.W.; Rotiroti, G.; Scadding, G.K. Allergic Rhinitis. Lancet 2011, 378, 2112–2122. [Google Scholar] [CrossRef] [PubMed]

	



Rahim, N.A.; Jantan, I.; Said, M.M.; Jalil, J.; Abd Razak, A.F.; Husain, K. Anti-Allergic Rhinitis Effects of Medicinal Plants and Their Bioactive Metabolites via Suppression of the Immune System: A Mechanistic Review. Front. Pharmacol. 2021, 12, 660083. [Google Scholar] [CrossRef] [PubMed]

	



Kalmarzi, R.N.; Khazaei, Z.; Shahsavar, J.; Gharibi, F.; Tavakol, M.; Khazaei, S.; Shariat, M. The Impact of Allergic Rhinitis on Quality of Life: A Study in Western Iran. Biomed. Res. Ther. 2017, 4, 1629. [Google Scholar] [CrossRef]

	



Bousquet, P.J.; Demoly, P.; Devillier, P.; Mesbah, K.; Bousquet, J. Impact of Allergic Rhinitis Symptoms on Quality of Life in Primary Care. Int. Arch. Allergy Immunol. 2013, 160, 393–400. [Google Scholar] [CrossRef] [PubMed]

	



Roger, A.; Arcalá Campillo, E.; Torres, M.C.; Millan, C.; Jáuregui, I.; Mohedano, E.; Liñan, S.; Verdu, P.; Rubira, N.; Santaolalla, M.; et al. Reduced Work/Academic Performance and Quality of Life in Patients with Allergic Rhinitis and Impact of Allergen Immunotherapy. Allergy Asthma Clin. Immunol. 2016, 12, 40. [Google Scholar] [CrossRef] [PubMed]

	



Zuberbier, T.; Lötvall, J.; Simoens, S.; Subramanian, S.V.; Church, M.K. Economic Burden of Inadequate Management of Allergic Diseases in the European Union: A GA 2 LEN Review. Allergy 2014, 69, 1275–1279. [Google Scholar] [CrossRef] [PubMed]

	



Wheatley, L.M.; Togias, A. Allergic Rhinitis. N. Engl. J. Med. 2015, 372, 456–463. [Google Scholar] [CrossRef] [PubMed]

	



Oray, M.; Abu Samra, K.; Ebrahimiadib, N.; Meese, H.; Foster, C.S. Long-Term Side Effects of Glucocorticoids. Expert. Opin. Drug Saf. 2016, 15, 457–465. [Google Scholar] [CrossRef]

	



Cordell, G.A. Phytochemistry and Traditional Medicine—A Revolution in Process. Phytochem. Lett. 2011, 4, 391–398. [Google Scholar] [CrossRef]

	



Yamprasert, R.; Chanvimalueng, W.; Mukkasombut, N.; Itharat, A. Ginger Extract versus Loratadine in the Treatment of Allergic Rhinitis: A Randomized Controlled Trial. BMC Complement Med. Ther. 2020, 20, 119. [Google Scholar] [CrossRef] [PubMed]

	



Hall, J.; Bravo-Clouzet, R. Anti-Inflammatory Herbs for Arthritis. In Bioactive Food as Dietary Interventions for Arthritis and Related Inflammatory Diseases; Elsevier: Amsterdam, The Netherlands, 2013; pp. 619–631. [Google Scholar]

	



Bhusal, K.K.; Magar, S.K.; Thapa, R.; Lamsal, A.; Bhandari, S.; Maharjan, R.; Shrestha, S.; Shrestha, J. Nutritional and Pharmacological Importance of Stinging Nettle (Urtica dioica L.): A Review. Heliyon 2022, 8, e09717. [Google Scholar] [CrossRef] [PubMed]

	



Mittman, P. Randomized, Double-Blind Study of Freeze-Dried Urtica dioica in the Treatment of Allergic Rhinitis. Planta Med. 1990, 56, 44–47. [Google Scholar] [CrossRef] [PubMed]

	



Bakhshaee, M.; Mohammad Pour, A.H.; Esmaeili, M.; Jabbari Azad, F.; Alipour Talesh, G.; Salehi, M.; Noorollahian Mohajer, M. Efficacy of Supportive Therapy of Allergic Rhinitis by Stinging Nettle (Urtica dioica) Root Extract: A Randomized, Double-Blind, Placebo- Controlled, Clinical Trial. Iran J. Pharm. Res. 2017, 16, 112–118. [Google Scholar]

	



Roschek, B., Jr.; Fink, R.C.; McMichael, M.; Alberte, R.S. Nettle Extract (Urtica dioica) Affects Key Receptors and Enzymes Associated with Allergic Rhinitis. Phytother. Res. Int. J. Devoted Pharmacol. Toxicol. Eval. Nat. Prod. Deriv. 2009, 23, 920–926. [Google Scholar] [CrossRef] [PubMed]

	



Zemmouri, H.; Sekiou, O.; Ammar, S.; El Feki, A.; Bouaziz, M.; Messarah, M.; Boumendjel, A. Urtica dioica Attenuates Ovalbumin-Induced Inflammation and Lipid Peroxidation of Lung Tissues in Rat Asthma Model. Pharm. Biol. 2017, 55, 1561–1568. [Google Scholar] [CrossRef] [PubMed]

	



Mwamatope, B.; Tembo, D.; Kampira, E.; Maliwichi-Nyirenda, C.; Ndolo, V. Seasonal Variation of Phytochemicals in Four Selected Medicinal Plants. Pharmacogn. Res. 2021, 13, 218–226. [Google Scholar] [CrossRef]

	



Culhuac, E.B.; Maggiolino, A.; Elghandour, M.M.M.Y.; De Palo, P.; Salem, A.Z.M. Antioxidant and Anti-Inflammatory Properties of Phytochemicals Found in the Yucca Genus. Antioxidants 2023, 12, 574. [Google Scholar] [CrossRef]

	



Raya, K.B.; Ahmad, S.H.; Farhana, S.F.; Mohammad, M.; Tajidin, N.E.; Parvez, A. Changes in Phytochemical Contents in Different Parts of Clinacanthus Nutans (Burm. f.) Lindau Due to Storage Duration. Bragantia 2015, 74, 445–452. [Google Scholar] [CrossRef]

	



Aremu, A.O.; Masondo, N.A.; Molnár, Z.; Stirk, W.A.; Ördög, V.; Van Staden, J. Changes in Phytochemical Content and Pharmacological Activities of Three Chlorella Strains Grown in Different Nitrogen Conditions. J. Appl. Phycol. 2016, 28, 149–159. [Google Scholar] [CrossRef]

	



Nobossé, P.; Fombang, E.N.; Mbofung, C.M.F. Effects of Age and Extraction Solvent on Phytochemical Content and Antioxidant Activity of Fresh Moringa Oleifera L. Leaves. Food Sci. Nutr. 2018, 6, 2188–2198. [Google Scholar] [CrossRef] [PubMed]

	



Henning, T.; Quandt, D.; Grosse-Veldmann, B.; Monro, A.; Weigend, M. Weeding the Nettles II: A Delimitation of “Urtica dioica L.” (Urticaceae) Based on Morphological and Molecular Data, Including a Rehabilitation of Urtica Gracilis Ait. Phytotaxa 2014, 162, 61. [Google Scholar] [CrossRef]

	



Grosse-Veldmann, B.; Nürk, N.M.; Smissen, R.; Breitwieser, I.; Quandt, D.; Weigend, M. Pulling the Sting out of Nettle Systematics—A Comprehensive Phylogeny of the Genus Urtica L. (Urticaceae). Mol. Phylogenet Evol. 2016, 102, 9–19. [Google Scholar] [CrossRef]

	



Semalty, A.; Semalty, M.; Rawat, M.S.M.; Franceschi, F. Supramolecular Phospholipids–Polyphenolics Interactions: The PHYTOSOME® Strategy to Improve the Bioavailability of Phytochemicals. Fitoterapia 2010, 81, 306–314. [Google Scholar] [CrossRef]

	



Thangam, E.B.; Jemima, E.A.; Singh, H.; Baig, M.S.; Khan, M.; Mathias, C.B.; Church, M.K.; Saluja, R. The Role of Histamine and Histamine Receptors in Mast Cell-Mediated Allergy and Inflammation: The Hunt for New Therapeutic Targets. Front. Immunol. 2018, 9, 1873. [Google Scholar] [CrossRef]

	



Jutel, M.; Akdis, M.; Akdis, C.A. Histamine, Histamine Receptors and Their Role in Immune Pathology. Clin. Exp. Allergy 2009, 39, 1786–1800. [Google Scholar] [CrossRef]

	



Hoyte, F.C.L.; Katial, R.K. Antihistamine Therapy in Allergic Rhinitis. Immunol. Allergy Clin. N. Am. 2011, 31, 509–543. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Zhang, R.; Wu, J.; Hu, H. Knockdown of Neurokinin-1 Receptor Expression by Small Interfering RNA Prevents the Development of Allergic Rhinitis in Rats. Inflamm. Res. 2013, 62, 903–910. [Google Scholar] [CrossRef] [PubMed]

	



Joachim, R.A.; Sagach, V.; Quarcoo, D.; Dinh, Q.T.; Arck, P.C.; Klapp, B.F. Neurokinin-1 Receptor Mediates Stress-Exacerbated Allergic Airway Inflammation and Airway Hyperresponsiveness in Mice. Psychosom. Med. 2004, 66, 564–571. [Google Scholar] [CrossRef]

	



Peters-Golden, M.; Henderson, W.R. The Role of Leukotrienes in Allergic Rhinitis. Ann. Allergy Asthma Immunol. 2005, 94, 609–618. [Google Scholar] [CrossRef]

	



Okano, M.; Fujiwara, T.; Sugata, Y.; Gotoh, D.; Masaoka, Y.; Sogo, M.; Tanimoto, W.; Yamamoto, M.; Matsumoto, R.; Eguchi, N.; et al. Presence and Characterization of Prostaglandin D2–Related Molecules in Nasal Mucosa of Patients with Allergic Rhinitis. Am. J. Rhinol. 2006, 20, 342–348. [Google Scholar] [CrossRef] [PubMed]

	



Turner, P.; Dear, J.; Scadding, G.; Foreman, J.C. Role of Kinins in Seasonal Allergic Rhinitis: Icatibant, a Bradykinin B2 Receptor Antagonist, Abolishes the Hyperresponsiveness and Nasal Eosinophilia Induced by Antigen. J. Allergy Clin. Immunol. 2001, 107, 105–113. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, W.M.; Scuri, M.; Farmer, S.G. Peptide and Non-Peptide Bradykinin Receptor Antagonists: Role in Allergic Airway Disease. Eur. J. Pharmacol. 2006, 533, 215–221. [Google Scholar] [CrossRef] [PubMed]

	



Ohta, K.; Hayashi, H.; Mizuguchi, H.; Kagamiyama, H.; Fujimoto, K.; Fukui, H. Site-Directed Mutagenesis of the Histamine H1 Receptor: Roles of Aspartic Acid107, Asparagine198 and Threonine194. Biochem. Biophys Res. Commun. 1994, 203, 1096–1101. [Google Scholar] [CrossRef] [PubMed]

	



Kiss, R.; Kovári, Z.; Keserű, G.M. Homology Modelling and Binding Site Mapping of the Human Histamine H1 Receptor. Eur. J. Med. Chem. 2004, 39, 959–967. [Google Scholar] [CrossRef] [PubMed]

	



Shimamura, T.; Shiroishi, M.; Weyand, S.; Tsujimoto, H.; Winter, G.; Katritch, V.; Abagyan, R.; Cherezov, V.; Liu, W.; Han, G.W.; et al. Structure of the Human Histamine H1 Receptor Complex with Doxepin. Nature 2011, 475, 65–70. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Li, Y.; Pan, Y.; Wang, J.; Lin, F.; Wang, C.; Zhang, S.; Yang, L. Computational Analysis of Structure-Based Interactions for Novel H1-Antihistamines. Int. J. Mol. Sci. 2016, 17, 129. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Lu, M.; Liu, D.; Yang, L.; Yi, C.; Ma, L.; Zhang, H.; Liu, Q.; Frimurer, T.M.; Wang, M.-W.; et al. Human Substance P Receptor Binding Mode of the Antagonist Drug Aprepitant by NMR and Crystallography. Nat. Commun. 2019, 10, 638. [Google Scholar] [CrossRef]

	



Luginina, A.; Gusach, A.; Marin, E.; Mishin, A.; Brouillette, R.; Popov, P.; Shiriaeva, A.; Besserer-Offroy, É.; Longpré, J.-M.; Lyapina, E.; et al. Structure-Based Mechanism of Cysteinyl Leukotriene Receptor Inhibition by Antiasthmatic Drugs. Sci. Adv. 2019, 5, eaax2518. [Google Scholar] [CrossRef]

	



Liu, H.; Deepak, R.N.V.K.; Shiriaeva, A.; Gati, C.; Batyuk, A.; Hu, H.; Weierstall, U.; Liu, W.; Wang, L.; Cherezov, V.; et al. Molecular Basis for Lipid Recognition by the Prostaglandin D 2 Receptor CRTH2. Proc. Natl. Acad. Sci. USA 2021, 118, e2102813118. [Google Scholar] [CrossRef]

	



Gibson, C.; Schnatbaum, K.; Pfeifer, J.R.; Locardi, E.; Paschke, M.; Reimer, U.; Richter, U.; Scharn, D.; Faussner, A.; Tradler, T. Novel Small Molecule Bradykinin B 2 Receptor Antagonists. J. Med. Chem. 2009, 52, 4370–4379. [Google Scholar] [CrossRef] [PubMed]

	



Faussner, A.; Schüssler, S.; Feierler, J.; Bermudez, M.; Pfeifer, J.; Schnatbaum, K.; Tradler, T.; Jochum, M.; Wolber, G.; Gibson, C. Binding Characteristics of [3 H]-JSM10292: A New Cell Membrane-permeant Non-peptide Bradykinin B 2 Receptor Antagonist. Br. J. Pharmacol. 2012, 167, 839–853. [Google Scholar] [CrossRef] [PubMed]

	



Weinstein, S.F. Combination Therapy in the Treatment of Allergic Rhinitis. Allergy Asthma Proc. 2002, 23, 1–3. [Google Scholar]

	



Kudlacz, E.; Shatzer, S.; Logan, D.; Olsen, K.; Knippenberg, R.; Hsieh, L.; Esteve, H.; Maynard, G. A Role for Histamine and Substance P in Immediate Allergic Responses in Guinea Pig Airways: Characterization of MDL 108,207DA, a Dual H1/NK-1 Receptor Antagonist. Int. Arch. Allergy Immunol. 1998, 115, 169–178. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.-K.; Lee, S.Y.; Park, H.-S.; Yoon, H.J.; Kim, S.-H.; Cho, Y.J.; Yoo, K.-H.; Lee, S.-K.; Kim, H.-K.; Park, J.-W.; et al. A Randomized, Multicenter, Double-Blind, Phase III Study to Evaluate the Efficacy on Allergic Rhinitis and Safety of a Combination Therapy of Montelukast and Levocetirizine in Patients With Asthma and Allergic Rhinitis. Clin. Ther. 2018, 40, 1096–1107.e1. [Google Scholar] [CrossRef] [PubMed]

	



Repajić, M.; Cegledi, E.; Zorić, Z.; Pedisić, S.; Elez Garofulić, I.; Radman, S.; Palčić, I.; Dragović-Uzelac, V. Bioactive Compounds in Wild Nettle (Urtica dioica L.) Leaves and Stalks: Polyphenols and Pigments upon Seasonal and Habitat Variations. Foods 2021, 10, 190. [Google Scholar] [CrossRef] [PubMed]

	



Pinelli, P.; Ieri, F.; Vignolini, P.; Bacci, L.; Baronti, S.; Romani, A. Extraction and HPLC Analysis of Phenolic Compounds in Leaves, Stalks, and Textile Fibers of Urtica dioica L. J. Agric. Food Chem. 2008, 56, 9127–9132. [Google Scholar] [CrossRef] [PubMed]

	



Garcìa, L.M.; Ceccanti, C.; Negro, C.; De Bellis, L.; Incrocci, L.; Pardossi, A.; Guidi, L. Effect of Drying Methods on Phenolic Compounds and Antioxidant Activity of Urtica dioica L. Leaves. Horticulturae 2021, 7, 10. [Google Scholar] [CrossRef]

	



Grauso, L.; de Falco, B.; Lanzotti, V.; Motti, R. Stinging Nettle, Urtica dioica L.: Botanical, Phytochemical and Pharmacological Overview. Phytochem. Rev. 2020, 19, 1341–1377. [Google Scholar] [CrossRef]

	



Orčić, D.; Francišković, M.; Bekvalac, K.; Svirčev, E.; Beara, I.; Lesjak, M.; Mimica-Dukić, N. Quantitative Determination of Plant Phenolics in Urtica dioica Extracts by High-Performance Liquid Chromatography Coupled with Tandem Mass Spectrometric Detection. Food Chem. 2014, 143, 48–53. [Google Scholar] [CrossRef]

	



Guil-Guerrero, J.L.; Rebolloso-Fuentes, M.M.; Isasa, M.E.T. Fatty Acids and Carotenoids from Stinging Nettle (Urtica dioica L.). J. Food Compos. Anal. 2003, 16, 111–119. [Google Scholar] [CrossRef]

	



Farag, M.A.; Weigend, M.; Luebert, F.; Brokamp, G.; Wessjohann, L.A. Phytochemical, Phylogenetic, and Anti-Inflammatory Evaluation of 43 Urtica Accessions (Stinging Nettle) Based on UPLC–Q-TOF-MS Metabolomic Profiles. Phytochemistry 2013, 96, 170–183. [Google Scholar] [CrossRef] [PubMed]

	



Chaurasia, N.; Wichtl, M. Flavonolglykoside Aus Urtica dioica1,2. Planta Med. 1987, 53, 432–434. [Google Scholar] [CrossRef] [PubMed]

	



Sader, S.; Cai, J.; Muller, A.C.G.; Wu, C. Can Human Allergy Drug Fexofenadine, an Antagonist of Histamine (H1) Receptor, Be Used to Treat Dog and Cat? Homology Modeling, Docking and Molecular Dynamic Simulation of Three H1 Receptors in Complex with Fexofenadine. J. Mol. Graph. Model. 2017, 75, 106–116. [Google Scholar] [CrossRef] [PubMed]

	



Xia, R.; Wang, N.; Xu, Z.; Lu, Y.; Song, J.; Zhang, A.; Guo, C.; He, Y. Cryo-EM Structure of the Human Histamine H1 Receptor/Gq Complex. Nat. Commun. 2021, 12, 2086. [Google Scholar] [CrossRef] [PubMed]

	



Harris, J.A.; Faust, B.; Gondin, A.B.; Dämgen, M.A.; Suomivuori, C.-M.; Veldhuis, N.A.; Cheng, Y.; Dror, R.O.; Thal, D.M.; Manglik, A. Selective G Protein Signaling Driven by Substance P–Neurokinin Receptor Dynamics. Nat. Chem. Biol. 2022, 18, 109–115. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Yao, D.; Deepak, R.N.V.K.; Liu, H.; Xiao, Q.; Fan, H.; Gong, W.; Wei, Z.; Zhang, C. Structures of the Human PGD2 Receptor CRTH2 Reveal Novel Mechanisms for Ligand Recognition. Mol. Cell 2018, 72, 48–59.e4. [Google Scholar] [CrossRef]

	



Sun, H.; Li, Y.; Tian, S.; Xu, L.; Hou, T. Assessing the Performance of MM/PBSA and MM/GBSA Methods. 4. Accuracies of MM/PBSA and MM/GBSA Methodologies Evaluated by Various Simulation Protocols Using PDBbind Data Set. Phys. Chem. Chem. Phys. 2014, 16, 16719–16729. [Google Scholar] [CrossRef]

	



Weis, W.I.; Kobilka, B.K. The Molecular Basis of G Protein–Coupled Receptor Activation. Annu. Rev. Biochem. 2018, 87, 897–919. [Google Scholar] [CrossRef]

	



Schröder, R.; Merten, N.; Mathiesen, J.M.; Martini, L.; Kruljac-Letunic, A.; Krop, F.; Blaukat, A.; Fang, Y.; Tran, E.; Ulven, T.; et al. The C-Terminal Tail of CRTH2 Is a Key Molecular Determinant That Constrains Gαi and Downstream Signaling Cascade Activation. J. Biol. Chem. 2009, 284, 1324–1336. [Google Scholar] [CrossRef]

	



Issahaku, A.R.; Agoni, C.; Kumi, R.O.; Olotu, F.A.; Soliman, M.E.S. Lipid-Embedded Molecular Dynamics Simulation Model for Exploring the Reverse Prostaglandin D2 Agonism of CT-133 towards CRTH2 in the Treatment of Type-2 Inflammation Dependent Diseases. Chem. Biodivers 2020, 17, e1900548. [Google Scholar] [CrossRef] [PubMed]

	



Thom, C.; Ehrenmann, J.; Vacca, S.; Waltenspühl, Y.; Schöppe, J.; Medalia, O.; Plückthun, A. Structures of Neurokinin 1 Receptor in Complex with Gq and Gs Proteins Reveal Substance P Binding Mode and Unique Activation Features. Sci. Adv. 2021, 7, eabk2872. [Google Scholar] [CrossRef] [PubMed]

	



Shen, J.; Zhang, D.; Fu, Y.; Chen, A.; Yang, X.; Zhang, H. Cryo-EM Structures of Human Bradykinin Receptor-Gq Proteins Complexes. Nat. Commun. 2022, 13, 714. [Google Scholar] [CrossRef] [PubMed]

	



Pawankar, R.; Mori, S.; Ozu, C.; Kimura, S. Overview on the Pathomechanisms of Allergic Rhinitis. Asia Pac. Allergy 2011, 1, 157–167. [Google Scholar] [CrossRef] [PubMed]

	



Al-Shamlan, F.; El-Hashim, A.Z. Bradykinin Sensitizes the Cough Reflex via a B2 Receptor Dependent Activation of TRPV1 and TRPA1 Channels through Metabolites of Cyclooxygenase and 12-Lipoxygenase. Respir. Res. 2019, 20, 110. [Google Scholar] [CrossRef] [PubMed]

	



Kopřiva, F.; Sobolová, L.; Szotkowská, J.; Zápalka, M. Treatment of Chronic Cough in Children with Montelukast, a Leukotriene Receptor Antagonist. J. Asthma 2004, 41, 715–720. [Google Scholar] [CrossRef] [PubMed]

	



Ikoma, A.; Steinhoff, M.; Ständer, S.; Yosipovitch, G.; Schmelz, M. The Neurobiology of Itch. Nat. Rev. Neurosci. 2006, 7, 535–547. [Google Scholar] [CrossRef] [PubMed]

	



Broadhead, A.; Stebbins, K.J.; Stock, N.S.; Coate, H.; Evans, J.F.; Lorrain, D.S. AM206, A Novel CRTH2 Selective Antagonist, Inhibits Sneezing And Nasal Rubs In A Mouse Allergic Rhinitis Model. In Proceedings of the C21. Mechanisms of Th2 Inflammation in the Lung, San Diego, CA, USA, 4 May 2010; American Thoracic Society: New York, NY, USA, 2010; p. A4047. [Google Scholar]

	



Driessen, A.K.; McGovern, A.E.; Behrens, R.; Moe, A.A.K.; Farrell, M.J.; Mazzone, S.B. A Role for Neurokinin 1 Receptor Expressing Neurons in the Paratrigeminal Nucleus in Bradykinin-evoked Cough in Guinea-pigs. J. Physiol. 2020, 598, 2257–2275. [Google Scholar] [CrossRef] [PubMed]

	



Veldhuis, N.A.; Poole, D.P.; Grace, M.; McIntyre, P.; Bunnett, N.W. The G Protein–Coupled Receptor–Transient Receptor Potential Channel Axis: Molecular Insights for Targeting Disorders of Sensation and Inflammation. Pharmacol. Rev. 2015, 67, 36–73. [Google Scholar] [CrossRef]

	



Geppetti, P.; Veldhuis, N.A.; Lieu, T.; Bunnett, N.W. G Protein-Coupled Receptors: Dynamic Machines for Signaling Pain and Itch. Neuron 2015, 88, 635–649. [Google Scholar] [CrossRef]

	



Backaert, W.; Steelant, B.; Hellings, P.W.; Talavera, K.; Van Gerven, L. A TRiP Through the Roles of Transient Receptor Potential Cation Channels in Type 2 Upper Airway Inflammation. Curr. Allergy Asthma Rep. 2021, 21, 20. [Google Scholar] [CrossRef]

	



Ge, S.X.; Jung, D.; Yao, R. ShinyGO: A Graphical Gene-Set Enrichment Tool for Animals and Plants. Bioinformatics 2020, 36, 2628–2629. [Google Scholar] [CrossRef] [PubMed]

	



Wilzopolski, J.; Kietzmann, M.; Mishra, S.K.; Stark, H.; Bäumer, W.; Rossbach, K. TRPV1 and TRPA1 Channels Are Both Involved Downstream of Histamine-Induced Itch. Biomolecules 2021, 11, 1166. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Cang, C.-L.; Kawasaki, Y.; Liang, L.-L.; Zhang, Y.-Q.; Ji, R.-R.; Zhao, Z.-Q. Neurokinin-1 Receptor Enhances TRPV1 Activity in Primary Sensory Neurons via PKCε: A Novel Pathway for Heat Hyperalgesia. J. Neurosci. 2007, 27, 12067–12077. [Google Scholar] [CrossRef] [PubMed]

	



Mathivanan, S.; Devesa, I.; Changeux, J.-P.; Ferrer-Montiel, A. Bradykinin Induces TRPV1 Exocytotic Recruitment in Peptidergic Nociceptors. Front. Pharmacol. 2016, 7, 178. [Google Scholar] [CrossRef]

	



Alenmyr, L.; Högestätt, E.D.; Zygmunt, P.M.; Greiff, L. TRPV1-mediated Itch in Seasonal Allergic Rhinitis. Allergy 2009, 64, 807–810. [Google Scholar] [CrossRef] [PubMed]

	



Samivel, R.; Kim, D.W.; Son, H.R.; Rhee, Y.-H.; Kim, E.H.; Kim, J.H.; Bae, J.-S.; Chung, Y.-J.; Chung, P.-S.; Raz, E.; et al. The Role of TRPV1 in the CD4+ T Cell-Mediated Inflammatory Response of Allergic Rhinitis. Oncotarget 2016, 7, 148–160. [Google Scholar] [CrossRef] [PubMed]

	



Tourangeau, L.M.; Christiansen, S.C.; Herschbach, J.; Brooks, S.M.; Eddleston, J.; Zuraw, B. Nasal Mucosal TRPA1 and TRPV1 Levels in Human Rhinitis. J. Allergy Clin. Immunol. 2011, 127, AB52. [Google Scholar] [CrossRef]

	



Bao, C.; Chen, O.; Sheng, H.; Zhang, J.; Luo, Y.; Hayes, B.W.; Liang, H.; Liedtke, W.; Ji, R.-R.; Abraham, S.N. A Mast Cell–Thermoregulatory Neuron Circuit Axis Regulates Hypothermia in Anaphylaxis. Sci. Immunol. 2023, 8, eadc9417. [Google Scholar] [CrossRef]

	



Church, D.S.; Church, M.K. Pharmacology of Antihistamines. World Allergy Organ. J. 2011, 4, S22–S27. [Google Scholar] [CrossRef]

	



Han, E.D.; MacFarlane, R.C.; Mulligan, A.N.; Scafidi, J.; Davis, A.E. Increased Vascular Permeability in C1 Inhibitor–Deficient Mice Mediated by the Bradykinin Type 2 Receptor. J. Clin. Investig. 2002, 109, 1057–1063. [Google Scholar] [CrossRef] [PubMed]

	



Ashina, K.; Tsubosaka, Y.; Nakamura, T.; Omori, K.; Kobayashi, K.; Hori, M.; Ozaki, H.; Murata, T. Histamine Induces Vascular Hyperpermeability by Increasing Blood Flow and Endothelial Barrier Disruption In Vivo. PLoS ONE 2015, 10, e0132367. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Wu, J.; Zhang, R. Effect of Neurokinin-1 Receptor Knockdown on the Expression of RANTES in Allergic Rhinitis. Am. J. Rhinol. Allergy 2023, 37, 730–738. [Google Scholar] [CrossRef]

	



Wang, S.; Liu, L.; Blanco, T.; Zhu, S.; Pang, K.; Ge, H.; Chen, Y.; Dana, R. The Effect of Blocking Substance P in Reducing Ocular Redness. Investig. Ophthalmol. Vis. Sci. 2021, 62, 399. [Google Scholar]

	



Doherty, T.A.; Khorram, N.; Lund, S.; Mehta, A.K.; Croft, M.; Broide, D.H. Lung Type 2 Innate Lymphoid Cells Express Cysteinyl Leukotriene Receptor 1, Which Regulates TH2 Cytokine Production. J. Allergy Clin. Immunol. 2013, 132, 205–213. [Google Scholar] [CrossRef] [PubMed]

	



Stevens, W.W.; Kato, A. Group 2 Innate Lymphoid Cells in Nasal Polyposis. Ann. Allergy Asthma Immunol. 2021, 126, 110–117. [Google Scholar] [CrossRef]

	



Chen, W.; He, S.; Xie, X.; Yang, X.; Duan, C.; Ye, P.; Li, X.; Lawrence, M.G.; Borish, L.; Feng, X. Over-Expression of CRTH2 Indicates Eosinophilic Inflammation and Poor Prognosis in Recurrent Nasal Polyps. Front. Immunol. 2022, 13, 1046426. [Google Scholar] [CrossRef] [PubMed]

	



Gopinath, B. The Role of Nutrition in Age-Related Eye Diseases. In Molecular Basis of Nutrition and Aging; Elsevier: Amsterdam, The Netherlands, 2016; pp. 433–446. [Google Scholar]

	



Wang, S.; Wang, Y.; Pan, C.; Sun, J. Serum Level and Clinical Significance of Vitamin E in Children with Allergic Rhinitis. BMC Pediatr. 2020, 20, 362. [Google Scholar] [CrossRef]

	



Wu, S.; Wang, A. Serum Level and Clinical Significance of Vitamin E in Pregnant Women with Allergic Rhinitis. J. Chin. Med. Assoc. 2022, 85, 597–602. [Google Scholar] [CrossRef]

	



Jiang, J.; Mehrabi Nasab, E.; Athari, S.M.; Athari, S.S. Effects of Vitamin E and Selenium on Allergic Rhinitis and Asthma Pathophysiology. Respir. Physiol. Neurobiol. 2021, 286, 103614. [Google Scholar] [CrossRef]

	



Shahar, E.; Hassoun, G.; Pollack, S. Effect of Vitamin E Supplementation on the Regular Treatment of Seasonal Allergic Rhinitis. Ann. Allergy Asthma Immunol. 2004, 92, 654–658. [Google Scholar] [CrossRef]

	



Cerqua, I.; Neukirch, K.; Terlizzi, M.; Granato, E.; Caiazzo, E.; Cicala, C.; Ialenti, A.; Capasso, R.; Werz, O.; Sorrentino, R.; et al. A Vitamin E Long-Chain Metabolite and the Inspired Drug Candidate α-Amplexichromanol Relieve Asthma Features in an Experimental Model of Allergen Sensitization. Pharmacol. Res. 2022, 181, 106250. [Google Scholar] [CrossRef] [PubMed]

	



Teo, C.W.L.; Png, S.J.Y.; Ung, Y.W.; Yap, W.N. Therapeutic Effects of Intranasal Tocotrienol-Rich Fraction on Rhinitis Symptoms in Platelet-Activating Factor Induced Allergic Rhinitis. Allergy Asthma Clin. Immunol. 2022, 18, 52. [Google Scholar] [CrossRef] [PubMed]

	



Yu, B.; Cai, W.; Zhang, H.-H.; Zhong, Y.-S.; Fang, J.; Zhang, W.-Y.; Mo, L.; Wang, L.-C.; Yu, C.-H. Selaginella Uncinata Flavonoids Ameliorated Ovalbumin-Induced Airway Inflammation in a Rat Model of Asthma. J. Ethnopharmacol. 2017, 195, 71–80. [Google Scholar] [CrossRef] [PubMed]

	



Jo, S.; Kim, M.-S.; Kim, H.-Y.; Kim, S.; Kam, H.; Choi, H.; Shin, D.H. Amentoflavone, a Potent Natural Matrix Metalloproteinase 2 Inhibitor. Nat. Prod. Res. 2023, 1–8. [Google Scholar] [CrossRef]

	



Rong, S.; Yang, C.; Wang, F.; Wu, Y.; Sun, K.; Sun, T.; Wu, Z. Amentoflavone Exerts Anti-Neuroinflammatory Effects by Inhibiting TLR4/MyD88/NF-ΚB and Activating Nrf2/HO-1 Pathway in Lipopolysaccharide-Induced BV2 Microglia. Mediat. Inflamm. 2022, 2022, 5184721. [Google Scholar] [CrossRef]

	



Ilies, D.C.; Tudor, I.; Radulescu, V. Chemical Composition of the Essential Oil of Urtica dioica. Chem. Nat. Compd. 2012, 48, 506–507. [Google Scholar] [CrossRef]

	



Gül, S.; Demirci, B.; Başer, K.H.C.; Akpulat, H.A.; Aksu, P. Chemical Composition and In Vitro Cytotoxic, Genotoxic Effects of Essential Oil from Urtica dioica L. Bull. Environ. Contam. Toxicol. 2012, 88, 666–671. [Google Scholar] [CrossRef]

	



Ayers, S.; Roschek, B., Jr.; Williams, J.M.; Alberte, R.S. Pharmacokinetic Analysis of Anti-Allergy and Anti-Inflammation Bioactives in a Nettle (Urtica dioica) Extract. Online J. Pharmacol. Pharm. Kinet. 2008, 5, 6–21. [Google Scholar]

	



Grauso, L.; Emrick, S.; Bonanomi, G.; Lanzotti, V. Metabolomics of the Alimurgic Plants Taraxacum Officinale, Papaver Rhoeas and Urtica dioica by Combined NMR and GC–MS Analysis. Phytochem. Anal. 2019, 30, 535–546. [Google Scholar] [CrossRef]

	



Majedi, S.; Abdulsattar Faraj, T.; Jalal Ahmed, H.; HS Hussain, F. A Review of Biochemical Structures of Urtica dioica Metabolites and Their Pharmaceutical Effects. Chem. Rev. Lett. 2021, 4, 206–212. [Google Scholar] [CrossRef]

	



Wang, Y.; Xiao, J.; Suzek, T.O.; Zhang, J.; Wang, J.; Bryant, S.H. PubChem: A Public Information System for Analyzing Bioactivities of Small Molecules. Nucleic Acids. Res. 2009, 37, W623–W633. [Google Scholar] [CrossRef] [PubMed]

	



Chemical Computing Group Inc. Molecular Operating Environment (MOE); Chemical Computing Group Inc.: Montrea, QC, Canada, 2016; p. 1010. [Google Scholar]

	



Trott, O.; Olson, A.J. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization, and Multithreading. J. Comput. Chem. 2010, 31, 455–461. [Google Scholar] [CrossRef]

	



Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4: Automated Docking with Selective Receptor Flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [Google Scholar] [CrossRef] [PubMed]

	



DeLano, W.L. The PyMOL Molecular Graphics System (Version 2.3.4.); DeLano Scientific LLC.: San Carlos, CA, USA, 2022. [Google Scholar]

	



Wishart, D.S.; Feunang, Y.D.; Guo, A.C.; Lo, E.J.; Marcu, A.; Grant, J.R.; Sajed, T.; Johnson, D.; Li, C.; Sayeeda, Z.; et al. DrugBank 5.0: A Major Update to the DrugBank Database for 2018. Nucleic Acids. Res. 2018, 46, D1074–D1082. [Google Scholar] [CrossRef] [PubMed]

	



Arcaniolo, D.; Conquy, S.; Tarcan, T. Flavoxate: Present and Future. Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 719–731. [Google Scholar]

	



Cazzulani, P.; Panzarasa, R.; Luca, C.; Oliva, D.; Graziani, G. Pharmacological Studies on the Mode of Action of Flavoxate. Arch. Int. Pharmacodyn. Ther. 1984, 268, 301–312. [Google Scholar]

	



Case, D.A.; Cheatham, T.E.; Darden, T.; Gohlke, H.; Luo, R.; Merz, K.M.; Onufriev, A.; Simmerling, C.; Wang, B.; Woods, R.J. The Amber Biomolecular Simulation Programs. J. Comput. Chem. 2005, 26, 1668–1688. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and Testing of a General Amber Force Field. J. Comput. Chem. 2004, 25, 1157–1174. [Google Scholar] [CrossRef]

	



Jakalian, A.; Jack, D.B.; Bayly, C.I. Fast, Efficient Generation of High-quality Atomic Charges. AM1-BCC Model: II. Parameterization and Validation. J. Comput. Chem. 2002, 23, 1623–1641. [Google Scholar] [CrossRef]

	



Tian, C.; Kasavajhala, K.; Belfon, K.A.A.; Raguette, L.; Huang, H.; Migues, A.N.; Bickel, J.; Wang, Y.; Pincay, J.; Wu, Q.; et al. Ff19SB: Amino-Acid-Specific Protein Backbone Parameters Trained against Quantum Mechanics Energy Surfaces in Solution. J. Chem. Theory Comput. 2020, 16, 528–552. [Google Scholar] [CrossRef] [PubMed]

	



Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of Simple Potential Functions for Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926–935. [Google Scholar] [CrossRef]

	



Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N ⋅log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys. 1993, 98, 10089–10092. [Google Scholar] [CrossRef]

	



York, D.M.; Darden, T.A.; Pedersen, L.G. The Effect of Long-Range Electrostatic Interactions in Simulations of Macromolecular Crystals: A Comparison of the Ewald and Truncated List Methods. J. Chem. Phys. 1993, 99, 8345–8348. [Google Scholar] [CrossRef]

	



Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H.J.C. Numerical Integration of the Cartesian Equations of Motion of a System with Constraints: Molecular Dynamics of n-Alkanes. J. Comput. Phys. 1977, 23, 327–341. [Google Scholar] [CrossRef]

	



Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph. 1996, 14, 33–38. [Google Scholar] [CrossRef] [PubMed]

	



Miller, B.R.; McGee, T.D.; Swails, J.M.; Homeyer, N.; Gohlke, H.; Roitberg, A.E. MMPBSA.Py: An Efficient Program for End-State Free Energy Calculations. J. Chem. Theory Comput. 2012, 8, 3314–3321. [Google Scholar] [CrossRef]

	



Bello, M.; Morales-González, J.A. Molecular Recognition between Potential Natural Inhibitors of the Keap1-Nrf2 Complex. Int. J. Biol. Macromol. 2017, 105, 981–992. [Google Scholar] [CrossRef]








[image: Molecules 29 01765 g001] 





Figure 1. Graphical representation of the interactions between HR1 and (A) alpha-tocotrienol, (B) amentoflavone, and (C) isorhamnetin 3-O-rutinoside. 
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Figure 2. Graphical representation of the interactions of NKR1 in complex with (A) aprepitant, (B) alpha-tocotrienol, (C) amentoflavone, (D) isorhamnetin-3-O-rutinoside, and (E) neoxanthin. 






Figure 2. Graphical representation of the interactions of NKR1 in complex with (A) aprepitant, (B) alpha-tocotrienol, (C) amentoflavone, (D) isorhamnetin-3-O-rutinoside, and (E) neoxanthin.
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Figure 3. Graphical representation of the interactions of CLR1 in complex with (A) zafirlukast, (B) alpha-tocotrienol, (C) amentoflavone, (D) isorhamnetin-3-O-rutinoside, and (E) neoxanthin. 
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Figure 4. Graphical representation of the interactions of CRTH2 in complex with (A) fevipiprant, (B) alpha-tocotrienol, (C) amentoflavone, (D) isorhamnetin-3-O-rutinoside, and (E) neoxanthin. 
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Figure 5. Graphical representation of the interactions of BK2R in complex with (A) JSM-10292, (B) alpha-tocotrienol, (C) amentoflavone, (D) isorhamnetin-3-O-rutinoside, and (E) neoxanthin. 
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Figure 6. Structural comparison of HR1 (intracellular views): (A) alpha-tocotrienol complex (red) dynamics at 0, 50, and 100 ns compared to histamine experimental structure (cyan). (B) Alpha-tocotrienol complex at 0 ns (red) and 100 ns (orange). (C) Alpha-tocotrienol complex at 0 ns (red) compared to doxepin experimental structure (black). (D) Alpha-tocotrienol complex at 100 ns (red) compared to doxepin experimental structure (black). White arrows illustrate the measurements between TMs. Measurements were performed with VMD based on the alpha carbon of TM3’s residue 130, TM6’s residue 408, and TM7’s residue 472. 
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[image: Molecules 29 01765 g006]







[image: Molecules 29 01765 g007] 





Figure 7. Structural comparison of NKR1 (intracellular view). (A) Alpha-tocotrienol complex dynamics (red) at 0, 50, and 100 ns compared to experimental structure of NKR1/aprepitant (black). (B) Alpha-tocotrienol complex (red) compared to experimental structure of NKR1/substance P (cyan). (C) MD aprepitant complex dynamics (silver) at 0, 50, and 100 ns compared to experimental structure of NKR1/aprepitant (black). (D) MD aprepitant complex (silver) compared to experimental structure of NKR1/substance P (cyan). (E) Isorhamnetin-3-O-rutinoside complex dynamics (purple) at 0, 50, and 100 ns compared to experimental structure of NKR1/aprepitant (black). (F) Isorhamnetin-3-O-rutinoside complex compared to experimental structure of NKR1/substance P (cyan). (G) Neoxanthin Complex dynamics (blue) at 0, 50, and 100 ns compared to experimental structure of NKR1/aprepitant (black). (H) Neoxanthin complex compared to experimental structure of NKR1/substance P (Cyan). Measurements were performed with VMD based on the alpha carbon of TM3’s residue 135, TM4’s residue 144, TM5’s residue 224, and TM6’s residue 242. White arrows illustrate the measurements between TMs. 






Figure 7. Structural comparison of NKR1 (intracellular view). (A) Alpha-tocotrienol complex dynamics (red) at 0, 50, and 100 ns compared to experimental structure of NKR1/aprepitant (black). (B) Alpha-tocotrienol complex (red) compared to experimental structure of NKR1/substance P (cyan). (C) MD aprepitant complex dynamics (silver) at 0, 50, and 100 ns compared to experimental structure of NKR1/aprepitant (black). (D) MD aprepitant complex (silver) compared to experimental structure of NKR1/substance P (cyan). (E) Isorhamnetin-3-O-rutinoside complex dynamics (purple) at 0, 50, and 100 ns compared to experimental structure of NKR1/aprepitant (black). (F) Isorhamnetin-3-O-rutinoside complex compared to experimental structure of NKR1/substance P (cyan). (G) Neoxanthin Complex dynamics (blue) at 0, 50, and 100 ns compared to experimental structure of NKR1/aprepitant (black). (H) Neoxanthin complex compared to experimental structure of NKR1/substance P (Cyan). Measurements were performed with VMD based on the alpha carbon of TM3’s residue 135, TM4’s residue 144, TM5’s residue 224, and TM6’s residue 242. White arrows illustrate the measurements between TMs.
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Figure 8. Structural comparison of CLR1 (intracellular view). (A) Alpha-tocotrienol complex dynamics (red) at 0, 50, and 100 ns compared to experimental structure of CLR1/zafirlukast (black). (B) Alpha-tocotrienol complex at 0 ns (red) and 100 ns (orange). (C) MD zafirlukast complex dynamics (silver) at 0, 50, and 100 ns compared to experimental structure of CLR1/zafirlukast (black). (D) Zafirlukast complex at 0 ns (silver) and 100 ns (grey). (E) Alpha-tocotrienol complex (red) compared to MD zafirlukast at 100 ns (silver). Measurements were performed with VMD based on the alpha carbon of TM5’s residue 221 and TM6’s residue 225. White arrows illustrate the measurements between TMs. 






Figure 8. Structural comparison of CLR1 (intracellular view). (A) Alpha-tocotrienol complex dynamics (red) at 0, 50, and 100 ns compared to experimental structure of CLR1/zafirlukast (black). (B) Alpha-tocotrienol complex at 0 ns (red) and 100 ns (orange). (C) MD zafirlukast complex dynamics (silver) at 0, 50, and 100 ns compared to experimental structure of CLR1/zafirlukast (black). (D) Zafirlukast complex at 0 ns (silver) and 100 ns (grey). (E) Alpha-tocotrienol complex (red) compared to MD zafirlukast at 100 ns (silver). Measurements were performed with VMD based on the alpha carbon of TM5’s residue 221 and TM6’s residue 225. White arrows illustrate the measurements between TMs.
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Figure 9. Structural comparison of CRTH2 (intracellular view). (A) Alpha-tocotrienol complex dynamics (red) at 0, 50, and 100 ns compared to experimental structure of CRTH2/15R-methyl-PGD2 (cyan). (B) Fevipiprant complex dynamics (silver) at 0, 50, and 100 ns compared to experimental structure of CRTH2/15R-methyl-PGD2 (cyan). (C) Amentoflavone complex dynamics (green) at 0, 50, and 100 ns compared to experimental structure of CRTH2/15R-methyl-PGD2 (cyan). (D) neoxanthin complex dynamics (blue) at 0, 50, and 100 ns compared to experimental structure of CRTH2/15R-methyl-PGD2 (cyan). 






Figure 9. Structural comparison of CRTH2 (intracellular view). (A) Alpha-tocotrienol complex dynamics (red) at 0, 50, and 100 ns compared to experimental structure of CRTH2/15R-methyl-PGD2 (cyan). (B) Fevipiprant complex dynamics (silver) at 0, 50, and 100 ns compared to experimental structure of CRTH2/15R-methyl-PGD2 (cyan). (C) Amentoflavone complex dynamics (green) at 0, 50, and 100 ns compared to experimental structure of CRTH2/15R-methyl-PGD2 (cyan). (D) neoxanthin complex dynamics (blue) at 0, 50, and 100 ns compared to experimental structure of CRTH2/15R-methyl-PGD2 (cyan).
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Figure 10. Structural comparison of BK2R (intracellular view). (A) Alpha-tocotrienol complex dynamics (red) at 0, 50, and 100 ns compared to experimental structure of BK2R/bradykinin (cyan) (B) Alpha-tocotrienol complex at 0 ns (red) and 100 ns (orange). (C) JSM-10292 complex dynamics (silver) at 0, 50, and 100 ns compared to experimental structure of BK2R/bradykinin (cyan). (D) JSM-10292 complex at 0 ns (silver) and 100 ns (grey). (E) Alpha-tocotrienol complex (red) compared to JSM-10292 at 100 ns (silver). Measurements were performed with VMD based on the alpha carbon of TM5’s residue 253 and TM6’s residue 266. White arrows illustrate the measurements between TMs. 
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Figure 11. Pathways associated with AR targets. The graph was made using Shinny GO 8.0 Analysis [74]. 
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Table 1. The affinity values from the best 15 molecules from software and the number of appearances in the top 15.
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	Phytochemical Name
	HR1
	Nkr1
	CLR
	CRTH2
	BK2R
	Mean Value
	Top 15 Appearances





	Amentoflavone
	−6.362
	−9.604
	−9.565
	−8.880
	−8.384
	−8.559
	4



	Alpha-tocotrienol
	−7.310
	−8.402
	−9.108
	−9.258
	−6.959
	−8.207
	4



	Neoxanthin
	−6.856
	−7.964
	−8.872
	−9.529
	−7.184
	−8.081
	4



	7α-Hydroxy-sitosterol
	−7.465
	−7.963
	−7.939
	−8.445
	−8.569
	−8.076
	3



	Isorhamnetin 3-O-rutinoside
	−6.138
	−8.519
	−8.373
	−8.698
	−8.181
	−7.982
	4



	γ-Sitosterol
	−7.337
	−7.738
	−7.603
	−8.356
	−8.603
	−7.927
	2



	Cholecalciferol
	−7.294
	−7.647
	−8.180
	−8.705
	−7.596
	−7.884
	3



	Kaempferol-3-rutinoside
	−5.993
	−8.404
	−8.418
	−8.147
	−8.278
	−7.848
	3



	Isorhamnetin rutinoside
	−6.069
	−7.814
	−7.916
	−8.620
	−8.718
	−7.828
	2



	Epigallocatechin gallate
	−6.431
	−7.826
	−8.923
	−8.355
	−7.516
	−7.810
	1



	Hecogenin
	−7.091
	−7.953
	−8.059
	−8.852
	−6.849
	−7.761
	3



	Solanidine
	−7.234
	−7.349
	−7.705
	−8.703
	−7.781
	−7.755
	3



	7β-Hydroxy-sitosterol
	−5.974
	−7.701
	−7.867
	−8.482
	−8.645
	−7.734
	1



	Dicaffeoylquinic acid
	−6.519
	−8.128
	−8.253
	−8.511
	−7.205
	−7.723
	1



	Epicatechin gallate
	−6.458
	−7.329
	−8.938
	−8.610
	−7.180
	−7.703
	2



	Known inhibitor
	−7.311
	−9.039
	−11.292
	−9.207
	−8.375
	−9.045
	-







The residues in bold describe the phytochemicals’ presence in each system’s top 15 affinity values. Values are in kcal/mol.













 





Table 2. MMGBSA calculations for the binding affinity of phytochemical–receptors complexes.
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	Receptor
	Alpha-Tocotrienol
	Amentoflavone
	Isorhamnetin

3-O-Rutinoside
	Neoxanthin
	Known Inhibitor





	HR1
	−38.493 (±5.11)
	−28.679 (±3.30)
	−26.446 (±4.21)
	-
	-



	NKR1
	−45.400 (±3.28)
	−33.954 (±3.70)
	−46.756 (±4.78)
	−39.455 (±7.95)
	−38.343 (±3.61)



	CLR1
	−54.785 (±2.89)
	−36.620 (±3.39)
	−41.335 (±3.13)
	−61.436 (±5.20)
	−49.684 (±4.43)



	CRTH2
	−53.334 (±4.96)
	−45.005 (±3.37)
	−41.325 (±6.32)
	−56.836 (±4.22)
	−43.221 (±4.58)



	BK2R
	−42.654 (±3.71)
	−38.984 (±5.37)
	−37.080 (±4.76)
	−47.394 (±4.81)
	−32.310 (±4.73)







Values are in kcal/mol.













 





Table 3. MMPBSA calculations for the binding affinity of alpha-tocotrienol and the known inhibitors.
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	Receptor
	Alpha-Tocotrienol
	Known Inhibitor





	HR1
	−34.65 (±4.70)
	-



	NKR1
	−35.7 (±4.65)
	−29.52 (±5.01)



	CLR1
	−45.55 (±3.07)
	−38.95 (±4.65)



	CRTH2
	−31.73 (±5.38)
	−52.55 (±5.93)



	BK2R
	−31.93 (±3.71)
	−32.310 (±4.73)







Values are in kcal/mol.













 





Table 4. Preliminary comparative analysis of receptor inactivation and ligand-induced conformational changes.






Table 4. Preliminary comparative analysis of receptor inactivation and ligand-induced conformational changes.





	
Receptor

	
Reported Inactivation

	
Ligand

	
Conformational Change Observed






	
HR1

	
Extracellular: Antagonist pushes TM3, TM6, and TM7 away from its core [56].

Intracellular: Moves TM6 towards TM2, TM3, and TM7, which closes the G protein intracellular cavity [56].

	
Alpha-tocotrienol

	
Extracellular: Doxepin pushes TM3 and TM6 away to a degree almost comparable to that of doxepin (Figure S3).

Intracellular: Bring TM3 and TM6, as well as TM2 and TM7, together, which closed the G protein intracellular cavity (Figure S3).




	
NKR1

	
Extracellular: The antagonist prompts TM5, TM6, and TM7 to move away from the center [57,63].

Intracellular: Closure of the G protein cavity between TM6, TM7, and TM5 [57,63].

	
Alpha-tocotrienol

	
Extracellular: TM2 and TM7 become closer to the core’s perimeter, while TM6 moves in the direction of TM7 (Figure S5).

Intracellular: Moves TM2 and TM7 inward, while also bringing TM3, TM5, and TM6 remarkably close (Figure S5).




	
Isorhamnetin-3-O-rutinoside

	
Extracellular: Moves TM6 and TM5 away from the core, while TM7 moves close to TM2 (Figure S5).

Intracellular: Moves TM2, TM6, and TM7 inward (Figure S5).




	
Neoxanthin




	
CLR1

	
Extracellular: Zafirlukast induces TM3, TM4, TM5, and TM7 to move away from the center (Figure S7).

Intracellular: G proteins bind within TM3, TM5, TM6, and TM7 [60]. Zafirlukast shifts TM6 towards the center, effectively closing the cavity (Figure S7).

	
Alpha-tocotrienol

	
Extracellular: Slightly moves MT2, TM4, and TM7 away from the core (Figure S7)

Intracellular: Induces an inward movement of TM2 and TM7 while slightly separating TM6 and TM7 (Figure S7).




	
Neoxanthin

	
Extracellular: Moves TM6 towards the core (Figure S7)

Intracellular: Induces an outward movement of TM5, TM6, and TM7, comparable to an agonist-induced movement (Figure S7).




	
CRTH2

	
Intracellular: The only known structural change is that the agonist causes helix 8 to undergo compaction, inhibiting arrestin recruitment [61,62].

	
Alpha-tocotrienol

	
Intracellular: Leads to the loosening of helix 8 around Leu323 (Figure S9).




	
Amentoflavone

	
Intracellular: Results in the relaxation of helix 8 due to a loosening of the structure in Leu327, like the inhibitor (Figure S9).




	
Neoxanthin

	
Intracellular: Causes the loosening of helix 8 around Leu323 (Figure S9).




	
BK2R

	
Extracellular: TM6 moves outside the center of the core [64].

Intracellular: TM6 moves inward to avoid the generation of the BK2R-Gq complex within TM2, TM3, TM5, and TM7 [64].

	
Alpha-tocotrienol

	
Extracellular: A slight movement of TM6 away from the core (Figure S10).

Intracellular: Generates a movement of TM6 towards TM3, while TM7 moves towards TM6 (Figure S10).




	
Amentoflavone

	
No significant movement was observed.




	
Isorhamnetin-3-O-rutinoside

	
Extracellular: A slight movement of TM6 towards TM5 (Figure S10).

Intracellular: Movement of TM6 and TM5 outside the core (Figure S10).




	
Neoxanthin

	
No significant movement was observed.








This table presents the reported conformational changes essential for the inactivation of HR1, NKR1, CLR1, CRTH2, and BK2R when interacting with antagonists. Additionally, it highlights the conformational changes observed within the most populated cluster during the MD simulations with the phytochemicals.
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