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1 INTRODUCTION
In traditional medicine taste of medicinal plants represents one of the ethnopharmacological descriptors used for selection of the optimal herbal treatment of various ailments (Brett and Heinrich, 1998; Leonti et al., 2002; Gollin, 2004; Gilca and Barbulescu, 2015). Accumulating scientific evidence indicates that this ancient vision on the intrinsic therapeutic potency of herbal taste may not be completely devoid of a biological foundation (Gollin, 2004; Gilca and Dragos, 2017). Recent discoveries in taste science lead to the astonishing conclusion that the whole human body is endowed with a diffuse chemosensory system consisting of taste receptors and other chemesthesis sensors (Sbarbati and Osculati, 2005; Behrens and Meyerhof, 2011; Laffitte et al., 2014). This widespread extrasensorial expression of taste receptors and other oral chemosensors is increasingly recognized as a molecular basis for their non-gustative roles in many important biological processes, such as digestion (Harada et al., 2019), immune response (Douglas and Cohen, 2017), inflammation (Sharma et al., 2017), cell differentiation (Masubuchi et al., 2013), regulation of endocrine secretion (Clark et al., 2015), and many others (Behrens and Meyerhof, 2011; Laffitte et al., 2014).
Scientists have already suggested that these taste receptors and chemosensors might be druggable, thus having therapeutic potential (Lee et al., 2019). For instance, bitter taste receptors are considered potential critical players and therapeutic targets in inflammatory obstructive lung disease (Grassin-Delyle et al., 2019) and genito-urinary tract infections/inflammation (Welcome, 2020), while pungency chemosensor TRPA1 (transient receptor potential cation channel ankyrin 1) was proposed as a regulator of neurogenic inflammation (Logashina et al., 2019). This explains the recently renewed interest of scientific community for taste receptors and tastants.
Due to their great biodiversity, plants are a huge reservoir of taste active compounds characterized by an extreme chemical heterogeneity. More and more phytotastants and their biological roles mediated by taste receptors are discovered every year. Therefore, the development of a database focused on plant-derived tastants like PlantMolecularTasteDB valorizes this accumulating evidence and paves the way for a deeper understanding of the taste-related traditional medical epistemology.
PlantMolecularTasteDB is distinctive from other similar resources, such as BitterDB (Wiener et al., 2012; Dagan-Wiener et al., 2019) and SuperSweetDB (Ahmed et al., 2011), by focusing on the complex gustative profile of plant derived tastants/compounds (meaning combination of all five basic tastes and/or orosensations such as pungency, astringency, etc. characteristic for each given tastant/compound) and on their evidence-based anti-inflammatory activity (Table 1). Furthermore, PlantMolecularTasteDB is significantly richer in phytotastants than BitterDB and SuperSweetDB. It integrates data about all types of orosensorially active phytochemicals (not being focused on a single taste or orosensation).
TABLE 1 | Comparison between various databases available on tastants and novelty of PlantMolecularTasteDB.
[image: Table 1]2 DATABASE OVERVIEW
PlantMolecularTasteDB currently contains 1,527 phytochemicals that were reported in the literature as bitter (1,114 entries), sweet (263 entries), sour (61 entries), salty (7 entries), umami (25 entries), pungent (224 entries) or astringent (189 entries).
For each phytocompound PlantMolecularTasteDB offers information regarding synonyms, identifiers in international databases (PubChem ID, FooDB ID, HMDB ID, ChEMBL ID), molecular formula, chemical class, chemical structure, quantitative (taste threshold, where available) or qualitative sensorial data (taste/orosensorial profile, where available), affinity for taste receptors or chemosensors (both positive and negative evidence, threshold value, EC50, type of interaction-agonist/antagonist, activation/inhibition threshold value, where available), anti-inflammatory activity (both positive and negative evidence, where available), references with links for the phytochemical gustative properties and biological activity. Regarding the chemical classes, the best represented are the alkaloids (32%) and the terpenoids (21%).
The main categories of taste receptors and chemosensors from various species, targeted by the phytochemicals in PlantMolecularTasteDB are: a. bitter taste receptors (TAS2Rs); b. sweet taste receptor (TAS1R2/TAS1R3); c. umami taste receptor (TAS1R1/TAS1R3); d. potential candidates for sour taste receptors (ASICs, PKD2L1, mPKD2L1, KIR); e. chemosensors involved in pungency and other chemesthesis sensation (cooling, warmth, heat, irritation) (TRPVs); f. others (e.g., K+channels, Na+channels, GPR40, GPR120, GPR84).
PlantMolecularTasteDB was developed for researchers in the field of (ethno)pharmacology, taste sciences, nutrition. PlantMolecularTasteDB interface allows its users to perform simple or advanced searches and browsing the dataset. The phytochemicals can be searched by simple search options using the following criteria: name, identifiers, taste (or trigeminal orosensations), taste receptor (or chemosensor), chemical class, anti-inflammatory activity. The advanced search allows to retrieve phytochemicals by a combination of criteria (e.g., bitter AND astringent, sweet AND saponin, triterpene AND TAS2R14, astringent AND anti-inflammatory, TRPA1 AND antiinflammatory).
3 MATERIALS AND METHODS
3.1 Data Aquisition
Data were collected from literature and publicly available databases. To begin with, a list of phytotastants was created using BitterDB (Wiener et al., 2012), SuperSweetDB (Ahmed et al., 2011), PubChem (https://pubchem.ncbi.nlm.nih.gov/), FooDB (https://foodb.ca/), PhytoMolTasteDB (Dragos and Gilca, 2018a). To this list, new taste active phytochemicals were added. They were identified by performing multiple systematic searches in PubMed, ScienceDirect and Google Scholar with various combinations of keywords: “phytochemical” AND “taste”, specific phytochemical name AND taste (e.g., “colubrine” AND “taste”), “phytochemical” AND (“bitter” OR “sweet” OR “sour” OR “salty” OR “astringent” OR “pungent” OR “umami”), specific phytochemical name AND specific taste (e.g., “colubrine” AND “bitter”), “phytochemical” AND specific taste receptor/chemosensor name (e.g., “phytochemical” AND “TAS2R”). To extract data of interest (e.g., sensorial description, taste thresholds) apart from electronic search, we have also performed intensive manual search, wherever required, from hundreds of publications.
We have included 730 bitter phytochemicals not yet included in BitterDB and 235 sweet phytochemicals not yet included in SuperSweetDB.
Regarding the data on taste, few of the main literature resources cited were: Bitterness in food and beverages by Rouseff (1990) (97 phytochemicals), Merck index (78 phytochemicals) (Smith et al., 2001), Food chemistry by Belitz et al. (2009) (48 phytochemicals).
Phytochemicals were included in the database if they fulfilled simultaneously two conditions: 1) they were reported as taste active (sensorially or experimentally through ligand -taste receptor affinity assays) or as capable to induce other orosensations, such as astringency or pungency; 2) their exact structures were available in PubChem, FooDB, HMDB, ChEMBL or at least in one scientific publication.
Phytochemical structures that were not found in PubChem, FooDB, HMDB, ChEMBL were drawn manually using MarvinSketch 21.7 ChemAxon, Inc. (https://chemaxon.com). Afterwards, canonical and isomeric SMILES not available in PubChem were generated using Chemicalize tool, ChemAxon (www.chemicalize.com).
We additionally introduced in our database few peculiar categories of taste inactive phytochemicals, such as bitter masking sakuranetin and jaceosidin (Fletcher et al., 2011; Roland et al., 2014), sweetness enhancer arabinogalactan (Kim and Kinghorn, 2002), few precursors or metabolites of phytotastants, e.g. arctigenin -not bitter (the aglycon of a bitter compound, arctiin) (Matsuo et al., 1972), S-1-propenyl-L-cysteine sulfoxide, S-methyl-L-cysteine sulfoxide (pungency precursors) (Sun Yoo and Pike, 1998).
An original feature of PlantMolecularTasteDB absent from other taste-focused databases consists of data on the evidence-based biological activity of the phytotastants. The first biological activity introduced in the present version of PlantMolecularTasteDB is the antiinflammatory activity. For this purpose, a systematic literature search was performed using the phrase: [specific phytochemical name] AND (antiinflammatory OR anti-inflammatory OR inflammation),” [e.g., azadirachtin AND (antiinflammatory OR anti-inflammatory OR inflammation)] in PubMed, Elsevier databases and Google Scholar. We aimed to collect at least two relevant studies (when available), regardless of experimental model (in vitro, animal study, clinical study), study design, language, year of publication or publication status. Standardized criteria were utilized for selection. Antiinflammatory activity was considered evidence-based if supported by at least one in vitro, animal or human study.
The references regarding the taste or the anti-inflammatory activity were categorized as “insufficient evidence” if we encountered one of the following situations:
1) Only one original old reference (dated before 1960) was available.
2) References derived from papers published in journals not included in PubMed, ScienceDirect or other prestigious international databases.
3) Only ambiguous results were available. For instance, for 4,2′-dihydroxychalcone, Roland et al. (2013) found ambiguous results for activation of both TAS2R14 and TAS2R39, when receptor assay was performed.
4) Only metabolomic profiling studies as references, e.g. kaempferol 3-O-p-coumaroyl-dirhamnosyl-glucoside (Zhu et al., 2017)
“Contradictory evidence” label was used if different authors reported opposite results, e.g., isovitexin reported as bitter (Zhu et al., 2017), non-bitter (Stark et al., 2005), and tasteless (Olennikov et al., 2015); capric acid reported as antiinflammatory (Lee and Kang, 2017) and also as proinflammatory (Tanaka et al., 2001).
Another original feature is a tool generating the so-called “Plant Molecular Taste” (PMT), which represents the virtual taste profile resulting from the contribution of all major orosensorially active phytocompounds found in the respective medicinal plant (Dragos and Gilca, 2018b). PMT is not necessarily the perceived taste, due to several reasons, including the quantitative one: a given phytotastant may be present in a certain plant only in a tiny amount, not surpassing its taste detection threshold. PMT was suggested to be a better predictor than the phytochemical class for the ethnopharmacological activities of the medicinal plants (Dragos and Gilca, 2018b). By convention, PMT graphical representation in PlantMolecularTasteDB takes into account each taste and trigeminal orosensation contribution to the gustative profile, calculated as a percentage of the total number of phytotastants present in that plant (or in a specific combination of phytochemicals).
3.2 Database Structure
3.2.1 Web Server
PlantMolecularTasteDB was built as a relational database. It is hosted on a MariaDB type server version 5.5.47, protocol version 10. The website has a PHP server side. An Apache HTTP Server enables web access. The site is well adapted to all the most popular browsers, such as Chrome, Firefox, Opera, Edge, and Safari.
3.2.2 Visualisation Tools
Marvin Sketch 21.7 plugin (http://www.chemaxon.com) enables the visualization of the molecular structure. PlantMolecularTasteDB contains a 2D compound structure display for each compound which is generated by Marvin JS 5.3.8, 2010 and a 3D rotation tool powered by ChemAxon (http://www.chemaxon.com). The chemical structure of phytochemicals can be downloaded as png or jpg.
4 EXAMPLES OF USE
4.1 Searching for Sesquiterpenoid Lactones Which are Agonists of hTAS2Rs 3, 4, 5, 9, 10, 14, 30, 39, 40
These compounds are of research interest because both sesquiterpenoid lactones and agonists of the mentioned hTAS2Rs displayed anti-inflammatory potential in various experimental studies (Hall et al., 1979; Hohmann et al., 2016; Grassin-Delyle et al., 2019). The advanced search with the following keywords “sesquiterpenoid lactone” AND “[hTAS2R3] OR [hTAS2R4] OR [hTAS2R5] OR [hTAS2R9] OR [hTAS2R10] OR [hTAS2R14] OR [hTAS2R30] OR [hTAS2R39] OR [hTAS2R40]” yielded 9 compounds (3-beta-hydroxy dihydrocostunolide, 3-beta-hydroxypelenolide, absinthin, alpha-santonin, arglabin, artemorin, costunolide, parthenolide, picrotoxinin), while the more advanced search with the following keywords “sesquiterpenoid lactone” AND “[hTAS2R3] OR [TAS2R4] OR [TAS2R5] OR [TAS2R9] OR [hTAS2R10] OR [hTAS2R14] OR [TAS2R30] OR [TAS2R39] OR [TAS2R40]” AND “antiinflammatory” produced only 6 compounds (absinthin, alpha-santonin, arglabin, artemorin, costunolide, parthenolide). Therefore the 6 compounds may be investigated for the contribution of their TAS2R agonist quality to the anti-inflammatory activity, while the other three compounds (3-beta-hydroxy dihydrocostunolide, 3-beta-hydroxypelenolide, picrotoxinin) may be further investigated for a potential anti-inflammatory activity (mediated or not by TAS2Rs).
4.2 Searching for Selective or Common Agonists of Taste Receptors
In order to find selective agonists, the user should use the function Search → Advanced → Receptors all, and input the receptor of interest in the Agonist box, while the rest of the receptors in the Negative evidence box. For instance, 16 types of hTAS2Rs were found to be expressed in lung macrophages (Grassin-Delyle et al., 2015; Grassin-Delyle et al., 2019) and human bronchi (Grassin-Delyle et al., 2013), being involved in bitter agonist dependent-regulation of inflammation and bronchial relaxation. Therefore these TAS2Rs were proposed as new therapeutic targets in chronic obstructive lung diseases such as asthma (Grassin-Delyle et al., 2013; Grassin-Delyle et al., 2015). In order to find selective agonists for instance for hTAS2R46, the user should perform the following search: Agonist → [hTAS2R46] and Negative evidence → “{[hTAS2R3] AND [hTAS2R4] AND [hTAS2R5] AND [hTAS2R7] AND [hTAS2R8] AND [hTAS2R9] AND [hTAS2R10] AND [hTAS2R14] AND [hTAS2R19] AND [hTAS2R20] AND [hTAS2R31] AND [hTAS2R38] AND [hTAS2R39] AND [hTAS2R43] AND [hTAS2R45]}.” This search leads to two selective agonists for hTAS2R46, which are not recognized by the rest of the receptors: dehydroandrographolide and oxymatrine. Selective agonists for each TAS2R are of interest in order to find the specific functional roles for each type of receptor.
Common agonists for at least 2 types of receptors may also be of interest in order to identify potential functional synergy between them, which may be used to increase the pharmacological efficacy of a ligand. For instance, hTAS2R5, hTAS2R10, and hTAS2R14 expressed in bronchi had a predominant role in bitter agonist-induced bronchial relaxation (Grassin-Delyle et al., 2013). A double search in PlantMoleculaTasteDB 1) Search → Receptor→ “{[hTAS2R5] AND [hTAS2R10] AND [hTAS2R14]}”; 2) Search → Receptor→ “{[hTAS2R10] AND [hTAS2R14]}”), found no common agonist for all the three receptors, but 22 common agonists for hTAS2R10 and hTAS2R14.
4.3 Generating Plant Molecular Taste for a Medicinal Plant (Whole Composition or Partial Composition)
In order to obtain a PMT, the user need to upload the composition of that plant (the names of constituent phytochemicals separated by semicolons in the text area at the end of the menu path Tools → Plant Molecular Taste → Select compounds from PlantMolecularTasteDB list OR Paste the list of compounds. This tool is especially of interest for medicinal plants insufficiently studied, since PMT may predict some of the plant (ethno)pharmacological activities that are worth studying experimentally (Gilca and Barbulescu, 2015; Dragos and Gilca, 2018a; Dragos and Gilca, 2018b). For instance, small hogweed (Heracleum sphondylium L., Apiaceae family) is traditionally used to treat several human ailments (e.g. flatulence, stomachache, diarrhea, epilepsy, hypertension, wounds, menstrual problems, impotence) (Bahadori et al., 2016), but is insufficiently studied. A search in PubMed with the keyword “Heracleum sphondylium” leads to only 21 papers, showing some evidence regarding only its antioxidant, antimutagenic, antimicrobial, and vasorelaxant activities. The phytochemical profile is relatively documented, the plant being rich in essential oil (Matejic et al., 2016), phenolic compounds (Uysal et al., 2019), and furanocoumarins (Dresler et al., 2018). The user has the possibility to upload: A) the entire list of the known major constituent phytochemicals of this plant (pimpinellin; bergapten; isopimpinellin etc.—see the box “Result” in Figure 1 for the complete list) or B) the composition of partial extracts (e.g., only essential oil constituents). The whole PMT is bitter > astringent > sweet = sour > pungent > umami (Figure 1). The essential oil molecular taste is pungent = bitter > sweet. Interestingly, pungency, which is an organoleptic characteristic of essential oils in general, is traditionally associated with antiinfectious and antiparasitic activity, which were proven for Heracleum sphondylium essential oil by some experimental studies (Matejic et al., 2016; Uysal et al., 2019). Bitter taste was suggested as a predictor of antiinflammatory activity (Dragos and Gilca, 2018b; Dragos et al., 2021), while bitter taste receptors TAS2Rs showed recently anti-inflammatory effects (Sharma et al., 2017; Grassin-Delyle et al., 2019). The role of Heracleum sphondylium L as a source of inflammation modulating agents is yet to be explored.
[image: Figure 1]FIGURE 1 | Plant Molecular Taste of small hogweed (Heracleum sphondylium L., Apiaceae family) generated in PlantMolecularTasteDB.
5 LIMITATIONS OF PLANTMOLECULARTASTEDB

1) Not all the phytochemicals found in our database were investigated for their anti-inflammatory potential, therefore lack of any information marked by “No evidence” at the rubric Antiinflammatory activity means either negative evidence (true lack of anti-inflammatory activity) or lack of studies evaluating the anti-inflammatory activity of that compound.
2) Only a few physicochemical features (only molecular formula, chemical structure and chemical class) are available in the present version of PlantMolecularTasteDB.
3) The generation of PMT is dependent on the limited number of phytotastants existent in PlantMolecularTasteDB and on the scarcity of data regarding the chemical composition of certain medicinal plants.
4) Some of the phytochemicals submitted for generating PMT and declared “not found” may actually be present in PlantMolecularTasteDB but under a different name (orthographic variant or synonym). As a workaround for this issue the user might either choose from the list of phytocompounds (Tools → Plant Molecular Taste → Select compounds from PlantMolecularTasteDB) (which however does not include synonyms) or look for each phytochemical declared “not found,” as the dedicated tool (Search → Phytocompound → By name) also explores the synonyms.
6 CONCLUSION
PlantMolecularTasteDB is the first database dedicated to all types of orosensorially active phytochemicals (bitter, sweet, sour, umami, salty, pungent, astringent phytochemicals). Its novelty over the other similar databases resides in the focus on the plant derived tastants, information related to sourness, pungency, astringency, complete taste profile, and antiinflammatory activity of the phytotastants. According to our knowledge, it is the database that contains the highest number of phytotastants and orosensation active phytochemicals. PlantMolecularTasteDB now provides a unique platform for further studies aiming to predict sensorial profile of unlisted phytocompounds or potential ligands for TASRs or TRPs. PlantMolecularTasteDB will be regularly upgraded with new phytotastants, physico-chemical features, biological activities, plants sources and interactive tools [e.g., taste predictive tool of newly discovered (phyto)chemicals].
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