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Taste perception is crucial for the critical evaluation of food constituents in human and other vertebrates. The five basic taste qualities salty, sour, sweet, umami (in humans mainly the taste of L-glutamic acid) and bitter provide important information on the energy content, the concentration of electrolytes and the presence of potentially harmful components in food items. Detection of the various taste stimuli is facilitated by specialized receptor proteins that are expressed in taste buds distributed on the tongue and the oral cavity. Whereas, salty and sour receptors represent ion channels, the receptors for sweet, umami and bitter belong to the G protein-coupled receptor superfamily. In particular, the G protein-coupled taste receptors have been located in a growing number of tissues outside the oral cavity, where they mediate important processes. This article will provide a brief introduction into the human taste perception, the corresponding receptive molecules and their signal transduction. Then, we will focus on taste receptors in the gastrointestinal tract, which participate in a variety of processes including the regulation of metabolic functions, hunger/satiety regulation as well as in digestion and pathogen defense reactions. These important non-gustatory functions suggest that complex selective forces have contributed to shape taste receptors during evolution.
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INTRODUCTION

The concerted action of vision, olfaction, mechanoreception, and gustation enables humans to differentiate nutritionally valuable food items from inedible or even potentially harmful ones. The final gatekeeper is our sense of taste, which provides a rapid analysis of the relevant food-borne chemicals in the oral cavity prior to ingestion. To facilitate the detection of nutritionally relevant molecules among countless food constituents, the oral cavity is equipped with sensors for the five basic taste qualities salty, sour, sweet, umami (in humans mainly the taste of L-glutamic acid) and bitter (1). The sensing of table salt helps to maintain our body's electrolyte balance, sourness hints at the presence of unripe or spoiled food, sweet and umami tastes assess the energy content of food, and bitter sensing helps to avoid potentially harmful compounds (1). While taste sensing is limited to the sensory cells in the oral cavity, the detection of tastants by taste receptors continues throughout the alimentary canal as well as in other non-gustatory tissues. Among the extra-oral tissues expressing taste receptors, the airways have received considerable attention, because numerous cell types have been shown to respond to stimulation with tastants and the activation of these cells results in a wide range of profound physiological responses. The stimulation of solitary chemosensory cells in the respiratory epithelium of rodents with bitter compounds leads to respiratory depression (2–4) and elicits the discharge of antimicrobial peptides (5), the contact of ciliated lung cells increases their beat frequency (6) and bitter compound treatment of airway smooth muscle cells induces relaxation (7) making bitter compounds a relevant target for the treatment of asthma. These effects have been associated with the expression of the corresponding taste receptors in the various cell types. Other tissues shown to express taste receptors are the reproductive tract (8), urethra (9), skin (10–12), brain (13), heart (14, 15), pancreas (16, 17) and blood cells (18–22). For the sake of space, we will focus in this mini-review on the gastrointestinal (GI) tract and refer the interested reader to a number of comprehensive recent review articles for further reading (23–25). Before discussing the function of taste receptors in the GI tract, we will briefly introduce the receptors, their signaling elements and cells in their “original” environment, the taste system.


Taste Cells and Receptors

The cells devoted to detect food constituents occur combined into taste buds, which consist of about 100 cells, on the tongue, the soft palate and the throat (26). The taste information gathered in the oral cavity are transmitted to the brain, where complex percepts are formed and innate as well as learned behaviors are evoked that regulate food intake. On the molecular level, tastants interact with taste receptors expressed in the taste receptor cells of the taste buds. The ionic taste stimuli are detected by ion channels, with the proton-gating channel otop-1 serving as sour taste receptor (27–29) and the epithelial sodium channel ENaC acting as salt taste receptor (30, 31). While the identity of otop-1 is meanwhile firmly established, the exact composition of the salt sensor is still a matter of debate (32–34). The receptors for sweet, umami and bitter taste belong to the large superfamily of G protein-coupled receptors (GPCR). The 3 TAS1R (taste 1 receptor) genes code for heteromers that assemble the predominant umami taste receptor, TAS1R1/TAS1R3 (35, 36), the sweet taste receptor, TAS1R2/TAS1R3 (37–42), and exert long extracellular so-called venus flytrap domains typical for class C GPCRs. In contrast, the 25 putatively functional bitter taste receptors belong to the TAS2R (taste 2 receptor) gene family with short amino termini (43–45).

Upon activation of one of the taste-GPCRs a signaling cascade centered around the IP3/Ca2+ second messenger system is initiated [for a review see (46)]. Briefly, depending on whether a sweet, umami, or bitter taste receptor cell is activated, a heterotrimeric G protein complex is recruited and, after GDP to GTP exchange, dissociates into the α-subunit and the βγ-heterodimer. The βγ-subunits in turn activate phospholipase Cβ2 resulting in the generation of IP3 from the membrane-associated precursor PIP2. Subsequently, the release of calcium ions from the lumen of the endoplasmatic reticulum via the receptor IP3R3 is triggered. Next, the elevated level of cytosolic calcium ions opens the cation-channels TRPM4 and TRPM5, which allow the influx of sodium ions into the cell causing depolarization. Finally, voltage-gated sodium channels open and the neurotransmitter ATP is released through the voltage-gated channel calcium homeostasis modulator 1 and 3 complex resulting in the activation of puringergic afferent nerve fibers and signal propagation toward the central nervous system.



Tastant Reception in the GI Tract

Apart from its role in nutrient absorption, the GI tract is a site where nutrient sensing occurs and complex biological responses involving humoral and neural signals are triggered. The first hints that some of these responses may involve components of the taste transduction system came from the detection of α-gustducin, a Gα-subunit first identified in the rodent gustatory system (47), in brush cells of the stomach and small intestine (48). Nowadays, sweet, umami and bitter taste receptors and all canonical taste signaling components have been detected in GI tissues from stomach to colon (23–25). Moreover, a variety of GI cell types expressing the taste signaling molecules including enteroendocrine cells, brush cells, goblet cells, and Paneth cells have been discovered and nutrient sensing mechanisms involving taste-like signaling molecules were proposed (23–25).



Sweet, Umami and Bitter Sensing in the GI Tract

Already the observation that the taste-related signaling molecule α-gustducin is expressed in brush cells of the GI tract raised the question if also other components involved in taste sensation might play a role in nutrient sensing in the alimentary canal. Indeed, over the past two decades all canonical taste signaling elements including the G protein-coupled receptors for sweet, umami and bitter detection have been identified in the GI tract of vertebrates. Moreover, a number of physiological functions of taste GPCR-mediated signaling have emerged. Here, we will point out only some key aspects of GI taste signaling, the interested reader is referred to one of the recent full-length review articles (24, 25).


Taste Receptor-Expressing Cell Types

Although a larger number of cell types have been implicated in taste receptor-mediated signaling, two types of cells stand out because of their central role(s) and frequent implications in taste-related signaling events (Figure 1). The first cell type are the brush cells, which are frequently also named tuft cells or solitary chemosensory cells. These cells occur throughout the alimentary tract as individual cells, which are equipped with an apical tuft of microvilli [for a review see (50)]. They were shown to express sweet, umami and bitter taste receptors [but cf. (51)] as well as canonical taste signaling elements such as α-gustducin, PLCβ2, TRPM5 (52). It is believed that brush cells are capable to signal their activation via the transmitter acetylcholine in a paracrine fashion (53). The second cell type are so-called enteroendocrine cells, which can be further subdivided depending on the peptide hormones they secrete upon activation. Also the enteroendocrine cells were identified to express the already mentioned taste-GPCRs for sweet, umami and bitter sensing and the canonical taste-signaling elements. Stimulation of enteroendocrine cells results in the release of important peptide hormones involved in metabolic regulation, such as GLP-1 from enteroendocrine L cells, GIP from K cells, hunger-satiety regulation, such as ghrelin from P or X cells to name just a few [for a review see (54)]. Other, less well investigated cell types implicated in tastant-induced signaling in the GI tract include enterocytes (55), Paneth (56) and goblet cells (20). It is important to emphasize that the expression of sweet, umami and bitter taste receptors in a given cell type does not imply that individual cells actually house all three taste receptor types. While some cell lines of enteroendocrine origin may indeed contain taste receptors for multiple taste modalities, in vivo data on the co-expression does not exist to date.
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FIGURE 1. Cell types involved in the detection of taste stimuli. Shown are schematic drawings of type II taste receptor cells (left), enteroendocrine cells of the GI tract (middle) and brush cells (right). The signal components involved/implied in signal transduction are depicted: Adenosine triphosphate (ATP), calcium ions (Ca2+), Calcium homeostasis modulator 1 and 3 (CALHM1/3), G protein-coupled receptor (GPCR), G protein alpha subunit α-gustducin (Gαgust), G protein beta subunit (Gβ), G protein gamma subunit (Gγ), Inositol 1,4,5-trisphosphate (IP3), Phospholipase C beta 2 (PLCβ2), sodium ions (Na+), transient receptor potential cation channel subfamily M members 4 and 5 (TRPM5/4).




Tastant-Induced Functions in the GI Tract

Quite a number of physiological roles have been assigned to taste receptor-mediated signaling in the GI tract. However, not all physiological responses triggered by tastants must occur via the activation of taste receptors, in fact, in many cases where taste receptors are implicated in GI tastant sensing additional research is warranted. Among the best investigated processes elicited by tastants in the GI tract are peptide hormone secretions from various enteroendocrine cell types. One of these hormones is the incretin hormone GLP-1 (glucagon-like peptide-1) which is produced by enteroendocrine L cells. The cells express both TAS1R subunits, namely TAS1R2 and TAS1R3, constituting the functional sweet taste receptor as well as the canonical taste signaling elements. Challenging the cells with sweet compounds results in the acute release of GLP-1 and the subsequent insulin secretion from pancreatic beta-cells leading to a reduction of blood sugar levels and, in case of chronic stimulation, an elevated absorptive capacity of intestinal enterocytes via the upregulation of the transport molecule SGLT-1 (57, 58). Also bitter compounds, such as KDT-501, a synthetic derivative of hop bitter compounds, have been shown to result in elevated GLP-1 levels in the blood of mice (59). Whether this implies co-expression of sweet and bitter taste receptors in L cells or suggests the existence of specialized subpopulations of sweet and bitter responsive L cells is unknown. Further effects of GI bitter stimulation on hormone secretions are the release of CCK (cholecystokinin) from I cells and a subsequent delayed gastric emptying and conditioned taste aversion (60, 61). Interestingly, bitter tastant-responsive X/A-like cells in the stomach also facilitate the release of the hunger-inducing peptide hormone ghrelin (62), a fact which appears counterintuitive on the first glance with the above reported CCK-effects. Not all presumably taste receptor-mediated GI effects involve necessary hormonal signaling events. It was shown that the bitter compound caffeine regulates via bitter taste receptors acid secretion in the human stomach (63) and in the colon of rodents an increased fluid secretion into the lumen (64). Moreover, the modulation of the intestinal motility via the interaction of selective bitter substances with bitter taste receptors in intestinal smooth muscle cells has been reported (65).

Compared to enteroendocrine cells, intestinal brush cells seems to play a very different role, the defense of pathogenic organisms (66–68) (Figure 2). In fact, even though brush cells have been demonstrated to express all elements required for taste-GPCR signal transduction, albeit with some deviations from the canonical type II taste cell pathway (52), the taste receptors themselves were not detected in all studies [cf. (51)]. Nevertheless, brush cells respond to helminth and protist infections as well as to bacterial dysbiosis [for a review see (69)] and may indeed rely on the activation of bitter taste receptors (70). A central role in the pathogen response against these intestinal intruders was demonstrated for SUCNR1 (71, 72), a succinate-sensing GPCR (also known as GPR91) (73). Indeed, succinate is released by various pathogens [e.g., protozoa (72)] triggering IL-25 discharge from brush cells (72) in an α-gustducin- and TRPM5-dependent fashion (71) and a subsequent activation of group 2 innate lymphoid cells to promote pathogen removal (74). As succinic acid has been associated with a umami-like orosensory perception (75, 76), this process could be judged to represent an activity by a tastant-like substance. Although the majority of tastant or tastant-like molecules triggering important physiological responses in the GI tract have been associated with enteroendocrine or brush cells, other bitter taste receptor expressing cell types such as Paneth cells (56) or goblet cells (20) were shown recently to play critical roles in innate immune responses as well (77).


[image: Figure 2]
FIGURE 2. Molecules and organisms implicated in triggering GPCR-mediated defense reactions in non-gustatory epithelia. Gastrointestinal infections with succinate secreting helminths and bacteria secreting quorum-sensing molecules (homoserine lactones, e.g., C6-HSL) or metabolites (e.g., 2-butanone) are believed to result in the activation of GPCRs including bitter taste receptors. A ribbon structure (seen from the top) of a homology model of human bitter taste receptor TAS2R14 [derived from (49), modified with Maestro 12.9 software (Schrodinger)], one of the TAS2Rs implicated in innate immune responses, is depicted at the bottom.






DISCUSSION

After the discovery of taste receptors outside the oral cavity, the research field of extra-oral taste receptors practically exploded. Taste receptors were found in an increasing number of tissues and were associated with numerous roles. Whereas, some of the most optimistic appraisals had to be corrected, other proposed opportunities solidified over the years resulting in realistic research goals such as the use of bitter compounds as asthma medication or compounds to improve metabolic functions.

One research gap that exists since the discovery of non-gustatory taste receptors and the subsequent investigations of their physiological roles is the firm association of taste stimuli with specific cellular functions and the unambiguous involvement of the corresponding taste receptors in this process. Moreover, many observations of physiological effects in tastant-responsive GI cells were rather broadly assigned to specific cell types, which may underestimate diversity with regard to taste receptor expression and function. Another gap comes from the observation that a large number of animals exhibit taste receptor pseudogenizations, which usually correlates well with their nutrition, however, it has so far not been investigated how these animals compensate for the loss of those receptors and their function in extra-oral tissues.

In summary, research on taste receptor functions outside the gustatory system has become a topic of great interest with future prospects ranging from more healthy nutrition to even using tastants and/or their derivatives for medicinal treatments.



AUTHOR CONTRIBUTIONS

The manuscript was written together by MB and TL. All authors contributed to the article and approved the submitted version.



FUNDING

The authors declare that this study received funding from Soremartec Italia S.R.L. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



REFERENCES

 1. Lindemann B. Taste reception. Physiol Rev. (1996) 76:718–66. doi: 10.1152/physrev.1996.76.3.719

 2. Finger TE, Bottger B, Hansen A, Anderson KT, Alimohammadi H, Silver WL. Solitary chemoreceptor cells in the nasal cavity serve as sentinels of respiration. Proc Natl Acad Sci U S A. (2003) 100:8981–6. doi: 10.1073/pnas.1531172100

 3. Gulbransen BD, Clapp TR, Finger TE, Kinnamon SC. Nasal solitary chemoreceptor cell responses to bitter and trigeminal stimulants in vitro. J Neurophysiol. (2008) 99:2929–37. doi: 10.1152/jn.00066.2008

 4. Tizzano M, Gulbransen BD, Vandenbeuch A, Clapp TR, Herman JP, Sibhatu HM, et al. Nasal chemosensory cells use bitter taste signaling to detect irritants and bacterial signals. Proc Natl Acad Sci U S A. (2010) 107:3210–5. doi: 10.1073/pnas.0911934107

 5. Lee RJ, Kofonow JM, Rosen PL, Siebert AP, Chen B, Doghramji L, et al. Bitter and sweet taste receptors regulate human upper respiratory innate immunity. J Clin Invest. (2014) 124:1393–405. doi: 10.1172/JCI72094

 6. Shah AS, Ben-Shahar Y, Moninger TO, Kline JN, Welsh MJ. Motile cilia of human airway epithelia are chemosensory. Science. (2009) 325:1131–4. doi: 10.1126/science.1173869

 7. Deshpande DA, Wang WC, McIlmoyle EL, Robinett KS, Schillinger RM, An SS, et al. Bitter taste receptors on airway smooth muscle bronchodilate by localized calcium signaling and reverse obstruction. Nat Med. (2010) 16:1299–304. doi: 10.1038/nm.2237

 8. Li F, Zhou M. Depletion of bitter taste transduction leads to massive spermatid loss in transgenic mice. Mol Hum Reprod. (2012) 18:289–97. doi: 10.1093/molehr/gas005

 9. Deckmann K, Filipski K, Krasteva-Christ G, Fronius M, Althaus M, Rafiq A, et al. Bitter triggers acetylcholine release from polymodal urethral chemosensory cells and bladder reflexes. Proc Natl Acad Sci U S A. (2014) 111:8287–92. doi: 10.1073/pnas.1402436111

 10. Ho HK, Bigliardi PL, Stelmashenko O, Ramasamy S, Postlethwaite M, Bigliardi-Qi M. Functionally expressed bitter taste receptor Tas2r14 in human epidermal keratinocytes serves as a chemosensory receptor. Exp Dermatol. (2021) 30:216–25. doi: 10.1111/exd.14250

 11. Shaw L, Mansfield C, Colquitt L, Lin C, Ferreira J, Emmetsberger J, et al. Personalized expression of bitter 'taste' receptors in human skin. PLoS ONE. (2018) 13:e0205322. doi: 10.1371/journal.pone.0205322

 12. Wölfle U, Elsholz FA, Kersten A, Haarhaus B, Müller WE, Schempp CM. Expression and functional activity of the bitter taste receptors Tas2r1 and Tas2r38 in human keratinocytes. Skin Pharmacol Physiol. (2015) 28:137–46.

 13. Singh N, Vrontakis M, Parkinson F, Chelikani P. Functional bitter taste receptors are expressed in brain cells. Biochem Biophys Res Commun. (2011) 406:146–51. doi: 10.1016/j.bbrc.2011.02.016

 14. Foster SR, Blank K, See Hoe LE, Behrens M, Meyerhof W, Peart JN, et al. Bitter taste receptor agonists elicit G-Protein-Dependent negative inotropy in the murine heart. FASEB J. (2014) 28:4497–508. doi: 10.1096/fj.14-256305

 15. Foster SR, Porrello ER, Purdue B, Chan HW, Voigt A, Frenzel S, et al. Expression, regulation and putative nutrient-sensing function of taste Gpcrs in the heart. PLoS ONE. (2013) 8:e64579. doi: 10.1371/journal.pone.0064579

 16. Kyriazis GA, Smith KR, Tyrberg B, Hussain T, Pratley RE. Sweet taste receptors regulate basal insulin secretion and contribute to compensatory insulin hypersecretion during the development of diabetes in male mice. Endocrinology. (2014) 155:2112–21. doi: 10.1210/en.2013-2015

 17. Kyriazis GA, Soundarapandian MM, Tyrberg B. Sweet taste receptor signaling in beta cells mediates fructose-induced potentiation of glucose-stimulated insulin secretion. Proc Natl Acad Sci U S A. (2012) 109:E524–32. doi: 10.1073/pnas.1115183109

 18. Babusyte A, Kotthoff M, Fiedler J, Krautwurst D. Biogenic amines activate blood leukocytes via trace amine-associated receptors Taar1 and Taar2. J Leukoc Biol. (2013) 93:387–94. doi: 10.1189/jlb.0912433

 19. Malki A, Fiedler J, Fricke K, Ballweg I, Pfaffl MW, Krautwurst D. Class I odorant receptors, Tas1r and Tas2r taste receptors, are markers for subpopulations of circulating leukocytes. J Leukoc Biol. (2015) 97:533–45. doi: 10.1189/jlb.2A0714-331RR

 20. Prandi S, Bromke M, Hübner S, Voigt A, Boehm U, Meyerhof W, et al. A Subset of mouse colonic goblet cells expresses the bitter taste receptor Tas2r131. PLoS ONE. (2013) 8:e82820. doi: 10.1371/journal.pone.0082820

 21. Tran HTT, Herz C, Ruf P, Stetter R, Lamy E. Human T2r38 bitter taste receptor expression in resting and activated lymphocytes. Front Immunol. (2018) 9:2949. doi: 10.3389/fimmu.2018.02949

 22. Tran HTT, Stetter R, Herz C, Spöttel J, Krell M, Hanschen FS, et al. Allyl isothiocyanate: a Tas2r38 receptor-dependent immune modulator at the interface between personalized medicine and nutrition. Front Immunol. (2021) 12:669005. doi: 10.3389/fimmu.2021.669005

 23. Behrens M, Somoza V. Gastrointestinal taste receptors: could tastants become drugs? Curr Opin Endocrinol Diabetes Obes. (2020) 27:110–4.

 24. Steensels S, Depoortere I. Chemoreceptors in the gut. Annu Rev Physiol. (2018) 80:117–41. doi: 10.1146/annurev-physiol-021317-121332

 25. Tuzim K, Korolczuk A. An update on extra-oral bitter taste receptors. J Transl Med. (2021) 19:440. doi: 10.1186/s12967-021-03067-y

 26. Miller IJ Jr. editor. Anatomy of the Peripheral Taste System. New York, NY: Dekker (1995). 

 27. Teng B, Wilson CE, Tu YH, Joshi NR, Kinnamon SC, Liman ER. Cellular and neural responses to sour stimuli require the proton channel Otop1. Curr Biol. (2019) 29:3647–56.e5. doi: 10.1016/j.cub.2019.08.077

 28. Tu YH, Cooper AJ, Teng B, Chang RB, Artiga DJ, Turner HN, et al. An evolutionarily conserved gene family encodes proton-selective ion channels. Science. (2018) 359:1047–50. doi: 10.1126/science.aao3264

 29. Zhang J, Jin H, Zhang W, Ding C, O'Keeffe S, Ye M, et al. Sour sensing from the tongue to the brain. Cell. (2019) 179:392–402.e15. doi: 10.1016/j.cell.2019.08.031

 30. Chandrashekar J, Kuhn C, Oka Y, Yarmolinsky DA, Hummler E, Ryba NJ, et al. The cells and peripheral representation of sodium taste in mice. Nature. (2010) 464:297–301. doi: 10.1038/nature08783

 31. Stahler F, Riedel K, Demgensky S, Neumann K, Dunkel A, Taubert A, et al. A role of the epithelial sodium channel in human salt taste transduction? Chemosens Percept. (2008) 1:78–90. doi: 10.1007/s12078-008-9006-4 

 32. Bigiani A. Does ENaC work as sodium taste receptor in humans? Nutrients. (2020) 12:1195. doi: 10.3390/nu12041195

 33. Lossow K, Hermans-Borgmeyer I, Meyerhof W, Behrens M. Segregated expression of ENaC subunits in taste cells. Chem Senses. (2020) 45:235–48. doi: 10.1093/chemse/bjaa004

 34. Vandenbeuch A, Kinnamon SC. Is the Amiloride-Sensitive Na+ Channel in Taste Cells Really ENaC? Chem Senses. (2020) 45:233–4. doi: 10.1093/chemse/bjaa011

 35. Li X, Staszewski L, Xu H, Durick K, Zoller M, Adler E. Human receptors for sweet and umami taste. Proc Natl Acad Sci U S A. (2002) 99:4692–6. doi: 10.1073/pnas.072090199

 36. Nelson G, Chandrashekar J, Hoon MA, Feng L, Zhao G, Ryba NJ, et al. An amino-acid taste receptor. Nature. (2002) 416:199–202. doi: 10.1038/nature726

 37. Bachmanov AA Li X, Reed DR, Ohmen JD Li S, Chen Z, et al. Positional cloning of the mouse saccharin preference (sac) locus. Chem Senses. (2001) 26:925–33. doi: 10.1093/chemse/26.7.925

 38. Kitagawa M, Kusakabe Y, Miura H, Ninomiya Y, Hino A. Molecular genetic identification of a candidate receptor gene for sweet taste. Biochem Biophys Res Commun. (2001) 283:236–42. doi: 10.1006/bbrc.2001.4760

 39. Max M, Shanker YG, Huang L, Rong M, Liu Z, Campagne F, et al. Tas1r3, encoding a new candidate taste receptor, is allelic to the sweet responsiveness locus sac. Nat Genet. (2001) 28:58–63. doi: 10.1038/ng0501-58

 40. Montmayeur JP, Liberles SD, Matsunami H, Buck LB. A Candidate taste receptor gene near a sweet taste locus. Nat Neurosci. (2001) 4:492–8. doi: 10.1038/87440

 41. Nelson G, Hoon MA, Chandrashekar J, Zhang Y, Ryba NJ, Zuker CS. Mammalian sweet taste receptors. Cell. (2001) 106:381–90. doi: 10.1016/S0092-8674(01)00451-2

 42. Sainz E, Korley JN, Battey JF, Sullivan SL. Identification of a novel member of the T1r family of putative taste receptors. J Neurochem. (2001) 77:896–903. doi: 10.1046/j.1471-4159.2001.00292.x

 43. Adler E, Hoon MA, Mueller KL, Chandrashekar J, Ryba NJ, Zuker CS, et al. Novel family of mammalian taste receptors. Cell. (2000) 100:693–702. doi: 10.1016/S0092-8674(00)80705-9

 44. Chandrashekar J, Mueller KL, Hoon MA, Adler E, Feng L, Guo W, et al. T2rs function as bitter taste receptors. Cell. (2000) 100:703–11. doi: 10.1016/S0092-8674(00)80706-0

 45. Matsunami H, Montmayeur JP, Buck LB. A Family of candidate taste receptors in human and mouse. Nature. (2000) 404:601–4. doi: 10.1038/35007072

 46. Kinnamon SC, Finger TE. Recent Advances in Taste Transduction and Signaling. F1000Res. (2019) 8:2117. doi: 10.12688/f1000research.21099.1

 47. McLaughlin SK, McKinnon PJ, Margolskee RF. Gustducin is a taste-cell-specific G protein closely related to the transducins. Nature. (1992) 357:563–9. doi: 10.1038/357563a0

 48. Hofer D, Puschel B, Drenckhahn D. Taste receptor-like cells in the rat gut identified by expression of alpha-gustducin. Proc Natl Acad Sci U S A. (1996) 93:6631–4. doi: 10.1073/pnas.93.13.6631

 49. Di Pizio A, Waterloo LAW, Brox R, Lober S, Weikert D, Behrens M, et al. Rational design of agonists for bitter taste receptor Tas2r14: from modeling to bench and back. Cell Mol Life Sci. (2020) 77:531–42. doi: 10.1007/s00018-019-03194-2

 50. Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function and immune homeostasis. Nat Rev Immunol. (2014) 14:141–53. doi: 10.1038/nri3608

 51. Bezençon Bezençon C, Fürholz A, Raymond F, Mansourian R, Métairon S, Le Coutre J, et al. Murine intestinal cells expressing Trpm5 are mostly brush cells and express markers of neuronal and inflammatory cells. J Comp Neurol. (2008) 509:514–25. doi: 10.1002/cne.21768

 52. Bezençon Bezençon C, le Coutre J, Damak S. Taste-signaling proteins are coexpressed in solitary intestinal epithelial cells. Chem Senses. (2007) 32:41–9. doi: 10.1093/chemse/bjl034

 53. Schütz B, Jurastow I, Bader S, Ringer C, von Engelhardt J, Chubanov V, et al. Chemical coding and chemosensory properties of cholinergic brush cells in the mouse gastrointestinal and biliary tract. Front Physiol. (2015) 6:87. doi: 10.3389/fphys.2015.00087

 54. Sternini C, Anselmi L, Rozengurt E. Enteroendocrine cells: a site of 'taste' in gastrointestinal chemosensing. Curr Opin Endocrinol Diabetes Obes. (2008) 15:73–8. doi: 10.1097/MED.0b013e3282f43a73

 55. Mace OJ, Affleck J, Patel N, Kellett GL. Sweet taste receptors in rat small intestine stimulate glucose absorption through apical Glut2. J Physiol. (2007) 582:379–92. doi: 10.1113/jphysiol.2007.130906

 56. Prandi S, Voigt A, Meyerhof W, Behrens M. Expression profiling of Tas2r genes reveals a complex pattern along the mouse Gi tract and the presence of Tas2r131 in a subset of intestinal paneth cells. Cell Mol Life Sci. (2018) 75:49–65. doi: 10.1007/s00018-017-2621-y

 57. Jang HJ, Kokrashvili Z, Theodorakis MJ, Carlson OD, Kim BJ, Zhou J, et al. Gut-expressed gustducin and taste receptors regulate secretion of glucagon-like Peptide-1. Proc Natl Acad Sci U S A. (2007) 104:15069–74. doi: 10.1073/pnas.0706890104

 58. Margolskee RF, Dyer J, Kokrashvili Z, Salmon KS, Ilegems E, Daly K, et al. T1r3 and gustducin in gut sense sugars to regulate expression of Na+-Glucose Cotransporter 1. Proc Natl Acad Sci U S A. (2007) 104:15075–80. doi: 10.1073/pnas.0706678104

 59. Kok BP, Galmozzi A, Littlejohn NK, Albert V, Godio C, Kim W, et al. Intestinal bitter taste receptor activation alters hormone secretion and imparts metabolic benefits. Mol Metab. (2018) 16:76–87. doi: 10.1016/j.molmet.2018.07.013

 60. Hao S, Dulake M, Espero E, Sternini C, Raybould HE, Rinaman L. Central fos expression and conditioned flavor avoidance in rats following intragastric administration of bitter taste receptor ligands. Am J Physiol Regul Integr Comp Physiol. (2009) 296:R528–36. doi: 10.1152/ajpregu.90423.2008

 61. Hao S, Sternini C, Raybould HE. Role of Cck1 and Y2 receptors in activation of hindbrain neurons induced by intragastric administration of bitter taste receptor ligands. Am J Physiol Regul Integr Comp Physiol. (2008) 294:R33–8. doi: 10.1152/ajpregu.00675.2007

 62. Janssen S, Laermans J, Verhulst PJ, Thijs T, Tack J, Depoortere I. Bitter taste receptors and?-Gustducin regulate the secretion of ghrelin with functional effects on food intake and gastric emptying. Proc Natl Acad Sci U S A. (2011) 108:2094–9. doi: 10.1073/pnas.1011508108

 63. Liszt KI, Ley JP, Lieder B, Behrens M, Stoger V, Reiner A, et al. Caffeine induces gastric acid secretion via bitter taste signaling in gastric parietal cells. Proc Natl Acad Sci U S A. (2017) 114:E6260–E9. doi: 10.1073/pnas.1703728114

 64. Kaji I, Karaki S, Fukami Y, Terasaki M, Kuwahara A. Secretory effects of a luminal bitter tastant and expressions of bitter taste receptors, T2rs, in the human and rat large intestine. Am J Physiol Gastrointest Liver Physiol. (2009) 296:G971–81. doi: 10.1152/ajpgi.90514.2008

 65. Avau B, Rotondo A, Thijs T, Andrews CN, Janssen P, Tack J, et al. Targeting extra-oral bitter taste receptors modulates gastrointestinal motility with effects on satiation. Sci Rep. (2015) 5:15985. doi: 10.1038/srep15985

 66. Gerbe F, Sidot E, Smyth DJ, Ohmoto M, Matsumoto I, Dardalhon V, et al. Intestinal epithelial tuft cells initiate type 2 mucosal immunity to helminth parasites. Nature. (2016) 529:226–30. doi: 10.1038/nature16527

 67. Howitt MR, Lavoie S, Michaud M, Blum AM, Tran SV, Weinstock JV, et al. Tuft cells, taste-chemosensory cells, orchestrate parasite type 2 immunity in the gut. Science. (2016) 351:1329–33. doi: 10.1126/science.aaf1648

 68. von Moltke J, Ji M, Liang HE, Locksley RM. Tuft-cell-derived Il-25 regulates an intestinal Ilc2-epithelial response circuit. Nature. (2016) 529:221–5. doi: 10.1038/nature16161

 69. Ting HA, von Moltke J. The immune function of tuft cells at gut mucosal surfaces and beyond. J Immunol. (2019) 202:1321–9. doi: 10.4049/jimmunol.1801069

 70. Luo XC, Chen ZH, Xue JB, Zhao DX, Lu C, Li YH, et al. Infection by the parasitic helminth trichinella spiralis activates a Tas2r-mediated signaling pathway in intestinal tuft cells. Proc Natl Acad Sci U S A. (2019) 116:5564–9. doi: 10.1073/pnas.1812901116

 71. Lei W, Ren W, Ohmoto M, Urban JF Jr, Matsumoto I, Margolskee RF, et al. Activation of intestinal tuft cell-expressed Sucnr1 triggers type 2 immunity in the mouse small intestine. Proc Natl Acad Sci U S A. (2018) 115:5552–7. doi: 10.1073/pnas.1720758115

 72. Schneider C, O'Leary CE, von Moltke J, Liang HE, Ang QY, Turnbaugh PJ, et al. A metabolite-triggered tuft Cell-Ilc2 circuit drives small intestinal remodeling. Cell. (2018) 174:271–84 e14. doi: 10.1016/j.cell.2018.05.014

 73. He W, Miao FJ, Lin DC, Schwandner RT, Wang Z, Gao J, et al. Citric acid cycle intermediates as ligands for orphan G-Protein-Coupled receptors. Nature. (2004) 429:188–93. doi: 10.1038/nature02488

 74. McGinty JW, Ting HA, Billipp TE, Nadjsombati MS, Khan DM, Barrett NA, et al. Tuft-Cell-Derived leukotrienes drive rapid anti-helminth immunity in the small intestine but are dispensable for anti-protist immunity. Immunity. (2020) 52:528–41.e7. doi: 10.1016/j.immuni.2020.02.005

 75. Ma J, Chen Y, Zhu Y, Ayed C, Fan Y, Chen G, et al. Quantitative analyses of the umami characteristics of disodium succinate in aqueous solution. Food Chem. (2020) 316:126336. doi: 10.1016/j.foodchem.2020.126336

 76. Narukawa M, Morita K, Uemura M, Kitada R, Oh SH, Hayashi Y. Nerve and behavioral responses of mice to various umami substances. Biosci Biotechnol Biochem. (2011) 75:2125–31. doi: 10.1271/bbb.110401

 77. Liszt KI, Wang Q, Farhadipour M, Segers A, Thijs T, Nys L, et al. Human intestinal bitter taste receptors regulate innate immune responses and metabolic regulators in obesity. J Clin Invest. (2022) 132:e144828. doi: 10.1172/JCI144828

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Behrens and Lang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Extra-Oral Taste Receptors—Function, Disease, and Perspectives



		Introduction



		Taste Cells and Receptors



		Tastant Reception in the GI Tract



		Sweet, Umami and Bitter Sensing in the GI Tract



		Taste Receptor-Expressing Cell Types



		Tastant-Induced Functions in the GI Tract













		Discussion



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Extra-Oral Taste
Receptors—Function, Disease, and
Perspectives





OPS/images/fnut-09-881177-g001.gif





OPS/images/fnut-09-881177-g002.gif
helminths bacteria










OPS/images/crossmark.jpg
©

2

i

|





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





