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The taste for health: the role of
taste receptors and their ligands
in the complex food/health
relationship

Gabriella Morini*

University of Gastronomic Sciences, Pollenzo, Italy

Taste, food, and health are terms that have since always accompanied the act
of eating, but the association was simple: taste serves to classify a food as good
or bad and therefore influences food choices, which determine the nutritional
status and therefore health. The identification of taste receptors, particularly, the
G protein-coupled receptors that mediate sweet, umami, and bitter tastes, in the
gastrointestinal tract has assigned them much more relevant tasks, from nutrient
sensing and hormone release to microbiota composition and immune response
and finally to a rationale for the gut—brain axis. Particularly interesting are bitter
taste receptors since most of the times they do not mediate macronutrients
(energy). The relevant roles of bitter taste receptors in the gut indicate that
they could become new drug targets and their ligands new medications or
components in nutraceutical formulations. Traditional knowledge from different
cultures reported that bitterness intensity was an indicator for distinguishing
plants used as food from those used as medicine, and many non-cultivated
plants were used to control glucose level and treat diabetes, modulate hunger,
and heal gastrointestinal disorders caused by pathogens and parasites. This
concept represents a means for the scientific integration of ancient wisdom
with advanced medicine, constituting a possible boost for more sustainable
food and functional food innovation and design.
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Introduction

The “food is medicine” concept and approach has been rooted in humans, as proven by
the first cookbook published in print around 1,470 by Bartolomeo Platina, “De honesta
voluptate et valetudine” (“On right pleasure and good health”) (1). It is actually not just a
cookbook but a systematic treatment of culinary arts, dietetics, warnings about the nature of
foods, and their nutritional and healing power, with indications and contraindications of
different items and preparations and much more that authors of previous centuries had
illustrated on the matter. The crucial role of food and food consumption patterns on health
have been confirmed by scientific research, from earlier to contemporary times, with new
timely discoveries that go hand in hand with an increasingly complex vision (2). If the initial
studies concerned a few nutrients and their balance and were addressed to all people, currently
there are available databases like FooDB that record the presence of more than 70,000 distinct
biochemicals in food (3). Molecular and personalized nutrition are attempting to unravel every
organism’s responses to nutrients at a molecular level. Moreover, in the recent decades, diet
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has been recognized as one of the key factors for the selection and
development of trillions of microorganisms that constitute our
microbiota, and growing evidence suggests that the relationship
between an individual and its microbiota may underlie broad effects
of diet on human health and disease (4).

The involvement of taste in this scenario has been, for a long time,
limited to its participation in the control of motivational processes
that guide eating behavior and food choices, allowing the recognition
of nutrients, while avoiding potential toxic compounds (5, 6). The
identification of taste receptors, particularly the G protein-coupled
receptors (GPCRs) that mediate sweet, umami, and bitter tastes, in the
gastrointestinal (GI) tract [as well as in many other locations, not the
subject of this article, (7)] has revealed many more relevant tasks for
them, from nutrient sensing and consequent hormone release to
microbiota composition and immune response (8-10).

Taste receptors

In humans, taste is mediated in the buccal cavity by two types of
specific transmembrane receptors grafted at the apex of the taste
receptor cells (TRCs): ion channels, which mediate sour and salty
tastes, and GPCRs, for sweet, umami, and bitter tastes (11). The
epithelial sodium channel ENaC is a possible receptor for salty taste
(sensitive to Na*), but still there is no consensus as to whether it is the
only one (12). Quite recently, there has been an agreement on the
proton-selective ion channel Otop1 as the detector of acidic stimuli
(13), as well as of alkali and ions able to modify the pH (14, 15).

Sweetness and umaminess are sensed mainly by two heterodimeric
receptors: taste receptor type 1 member 2 (T1R2) and member 3 (T1R3)
for the sweet taste receptor, while TIRI and T1R3 constitute the
principal umami receptor (16). T1Rs present a long extracellular
N-terminal domain, the so-called Venus flytrap module (VEM),
forming the main binding site of the receptor (for sugars, aspartame and
sucralose among sweet compounds, and for glutamate and nucleotides
among umami ones). The recognition of other tastants and taste
modulators occurs in different domains, like the seven transmembrane
domain (TMD) and the cysteine-rich domain (CRS) (17-19).

More articulated is the system to perceive bitter taste. To date, over
1,300 bitter compounds have been isolated and tested on human bitter
receptors [bitterDB, (20)], approximately 250 of which are of natural
origin (21), but it is estimated that there may be up to tens of
thousands of them. For a comparison, the known sweet compounds
are in the order of the hundreds [SweetenersDB; (22)]. For this reason,
vertebrates are equipped with a great number of bitter taste receptors,
and their number correlates with the fraction of plants in their diet
(23, 24). In humans, 26 active receptors dedicated to bitter compounds,
taste receptor type 2 (T2Rs), have been identified, one of them being
active in some populations only (25, 26). Some of these receptors are
relatively “specialized, i.e., capable of responding to a limited number
of bitter compounds, others, called “promiscuous,” are generalist, i.e.,
capable of recognizing a larger number of even very chemically
different compounds (24). However, others are “monogamous” and
hyper-specialized, recognizing only one class of compounds. To date,
two are still “orphans” T2Rs, which means that they are not activated
by any bitter compound tested so far. T2Rs are more conserved in
structure than in sequence, and thus, they are not easy to classify,
although they are often considered class A GPCRs, presenting a short

Frontiers in Nutrition

10.3389/fnut.2024.1396393

N-terminal extracellular domain (25). Moreover, some compounds
act as agonists for certain T2Rs and as antagonists for others (27),
making structure-bitterness relationship studies almost non-feasible.
When comparing bitter taste receptors from different species, for most
of them, no one-to-one orthologs are identified as they are organized
in species-specific gene expansion groups (28, 29), and therefore, it is
not straightforward to draw conclusions about their functionality in
humans from animal studies. In addition, the interpretation of bitter
taste as a means of rejecting potentially toxic compounds is certainly
too simplistic since bitter compounds are not necessarily toxic, nor all
toxic compounds taste bitter (30). Indeed, many bitter compounds,
which include phenolics, terpenoids, alkaloids, and glucosinolates,
have proven to have beneficial health effects (31, 32), and diets
including higher amounts of bitter-tasting plants or phytochemicals
have been associated with better health (33, 34).

Taste receptors and nutrient sensing
in the Gl tract

Most of the nutrients perceived as taste stimuli (particularly the
macronutrients) are also under homeostatic control, and therefore,
their introduction has to be detected to start and regulate their
uptake. Not surprisingly, the GI tract is the largest hormone-
producing organ in the body, with enteroendocrine cells (EECs)
representing only 1% of the intestinal epithelium, yet capable of
producing more than 20 hormones (35). These cells, scattered from
the stomach to the rectum, make direct contact with what is present
in the GI tract—food (both nutrient and non-nutrient compounds),
its digestion products and residues, molecules produced by the
microbiota, etc.—and release gut hormonal responses able to convey
nutrient-related information to the brain, where they are integrated
with other endocrine and neural inputs, generating responses that
ultimately control feeding behavior and energy homeostasis through
efferent outputs (gut-brain axis) (36).

Among the sensors that account for the ECCs capability to
respond to the variety of nutrient stimuli, sweet umami and bitter taste
receptors have been identified (37-39): upon activation, these taste
receptors trigger the release, among others, of cholecystokinin (CCK)
and glucagon-like peptide-1 (GLP-1). CCK has a central effect via the
vagal afferents, slowing gastric emptying and therefore reducing food
intake, and a GI effect, increasing pancreatic enzymes secretion and
gallbladder contraction (35). GLP-1 has its target in pancreatic p-cells,
indicating a directly promoted insulin secretion (and inhibition of
glucagon) with a relevant effect on glucose control. GLP-1 is the main
hormone with “incretin effect” (the increased insulin response after
oral ingestion of glucose, compared to that observed when the same
glucose load is administered parenterally). With the incretin effect
accounting for 50-70% of insulin secreted in response to oral glucose,
GLP-1 and its analogs became an effective therapeutic strategy to treat
type 2 diabetes (35, 40). GLP-1 receptors are also expressed in the
ganglion of the vagus nerve, suggesting a potential gut-vagus—
pancreatic islet neural loop. Its release is also followed by slower
gastric emptying.

While the contribution of sweet and umami receptors to the
regulation of glucose blood level and feeding control could be intuitive
since they respond to nutrients, it is surprising that this effect is also
mediated by bitter taste receptors due to the fact that, most of the
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times, the ligands of these receptors are not macronutrients and,
therefore, do not provide energy to the body.

The metabolic roles of bitter taste
receptors

Over the centuries, various bitter medicinal plants (most of them
non-cultivated) have been used in traditional medicines and bitterness
intensity as a food/medicine watershed (41). In particular, for plants
used in different folk medicines worldwide to treat diabetes, the bitter
connection is obvious. In recent years, for many of them, the glucose
control activity has been explained at the molecular level through
bitter taste receptor activation by some of their components and
subsequent GLP-1 release (42-47).

The alkaloid berberine, produced by several plants growing in
different continents and used in traditional medicines to treat diabetes
(in the midst of other diseases), has been proven to release GLP-1
(also) through bitter taste receptor pathways (48). Bitter melon
(Momordica charantia L.) is a food/medicine widely consumed
throughout sub-tropical countries (China, India, Thailand, East
Africa, and Central and South America), particularly in the
management of diabetes. It is a hallmark of Okinawa diet, with goya
champuru being Okinawa’s signature dish. It is very likely that its
activity in glycemic control is due to several mechanisms, with the
release of GLP-1 via bitter taste receptor activation being one of them
(49). In the context of glycemic control via nutrition, particular
interest should be given to steviosides, secondary metabolites sharing
the common aglycone steviol (ent-13-hydroxykaur-16-en-18-oic acid)
but different in the number and types of sugar residues, extracted from
the leaves of the Stevia rebaudiana Bertoni. This plant is native to
Paraguay, where it has a long history of use for its sweetness and to
treat several diseases, with diabetes being one of the most relevant
(50). Currently, steviosides are widely used as intensive sweeteners and
still the only ones of natural origin allowed in Europe. A recent study
(51) demonstrated that their activity on glucose control is due to
GLP-1 release triggered by the activation of bitter taste receptors
(T2R4 in particular) while excluding any participation by sweet taste
receptors in the process. Another reason why steviosides are of
particular interest is that they enhance pancreatic p-cell function by
potentiation of TRPM5 channel activity (52). As TRPM5 is also
expressed in EEC cells, the activity of steviosides as modulators of
GLP-1 also through this route has not been excluded (51).

Another specific example of traditional use of plants in metabolic
control, explained at molecular level via a bitter taste receptor
expressed in the gut (T2R14), is the anti-hunger activity of Hoodia
gordonii, an indigenous plant of South Africa, Botswana, and
Namibia (53).

Bile acids (BAs) are produced in the liver during the catabolism
of cholesterol and then conjugated with glycine or taurine to make
them amphipathic and therefore able to work as emulsifiers,
exerting a key role in intestinal absorption and transport of dietary
lipids. Through multiple and complex pathways, only partially
unraveled, they have a role also in incretin secretion, glucose and
energy metabolism, endoplasmic reticulum stress, and GI
microbiota composition (55). The activation of several human
bitter taste receptors by physiological concentrations of bile acids
has been proven (54), and it has been hypothesized that this
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activation might contribute to the role of BA in glucose control (55,
54). Moreover, this finding indicates the role of bitter taste
receptors as chemosensors for endogenous ligands, thus opening
new fields of discoveries.

The activation of T2Rs and their involvement in digestion and
satiety has also been shown at gastric level. Caffeine, which is able to
activate five bitter taste receptors in humans, induces gastric acid
secretion, known to have a role in satiation, as well as an important
signal to initiate gastric protein digestion (56). Interestingly, a similar
effect was proven for bitter amino acids (57) and peptides produced
during the gastric digestion of caseins (58), demonstrating the
participation of bitter taste receptors in the well-known satiety
properties of proteins and amino acids.

Bitter taste receptors in innate
immunity and in shaping the
microbiota

One of the first, and apparently less logical to explain, location
in which extra-oral bitter receptors were identified were the airways.
In fact, while their expression in the digestive apparatus can still
be inherent to food and its components, this is not at all the case for
the respiratory tract. However, since the first evidences of their
presence in solitary chemosensory cells in the nasal epithelium it was
first brilliantly intuited and then proven their function to respond to
acyl-177 homoserine lactones (AHLs) produced by Gram-negative
bacteria as quorum-sensing signals (59). This intuition was absolutely
endorsed by the following studies, proving that bitter taste receptor
activation by AHLs triggers the release of nitric oxide (NO), a toxic
defense molecule against pathogens, and increases ciliary beating
(60). Similar cells in the gut, tuft cells, detect parasite and bacterial
homeostatic dysregulation and initiate a type II immune response,
therefore having a role in microbiota composition and, finally, in
maintaining gut barrier integrity (61). It has been demonstrated that
they monitor intestinal contents using succinate (the main
microorganisms and helminths parasite metabolite) as well as sweet
and bitter taste receptors (62, 63). In particular, bitter taste receptors
activation has been related with their role in repairing gut barrier
integrity compromised by obesity and dysbiosis (64).

The effect on T2R38 bitter taste receptor-mediated immunity of
the bitter agonist allyl isothiocyanate (AITC), one of the most
abundant phytochemicals in plants of the genus Brassica (produced
from the precursors glucosinolates in a degradation reaction catalyzed
by myrosinase), has also been proven at the systemic level using
human peripheral blood, demonstrating that a single intake of an
AITC-containing food product resulted in its concentration at plasma
levels able to trigger bitter taste receptor-dependent immune cell
responses (65).

With microbiota emerging as one of the key components in health
status and in the genesis of many diseases, including cancer (in
particular colorectal cancer), the modulation of bitter receptors in the
GI could also be exploited to develop targeted microbial therapies or
as chemopreventive agents though the diet, to promote overall health
and against tumorigenesis (66, 67).

To underline their role in monitoring endogenous compounds
and microbiota metabolites, it is noteworthy that bitter taste receptors
are the only chemosensory receptors from intronless genes, usually
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associated with rapidly changing expression levels in response to
stress (68).

Conclusion

Taste receptors, given their broad extra-oral expression, have relevant
and extensive chemoreception roles, and are much more than simply
gatekeepers of food ingestion and data providers for perception. For this
reason, some authors even suggested addressing them with a different
name rather than simply “taste receptors” (68, 69). Indeed, the discovery
of extra-oral taste receptors and their functions gave them the role of
ecological sensors in inter-kingdom communication, working at the
interface between us and the outside world and also between us and our
inner world. In particular, bitter taste receptors in the GI tract, which have
been proven to be involved in metabolic responses to food molecules,
their metabolites, and endogenous compounds, as well as in
immunological response and in microbiota composition, became an
important factor in shaping the health and unraveling the complex diet/
health relationship, as well as in the gut-brain axis, emerging as potential
new drug targets (and their ligands new medications).

During the revision process of this perspective, a nutraceutical
formulation based on Cinchona bark, chicory, and Gentian roots has
been presented in an open article after having being patented (70),
with indications for appetite and weight management. Interestingly,
the combination of plants has been appropriately designed to
simultaneously target and stimulate several different T2Rs, proving
the validity of the proposed approach in this perspective.

The information about the most advanced knowledge on bitter
taste receptors and the function of their ligands should be spread to
food producers: the growing demand in dietary proteins, especially
plant protein ingredients and their derived final products, coincides
with the problem of undesirable sensory properties, among which
bitterness is often reported. Attention should be paid to debittering
through bitter taste receptor inhibition since this action could affect
the described metabolic roles and the microbiota composition. In
addition, the knowledge on bitter taste receptors should be spread to
consumers so that they can realize, or better to say, regain, the value
of taste as a tool of knowledge (a form of intelligence) to identify
bioactive compounds in food, and this understanding could contribute
to their sensory acceptability.

Finally, due to the recent discoveries and the rooted role of
in the in traditional

bitterness food-medicine continuum

References

1. Platina. On right pleasure and good health. Translation of De honesta voluptate et
valetudine. Asheville, NC, USA.: Pegasus Press (1999).

2. Barabdsi AL, Menichetti G, Loscalzo J. The unmapped chemical complexity of our
diet. Nat Food. (2020) 1:33-7. doi: 10.1038/543016-019-0005-1

3. FooDB. (2019). Compounds. Available at: http://foodb.ca/compounds (accessed 29
January 2024).

4. Gentile CL, Weir TL. The gut microbiota at the intersection of diet and human
health. Science. (2018) 362:776-80. doi: 10.1126/science.aau5812

5. Armelagos GJ. Brain evolution, the determinates of food choice, and the omnivore’s
dilemma. Crit Rev Food Sci Nutr. (2014) 54:1330-41. doi: 10.1080/10408398.2011.635817

6. Breslin PA. An evolutionary perspective on food and human taste. Curr Biol. (2013)
23:R409-18. doi: 10.1016/j.cub.2013.04.010

7. Finger TE, Kinnamon SC. Taste isn't just for taste buds anymore. F1000 Biol Rep.
(2011) 3:20. doi: 10.3410/B3-20

Frontiers in Nutrition

10.3389/fnut.2024.1396393

knowledge, bitter taste receptors and their ligands could represent
a tool for the scientific integration of ancient wisdom with
conventional and advanced medicine, constituting a boost also for
sustainable and functional food innovation and design.

Data availability statement

The original contributions presented in the study are included in
the article further, inquiries can be directed to the corresponding
author.

Author contributions

GM: Conceptualization, Methodology, Writing — original draft,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The author
declares that publication fees has been covered by Sorematec Italia
S.r.L. The funder was not involved in the article design, data
interpretation, writing, or the decision of itspublication.

Conflict of interest

The author declares 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.

8. Efeyan A, Comb WC, Sabatini DM. Nutrient-sensing mechanisms and pathways.
Nature. (2015) 517:302-10. doi: 10.1038/nature14190

9. Calvo SSC, Egan JM. The endocrinology of taste receptors. Nat Rev Endocrinol.
(2015) 11:213-27. doi: 10.1038/nrendo.2015.7

10. Kouakou YI, Lee RJ. Interkingdom detection of bacterial quorum-sensing
molecules by mammalian taste receptors. Microorganisms. (2023) 11:1295. doi: 10.3390/
microorganisms11051295

11. Roper SD, Chaudhari N. Taste buds: cells, signals and synapses. Nat Rev Neurosci.
(2017) 18:485-97. doi: 10.1038/nrn.2017.68

12. Bigiani A. The origin of saltiness: oral detection of NaCl. Curr Opin Physio. (2021)
19:156-61. doi: 10.1016/j.cophys.2020.11.006

13.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.aa03264

frontiersin.org


https://doi.org/10.3389/fnut.2024.1396393
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/s43016-019-0005-1
http://foodb.ca/compounds
https://doi.org/10.1126/science.aau5812
https://doi.org/10.1080/10408398.2011.635817
https://doi.org/10.1016/j.cub.2013.04.010
https://doi.org/10.3410/B3-20
https://doi.org/10.1038/nature14190
https://doi.org/10.1038/nrendo.2015.7
https://doi.org/10.3390/microorganisms11051295
https://doi.org/10.3390/microorganisms11051295
https://doi.org/10.1038/nrn.2017.68
https://doi.org/10.1016/j.cophys.2020.11.006
https://doi.org/10.1126/science.aao3264

Morini

14. Tian L, Zhang H, Yang S, Luo A, Kamau PM, Hu J, et al. Vertebrate OTOP1 is also
an alkali-activated channel. Nat Commun. (2023) 14:26. doi: 10.1038/
$41467-022-35754-9

15. Liang Z, Wilson CE, Teng B, Kinnamon SC, Liman ER. The proton channel
OTOP1 is a sensor for the taste of ammonium chloride. Nat Commun. (2023) 14:6194.
doi: 10.1038/s41467-023-41637-4

16. Li X. T1R receptors mediate mammalian sweet and umami taste. Am J Clin Nutr.
(2009) 90:733S-7S. doi: 10.3945/ajcn.2009.27462G

17. Morini G, Bassoli A, Temussi PA. From small sweeteners to sweet proteins:
anatomy of the binding sites of the human TIR2_T1R3 receptor. ] Med Chem. (2005)
48:5520-9. doi: 10.1021/jm0503345

18. Behrens M, Meyerhof W, Hellfritsch C, Hofmann T. Sweet and umami taste:
natural products, their chemosensory targets, and beyond. Angew Chem Int Ed. (2011)
50:2220-42. doi: 10.1002/anie.201002094

19. Du Bois G. Molecular mechanism of sweetness sensation. Physiol Behav. (2016)
164:453-63. doi: 1041016/j.physbeh.2016.03.015

20. Dagan-Wiener A, Di Pizio A, Nissim I, Bahia MS, Dubovski N, Margulis E,etal.
Bitter DB: taste ligands and receptors database in 2019. Nucleic Acids Res. (2019)
47:D1179-85. doi: 10.1093/nar/gky974

21.Bayer S, Mayer AI, Borgonovo G, Morini G, Di Pizio A, Bassoli A.
Chemoinformatics view on bitter taste receptor agonists in food. J Agric Food Chem.
(2021) 69:13916-24. doi: 10.1021/acs.jafc.1c05057

22. Bouysset C, Belloir C, Antonczak S, Briand L, Fiorucci S. Novel scaffold of natural
compound eliciting sweet taste revealed by machine learning. Food Chem. (2020)
324:126864. doi: 10.1016/j.foodchem.2020.126864

23.1iD, Zhang J. Diet shapes the evolution of the vertebrate bitter taste receptor gene
repertoire. Mol Biol Evol. (2014) 31:303-9. doi: 10.1093/molbev/mst219

24. Behrens M, Meyerhof W. Vertebrate bitter taste receptors: keys for survival in
changing environments. ] Agric Food Chem. (2016) 66:2204-13. doi: 10.1021/acs.
jafc.6b04835

25. Di Pizio A, Levit A, Slutzki M, Behrens M, Karaman R, Niv MY. Comparing class
A GPCRs to bitter taste receptors: structural motifs, ligand interactions and agonist-to-
antagonist ratios. Methods Cell Biol. (2016) 132:401-27. doi: 10.1016/bs.mcb.2015.
10.005

26. Lang T, Di Pizio A, Risso D, Drayna D, Behrens M. Activation profile of Tas2r2,
the 26th human bitter taste receptor. Mol Nutr Food Res. (2023) 67:€¢2200775. doi:
10.1002/mnfr.202200775

27. Brockhoff A, Behrens M, Roudnitzky N, Appendino G, Avonto C, Meyerhof W.
Receptor agonism and antagonism of dietary bitter compounds. J Neurosci. (2011)
31:14775-82. doi: 10.1523/J]NEUROSCI.2923-11.2011

28.Lossow K, Hiibner S, Roudnitzky N, Slack JP, Pollastro E, Behrens M, et al.
Comprehensive analysis of mouse bitter taste receptors reveals different molecular
receptive ranges for orthologous receptors in mice and humans. J Biol Chem. (2016)
291:15358-77. doi: 10.1074/jbc.M116.718544

29. Descamps-Sola M, Vilalta A, Jalsevac E Blay MT, Rodriguez-Gallego E, Pinent M,
et al. Bitter taste receptors along the gastrointestinal tract: comparison between humans
and rodents. Front Nutr. (2023) 10:1215889. doi: 10.3389/fnut.2023.1215889

30. Nissim I, Dagan-Wiener A, Niv MY. The taste of toxicity: a quantitative analysis
of bitter and toxic molecules. [IUBMB Life. (2017) 69:938-46. doi: 10.1002/iub.1694

31.Xiao L, Sun Y, Tsao R. Paradigm shift in phytochemicals research: evolution from
antioxidant capacity to anti-inflammatory effect and to roles in gut health and metabolic
syndrome. ] Agric Food Chem. (2022) 70:8551-68. doi: 10.1021/acs.jafc.2c02326

32. Bayram B, Gonzélez-Sarrias A, Istas G, Garcia-Aloy M, Morand C, Tuohy K, et al.
Breakthroughs in the health effects of plant food bioactives: a perspective on
microbiomics, nutri (epi) genomics, and metabolomics. J Agric Food Chem. (2018)
66:10686-92. doi: 10.1021/acs.jafc.8b03385

33. Lease H, Hendrie A, Poelman AA, Delahunty C, Cox DN. A sensory-diet database:
a tool to characterise the sensory qualities of diets. Food Qual Prefer. (2016) 49:20-32.
doi: 10.1016/j.foodqual.2015.11.010

34. Pieroni A, Morini G, Piochi M, Sulaiman N, Kalle R, Haq SM, et al. Bitter is better:
wild greens used in the blue zone of Ikaria, Greece. Nutrients. (2023) 15:3242. doi:
10.3390/nu15143242

35. Bany Bakar R, Reimann E Gribble FM. The intestine as an endocrine organ and
the role of gut hormones in metabolic regulation. Nat Rev Gastroenterol Hepatol. (2023)
20:784-96. doi: 10.1038/s41575-023-00830-y

36. Romani-Pérez M, Bullich-Vilarrubias C, Lopez-Almela I, Liébana-Garcia R,
Olivares M, Sanz Y. The microbiota and the gut-brain axis in controlling food intake and
energy homeostasis. Int ] Mol Sci. (2021) 22:5830. doi: 10.3390/ijms22115830

37.Xie E Shen J, Liu T, Zhou M, Johnston L], Zhao J, et al. Sensation of dietary
nutrients by gut taste receptors and its mechanisms. Crit Rev Food Sci Nutr. (2023)
63:5594-607. doi: 10.1080/10408398.2021.2021388

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

39. Depoortere L. Taste receptors of the gut: emerging roles in health and disease. Gut.
(2014) 63:179-90. doi: 10.1136/gutjnl-2013-305112

Frontiers in Nutrition

10.3389/fnut.2024.1396393

40. Nauck MA, Quast DR, Wefers J, Meier JJ. GLP-1 receptor agonists in the treatment
of type 2 diabetes-state-of-the-art. Mol Metab. (2021) 46:101102. doi: 10.1016/j.
molmet.2020.101102

41. Pieroni A, Nebel S, Quave CL, Miinz H, Heinrich M. Ethnopharmacology of
liakra, traditional weedy vegetables of the Arbéreshé of the vulture area in southern Italy.
] Ethnopharmacol. (2002) 81:165-85. doi: 10.1016/s0378-8741(02)00052-1

42. Cruz EC, Andrade-Cetto A. Ethnopharmacological field study of the plants used
to treat type 2 diabetes among the Cakchiquels in Guatemala. J Ethnopharmacol. (2015)
159:238-44. doi: 10.1016/j.jep.2014.11.021

43. Behrens M, Gu M, Fan S, Huang C, Meyerhof W. Bitter substances from plants
used in traditional Chinese medicine exert biased activation of human bitter taste
receptors. Chem Biol Drug Des. (2018) 91:422-33. doi: 10.1111/cbdd.13089

44. Gilca M, Dragos D. Extraoral taste receptor discovery: new light on ayurvedic
pharmacology. Evid Based Complement Alternat Med. (2017) 2017:5435831. doi:
10.1155/2017/5435831

45. Mohammadpour Z. Bitter is better: the glucoregulatory effects of bitter compounds
and the bitterness of Australian diets. (2023) (Doctoral dissertation).

46. Chou WL. Therapeutic potential of targeting intestinal bitter taste receptors in
diabetes associated with dyslipidemia. Pharmacol Res. (2021) 170:105693. doi: 10.1016/j.
phrs.2021.105693

47. Yedjou CG, Grigsby J, Mbemi A, Nelson D, Mildort B, Latinwo L, et al. The
management of diabetes mellitus using medicinal plants and vitamins. Int ] Mol Sci.
(2023) 24:9085. doi: 10.3390/ijms24109085

48.Yu Y, Hao G, Zhang Q, Hua W, Wang M, Zhou W, et al. Berberine induces GLP-1
secretion through activation of bitter taste receptor pathways. Biochem Pharmacol.
(2015) 97:173-7. doi: 10.1016/j.bcp.2015.07.012

49. Chang CI, Cheng SY, Nurlatifah AO, Sung WW, Tu JH, Lee LL, et al. Bitter melon
extract yields multiple effects on intestinal epithelial cells and likely contributes to anti-
diabetic functions. Int ] Med Sci. (2021) 18:1848-56. doi: 10.7150/ijms.55866

50. Lemus-Mondaca R, Vega-Galvez A, Zura-Bravo L, Ah-Hen K. Stevia rebaudiana
Bertoni, source of a high-potency natural sweetener: a comprehensive review on the
biochemical, nutritional and functional aspects. Food Chem. (2012) 132:1121-32. doi:
1041016/j.f00dchem42011.11.140

51. Noya-Leal F, van der Wielen N, Behrens M, Rouschop S, van Arkel ], Jongsma M,
et al. Rebaudioside a from Stevia rebaudiana stimulates GLP-1 release by
enteroendocrine cells via bitter taste signalling pathways. Food Funct. (2023) 14:6914-28.
doi: 10.1039/d3f000818e

52. Philippaert K, Pironet A, Mesuere M, Sones W, Vermeiren L, Kerselaers S, et al.
Steviol glycosides enhance pancreatic beta-cell function and taste sensation by
potentiation of TRPMS5 channel activity. Nat Commun. (2017) 8:14733. doi: 10.1038/
ncomms14733

53. Le Nevé B, Foltz M, Daniel H, Gouka R. The steroid glycoside hg-12 from Hoodia
gordonii activates the human bitter receptor TAS2R14 and induces CCK release from
HuTu-80 cells. Am ] Physiol Gastrointest Liver Physiol. (2010) 299:G1368-75. doi:
10.1152/ajpgi.00135.2010

54. Hou Y, Zhai X, Wang X, Wu Y, Wang H, Qin Y, et al. Research progress on the
relationship between bile acid metabolism and type 2 diabetes mellitus. Diabetol Metab
Syndr. (2023) 15:235. doi: 10.1186/s13098-023-01207-6

55. Ziegler F, Steuer A, Di Pizio A, Behrens M. Physiological activation of human and
mouse bitter taste receptors by bile acids. Commun Biol. (2023) 6:612. doi: 10.1038/
542003-023-04971-3

56. 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. PNAS. (2017)
114:E6260-9. doi: 10.1073/pnas.1703728114

57. Stoeger V, Holik AK, Hélz K, Dingjan T, Hans J, Ley JP, et al. Bitter-tasting amino
acids L-arginine and L-isoleucine differentially regulate proton secretion via T2R1
signaling in human parietal cells in culture. ] Agric Food Chem. (2019) 68:3434-44. doi:
10.1021/acs.jafc.9b06285

58. Richter P, Sebald K, Fischer K, Behrens M, Schnieke A, Somoza V. Bitter peptides
YFYPEL, VAPFPEVE and YQEPVLGPVRGPFPIIV, released during gastric digestion of
casein, stimulate mechanisms of gastric acid secretion via bitter taste receptors TAS2R16
and TAS2R38. ] Agric Food Chem. (2022) 70:11591-602. doi: 10.1021/acs.jafc.2c05228

59. 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. PNAS. (2010) 107:3210-5. doi: 10.1073/pnas.0911934107

60. Lee RJ, Xiong G, Kofonow JM, Chen B, Lysenko A, Jiang P, et al. T2R38 taste
receptor polymorphisms underlie susceptibility to upper respiratory infection. J Clin
Invest. (2012) 122:4145-59. doi: 10.1172/JCI164240

61. Schneider C, O’'Leary CE, Locksley RM. Regulation of immune responses by tuft
cells. Nat Rev Immunol. (2019) 19:584-93. doi: 10.1038/s41577-019-0176-x

62. 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

63. 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. PNAS. (2019) 116:5564-9. doi: 10.1073/pnas.1812901116

frontiersin.org


https://doi.org/10.3389/fnut.2024.1396393
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/s41467-022-35754-9
https://doi.org/10.1038/s41467-022-35754-9
https://doi.org/10.1038/s41467-023-41637-4
https://doi.org/10.3945/ajcn.2009.27462G
https://doi.org/10.1021/jm0503345
https://doi.org/10.1002/anie.201002094
https://doi.org/10.1016/j.physbeh.2016.03.015
https://doi.org/10.1093/nar/gky974
https://doi.org/10.1021/acs.jafc.1c05057
https://doi.org/10.1016/j.foodchem.2020.126864
https://doi.org/10.1093/molbev/mst219
https://doi.org/10.1021/acs.jafc.6b04835
https://doi.org/10.1021/acs.jafc.6b04835
https://doi.org/10.1016/bs.mcb.2015.10.005
https://doi.org/10.1016/bs.mcb.2015.10.005
https://doi.org/10.1002/mnfr.202200775
https://doi.org/10.1523/JNEUROSCI.2923-11.2011
https://doi.org/10.1074/jbc.M116.718544
https://doi.org/10.3389/fnut.2023.1215889
https://doi.org/10.1002/iub.1694
https://doi.org/10.1021/acs.jafc.2c02326
https://doi.org/10.1021/acs.jafc.8b03385
https://doi.org/10.1016/j.foodqual.2015.11.010
https://doi.org/10.3390/nu15143242
https://doi.org/10.1038/s41575-023-00830-y
https://doi.org/10.3390/ijms22115830
https://doi.org/10.1080/10408398.2021.2021388
https://doi.org/10.1146/annurev-physiol-021317-121332
https://doi.org/10.1136/gutjnl-2013-305112
https://doi.org/10.1016/j.molmet.2020.101102
https://doi.org/10.1016/j.molmet.2020.101102
https://doi.org/10.1016/s0378-8741(02)00052-1
https://doi.org/10.1016/j.jep.2014.11.021
https://doi.org/10.1111/cbdd.13089
https://doi.org/10.1155/2017/5435831
https://doi.org/10.1016/j.phrs.2021.105693
https://doi.org/10.1016/j.phrs.2021.105693
https://doi.org/10.3390/ijms24109085
https://doi.org/10.1016/j.bcp.2015.07.012
https://doi.org/10.7150/ijms.55866
https://doi.org/10.1016/j.foodchem.2011.11.140
https://doi.org/10.1039/d3fo00818e
https://doi.org/10.1038/ncomms14733
https://doi.org/10.1038/ncomms14733
https://doi.org/10.1152/ajpgi.00135.2010
https://doi.org/10.1186/s13098-023-01207-6
https://doi.org/10.1038/s42003-023-04971-3
https://doi.org/10.1038/s42003-023-04971-3
https://doi.org/10.1073/pnas.1703728114
https://doi.org/10.1021/acs.jafc.9b06285
https://doi.org/10.1021/acs.jafc.2c05228
https://doi.org/10.1073/pnas.0911934107
https://doi.org/10.1172/JCI64240
https://doi.org/10.1038/s41577-019-0176-x
https://doi.org/10.1126/science.aaf1648
https://doi.org/10.1073/pnas.1812901116

Morini

64.Sun S, Yan Y, Xion R, Ni Y, Ma X, Hou M, et al. Oral berberine ameliorates high-fat
diet-induced obesity by activating TAS2Rs in tuft and endocrine cells in the gut. Life Sci.
(2022) 311:121141. doi: 10.1016/j.1fs.2022.121141

65. Tran HT, Stetter R, Herz C, Spottel 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

66. Kroemer G, McQuade JL, Merad M, André E, Zitvogel L. (2023). Bodywide ecological
interventions on cancer. Nat Med. (2023) 29:59-74. doi: 10.1038/s41591-022-02193-4

67.Zhao LY, Mei JX, Yu G, Lei L, Zhang WH, Liu K, et al. Role of the gut
microbiota in anticancer therapy: from molecular mechanisms to clinical

Frontiers in Nutrition

06

10.3389/fnut.2024.1396393

applications. Signal Transduct Target Ther. (2023) 8:201. doi: 10.1038/

541392-023-01406-7

68. Risso D, Drayna D, Tofanelli S, Morini G. Open questions in sweet, umami and bitter
taste genetics. Curr Opinion Physiol. (2021) 20:174-9. doi: 10.1016/j.cophys.2020.12.007

69. Harmon CP, Deng D, Breslin PA. Bitter taste receptors (T2Rs) are sentinels that
coordinate metabolic and immunological defense responses. Curr Opinion Physiol.
(2021) 20:70-6. doi: 10.1016/j.cophys.2021.01.006

70. Schiano E, Iannuzzo F, Stornaiuolo M, Guerra F, Tenore GC, Novellino E.
Gengricin®: a nutraceutical formulation for appetite control and therapeutic weight
management in adults who are overweight/obese. Int ] Mol Sci. (2024) 25:2596. doi:
10.3390/ijms25052596

frontiersin.org


https://doi.org/10.3389/fnut.2024.1396393
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.lfs.2022.121141
https://doi.org/10.3389/fimmu.2021.669005
https://doi.org/10.3389/fimmu.2021.669005
https://doi.org/10.1038/s41591-022-02193-4
https://doi.org/10.1038/s41392-023-01406-7
https://doi.org/10.1038/s41392-023-01406-7
https://doi.org/10.1016/j.cophys.2020.12.007
https://doi.org/10.1016/j.cophys.2021.01.006
https://doi.org/10.3390/ijms25052596

	The taste for health: the role of taste receptors and their ligands in the complex food/health relationship
	Introduction
	Taste receptors
	Taste receptors and nutrient sensing in the GI tract
	The metabolic roles of bitter taste receptors
	Bitter taste receptors in innate immunity and in shaping the microbiota
	Conclusion
	Data availability statement
	Author contributions

	References

