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I. T2R Bitter Taste Receptors: Definition, Structure, and Gustatory
Role

A. Defining T2Rs within the GPCR Superfamily

Taste 2 Receptors (T2Rs), also designated TAS2Rs, constitute a distinct family of G
protein-coupled receptors (GPCRs) primarily recognized for their role in mediating the
perception of bitter taste in vertebrates.” These receptors belong to the extensive
GPCR superfamily, a group of integral membrane proteins characterized by their
seven transmembrane (7TM) domains.' GPCRs are fundamental to cellular signaling,
translating extracellular stimuli into intracellular responses, and notably, they
represent the targets for over half of all currently marketed pharmaceutical drugs,
underscoring their physiological and pharmacological importance.’

While T2Rs share the characteristic 7TM architecture of GPCRs ?, they exhibit low
sequence homology (often less than 30%) with the largest and most extensively
studied GPCR subgroup, the Class A (rhodopsin-like) receptors.® This limited similarity
makes their precise classification within the broader GPCR family somewhat
ambiguous and presents significant challenges for structural prediction using
homology modeling based on Class A templates.” The structural uniqueness of T2Rs
compared to Class A GPCRs necessitates specific research approaches. Because
GPCRs are such a prominent drug target class, the distinct nature of T2Rs suggests
that strategies effective for designing Class A GPCR modulators may not be directly
transferable. Developing drugs that selectively target T2Rs requires a deep
understanding of their specific structural features and activation mechanisms, distinct
from their Class A counterparts.® This presents both a hurdle, due to the relative lack
of structural data compared to Class A, and an opportunity for developing novel
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therapeutic agents with potentially unique modes of action.

B. Canonical Function in Bitter Taste Perception

The quintessential and originally identified function of T2Rs is the detection of
bitter-tasting compounds within the oral cavity, specifically on the tongue, soft palate,
and pharynx.' These receptors are strategically located on the apical surface of
specialized neuroepithelial cells known as Type Il taste receptor cells (TRCs), which
are clustered within taste buds.' Positioned to monitor the contents of ingested food
and drink, T2Rs act as crucial sentinels.?

Upon binding a compatible bitter ligand, T2Rs initiate an intracellular signaling
cascade.? This cascade culminates in the depolarization of the TRC and the
subsequent release of adenosine triphosphate (ATP) as a neurotransmitter.’ The
released ATP activates purinergic receptors located on afferent gustatory nerve fibers,
which then transmit the signal to the gustatory centers in the brain, leading to the
conscious perception of bitterness.'

This gustatory function is widely considered a critical protective mechanism that
evolved to warn organisms against the ingestion of potentially harmful or toxic
substances.' Many naturally occurring toxins, particularly secondary metabolites
produced by plants such as alkaloids and glycosides, elicit a bitter taste, and the
aversive response triggered by T2R activation helps prevent poisoning.' This
fundamental role in toxin avoidance is believed to be a major evolutionary driver
shaping the T2R gene family and its function."

C. Fundamental Structural Characteristics

T2R proteins are typically composed of 290 to 333 amino acids.® They exhibit the
canonical GPCR structure, featuring seven hydrophobic transmembrane a-helices
(TM1-TMT) that span the cell membrane.’ These helices are connected by three
intracellular loops (ICLs) and three extracellular loops (ECLs), along with a relatively
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short extracellular N-terminus and an intracellular C-terminus.®

A notable feature of the TAS2R genes encoding these receptors is that their coding
regions are generally compact, approximately 1 kilobase (kb) in length, and lack
introns.? This intronless structure is relatively uncommon among vertebrate GPCR
genes and likely facilitates evolutionary processes such as gene duplication.
Mechanisms like unequal crossing-over or retrotransposition can more readily
duplicate compact, intronless genes, potentially contributing to the observed rapid
expansion and contraction (birth-and-death evolution) and the significant variation in
T2R gene family size seen across different species.?

Structurally, T2Rs display some distinctions compared to Class A GPCRs. While the
core 7TM bundle represents a conserved scaffold necessary for signal transduction,
indicating functional constraint, the loops connecting the helices show different
patterns of conservation. T2Rs often possess shorter ECL2 and ICL3 regions relative
to many Class A receptors.® Interestingly, the intracellular loops (ICLs), which are
crucial for G protein coupling, exhibit a higher degree of sequence similarity among
different T2R family members compared to the ICLs of Class A GPCRs.® Conversely,
the extracellular loops (ECLs), particularly ECL2 and ECL3, along with residues on the
extracellular faces of the TM helices (especially TM3, TM4, TM5, TM6, TMT), are more
divergent.® This divergence in the extracellular regions, which form the primary
ligand-binding pocket, is thought to be essential for the recognition of the vast and
chemically diverse array of bitter compounds, reflecting evolutionary adaptation to
different chemical environments and dietary niches.’

Despite significant progress in functional characterization, a major challenge in the
field is the lack of experimentally determined high-resolution structures (e.g., via
X-ray crystallography or cryo-electron microscopy) for any T2R.? Consequently, our
understanding of T2R structure, ligand binding modes, and activation mechanisms
relies heavily on computational approaches, primarily molecular modeling guided by
mutagenesis data.’
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ll. Molecular Mechanisms of Bitter Sensing
A. Ligand Binding and Receptor Activation Dynamics

The process of bitter taste transduction begins with the binding of a bitter compound
(ligand) to its cognate T2R(s) located on the surface of Type Il taste receptor cells.?
The binding sites for these ligands are generally located within the transmembrane
domains or involve residues in the extracellular loops, forming a pocket accessible
from the extracellular environment.’ This interaction is analogous to ligand binding in
other GPCRs, where binding typically occurs within the transmembrane bundle or
near the extracellular surface.’

Ligand binding induces a conformational change in the T2R protein.” This structural
rearrangement alters the intracellular face of the receptor, enabling it to interact with
and activate its associated heterotrimeric G protein. Specifically, the activated
receptor functions as a guanine nucleotide exchange factor (GEF), catalyzing the
exchange of GDP for GTP on the G protein's a-subunit, which is the initiating step in
downstream signaling.’

Interestingly, some T2Rs, particularly when mutated, can adopt an active conformation
and signal even in the absence of an agonist.”” This phenomenon, known as basal or
constitutive activity, has been observed for several T2Rs, and specific mutations
creating constitutively active mutants (CAMs) have been identified.’ These CAMs are
valuable experimental tools. They facilitate the study of receptor activation
mechanisms and G protein coupling independent of ligand binding. Furthermore,
because CAMs exhibit inherent signaling activity, they provide a convenient system for
screening and characterizing compounds that reduce this activity, namely inverse
agonists and antagonists (collectively often referred to as bitter blockers).* The
identification of such blockers is of significant interest for applications in taste
masking for pharmaceuticals and foods.® Studies using CAMs and site-directed
mutagenesis have revealed that the same binding pocket (orthosteric site) within a
T2R can often accommodate both activating agonists and inhibitory antagonists or
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inverse agonists.’

The potential role of receptor oligomerization (dimerization or higher-order
complexes) in T2R function has also been explored. While sweet and umami taste
perception relies on obligate heterodimerization of T1R subunits (T1R2/T1R3 for sweet,
T1R1/T1R3 for umami) ™, the situation for T2Rs appears different. Studies using
heterologous expression systems suggest that T2Rs can form both homodimers and
heterodimers.** However, unlike T1Rs, T2R homodimerization does not seem to
significantly alter the receptor's pharmacology (ligand specificity or potency) or its
trafficking to the cell surface.** Some evidence suggests that heterodimerization
between certain T2Rs and other GPCRs, such as the (32-adrenergic receptor (ADRB2)
with T2R14, might occur and potentially influence receptor expression or localization,
but the physiological relevance of T2R oligomerization in vivo remains largely unclear
and requires further investigation in endogenous systems.*

B. The Canonical Gustducin-Mediated Signaling Cascade

In the canonical pathway operating within taste receptor cells, T2R activation is
primarily coupled to a specific heterotrimeric G protein known as gustducin.?
Gustducin consists of the a-subunit Gagust (encoded by the GNAT3 gene) and the
GRy dimer, typically involving GB3 and Gy13 subunits.? Gagust shares homology with
transducin, the G protein involved in phototransduction in the retina.*

Upon ligand binding and receptor conformational change, the T2R promotes the
exchange of GDP for GTP on Gagust, leading to the dissociation of the activated
Gagust-GTP subunit from the GRy dimer.' The liberated GRy subunits are the primary
effectors in the main signaling branch. They directly activate the enzyme
Phospholipase C 2 (PLC[2).?

Activated PLC[32 catalyzes the hydrolysis of the membrane phospholipid
phosphatidylinositol 4,5-bisphosphate (PIP2) into two second messengers: inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG)." IP3, being water-soluble, diffuses
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through the cytoplasm and binds to specific IP3 receptors (IP3R), which are
ligand-gated Ca2+ channels located on the membrane of the endoplasmic reticulum
(ER), the cell's internal calcium store.' IP3 binding opens these channels, causing a
rapid release of stored Ca2+ ions from the ER into the cytoplasm, leading to a
significant increase in the intracellular free calcium concentration ([Ca2+]i).’

This rise in [Ca2+]i serves as a crucial downstream signal, activating the Transient
Receptor Potential cation channel Melastatin 5 (TRPM5)." TRPM5 is a Ca2+-activated,
monovalent cation-selective channel expressed in Type Il taste cells (mediating bitter,
sweet, and umami). Its opening allows an influx of sodium ions (Na+) into the cell,
leading to membrane depolarization.’

The depolarization of the taste cell triggers the final step in signal transmission from
the TRC: the release of ATP into the extracellular space of the taste bud.’ This ATP
release is mediated by specific channels, potentially including the calcium
homeostasis modulator 1/3 (CALHM1/3) channel or pannexin-1 hemichannels.’
Released ATP acts as a neurotransmitter, binding to ionotropic purinergic receptors
(like P2X receptors) on the terminals of adjacent gustatory afferent nerve fibers." This
activation generates action potentials in the nerve, carrying the encoded bitter taste
information to the central nervous system for processing and perception.’

In addition to the primary PLCB2 pathway, a parallel pathway involving the dissociated
Gagust subunit has been proposed.? Activated Gagust can stimulate
phosphodiesterase (PDE) enzymes, which hydrolyze cyclic adenosine
monophosphate (CAMP).? The resulting decrease in intracellular cAMP levels may play
a modulatory role, perhaps by influencing the activity of cyclic nucleotide-gated
channels or other downstream targets, although the precise contribution of this PDE
pathway to the overall bitter taste response is less clearly defined than the PLC[32
pathway.

While gustducin is considered the primary G protein for bitter taste, evidence from
gustducin knockout mice, which retain partial sensitivity to some bitter compounds,
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suggests the existence of alternative or compensatory signaling mechanisms.?” Other
Ga subunits, such as Gai2 and Gat2 (transducin-2), are also expressed in taste cells
and might couple to certain T2Rs, potentially contributing to the complexity or
robustness of bitter taste signaling.” This implies a degree of signaling plasticity even
within the canonical taste system, perhaps allowing for different signaling dynamics
depending on the specific receptor activated or the concentration of the bitter ligand.

C. Structural and Mechanistic Distinctions from Class A GPCRs

While T2Rs belong to the GPCR superfamily, they exhibit notable structural and
mechanistic differences compared to the extensively studied Class A (rhodopsin-like)
GPCRs.° These distinctions underscore their classification as a separate subfamily and
have significant implications for understanding their function and for drug design
efforts.

One key difference lies in the absence of several highly conserved amino acid motifs
in T2Rs that serve as structural or functional hallmarks in Class A receptors.® For
example, the LXXXD motif in TM2, the (D/E)RY motif at the cytoplasmic end of TM3
(involved in G protein coupling and receptor activation), the CWXP motif in TM6 (often
involved in conformational changes), and the NPXXY motif in TM7 (implicated in
receptor internalization and signaling) are generally absent or poorly conserved in
T2Rs.

Instead, T2Rs appear to possess their own set of conserved residues and potential
motifs that play crucial roles. Structure-function studies, primarily using mutagenesis
and modeling of receptors like T2R1 and T2R4, have begun to shed light on these.? For
instance, a highly conserved asparagine residue at position 1.50 (using the
Ballesteros-Weinstein numbering system for GPCRs; Asn-24 in T2R1) seems critical for
T2R activation. Unlike its counterpart in many Class A receptors, which often stabilizes
the inactive state, Asn™1.50” in T2R1 appears to mediate an essential hydrogen bond
network connecting TM1, TM2, and TM7 specifically in the agonist-bound, active
state.® Another conserved residue, Arg™2.54” (Arg-55 in T2R1), part of a potential
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L*2.50"XXXR"*2.54”~ motif unique to T2Rs, forms an interhelical hydrogen bond with
Asn™.50” that seems to restrain receptor activity in the basal state; disruption of this
bond can lead to hyperactive receptors.® Additionally, a putative LXXSL motif involving
conserved residues Leu~5.50", Ser*5.53*, and Leu”5.54" at the cytoplasmic end of
TM5 appears important for maintaining the structural integrity of this helix.®

These structural distinctions likely translate into unique activation mechanisms for
T2Rs compared to Class A GPCRs.” Modeling studies suggest that T2Rs may possess
a less stable inactive state and undergo distinct conformational transitions upon
activation.” G protein coupling also appears robust, with computational models
suggesting that the G protein (gustducin) interacts extensively with the receptor's
cytoplasmic face, forming strong interactions, potentially including salt bridges, with
residues across all three intracellular loops (ICL1, ICL2, and ICL3).° These interactions
likely stabilize the active receptor conformation and orient the Ga subunit optimally
for GTP exchange.’

The unique structural features and activation mechanisms of T2Rs mean that
knowledge gained from Class A GPCRs cannot always be directly extrapolated.
Designing pharmacological modulators — whether agonists for therapeutic purposes
or antagonists/blockers for taste masking — requires specific structural insights into
T2R ligand binding pockets and activation pathways.® The lack of conserved Class A
motifs and the presence of unique T2R features necessitate T2R-specific approaches
for structure-based drug discovery.

lll. Genetic Landscape of the Human T2R Family

A. Gene Repertoire: Functional Genes and Pseudogenes

The genetic basis for bitter taste perception in humans lies within the TAS2R gene
family, a multigene family encoding the T2R proteins.” Consensus across multiple
genomic analyses indicates that the human genome harbors approximately 25
functional TAS2R loci.' These genes encode the receptor proteins responsible for
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detecting the vast array of bitter compounds.

In addition to the functional genes, the human TAS2R family includes several
pseudogenes — gene copies that have lost their protein-coding ability due to
mutations such as premature stop codons or frameshift insertions/deletions.®
Estimates of the number of TAS2R pseudogenes in humans typically range from 7 to
11.2 Some of these pseudogenization events appear to be lineage-specific, occurring
after the divergence of humans from other primates (e.g., hTAS2R62, hTAS2R64).%°
Others, like hTAS2R2, exhibit polymorphic inactivation, meaning both functional and
non-functional alleles exist within the human population.”” The co-existence of a
significant number of functional genes alongside multiple pseudogenes is a hallmark
of gene families undergoing dynamic evolution. This pattern reflects a history of gene
duplication events (birth), which create new gene copies, followed by either functional
divergence or, frequently, loss of function through mutation accumulation (death).?
This "birth-and-death" evolutionary model suggests that the T2R repertoire is not
static but is continuously shaped by selective pressures, likely related to changes in
diet and exposure to environmental toxins over evolutionary time.

Compared to other sensory GPCR families, the size of the human T2R family (~25
functional genes) is intermediate. It is considerably larger than the family of opsins
responsible for vision (typically 4 functional genes) but much smaller than the
olfactory receptor (OR) family, which comprises hundreds of functional genes in
humans.? This intermediate size likely reflects a balance between the need to detect a
wide variety of potentially harmful bitter compounds and the evolutionary constraints
on maintaining such a large gene family.

B. Genomic Organization and Structural Features

The human TAS2R genes are not randomly scattered throughout the genome but are
primarily organized into clusters located on specific chromosomes.' The major
clusters are found on:

e Chromosome 5: Specifically at locus 5p15, containing the single gene TAS2R1.'
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e Chromosome 7: A large cluster resides at 7q31-g35, harboring numerous TAS2R
genes, including the well-studied TAS2R38, as well as TAS2R3, TAS2R4, TAS2R5,
TAS2R16, and others.'

e Chromosome 12: Another significant cluster is located at 12p13, containing genes
such as TAS2R7, TAS2R8, TAS2R9, TAS2R10, TAS2R13, TAS2R14, and several
others.

This clustered arrangement, often featuring genes in tandem arrays, is characteristic
of multigene families that have expanded through local gene duplication events.”'
Such organization facilitates further duplication or deletion via mechanisms like
unequal crossing-over during meiosis, contributing to the evolutionary plasticity and
size variation observed in the T2R family across different species.

As mentioned previously, a key structural feature at the gene level is the lack of
introns within the protein-coding regions of TAS2R genes.? The entire coding
sequence, typically around 900-1000 base pairs, is contained within a single exon.?
This genetic simplicity further facilitates gene duplication and potentially allows for
rapid evolution and adaptation of the bitter taste repertoire.

C. Polymorphisms, Haplotypes, and Variations in Bitter Taste Sensitivity

The human TAS2R gene family is characterized by extensive genetic variation within
and between populations.’ This variation takes multiple forms, including:

¢ Single Nucleotide Polymorphisms (SNPs): The most common type of variation,
involving changes at single base positions. A large-scale analysis identified
hundreds of SNPs across the 25 functional TAS2R genes, with a significant
proportion (over 400) being nonsynonymous, meaning they result in an amino
acid change in the encoded receptor protein.>® These nonsynonymous SNPs are
prime candidates for altering receptor function.”

e Insertions/Deletions (Indels): Variations involving the insertion or deletion of
one or more nucleotides. These can cause frameshifts if they occur within the
coding region and are not multiples of three, often leading to non-functional
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proteins.®

e Copy Number Variations (CNVs): Variations in the number of copies of a
particular gene or gene segment. Some TAS2R genes, like TAS2R43 and TAS2R45,
are known to have relatively high-frequency whole-gene deletion alleles in human
populations.?

This rich tapestry of genetic variation is the primary molecular basis for the
well-documented individual differences in bitter taste perception and sensitivity
observed in humans.? Specific polymorphisms, often occurring together on the same
chromosome as haplotypes, can significantly alter the receptor's ability to bind and
respond to certain bitter ligands.

The most extensively studied example is the TAS2R38 gene.® Three common
nonsynonymous SNPs at codon positions 49 (Proline/Alanine, rs713598), 262
(Alanine/Valine, rs1726866), and 296 (Valine/Isoleucine, rs10246939) are in high
linkage disequilibrium and define two major haplotypes worldwide:

e PAV (Proline-Alanine-Valine): The "taster" haplotype, associated with high
sensitivity to thiourea compounds like phenylthiocarbamide (PTC) and
6-n-propylthiouracil (PROP).>®

e AVI (Alanine-Valine-Isoleucine): The "non-taster" haplotype, associated with
significantly reduced or absent sensitivity to PTC/PROP.>®

Individuals homozygous for PAV (PAV/PAV) are typically sensitive tasters
("supertasters" or medium tasters), those homozygous for AVI (AVI/AVI) are
non-tasters, and heterozygotes (PAV/AVI) usually exhibit intermediate sensitivity.®°
These TAS2R38 genotypes account for a large proportion (up to 85%) of the variation
in PTC/PROP taste perception.?® Rarer haplotypes (e.g., AAV, AAl, PVI, PAI) also exist
and can confer intermediate sensitivity levels, contributing to the continuous range of
bitter perception phenotypes observed rather than strictly distinct categories.®

Polymorphisms in other TAS2R genes have also been linked to sensitivity variations for
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different bitter compounds. For example:

e TAS2R16 variants influence sensitivity to B-glucopyranosides like salicin.*°

e TAS2R43 and TAS2R44 variants affect sensitivity to the artificial sweeteners
saccharin and acesulfame K.*°

e TAS2R14 polymorphisms may influence responses to compounds like aristolochic
acid or quinine, although associations with perception phenotypes are less
clear.”

e Variations in the TAS2R30/31/43/45/46 cluster are associated with sensitivity to
various synthetic sweeteners and phytotoxins.®

e Polymorphisms in TAS2R9 and TAS2R31 influence sensitivity to specific
phytotoxins.®

e Genetic variation across the TAS2R cluster on chromosome 12 has been
associated with caffeine and quinine perception.'*®

The extensive polymorphism across the TAS2R family provides a powerful molecular
explanation for individual differences in taste worlds. This variation has profound
implications, potentially influencing food choices (e.g., avoidance of bitter vegetables
like Brassicas, which contain TAS2R38 ligands °°), dietary patterns, acceptance of
bitter medicines (affecting compliance) ?, and even susceptibility to certain health
conditions linked either to diet or to the extraoral functions of T2Rs.? This genetic
variability forms the basis for potential applications in personalized nutrition and
medicine, where genotype information could predict individual responses and guide
interventions. However, while TAS2R38 provides a relatively straightforward example,
predicting sensitivity to the vast array of other bitter compounds is more complex. It
likely involves the interplay of multiple T2Rs and the combined effects of
polymorphisms across several genes, necessitating analyses that consider the entire
functional TAS2R repertoire and haplotype structures.”

Table 1: Overview of the Human TAS2R Gene Family
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Gene Name Chromosomal Status Key Example
Location Polymorphisms Ligands
/ Notes
TAS2R1 5p15 Functional
TAS2R2 7934 Pseudogene Human-specific Ancestral
(Polymorphic) pseudogenizatio | receptor likely
n (polymorphic functional #°
deletion) %
TAS2R3 7934 Functional Chloroquine,
Denatonium "%
TAS2R4 7934 Functional Quinine,
Denatonium >,
Inhibited by
GABA, BCML °
TAS2R5 7934 Functional
TAS2R7 12p13 Functional Strychnine,
Quinacrine,
Chloroquine,
Papaverine °°
TAS2R8 12p13 Functional Denatonium '%°
TAS2R9 12p13 Functional Polymorphisms

affect sensitivity
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86

TAS2R10 12p13 Functional Broadly tuned °’ Strychnine,
Denatonium,
Chloroquine °
TAS2R13 12p13 Functional
TAS2R14 12p13 Functional Very broadly Aristolochic
tuned (>150 acid,
ligands) ' Diphenhydramin
e, Apigenin,
Flufenamic acid,
Quinine '
TAS2R16 7934 Functional Broadly tuned Salicin, Arbutin
for 40
B-glucopyranosi
des >’
TAS2R18 12p13 Pseudogene Human-specific
stop codon **
TAS2R19 12p13 Functional
TAS2R20 12p13 Functional
TAS2R30 7935 Functional Part of
polymorphic
cluster *®
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TAS2R31 7935 Functional Part of Saccharin,
polymorphic Acesulfame K °¢
cluster; affects
sweetener
bitterness >

TAS2R38 7934 Functional PAV (taster) / PTC, PROP,

AVI (non-taster) Goitrin,

haplotypes & Isothiocyanates,
Bacterial AHLs
46

TAS2R39 7934 Functional Broadly tuned 57 Apigenin 4

TAS2R40 7934 Functional Inhibited by Diphenhydramin
Glvarar 100 e”

TAS2R41 7934 Functional Orphan receptor
60

TAS2R42 12p13 Functional Orphan receptor
60

TAS2R43 12p13 Functional High frequency Saccharin,
deletion allele; Acesulfame K 56;
affects Inhibited by
sweetener GIV3727 190
bitterness *°

TAS2R44 12p13 Functional Affects Saccharin,
sweetener Denatonium,

bitterness °°

6-Nitrosacchari
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56

n
TAS2R45 12p13 Functional High frequency
deletion allele;
Part of
polymorphic
cluster >
TAS2R46 12p13 Functional Broadly tuned; Strychnine;
Part of Inhibited by
polymorphic sesquiterpene
cluster °’ lactones
TAS2R48 12p13 Functional Orphan receptor
60
TAS2R49 12p13 Functional
TAS2R50 12p13 Functional
TAS2R55 12p13 Functional
TAS2R60 12p13 Functional Orphan receptor
60
TAS2R62 7934 Pseudogene Human-specific Ancestral
fixed nonsense receptor likely
mutations 2 functional »°
TAS2R64 7934 Pseudogene Human-specific Ancestral

fixed nonsense

receptor likely
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mutation % functional °

Other Ps 7,12 Pseudogene Various

pseudogenes
exist *'

Note: This table synthesizes information from multiple sources. Ligand lists are
examples and not exhaustive. Orphan status may change with further research.
Pseudogene counts vary slightly between studies. *

IV. Beyond the Tongue: Extraoral T2R Expression and Functions

A. Widespread Distribution

While initially characterized as mediators of bitter taste in the oral cavity, a paradigm
shift has occurred over the past two decades with the discovery that T2Rs and their
associated signaling molecules (such as Ga-gustducin, PLCB2, and TRPM5) are
expressed in a surprisingly wide array of tissues and cell types outside the gustatory
system." This extraoral expression suggests that T2Rs play diverse physiological roles
beyond taste perception, acting as chemosensors in various internal environments.

Key locations where extraoral T2R expression has been documented include:

Respiratory System: T2Rs are found throughout the respiratory tract, from the
nasal cavity and sinuses down to the bronchioles. Specific cell types expressing
T2Rs include airway smooth muscle (ASM) cells, ciliated epithelial cells (where
receptors are often localized to the motile cilia), specialized chemosensory cells
like solitary chemosensory cells (SCCs), brush cells, and tuft cells, as well as
various resident and recruited immune cells such as macrophages, mast cells,
lymphocytes, and neutrophils.’

Gastrointestinal (Gl) System: Expression is documented along the Gl tract,
including the stomach, small intestine (duodenum, jejunum, ileum), and large
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intestine. T2Rs are notably present in specialized hormone-secreting
enteroendocrine cells (EECs), such as those producing GLP-1, CCK, and ghrelin,
as well as in gut tuft cells and pancreatic cells.

e Cardiovascular System: T2R transcripts and proteins have been detected in
cardiac myocytes within the heart and in cells of the vasculature, including
vascular smooth muscle and endothelial cells.’

e Nervous System: Expression has been reported in various brain regions,
including the brainstem and choroid plexus, as well as potentially on sensory
nerve fibers that interact with chemosensory cells in peripheral tissues.'

e Immune System: T2Rs are expressed by various circulating and tissue-resident
immune cells, including lymphocytes, monocytes, macrophages, granulocytes,
leukocytes, and mast cells, suggesting roles in immune surveillance and
modulation.’

e Other Tissues: The list of tissues with reported T2R expression continues to grow
and includes the male reproductive system (testis, relevant to spermatogenesis),
the urinary system (bladder, urethra), the integumentary system (skin
keratinocytes), the skeletal system (osteoclasts, osteocytes), endocrine glands
(thyroid), metabolic tissues (adipose tissue, liver), and the female reproductive
system (endometrium, placenta).’

It is important to note that the expression levels of different T2R subtypes can vary
considerably between tissues, and not all 25 functional human T2Rs are necessarily
expressed in every location.** Some T2Rs appear to be broadly expressed, while
others exhibit more restricted tissue distribution.* This differential expression likely
reflects specialized roles for specific T2R subtypes in different physiological contexts.

B. Diverse Extraoral Signaling Pathways and Physiological Roles

The activation of extraoral T2Rs triggers intracellular signaling cascades that initiate
diverse physiological responses tailored to the specific cell type and tissue context.’
While the initial steps often mirror the canonical taste pathway - involving ligand
binding, G protein (often gustducin or related Gai/o proteins) activation, PLC[32
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stimulation, and a subsequent rise in intracellular calcium ([Ca2+]i) - the downstream
consequences diverge significantly. These divergent pathways can be broadly
categorized into cell-autonomous, paracrine, and endocrine mechanisms, leading to a
wide range of non-gustatory functions.

1. Cell-Autonomous Regulation: In this mode, the effects of T2R activation are
largely confined to the cell expressing the receptor.

Airway Ciliary Function: In ciliated epithelial cells lining the airways, T2R
activation by bitter compounds (including bacterial products like AHLs detected
by T2R38) leads to an increase in [Ca2+]i.' This Ca2+ signal stimulates the
production of nitric oxide (NO) via endothelial nitric oxide synthase (eNOS)." NO,
in turn, likely activates protein kinase G (PKG) signaling pathways that increase
ciliary beat frequency (CBF).*> This enhancement of CBF accelerates mucociliary
clearance, a critical innate defense mechanism for removing trapped pathogens
and irritants from the airways.' The heat shock protein HSP90 appears to be a
crucial component facilitating the coupling between T2R signaling and eNOS
activation in these cells.”® Additionally, the NO produced can diffuse into the
airway surface liquid and exert direct antimicrobial effects, particularly against
gram-negative bacteria like Pseudomonas aeruginosa.'

Airway Smooth Muscle (ASM) Relaxation: Perhaps one of the most striking
extraoral functions is the potent relaxation of pre-contracted airway smooth
muscle induced by T2R agonists." While T2R activation in ASM also causes an
initial rise in [Ca2+]i, the downstream effect leading to relaxation is complex and
distinct from simple Ca2+-triggered contraction.' Current evidence suggests that
the GPy subunits dissociated from the activated G protein (potentially gustducin
or other Gai/o proteins) play a key role by inhibiting L-type voltage-dependent
Ca2+ channels." This inhibition reduces Ca2+ influx, counteracting the elevated
[Ca2+]i induced by bronchoconstrictors and leading to muscle relaxation.' Early
hypotheses involving the activation of large-conductance Ca2+-activated K+
(BKCa) channels have been largely refuted or questioned.’ Furthermore, T2R
activation in ASM has been shown to inhibit cell proliferation, suggesting a
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potential role in mitigating airway remodeling, a key feature of chronic asthma and
COPD.™

2. Paracrine Regulation: Here, T2R activation causes the release of signaling
molecules that act locally on neighboring cells.

Gastrointestinal Tract: In specialized enteroendocrine cells (EECs) of the small
intestine, T2R stimulation triggers the release of the peptide hormone
cholecystokinin (CCK).' CCK can then act via CCK2 receptors on adjacent
enterocytes to upregulate the activity of the efflux pump ABCB1 (also known as
P-glycoprotein or MDR1), which actively transports toxins (including bitter ones)
out of the cells and back into the gut lumen." Alternatively, CCK can activate CCK1
receptors on vagal afferent nerve endings, sending satiety signals to the brain to
help regulate food intake.'

Airways and Nasal Cavity: Solitary chemosensory cells (SCCs) or brush cells in
the nasal cavity, vomeronasal organ, and trachea respond to bitter compounds or
bacterial signals by releasing acetylcholine (ACh)." This ACh acts on nicotinic
receptors on nearby sensory nerve fibers, triggering protective reflexes such as
decreased breathing rate, sneezing, coughing, or neurogenic inflammation.’
Additionally, SCCs in the upper airway can release antimicrobial peptides (AMPs)
like B-defensins upon T2R stimulation, contributing directly to local innate
immunity.*” This AMP release is interestingly suppressed by activation of sweet
taste receptors (T1R2/T1R3) on the same cells, suggesting a mechanism to
conserve resources during health and fully deploy defenses during infection when
glucose levels (activating T1Rs) might be lowered by bacteria.™

Gut Immunity (Tuft Cells): Intestinal tuft cells, another type of chemosensory
cell, express T2Rs (and T1Rs) and play a critical role in orchestrating immune
responses against parasitic infections (e.g., helminths).' Upon detecting
parasite-derived molecules (potentially bitter), these cells release the cytokine
interleukin-25 (IL-25). IL-25 activates type 2 innate lymphoid cells (ILC2s), leading
to the production of type 2 cytokines (like IL-4, IL-5, IL-13) that promote parasite
expulsion and also induce the proliferation (hyperplasia) of the tuft cells
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themselves, creating a positive feedback loop to amplify the defense response.’
Urinary Tract: A similar reflex involving ACh release from urethral brush cells
upon bitter stimulation triggers bladder smooth muscle contraction and urination,
potentially serving to flush out irritants or pathogens.’

3. Endocrine Regulation: In this mechanism, T2R activation leads to the release of
hormones that enter the bloodstream and act systemically on distant target organs.

Glucose Homeostasis: T2R activation in gut EECs (specifically L-cells) stimulates
the secretion of glucagon-like peptide-1 (GLP-1)." GLP-1is an incretin hormone
that travels via the circulation to the pancreas, where it potentiates
glucose-stimulated insulin secretion from B-cells, thereby helping to lower blood
glucose levels after a meal." This links bitter sensing in the gut directly to systemic
metabolic regulation.

Appetite Regulation: Activation of T2Rs in ghrelin-producing cells in the
stomach can stimulate the release of ghrelin, the "hunger hormone," which can
paradoxically increase short-term food intake and accelerate gastric emptying.”’
However, bitter compounds can also exert direct inhibitory effects on gastric
contractility and delay gastric emptying, leading to a subsequent prolonged
decrease in food intake.*” The net effect on appetite appears complex and may
depend on the specific bitter compound and context.

4. Immune System Modulation: Beyond the localized innate defenses in epithelia,
T2Rs expressed directly on various immune cells modulate their activity. Activation of
T2Rs on macrophages, for example, can enhance phagocytosis via NO/cGMP
signaling.’ T2R stimulation on mast cells, lymphocytes, monocytes, and other
leukocytes can suppress the release of pro-inflammatory cytokines (e.g., TNF-a,
IL-1B, IL-2, IL-4, IL-5) and other inflammatory mediators like histamine.™ This suggests
a broad anti-inflammatory role for T2Rs in systemic immunity.

5. Other Potential Functions: Emerging evidence points to roles for extraoral T2Rs in
other systems. In the cardiovascular system, they may influence cardiac contractility
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and vascular smooth muscle tone.* In bone, T2R38 expressed on osteoclasts can
detect bacterial quorum-sensing molecules, potentially linking infection to bone
inflammation, and T2R signaling might influence bone formation and resorption via
calcium modulation.’* Roles in reproduction (spermatogenesis) ' and the regulation of

apoptosis in both normal and cancerous cells are also under investigation.'

The discovery of this widespread extraoral expression and the diverse array of
functions firmly establishes T2Rs as more than just taste receptors. They function as a
distributed chemosensory network, acting as sentinels that monitor the internal
environment for a variety of chemical cues - including dietary components, microbial
products, potential toxins, and perhaps endogenous metabolites or pharmaceuticals.’
The ability of the same initial Ca2+ signal to elicit different, context-dependent
responses underscores the sophistication of this system and the importance of the
downstream cellular machinery in interpreting the T2R signal.' Furthermore, the fact
that many existing pharmaceutical drugs are bitter and can activate T2Rs provides a
compelling explanation for some previously poorly understood off-target drug effects

and highlights the importance of considering T2R interactions during drug

development.?

Table 2: Summary of Extraoral T2R Expression and Key Functions

Tissue/Sy Cell Key T2R Primary Key Major Supportin
stem Type(s) Subtypes Ligands/S | Signaling Physiolog | g
(Example timuli Effectors/ | ical Snippets
s) (Example Mechanis Function( (Example
s) ms s) s)
Respirato Ciliated T2R4, Bitter Ca2+, Mucociliar 1
ry System | Epithelial T2R14, compound | eNOS -> y
Cells T2R16, s, NO, PKG clearance,
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T2R38, Bacterial -> 1CBF Innate
T2R46 AHLs & defense
Quinolone (bacterici
s (T2R38) dal NO)
Airway T2R4, Bitter Ca2+ Bronchodi
Smooth T2R10, agonists increase lation,
Muscle T2R14, (Quinine, -> GRy -> Relaxation
(ASM) T2R107 Chloroqui Inhibition ,
(mouse) ne, of L-type Anti-prolif
Denatoniu Ca2+ eration
m) channels (remodelin
-> 9)
l[Ca2+]i
Solitary T2Rs Bitter Ca2+ -> Protective
Chemosen (general), compound ACh reflexes
sory Cells T1Rs s, release -> (cough,
(SCCs) / Bacterial Nerve sneeze,
Brush products activation; inflammati
Cells Ca2+ on),
wave -> Antimicro
AMP bial
release peptide
(inhibited secretion
by T1R)
Gastroint Enteroend T2Rs Bitter Ca2+ -> Appetite
estinal ocrine (multiple) compound | CCK regulation
(GI) Cells S, release; (via CCK,
System (EECs - Nutrients Ca2+ -> Ghrelin),
L-cells, GLP-1 Glucose
Ghrelin release; homeosta
cells, etc.) Ca2+ -> sis (via
Ghrelin GLP-1->
insulin),
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release Toxin
efflux (via
CCK->AB
CB1)
Gut Tuft T2Rs, TIRs | Parasite Ca2+ -> Orchestrat | '
Cells metabolite | IL-25 ion of
s? release Type 2
immunity
against
parasites
Stomach/I T2Rs Bitter Delayed Protective 42
ntestine (multiple) compound | gastric reflexes
(general) s, Toxins emptying, (vomiting,
Increased diarrhea),
motility/se Nutrient
cretion sensing
Immune Macropha T2Rs Bitter Ca2+ -> Innate !
System ges, (various) compound | NO/cGMP immunity
Monocyte s, -> modulatio
s, Mast Bacterial TPhagocyt | n,
cells, products osis; Anti-infla
Lymphocy Suppressi mmatory
tes, on of effects
Neutrophil pro-inflam
S matory
cytokines
(TNFa,
ILs),
Histamine
release
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Cardiova Cardiac T2R14, Bitter Ca2+ Regulation | 33
scular Myocytes, T2R20 compound | signaling of cardiac
System Vascular (highin s contractilit
Smooth heart); y, Vascular
Muscle/En others tone
dothelium moderate/ (relaxation
low )
Nervous Brain T2Rs Bitter Potential Regulation | '
System (various (various) compound | Ca2+ of food
regions), s? signaling intake?,
Sensory Endogeno Neuroinfla
Nerves us mmation?,
ligands? Unknown
functions
Skeletal Osteoclast | T2R38 Bacterial Ca2+ Bone o
System s, quorum-s signaling inflammati
Osteocyte ensing on
s molecules modulatio
n,
Potential
rolein
bone
remodelin
g
Urinary Urethral T2Rs Bitter Ca2+ -> Urination !
System Brush compound | ACh reflex,
Cells, s release -> Flushing
Bladder Bladder of
contractio irritants/p
n athogens
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Reproduc Testis T2R5 Unknown Unknown Spermato L
tive (Spermati (mouse) genesis
System ds)
Integume Skin T2Rs Bitter Ca2+ -> Toxin w
ntary Keratinocy compound | ABCB1 excretion?
System tes s upregulati Barrier
on? function?
Cancer Various T2R10, Bitter Nuclear Apoptosis e
Cells (HNSCC, T2R14, compound | Ca2+ -> induction,
Pancreatic | T2R38, S, Mitochond | Chemores
, Breast, T2R42 Bacterial rial istance
etc.) metabolite | depolariza | modulatio
s tion -> n (MDR)
Caspase
activation

Note: This table provides examples and summarizes key findings; T2R subtype
expression and specific functions are areas of active research and may be more
complex. CBF = Ciliary Beat Frequency,; AHL = Acyl-Homoserine Lactone; NO = Nitric
Oxide; eNOS = endothelial NO Synthase; PKG = Protein Kinase G; ASM = Airway
Smooth Muscle; SCC = Solitary Chemosensory Cell; AMP = Antimicrobial Peptide; EEC
= Enteroendocrine Cell; CCK = Cholecystokinin; GLP-1 = Glucagon-Like Peptide-1;
ABCBT1 = ATP Binding Cassette Subfamily B Member 1 (MDR1); ACh = Acetylcholine; IL
= Interleukin.

V. The Chemical World of T2R Ligands
A. Ligand Diversity

A defining characteristic of the T2R family is its ability to recognize an exceptionally
broad and chemically diverse spectrum of ligands.? This chemical promiscuity is
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fundamental to the receptors' role in detecting potentially harmful substances from
various sources. The known agonists for T2Rs encompass several major categories:

Natural Plant Toxins and Secondary Metabolites: This is perhaps the most
recognized category, reflecting the evolutionary pressure to avoid poisonous
plants. T2Rs are activated by numerous plant-derived compounds, including
alkaloids (e.g., quinine from Cinchona bark, strychnine from Strychnos
nux-vomica, nicotine from tobacco, caffeine from coffee/tea, papaverine from
opium poppy), various terpenoids and sesquiterpene lactones (e.g.,
andrographolide from Andrographis paniculata, parthenolide from feverfew),
glycosides (e.g., salicin from willow bark, amygdalin from bitter almonds,
numerous B-glucopyranosides, cyanogenic glycosides), flavonoids (e.g., naringin
from grapefruit, apigenin found in chamomile and other plants), polyphenols (like
epigallocatechin gallate from green tea), peptides, and amines.® Many of these
compounds serve as defense chemicals for the plants.’

Pharmaceuticals and Drugs: A significant number of commonly used drugs
elicit a bitter taste, and many have been experimentally confirmed as T2R
agonists.® Examples span various therapeutic classes: antimalarials (quinine,
chloroquine 3), antibiotics (erythromycin, ofloxacin, chloramphenicol, tobramycin
%), antihistamines (diphenhydramine ), antipsychotics (haloperidol "),
antiarrhythmics (procainamide "°), non-steroidal anti-inflammatory drugs
(flufenamic acid "), microtubule inhibitors used in chemotherapy (colchicine ),
local anesthetics (lidocaine '), and others.® This overlap has significant
implications for drug palatability and potential off-target effects mediated by
extraoral T2Rs.

Synthetic Compounds: Many synthetic chemicals are perceived as bitter and
activate T2Rs. These include intensely bitter compounds used as aversives, like
denatonium benzoate (Bitrex) and denatonium saccharide ™, as well as artificial
sweeteners that possess bitter off-tastes, such as saccharin and acesulfame K.*°
Derivatives like 6-nitrosaccharin have also been identified as T2R agonists.'®
Bacterial Metabolites: A crucial discovery linking T2Rs to innate immunity is their
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ability to detect molecules secreted by bacteria, particularly gram-negative
species.” These include quorum-sensing molecules, such as acyl-homoserine
lactones (AHLs) like N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12HSL)
produced by Pseudomonas aeruginosa, which are detected by receptors like
T2R38." Bacterial quinolones are another class of metabolites recognized by
T2Rs." This ability allows extraoral T2Rs, particularly in the airways, to function as
sentinels for bacterial presence and virulence.

e Potential Endogenous Ligands: While T2Rs primarily evolved to detect
exogenous substances, there is emerging, though still debated, evidence that
some T2Rs might respond to endogenous molecules. Studies in fish suggest
activation by steroid hormones and bile acids.” In humans, the inhibitory
neurotransmitter y-aminobutyric acid (GABA) has been identified as an
antagonist for T2R4, representing a potential endogenous modulator.® The
existence and physiological relevance of true endogenous T2R agonists in
mammals remain areas of active investigation."?

The sheer chemical diversity of T2R ligands highlights the receptors' role as
broad-spectrum detectors of potentially harmful or biologically relevant molecules
from the diet, the environment, resident microbiota, and even potentially from within
the body itself.

B. Receptor Specificity and Tuning Breadth

While the T2R family collectively recognizes a vast chemical space, individual T2R
subtypes exhibit significant variation in their ligand specificity, a property referred to
as "tuning breadth".® This variation ranges from highly selective receptors to
extremely promiscuous ones:

e Narrowly Tuned ("Specialists"): Some T2Rs are activated by only one or a very
limited set of structurally related compounds. Classic examples include mouse
T2R5, which is specifically activated by the protein synthesis inhibitor
cycloheximide °, and human TAS2R38, which primarily recognizes compounds
containing the thiourea (N-C=S) moiety, such as PTC, PROP, and goitrin.”” Human
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TAS2R3 is also considered relatively selective.”™

e Broadly Tuned ("Generalists" / "Promiscuous"): Other T2Rs display remarkable
promiscuity, responding to dozens or even hundreds of chemically diverse
agonists.® Notable human examples include TAS2R14, often cited as the most
broadly tuned human T2R with over 170 known agonists spanning numerous
chemical classes.” Other broadly tuned human receptors include TAS2R?,
TAS2R10, TAS2R16, TAS2R39, TAS2R43, TAS2R46, and TAS2R47.° Together, just
three broadly tuned receptors (hnTAS2R10, hTAS2R14, hTAS2R46) were found to
detect approximately 50% of a large panel of tested bitter compounds.®’

e Moderately Tuned: Many T2Rs fall between these extremes, recognizing several
distinct chemical structures but not exhibiting the extreme promiscuity of the
generalists.

This strategy of employing a mix of specialist and generalist receptors allows the
relatively small T2R repertoire (~25 functional genes in humans) to effectively monitor
the vast chemical landscape of potential bitter substances, estimated to be in the tens
of thousands.?® The system relies on combinatorial coding: a single bitter compound
often activates multiple T2R subtypes %, and a single T2R-expressing taste cell likely
expresses multiple T2R subtypes.” The overall pattern of receptor activation across
the T2R repertoire encodes information about the bitter stimulus, although the
perception is generally a uniform sensation of bitterness. Despite extensive screening
efforts, several human T2Rs (e.g., TAS2R41, TAS2R42, TAS2R45, TAS2R48, TAS2R60)
remain "orphan" receptors, meaning no activating ligands have yet been identified.*

The broad tuning of many T2Rs, particularly receptors like T2R14, coupled with their
widespread extraoral expression, creates a high probability for interactions with
pharmaceutical compounds.’ This inherent promiscuity means that drugs targeting
other pathways but possessing bitter properties might inadvertently activate extraoral
T2Rs, leading to off-target effects.? While this can be problematic, causing unwanted
side effects, it also opens possibilities for drug repurposing if the activation of an
extraoral T2R pathway proves beneficial for a particular condition. Furthermore, the
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detection of bacterial metabolites like AHLs by specific T2Rs (e.g., T2R38) provides a
direct mechanism for interkingdom communication, enabling the host immune system
to sense bacterial presence and coordinate defenses.™

C. Bitter Blockers and Taste Masking Strategies

The intensely bitter taste of many essential medicines poses a significant challenge to
patient compliance, particularly for pediatric and geriatric populations who often rely
on liquid formulations where bitterness is difficult to conceal.® Similarly, undesirable
bitterness in certain healthy foods (e.g., some vegetables, soy products) or functional
food ingredients can limit consumer acceptance.'” Consequently, there is
considerable interest in developing strategies to mask or block bitter taste in both the
pharmaceutical and food industries.’

Traditional taste masking approaches often rely on physical methods or flavor
modification:

e Flavor/Sweetener Addition: Using strong flavors or high-intensity sweeteners
(like sucralose, aspartame) to overpower or distract from the bitterness.” Cooling
agents like menthol can also numb taste perception.’

e Physical Encapsulation/Coating: Creating a physical barrier between the bitter
compound and taste receptors using techniques like microencapsulation, polymer
coating, or granulation.”® The coating must dissolve later in the Gl tract to release
the active ingredient."

e Complexation: Using agents like cyclodextrins to form inclusion complexes that
sequester the bitter molecule, reducing its availability to bind receptors.™

e Matrix Entrapment: Incorporating the bitter drug into a matrix (polymeric,
lipid-based) that slows its dissolution in saliva.”

e Prodrug/Salt Formation: Chemically modifying the drug into an inactive prodrug
or a less soluble salt form that has reduced bitterness, relying on subsequent
biotransformation or dissolution to release the active drug."

An alternative and potentially more targeted approach involves identifying specific
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molecules - bitter blockers - that directly interfere with T2R function at the receptor
level.® These blockers can act as:

e Antagonists: Bind to the receptor (often at the same orthosteric site as agonists)
but do not activate it, thereby competitively inhibiting agonist binding.?

e Inverse Agonists: Bind to the receptor and stabilize it in an inactive
conformation, reducing even basal (agonist-independent) activity.’

Despite the potential advantages of receptor-targeted blockers, relatively few have
been definitively characterized.? Known examples include:

o GIV3727 (4-(2,2,3-trimethylcyclopentyl)butanoic acid): A synthetic
antagonist effective against several T2Rs, including T2R40 and T2R43.°

e GABA (y-aminobutyric acid): The inhibitory neurotransmitter acts as an
antagonist specifically at T2R4.°

e BCML
(N-(2-((1H-benzo[d]imidazol-2-yl)thio)ethyl)-4-methylbenzenesulfonamide
): Identified as an inverse agonist for T2R4.°

e Sesquiterpene Lactones: Certain natural compounds like
3[3-hydroxydihydrocostunolide from wormwood can antagonize specific
receptors, such as T2R46."

e Adenosine 5'-monophosphate (AMP), Sodium Gluconate, Sodium Acetate:
These compounds are generally regarded as safe (GRAS) and have shown bitter
blocking activity in human sensory panels and nerve response studies, potentially
acting at the receptor or downstream signaling level.”"

e Other potential modulators: Various peptides, amino acid derivatives (e.g.,
[-ornithyl-B-alanine), fatty acids (oleic acid), and phospholipids (phosphatidic
acid) have demonstrated bitterness reduction, although their precise mechanisms
(receptor interaction vs. physical complexation) require further elucidation.?

Developing effective bitter blockers faces challenges. Because many bitter drugs
activate multiple T2Rs, a blocker targeting only one receptor may only partially reduce
the overall bitterness.”' Finding broad-spectrum blockers or using combinations of
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specific blockers might be necessary.”' Furthermore, given the widespread
physiological roles of extraoral T2Rs, systemic absorption of potent blockers could
lead to unintended side effects by interfering with these functions. Therefore, the

ideal blocker might be one that acts locally in the oral cavity without significant
systemic absorption, or one whose blocking action is highly specific to the T2Rs

activated by the target drug or food component. The search for safe and effective

bitter blockers remains an active area of research in both food science and
pharmaceutical development.

Table 3: Examples of T2R Ligands and Associated Receptors

Ligand Specific Ligand | Known Human Primary Supporting
Category Example T2R(s) Source/Use Snippets
Activated (+) / (Examples)
Inhibited (-)
Plant Alkaloid Quinine (+) T2R4, T2RT, Cinchona Bark / 3
T2R10, T2R14, Antimalarial,
T2R39, T2R40, Bitterant
T2R43, T2R44,
T2R46
Plant Alkaloid Strychnine (+) T2R7, T2R10, Strychnos 47
T2R46 nux-vomica /
Poison
Plant Alkaloid Caffeine (+) T2R7, T2R10, Coffee, Tea/ 3
T2R14, T2R43, Stimulant
T2R46
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Plant Glycoside Salicin (+) T2R16 Willow Bark / 40
Precursor to
Aspirin
Plant Flavonoid Apigenin (+) T2R14, T2R39 Chamomile, 16
Parsley /
Nutraceutical
Plant Parthenolide (+) T2Rs Feverfew / 16
Sesquiterpene (various) Potential
Lactone anti-inflammator
y
Synthetic Denatonium (+) T2R3, T2R4, Synthetic / 15
Bitterant Benzoate T2R8, T2R10, Aversive agent
T2R16, T2R38,
T2R43, T2R44,
T2R47
Synthetic Saccharin (+) T2R31, Synthetic / %6
Sweetener T2R43, T2R44 Artificial
(Bitter sweetener
Off-Taste)
Synthetic 6-Nitrosacchari (+) T2R44, T2R61 Synthetic 105
Compound n
Pharmaceutical Chloroquine (+) T2R3, T2RY, Synthetic / 3
(Antimalarial) T2R10, T2R14, Antimalarial,

T2R38, T2R40

Anti-inflammato
ry

Pharmaceutical
(Antibiotic)

Erythromycin

(+) T2Rs
(various)

Bacterial
fermentation /
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Antibiotic
Pharmaceutical Ofloxacin (+) T2Rs Synthetic / 3
(Antibiotic) (various) Antibiotic
Pharmaceutical Diphenhydramin (+) T2R14, Synthetic / 16
(Antihistamine) e T2R40 Antihistamine
Bacterial 3-oxo-C12HSL (+) T2R38 P. aeruginosa / 16
Metabolite (AHL) Quorum sensing
Bacterial Quinolones (+) T2R38 P. aeruginosa / 16
Metabolite (bacterial) Bacterial

signaling
Bitter Blocker GIV3727 (-) T2R40, Synthetic / 3
(Antagonist) T2R43 Research tool
Bitter Blocker GABA (-) T2R4 Endogenous / 3
(Antagonist) Neurotransmitte

r
Bitter Blocker BCML (-) T2R4 Synthetic / 3
(Inverse Research tool
Agonist)
Bitter Blocker 3B-hydroxydihy (-) T2R46 Wormwood / 72
(Antagonist) drocostunolide Natural product
Bitter AMP (Adenosine (-) T2Rs Endogenous / 101
Blocker/Masker 5'-monophosph (mechanism Nucleotide

ate) unclear)
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Bitter Sodium (-) T2Rs Synthetic / Food 101
Blocker/Masker Gluconate (mechanism additive
unclear)

Note: This table provides illustrative examples. Ligand-receptor interactions can be
complex, and activation/inhibition profiles may depend on experimental conditions.
(+) indicates activation (agonist), (-) indicates inhibition (antagonist/inverse agonist).
AHL = Acyl-Homoserine Lactone.

VI. Evolutionary Significance: Detecting Danger

The evolution of the T2R gene family and the bitter taste system it encodes is
intrinsically linked to the fundamental need for organisms to detect and avoid harmful
substances in their environment, particularly toxins present in potential food sources.’
This "toxic substance avoidance" hypothesis provides a strong framework for
understanding the selective pressures that have shaped the T2R repertoire across
vertebrate evolution.

Plants, in particular, produce a vast arsenal of secondary metabolites (alkaloids,
glycosides, terpenoids, etc.) as chemical defenses against herbivores.' Many of these
defense compounds are toxic and elicit a bitter taste, making T2Rs crucial mediators
of plant-animal interactions.' The ability to perceive these toxins as bitter provides a
direct survival advantage by prompting rejection of the food before lethal doses are
ingested.

Evidence supporting this evolutionary role comes from comparative genomics and
functional studies across diverse vertebrate lineages:

e Correlation with Diet: A key finding is the significant correlation observed
between the number of functional Tas2r genes in a species' repertoire and the
proportion of plants in its diet.?? Herbivores and omnivores, which are more likely
to encounter diverse plant toxins, generally possess larger Tas2r repertoires
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compared to carnivores, whose diets contain fewer toxic compounds.?? For
example, amphibians (many of which consume plants or toxin-containing insects)
often have exceptionally large T2R families (sometimes >100 genes), while strict
carnivores like dolphins may have lost all functional Tas2r genes.? This strongly
suggests that dietary toxins are a major selective force driving the expansion and
maintenance of the Tas2r gene family.”

Gene Family Dynamics (Birth-and-Death Evolution): The T2R gene family
exhibits rapid evolution characterized by frequent gene duplication (birth) and
pseudogenization or deletion (death) events.? Lineage-specific expansions and
contractions are common, leading to significant differences in repertoire size
even between relatively closely related species (e.g., humans vs. mice, or different
primate species).”° This dynamic evolution allows species to adapt their bitter
sensing capabilities to specific environmental challenges and dietary niches.? For
instance, species-specific duplications may lead to receptors specialized for
detecting locally relevant toxins.”

Signatures of Selection: Molecular evolutionary analyses often reveal signatures
of natural selection acting on T2R genes. While purifying selection acts to
maintain the basic structure and function of the receptors (indicated by overall
dN/dS ratios < 1) %, evidence for positive selection (dN/dS > 1) is frequently found
in specific regions, particularly in the extracellular loops (like ECL2) involved in
ligand binding.?® Positive selection suggests adaptive evolution, likely driven by
the need to recognize new or changing arrays of bitter toxins in the
environment.?® Conversely, relaxation of purifying selection or pseudogenization
can occur when the pressure to detect certain toxins decreases, potentially due
to dietary shifts or changes in the environment, as suggested for some primate
lineages including humans.?® However, balancing selection, which maintains
multiple alleles (like the PAV and AVI haplotypes of TAS2R38 in humans), can also
operate, suggesting that different sensitivities might be advantageous under
different conditions or that heterozygosity itself provides a benefit.>®
Evolutionary Origin: T2Rs appear to be a relatively recent innovation in
vertebrate evolution, emerging in the common ancestor of bony vertebrates
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(Euteleostomi) around 400-500 million years ago.” They are absent in
cartilaginous fishes (sharks, rays) and jawless fishes.? Interestingly, this timing
coincides with the major radiation of vascular plants on land, suggesting a
possible co-evolutionary link where the emergence of diverse plant toxins spurred
the evolution of the T2R system.? However, the discovery of extraoral T2R
functions, including potential sensing of endogenous metabolites or microbial
products, raises the alternative possibility that these non-gustatory roles might
represent the ancestral function, with the role in taste perception evolving later.’
Studies on basal vertebrates like coelacanths and sharks suggest that early T2Rs
might have had dual roles in detecting both xenobiotics and endogenous
compounds like steroids.?

In summary, the evolution of T2R receptors is a compelling example of molecular
adaptation driven primarily by the need to navigate the chemical hazards present in
food. The dynamic nature of the gene family, the correlation between repertoire size
and diet, and the molecular signatures of selection all point towards the crucial role of
T2Rs as evolutionary gatekeepers, protecting vertebrates from intoxication and
shaping their interactions with the chemical environment. While the protective role
against dietary toxins may be somewhat reduced in modern humans with
domesticated food sources, the evolutionary legacy of T2Rs continues to influence
our biology and health.*®

VIl. T2R Function and Human Health

Beyond their canonical role in taste perception and toxin avoidance, the widespread
expression of T2Rs in extraoral tissues implicates them in a variety of physiological
processes relevant to human health and disease.' Furthermore, genetic variations
(polymorphisms) within TAS2R genes, which influence taste sensitivity, are
increasingly being associated with variations in health outcomes and disease
susceptibility.’

Key areas where T2R function intersects with human health include:
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Immune Responses and Inflammation: T2Rs play significant roles in innate
immunity, particularly in barrier tissues like the respiratory and gastrointestinal
tracts.” Activation of T2Rs (e.g., T2R38 by bacterial AHLs) in airway epithelial cells
triggers NO production, enhancing mucociliary clearance and directly killing
bacteria.’® T2Rs on SCCs stimulate the release of antimicrobial peptides.”” Gut tuft
cells use T2Rs to detect parasites and initiate type 2 immune responses.’
Furthermore, T2Rs on immune cells like macrophages and mast cells can
modulate phagocytosis and suppress the release of pro-inflammatory cytokines
and mediators." Genetic variations in TAS2R genes, especially TAS2R38, have
been linked to susceptibility to upper respiratory infections, chronic rhinosinusitis
(CRS), and potentially disease severity in conditions like cystic fibrosis and
COVID-19." For instance, individuals with the non-functional AVI/AVI genotype of
TAS2R38 may have impaired sinonasal innate defense against gram-negative
bacteria and potentially worse outcomes in CRS.™

Respiratory Function: Beyond immunity, T2Rs directly impact airway mechanics.
Their potent bronchodilatory effect, mediated by relaxation of ASM, positions
them as potential therapeutic targets for obstructive lung diseases like asthma
and COPD." T2R agonists have shown efficacy in relaxing airways in vitro and in
animal models, potentially offering an alternative or adjunct to conventional
B2-agonists.’*® Additionally, T2R activation inhibits ASM proliferation, suggesting a
role in preventing or reversing airway remodeling." Genetic variations in TAS2R
genes (e.g., TAS2R10, TAS2R14) have been tentatively associated with differences
in bronchodilator response and asthma control status in some populations,
although more research is needed.”

Metabolism and Dietary Health: T2Rs in the Gl tract, particularly in EECs, link
bitter sensing to metabolic regulation.* Stimulation of gut T2Rs can trigger the
release of incretin hormones like GLP-1, which enhances insulin secretion and
improves glucose tolerance.” They also influence the release of CCK and ghrelin,
affecting satiety and gastric motility.' Polymorphisms in TAS2R genes, primarily
TAS2R38, which influence taste perception, have been associated with food
preferences (e.g., aversion to bitter vegetables ¢, preference for sweet foods %),
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dietary habits, alcohol consumption ?, and potentially body mass index (BMI) or
risk of obesity and related metabolic disorders like type 2 diabetes, although
findings regarding BMI are often inconsistent.” The connection between TAS2R
genotype, taste perception, food choice, and metabolic health provides a clear
pathway linking genetics to health outcomes.

Cancer: Emerging evidence suggests T2Rs are expressed in various cancer cells
and tissues, including head and neck squamous cell carcinoma (HNSCC),
pancreatic cancer, breast cancer, and others, often with altered expression levels
compared to normal tissue." Intriguingly, activation of T2Rs (e.g., T2R14, T2R38)
by bitter agonists has been shown to induce apoptosis (programmed cell death)
in several cancer cell lines, often involving nuclear calcium signaling and
mitochondrial pathways.' Furthermore, higher expression levels of certain T2Rs
(e.g., T2R14 in PDAC, overall T2R expression in HNSCC) have been associated with
improved patient survival in some cancer types.™ Conversely, some studies
suggest T2R activation might modulate chemoresistance (e.g., via ABCBT1
upregulation linked to T2R38 in pancreatic cancer models ™). Polymorphisms in
TAS2R genes (e.g., TAS2R38 non-taster status) have also been tentatively linked
to increased risk for certain cancers like colorectal cancer, potentially through
influences on diet (vegetable intake) or direct effects in the gut.®” The role of T2Rs
in cancer appears complex and context-dependent but offers potential avenues
for biomarkers and therapeutic intervention.

Other Conditions: T2R expression and function are being explored in relation to
cardiovascular health (cardiac contractility, vascular tone) *, neurological
functions (potential role in brain signaling, neuroinflammation) ', bone health
(inflammation, remodeling) '°%, and potentially other conditions linked to
inflammation or chemosensation.

The connection between TAS2R genetics, extraoral function, and disease
susceptibility highlights the systemic importance of this receptor family.
Understanding these links opens possibilities for using TAS2R genotype or phenotype
(e.g., PTC/PROP tasting status) as biomarkers for disease risk or predicting treatment
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responses.' It also suggests that modulating T2R activity, either through dietary
interventions or pharmacological agents, could offer novel therapeutic strategies for a
range of conditions.

VIll. Recent Research Advancements and Future Directions

Research into T2R bitter taste receptors has expanded dramatically beyond their initial
discovery as mediators of gustation. Recent advancements focus on elucidating their
complex extraoral functions, understanding their structure-function relationships,
exploring their roles in health and disease, and investigating their potential as
therapeutic targets.'

Key Areas of Recent Advancement and Ongoing Study:

Deciphering Extraoral Functions: A major focus is unraveling the precise
physiological roles of T2Rs in tissues like the airways, gut, immune system,
cardiovascular system, and brain." Studies continue to identify novel functions,
such as the regulation of apoptosis in airway epithelia and cancer cells °, the
modulation of innate immune responses to specific pathogens (e.g., P.
aeruginosa, potential link to SARS-CoV-2 outcomes via T2R38 phenotype) *°, and
their contribution to metabolic homeostasis via gut hormone release.*® Research
is moving towards using more physiologically relevant models, including primary
cell cultures (e.g., air-liquid interface cultures for airway epithelium) and in vivo
studies, to confirm findings from heterologous expression systems.*
Structure-Function Relationships and Ligand Discovery: Despite the lack of
experimental structures, significant progress is being made in understanding how
T2Rs recognize ligands and activate signaling pathways through a combination of
molecular modeling, site-directed mutagenesis, and functional assays.* Advanced
computational methods, including machine learning algorithms like BitterMatch
inspired by recommendation systems, are being developed to predict
ligand-receptor interactions and identify novel agonists and antagonists for
specific T2Rs, including previously orphan receptors.’’ These approaches are
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expanding the known chemical space for T2R modulators. Identifying the specific

residues involved in binding agonists versus antagonists within the same receptor

(e.g., T2R4) provides crucial information for rational drug design.’

Therapeutic Targeting: The diverse physiological roles of extraoral T2Rs make

them attractive targets for novel therapeutic interventions.’

o Respiratory Diseases: T2R agonists are being actively investigated as potential
treatments for asthma and COPD due to their potent bronchodilatory effects
and potential anti-remodeling and anti-inflammatory properties.'® The
redundancy in T2R expression in ASM may offer a therapeutic advantage over
single-target approaches like B2-agonists.” Targeting T2R-mediated innate
immunity (e.g., NO production, AMP secretion) is also being explored for
treating respiratory infections like CRS, potentially using topical agonists like
diphenhydramine or related compounds.™

o Cancer Therapy: The ability of T2R agonists to induce apoptosis in certain
cancer cells (e.g., HNSCC, pancreatic cancer) suggests their potential use as
anticancer agents, possibly delivered topically or systemically.” T2R
expression levels may also serve as prognostic biomarkers.”

o Metabolic Disorders: Modulating gut T2Rs to enhance GLP-1 secretion could
be a strategy for managing type 2 diabetes or obesity.*®

o Other Potential Applications: Targeting T2Rs is being considered for bone
disorders (inflammation, anabolism) '°*, GI motility disorders *°, and potentially
cardiovascular conditions.®

Drug Discovery and Bitterness Masking: Understanding T2R-ligand

interactions is crucial for predicting and mitigating the bitter taste of

pharmaceuticals, thereby improving patient compliance.® Identifying specific T2R
antagonists (bitter blockers) is a key goal.? Research focuses on discovering novel
blockers, elucidating their mechanisms (receptor antagonism vs. other effects),

and developing effective formulation strategies (e.g., using GRAS compounds like

AMP, sodium gluconate, or targeted delivery systems).> Computational tools are

increasingly used to predict bitterness and screen for potential blockers.*' The

identification of endogenous modulators like GABA for T2R4 opens new avenues
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for understanding physiological regulation and potential blocking strategies.®

e Evolutionary and Ecological Studies: Advances in genomics and functional
assays are providing deeper insights into the evolution of the T2R family across
diverse vertebrate lineages, linking repertoire size and functional diversification to
diet, habitat, and specific ecological pressures like toxin exposure or even
ontogenetic dietary shifts in amphibians.?

Challenges and Future Perspectives:

Despite rapid progress, challenges remain. The lack of high-resolution T2R structures
hinders precise understanding of ligand binding and activation mechanisms, making
structure-based drug design difficult.® Deorphanizing the remaining T2Rs and fully
characterizing the ligand specificities and potential endogenous ligands for all
subtypes is ongoing.*” Translating promising in vitro and animal model findings
regarding therapeutic potential into effective human treatments requires overcoming
hurdles related to drug delivery, specificity (avoiding off-target effects due to broad
T2R expression and ligand promiscuity), and understanding the impact of extensive
human genetic variation on T2R function and drug response.' Future research will
likely focus on obtaining structural information, developing more specific
pharmacological tools (agonists and antagonists), further exploring the roles of T2Rs
in complex diseases using sophisticated models, and leveraging genetic information
for personalized approaches to therapy and bitterness management.

IX. Conclusion

The study of T2R bitter taste receptors has evolved significantly from its origins in
gustatory science to encompass a broad range of physiological systems and potential
therapeutic applications. Initially identified as the primary sensors for bitter
compounds in the oral cavity, serving a critical role in preventing the ingestion of
toxins ', T2Rs are now recognized as a distinct subfamily of GPCRs with unique
structural features and activation mechanisms compared to Class A receptors.® The
human genome encodes approximately 25 functional T2Rs, exhibiting extensive
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genetic polymorphism that underlies individual variations in bitter taste sensitivity and
potentially influences dietary habits and health outcomes.?

Perhaps the most transformative discoveries in recent years relate to the widespread
expression of T2Rs in extraoral tissues, including the respiratory tract, gastrointestinal
system, immune cells, cardiovascular system, and nervous system.' In these locations,
T2Rs function as versatile chemosensors, detecting not only dietary components but
also microbial metabolites and potentially endogenous signals or pharmaceuticals.™
Their activation triggers diverse, context-dependent physiological responses,
including modulation of innate immunity (e.g., mucociliary clearance, antimicrobial
peptide release, NO production, phagocytosis), regulation of smooth muscle tone
(e.g., potent bronchodilation), control of hormone secretion (e.g., GLP-1, CCK, ghrelin)
impacting metabolism and appetite, and even induction of apoptosis in certain cell
types."

This expanded understanding positions T2Rs as crucial players in maintaining health
and responding to pathological challenges. Their involvement in processes ranging
from respiratory defense and metabolic regulation to cancer cell fate highlights their
potential as novel therapeutic targets.' The development of specific T2R agonists
(e.g., for bronchodilation or anti-cancer effects) and antagonists (for bitterness
masking in pharmaceuticals and food) represents significant translational
opportunities.’ However, realizing this potential requires overcoming challenges,
including the lack of structural data, the need for more specific pharmacological
tools, and a better understanding of the systemic consequences of modulating these
broadly expressed receptors, particularly in light of human genetic diversity. Future
research focused on structural biology, targeted ligand discovery, and rigorous
functional validation in relevant physiological and pathological models will be essential
to fully harness the therapeutic promise of the multifaceted T2R family.
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