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Abstract

or pharmacological profiles.

Bitter taste-sensing type 2 receptors (TAS2Rs or T2Rs), belonging to the subgroup of family A G-protein coupled
receptors (GPCRs), are of crucial importance in the perception of bitterness. Although in the first instance, TAS2Rs
were considered to be exclusively distributed in the apical microvilli of taste bud cells, numerous studies have
detected these sensory receptor proteins in several extra-oral tissues, such as in pancreatic or ovarian tissues, as

well as in their corresponding malignancies. Critical points of extra-oral TAS2Rs biology, such as their structure, roles,
signaling transduction pathways, extensive mutational polymorphism, and molecular evolution, have been currently
broadly studied. The TAS2R cascade, for instance, has been recently considered to be a pivotal modulator of a number
of (patho)physiological processes, including adipogenesis or carcinogenesis. The latest advances in taste receptor
biology further raise the possibility of utilizing TAS2Rs as a therapeutic target or as an informative index to predict
treatment responses in various disorders. Thus, the focus of this review is to provide an update on the expression
and molecular basis of TAS2Rs functions in distinct extra-oral tissues in health and disease. We shall also discuss the
therapeutic potential of novel TAS2Rs targets, which are appealing due to their ligand selectivity, expression pattern,
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Background

Bitterness perception is considered a key defense mecha-
nism against poisoning with potentially toxic substances.
Although so far, direct relationship between bitterness
and food toxicity has not been established [1], it is not
worthy that many common bitterants, such as strychnine
and nicotine, are toxic at low or high concentrations, or
even fatal [2, 3]. Bitter taste is perceived via bitter taste-
sensing type 2 receptors (TAS2Rs or T2Rs), the second
largest group (25 members) of chemosensory G-protein
coupled receptors (GPCRs) [4-7]. These are embedded
not only in the plasma membrane of the type II taste
receptor cells (TRCs) located in the taste buds of the
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tongue, soft palate, throat, and larynx [8], but also in sev-
eral extra-oral tissues throughout the body. After Hofer’s
group identified a-gustducin (bitter taste signalling mol-
ecule) in the intestinal epithelium in 1996 [9], the expres-
sion of TAS2Rs alone in the gastrointestinal (GI) and
nasal cavity cells was confirmed in 2002 by Wu et al. [10]
and in 2003 by Finger et al. [11]. Thus, the network of
extra-oral TAS2Rs participate in various (patho)physio-
logical processes in auto-, para-, and endocrine manners,
which may differ from the perception of taste stimuli
[12]. In the last decade, several studies have investigated
the extra chemoreceptive roles of TAS2Rs in selected tis-
sues and organs of the body in vitro and in vivo, as well
as their possible clinical implications [12, 13]. Neverthe-
less, owing to the dynamic progress in research regard-
ing these receptor proteins, a comprehensive review
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summarising these findings is required, which is the pur-
pose of this article.

The nature of the bitter taste receptors

Genomic feature, protein structure and distribution

of TAS2Rs

Twenty-five different TAS2Rs have been identified
in humans (hTAS2Rs), 35 in mice (mTAS2Rs), 12 in
cats (fTAS2Rs), and 3 different subtypes in chickens
(ggTAS2Rs) [14[. As GPCRs, these proteins comprise
seven o-helical transmembrane domains (TM1-TM?7),
an extracellular N-terminus with three extracellular
loops (ECL1-ECL3), and an intracellular C-terminus
with three intracellular loops (ICL1-ICL3) [15]. Genes
encoding TAS2Rs are clustered on the short arm of
chromosome 5 (5p15) and 12 (12p13), and on the long
arm of chromosome 7 (7q31-7q35) [16]. They are selec-
tively expressed in TRCs that do not express receptors
for sweet and umami taste [17, 18]. Approximately 4-11
genes for TAS2Rs are co-expressed in one cell [19].

A panel of bitterants

In 2019, 1041 compounds were registered in the database
of bitter compounds (BitterDB, http://bitterdb.agri.huji.
ac.il) (a two-fold increase in the number of molecules
compared to that in the original BitterDB developed in
2012), which included 51 peptides with confirmed bitter
properties for humans or activating at least one TAS2R
in one of four species such as human, chicken, cat, or
mouse. In total, 306 molecules of natural origin and
58 synthetic compounds were isolated from the above
group, while the remaining 677 ligands were not assigned
to any of the above categories [14, 20]. Numerous bitter
phytochemicals and their derivatives have been previ-
ously identified as promising options for improving the
treatment of various diseases, including neoplastic dis-
orders. Among them, for example, is xanthohumol [14]
with well-described anti-cancer properties [21-28].
However, whether these anti-tumor activities are TAS2R-
dependant at all is still unknown (Fig. 1).

Another recently pinpointed stimulating ligands for
TAS2Rs are quorum sensing (QSM) molecules derived
from both Gram-negative (such as acyl-homoserine lac-
tones (AHLs), quinolones) [29, 30] and Gram-positive
(for example competence stimulating peptides (CSPs))
[31-35] bacteria, as well as their metabolites (that is ace-
tone, 2-butanone, 2-pentanone, 2-methylpropanal, dime-
thyl disulfide, methylmercaptan, y-butyrolactone) [36].
CSP-1, for instance, acting as hTAS2R14 agonist, induced
calcium signaling and secretion of cytokines CXCL-8/
IL-8, tumour necrosis factor o (TNF-a) and IL-6 in gin-
gival epithelial cells [31]. This strongly supports a role
of TAS2Rs in modulating innate immune response and
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mediating interkingdom signaling through mammalian
cell detection of bacterial products. Interestingly, many
commonly used drugs are bitter, and therefore, they are
likely to activate selected TAS2Rs. These include antibi-
otics (chloramphenicol, erythromycin, and ofloxacin),
anti-malarial drugs (quinine [Q] and chloroquine [ChQ)]),
analgesics (acetamonifen), or thyrostatic agents (metima-
zole and propylthiouracil). Thus, bitter medications, in
addition to the expected mechanism of action, can regu-
late several other, possibly undesirable, (patho)physiolog-
ical processes via TAS2Rs [37].

o The 25 hTAS2Rs have varying receptive range
with the number of known agonists extending from
151 for hTAS2R14 to zero for 5 orphan receptors
(hTAS2R41,-42,-45,-48 and -60) [14, 38, 39]. Conversely,
only 60% of the mTAS2Rs respond to known agonists
(vs. 84% of the hTAS2Rs) [38]. It is also shown that some
of the receptors, such as hTAS2R5, 8, 13, and 49, have
more synthetic ligands identified, while others, such as
hTAS2R1, 4, 7, 39, 40, 43, 44, and 47, present more natu-
ral agonists [38—40]. In turn, the example of dual affin-
ity for both natural and synthetic ligands is hTAS2R38,
which on the one hand interacts with such phytochemi-
cals like limonin or sinigrin, and on the other with syn-
thetics including chlorpheniramine or methimazole
[38]. Similar to olfactory receptors, about 50% bitterants
stimulate only one hTAS2R (such as noscapine, amygda-
lin, procainamide, and pirenzepine), while the other half
activates from 2 to 9 or even 15 receptors, which mostly
depends on the concentration of the reactant (for exam-
ple, diphenidol, quinine, chlorphenamine, and sucralose)
[14, 39].

TAS2Rs polymorphisms

The human hTAS2Rs contain numerous single nucleo-
tide polymorphisms (SNPs), which result in individual
differences in perception and responsiveness to a bitter
agonist. A classic example is that of hTAS2R38, the three
most common polymorphisms (rs714598, rs1726866
and rs10246939) of which dictate the phenotypic diver-
sity of taste sensitivity to phenylthiocarbamide (PTC),
6-n-propylthioutacyl (6-PTU), and chemically similar
thiourea (N—C=S) moiety-containing chemicals. The dif-
ferences are observed at amino acids at positions 49, 262,
and 296. The above polymorphisms tend to co-segregate,
resulting in two predominant haplotypes. The functional
(“tasting”) allele encodes proline, alanine, and valine in
the above positions (Pro49, Ala262, and Val295; hence-
forth the associated genotype is named PAV), while the
non-functional allele encodes alanine, valine, and isoleu-
cine (Ala49, Val 262, and Ile 296; the genotype is named
AVI). People homozygous for the functional allele (PAV/
PAV) sense PTC/6-PTU to be intensely bitter (known as
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hTAS2R1
hTAS2R14 XN
hTAS2R40 —

XN-mediated anti-tumor activity

glycolysis in vitro and in vivo.

XN suppresses glioblastoma via
.\, modulation of Hexokinase 2 -mediated
\%4
b )i

XN increases death receptor 5
expression and enhances apoptosis

with the tumor necrosis factor
> (TNF)-related apoptosis-inducing
z 2 ligand in neuroblastoma (NB) cell

lines in vitro.

XN exerts anticancer effects against
gastric cancer cells via induction of
reactive oxygen species (ROS)
production and subsequent inhibition
of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB)
signalling in vitro.

XN induces DNA damages in colateral
cancer (CRC) and sensitizes SW480
cells to the SN38 chemotherapeutic
agent in vitro.

XN inhibits angiogenesis by
suppressing NF-kB activation in
pancreatic cancer in vitro and in vivo.

XN inhibits cell proliferation, mediates
cell cycle arrest in S phase, induces
apoptosis and caspase-dependant cell
death in human thyroid cancer in vitro.

XN inhibits breast cancer cell survival
via modulation of the Notch signaling
pathway in vivo and in vitro.

XN exhibits anti-myeloma activity in
vitro through inhibition of cell
proliferation, induction of apoptosis via
the extracellular signal-regulated
kinases (ERK) and c-jun N-terminal
kinase (JNK)-dependent mechanism,
and suppression of sIL-6R and vascular
endothelial growth factor (VEGF)
production.

Fig. 1 Xanthohumol (XN), a prenylated flavonoid isolated from Hops (Humulus lupulus L.) is an agonist of TAS2R1, 14, and 40. Simultaneously, it
acts as a potent anticancer agent for multiple types of cancer. However, so far there are no evidence supporting a linkage between TAS2Rs and

super-taster phenotype), while individuals possessing two
non-functional alleles (AVI/AVI) are the least bitter-sen-
sitive (non-taster phenotype). In contrast, heterozygotes
(PAV/AVI) show a wide range of bitter taste percep-
tion (often described as medium-tasters) [41]. Thus,
tasters show lower consumption of several bitter veg-
etables, such as those from Brassicaceae family (rich in
a group of thiourea-containing compounds) [42, 43]. In

other investigations, two polymorphisms rs10772423
(Val240Ile) and rs10845293 (Ala227Val) located in
TAS2R31 gene (formerly TAS2R44) were associated
with the bitter compounds amarogentin and grosheimin
intensity ratings, detection and recognition threshold,
Q bitterness and grapefruit liking [16, 44]. Moreover,
Val240 homozygotes tended to be less sensitive to bit-
terness from artificial sweetener acesulfame potassium
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than the Ile240 homozygotes [45]. Analogously, TAS2R19
SNPs rs10772420 and rs1868769 were also found to influ-
ence Q and grosheimin intensities along with detection
and recognition threshold by five studies [16, 44, 46—48].
Much less is known about the effect of the genetic altera-
tions of other TAS2Rs, which proteins also function as
bitter taste receptors. It cannot be ruled out that not all
TAS2R gene polymorphisms are as consequential as the
abovementioned.

The singaling pathways downstream of TAS2Rs in response
to stimulatory signals

As shown in Fig. 2, the canonical taste signal transduc-
tion pathway, common for bitter, sweet, and umami taste
receptors [49], is based on the dissociation of the acti-
vated heterotrimeric G-protein a-gustducin [50] and the
further activation of phopholipase Cp2 (PLCB2) [49, 51].
Studies have shown that mice lacking genes encoding
a-gustducin [52, 53] or PLCB2 [49, 54] are characterized
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by dispersion of bitter, sweet, and umami tastes, with
undisturbed perception of salty and sour tastes, which
proves that different signalling pathways are responsible
for the above taste. PLCB2 hydrolyses phosphatidyli-
inositol-4,5-bisphosphate to diacylglycerol and inosi-
tol-1,4,5-triphosphate (IP;), which binds to the inositol
triphosphate receptor (IP;R;). After binding, IP; gener-
ates a calcium wave ([Ca”*"],), which involves the influx
of Na% ions through activated transient receptor poten-
tial cation channel subfamily M member 5 (TRPMS5)
[49, 55]. Some investigators believe that in addition to
TRPM5-dependent mechanisms, TRPMb5-independent
mechanisms are responsible for the transduction of taste
signals [56, 57], which involve, for example, TRPM4 [58].
Cells respond to sodium signal via depolarisation and
extracellular efflux of the neurotransmitter, adenosine-
5’-triphosphate (ATP), through the calcium homeostasis
modulator 1 (CALHM1) ion channel [59]. Recent stud-
ies have highlighted another possible mechanism for the

Extracellular

Intracellular

Na* channel CALHM1/CALHM3

Fig. 2 Overview of the canonical TAS2R signalling pathway. Upon TAS2R activation, the G-protein gustducin dissociates and activates phopholipase
CPB2 (PLCP2), which subsequently leads to elevation in Ca?* from inositol-1,4,5-triphosphate (IP3)-sensitive Ca’* stores. This in turn activates
transient receptor potential cation channel subfamily M member 5 (TRPM5), alters membrane potential (depolarisation), and triggers the release

of the neurotransmitter, adenosine-5'-triphosphate (ATP), via the calcium homeostasis modulator 1 CALHM1 or CALHM1/CALHM3 ion channel. All
these events together contribute to a wide range of cellular response
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release of ATP after sodium activation, which involves
the participation of the CALHM1/CALHMS3 ion chan-
nel [60]. The released neurotransmitter re-activates
ATP-gated ionotropic receptors, P2RX2 and P2RX3, on
afferent flavour fibres [61, 62], as well as P2Y metabo-
tropic receptors found in type II and III TRCs [63-65].
However, it is noteworthy that non-lingual TAS2Rs may
trigger tissue-specific signalling pathways to execute dif-
ferent biological roles depending on cell types. In addi-
tion to initiation of bitter taste perception, few additional
transduction cascades following Ca®" signalling lead to
muscle relaxation [66—73] and contraction [72, 73].

Extra-oral expression of the bitter taste—role

in (patho)physiological processes

The respiratory system

The respiratory tract organs connect the human body to
the external environment. Hence, it is constantly exposed
to toxic dusts or aerosols. Therefore, the fundamental
role of the respiratory tract is the early prevention of
adhesion, surface colonisation, and biofilm formation by
microorganisms, and the effective removal of harmful
substances via diverse defence mechanisms that are sub-
ject to complex regulatory processes. In addition to nerve
and hormonal interactions, local regulatory mechanisms
also integrate the respiratory tract functions with the
host defence pathway [74]. Hence, TAS2Rs identified in
multiple airway cell types, including airway smooth mus-
cle cells (ASM), distinct epithelial cell subtypes, as well
as resident (macrophages) and migratory hematopoietic
(neutrophils, mast cells, and lymphocytes) inflammatory
cells, may be particularly important.

Solitary chemosensory cells

The distribution of various TAS2R subtypes and
their downstream signalling components (such as
a-gustducine, PLCB2, TRPM5, and IP;R;) in solitary
chemosensory cells (SCCs) of the paranasal sinus epi-
thelium has been confirmed in rodents [11] and humans
(Tables 1, 2) [75-77]. Activation of these chemorecep-
tors on SCCs by different bitter ligands (including bacte-
rial AHL-12) triggers robust a-gustducine-, PLCB2- and
TRPM5-dependent stimulation of acetylcholine-sensitive
peptidergic trigeminal nerve fibres (via the nicotinic ace-
tylcholine receptor, NACh -R) to secrete the calcitonin
gene-dependent peptide and substance P. Substance P, in
turn, activates neurokinin 1 receptors (NK;R) in endothe-
lial and mast cells, leading to their degranulation and
plasma extravasation, which elicited the development of
so-called neurogenic inflammation to prevent bacterial
infections [75]. Furthermore, in rodents, sensitisation of
these trigeminal nerve fibres by bitter tastants induced
reflexive respiratory rate depression (up to apnoea),
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thereby limiting continued inhalation of toxic dusts and
microbes [11, 78]. In the human sinus SCCs, hTAS2R47
agonists (such as denatonium benzoate [DB]) stimulate a
[Ca®*] wave within the cell, which propagates into adjoin-
ing cells via gap junctions and elicits the release of anti-
microbial peptides (AMPs), including p-defensins [77].
Furthermore, AMP secretion after TAS2R stimulation
occurred rapidly (~5 min) compared to enhancement
in AMP production over hours in response to Toll-like
receptor (TLR) stimulation [77]. In addition to TAS2Rs,
SCCs have also been reported to co-express sweet taste
receptors (T1R2/T1R3). More importantly, sweet and
bitter signals oppositely regulate innate immunity. Sugars
(such as glucose and sucrose) present in the upper air-
way surface liquid, inhibit bitter taste-induced calcium
release. Consequently, downstream, calcium-driven ini-
tiation of the innate immune system at the tissue level
(such as release of antimicrobial components) is impaired
[77]. This may potentially explain the enhanced suscepti-
bility to bacterial respiratory infections in patients with
chronic rhinosinusitis (CRS), in whom high levels of glu-
cose have been detected in nasal secretions due to the
dysfunction of the mucosal epithelium and initiation of
the inflammatory cascade [79]. Owing to a similar mech-
anism [80], patients with prediabetes or diabetes can be
more severely affected by different respiratory infections
[81]. Recent studies have also suggested that glucose lev-
els in the airways rapidly are depleted during a bacterial
infection due to the bacterial load [82].

Human sinonasal epithelial cells

Within the nasal cavity, human sinonasal epithelial
cells (HSECs) have also been shown to express multiple
TAS2R isoforms, which form a repertoire different from
that of denatonium-responsive SCCs, indicating func-
tional diversity between these two types of cells (Table 1)
[30, 83]. Over 96% cilia of HSECs express hTAS2R38,
which is not found on SCCs [30]. In addition, they
express hTAS2R4 and 16, encoded by genes on chro-
mosome 7 near the "TAS2R38 site, which are paradoxi-
cally stimulated also by DB [33]. Therefore, epithelial
TAS2R-mediated detection of the molecules secreted
by pathogens appears to play an important role in air-
way immunity. The proximal signalling events that fol-
low hTAS2R38 activation by AHLs [30] or quinolones
[32] derived from Gram-negative bacteria, such as Pseu-
domonas aeruginosa, in HSECs are marked by nitric
oxide (NO) production in [Ca®']-, PLCB2-, TRPM5-,
and IP;R-dependent manner. NO, in turn, increases cili-
ary beat frequency (CBF) and subsequently mucociliary
clearance of the inhaled pathogens, indicating bacte-
ricidal effect of TAS2Rs [30]. Furthermore, quorum
detection molecules (different from AHLs) released by
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Gram-positive bacteria, such as methicillin-resistant
Staphylococcus aureus [33], Staphylococcus epidermidis
[34], or Bacillus cereus [35], also demonstrated NO-
dependent defence response, similar to what has been
shown for Gram-negative bacteria, which is completely
or partially independent of the TAS2Rs. This may be
because polymorphisms in TAS2R38 have been linked
to NO synthesis rate, its bactericidal activity, and sus-
ceptibility to upper respiratory tract infections, includ-
ing CRS. Preliminary in vitro studies have shown that
homozygosity for the TAS2R38 functional genotype
(PAV) is required for maximal T2R38 signal propaga-
tion in response to AHLs in sinonasal respiratory epithe-
lial cells [30]. This correlation was confirmed in further
clinical trials conducted mainly by Cohene’s group and
others [84—88]. Over 90% patients with CRS undergo-
ing functional endoscopic sinus surgery were carriers
of the non-functional TAS2R38 genotype (n=28: 3.6%
PAV/PAV, 50% PAV/AVI, 46% AVI/AVI vs. population
TAS2R38 genotype distribution in Europeans: 20% PAV/
PAV, 50% PAV/AVT; 30% AVI/AVI; P<0.043 in the X2 test]
[84, 89]. The PAV/PAV homozygotes experienced three-
fold improvement after surgery compared to those who
harboured at least one AVI allele [87]. It is noteworthy
that this association was not observed in Italian patients
[90]. This discrepancy may partially stem from differ-
ences in the experimental model used, as the above study
recruited patients who were clinically more resistant to
treatment and showed stronger T helper type 2 (Th2)
immune response than those in previous studies. Among
known CRS risk factors, biofilm formation significantly
contributes to chronic mucosal inflammation [91]. Thus,
some have shown that bacterial biofilms were more fre-
quent in sinonasal specimens from TAS2R38 non-tasters
than in tasters or supertasters (P <0.019) [92], which con-
firms the negative association previously demonstrated
in vitro by Adappa et al. [93]. CRS is also nearly ubiqui-
tous in patients with cystic fibrosis (CF) [94]. Interest-
ingly, a recent study has demonstrated that the frequency
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of the PAV allele of TAS2R38 was significantly reduced
not only in the CF population with nasal polyps requir-
ing surgery, but also in CF patients with chronic pulmo-
nary colonisation by P aeruginosa. These data suggest a
role for TAS2R38 as a novel modifier of sinonasal disease
severity and of pulmonary P. aeruginosa colonisation in
people with CF [95]. Similar to that observed in the upper
respiratory tract, TAS2R-dependent defence mechanisms
were detected in its lower parts [96, 97].

ASM

The presence of TAS2Rs in ASM (Tables 1, 3), confirmed
for the first time in 2010 by Desphande et al., has set a
new trend in scientific research, especially in the field
of pulmonology. Three of the 25 TAS2Rs (TAS2R10,
14, and 31) were expressed four times more than f3,-
adrenoreceptors (B,ARs) [66]. The ASM-relaxing effect
of activated TAS2Rs has been unequivocally established
in distinct species (mice, guinea pigs, and human) using
isolated airways and lung slices [66, 68, 98]. Bitter-
ants, such as ChQ, elicited TAS2R-mediated relaxation
with similar efficacy as the [, agonist, isoproterenol, in
human ASMs [99]. These render TAS2R agonists attrac-
tive bronchodilators. Importantly, the ASM-relaxing
TAS2Rs displayed strong adjuvant activity in mice, par-
ticularly abetting B-agonist-induced relaxation, suggest-
ing that bitter tastants can be used for adjunct therapy
to standard bronchial asthma treatment [66]. This is
additionally supported by the fact that TAS2R expres-
sion, signalling, or bronchodilating function were not
down-regulated by airway inflammation in ASM cells
from asthmatic patients and human lung preparations
[100]. Most importantly, although these chemoreceptors,
as representatives of the GPCR family, are hypothetically
predisposed to tachyphylaxis, repetitive exposure to Q
only slightly reduced its effectiveness in terms of [Ca2™];
release and ASM relaxation, probably due to G-protein-
coupled receptor kinases (GRKs) [100]. Under conditions

Table 3 Expression and distribution of TAS2Rs in different normal tissue types of other species

System Receptor type Methods Refs.
Respiratory system ASM pPTAS2R3,-4,-10 RT-PCR [98]
Cardio-vascular system Heart  rTA ISH, gRT-PCR [203]
S2R13,-38,-40,-103-110,-113,-114,-116-121,-123-126,-129,-130,-134-137,-140,-143
Arter-  rTAS2R39,-40,-108,-114,-130,-137,-140 IFC, RT-PCR, WB [208]
ies
Nervous system rTAS2R4,-10,-38,-109,-144 IHC, IFC, RT-PCR, WB  [189—
191]

*ASM airway smooth muscle, IFC immunofluorescence, IHC immunohistochemistry, ISH in situ hybridisation, pTAS2Rs pig bitter taste receptors, rTAS2Rs rat bitter taste
receptors, RT-PCR reverse transcription-polymerase chain reaction, gRT-PCR quantitative reverse transcription-polymerase chain reaction, WB Western blotting
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of marked desensitisation of f,AR-mediated relaxation
response induced by prolonged p-agonist treatment,
TAS2R agonists showed complete efficacy [101]. This
further suggests the superiority of a pure dual broncho-
dilator approach based on TAS2R/B,AR agonists acting
via different mechanisms over monotherapy. However,
as in the case of B,ARs [102], at least one study postu-
lates genetic variations in TAS2Rs as valuable markers for
predicting therapeutic response and outcomes in patients
with asthma [103].

While the bronchodilatory effect of bitter substances
is a generally accepted consensus, the underlying mech-
anism is controversial. Initially, Desphande et al. sug-
gested that paradoxically, it is a consequence of Gpy-,
PLCB2- and IP;-dependent local growth of [Ca*']; to
a level at which bronchoconstriction caused by typical
airway constrictors, such as acetylcholine (Ach) or hista-
mine, is expected. The elevation in [Ca®'], subsequently
leads to activation of large conductance KCa®* channels
(BK¢,) (but also inhibits Ca’* sensitisation and actin
polymerisation), membrane hyperpolarisation, and bron-
chodilation [66]. Conflicting reports, however, revealed
that bronchodilation is rather a response either to inhi-
bition of intracellular calcium oscillations, reduced Ca
2* sensitivity in ASM [104], or blockage of the voltage-
dependent L type alpha 1C subunit of the calcium chan-
nel (Cavl.2) [67]. Grassin-Delyle et al. hypothesised the
contribution of the phosphoinositide 3-kinase (P13K) sig-
nalling pathway [68], while according to Tazzeo’s group,
bitter substances (such as caffeine) induce ASM relaxa-
tion by triggering direct depolymerisation of actin [69].
It is noteworthy that the in vitro relaxation of guinea pig
trachea in response to different bitterants was highly
dependent on the precontraction agents used, suggesting
differential regulation of compartmentalised signalling in
ASM cells [98].

A specific morphological feature of bronchial asthma is
the reconstruction of the airways, which in some patients
may lead to irreversible bronchoobturation. Although
controversial, airway remodelling is commonly attributed
to the underlying increased proliferative activity of ASM
cells under the influence of GPCR agonists, cytokines,
chemokines, and growth factors released in the bronchial
tree due to allergen-induced airway inflammation [105].
While contemporary pharmacotherapy of bronchial
asthma alleviates chronic inflammation, remodelling
remains a serious problem in therapeutic management
of this disease [106]. Recently, selected bitter substances
have been shown to exert an antimitogenic effect on
primary human ASM (healthy and asthmatic) cells in a
concentration-dependent manner [107, 108], and the
participation of TAS2Rs in the above mechanism was
confirmed via small interfering RNA (siRNA)-mediated
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silencing of their genes [108]. Simultaneously, cell cycle
progression in human ASM cells was found to be inhib-
ited by ChQ and Q, presumably due to PI3K inhibition,
which is involved in the induction of the pro-mitotic sig-
nal [107]. In addition, the above-mentioned compounds
impaired the structure and function of mitochondria,
leading to mitophagy and subsequent ASM cell death
via the proapoptotic BCL2interacting protein 3 (BNIP3)
[109]. The promising results of the above study suggest
that TAS2Rs can be an interesting therapeutic option in
future, the goal of which would be to repair, regenerate,
and/or replace damaged airway tissue structures.

The immune system

Perhaps the most surprising revelation regarding TAS2Rs
was their expression in immune cells, from the hemat-
opoietic CD347 stem cells to tissue resident macrophages
and infiltrants, such as monocytes and neutrophils
(Table 1) [110-116]. Thus, it is becoming increasingly
clear that their roles in airway epithelial innate immunity
may only represent the “tip of the iceberg” regarding the
importance of bitter chemoreceptors in immunity.

The innate immunity
Supporting the above observations, the distribution of
TAS2Rs, including those of the 31, 38, and 43 subtypes,
was recently demonstrated in polymorphonuclear neu-
trophils that represent the earliest bona fide innate
immune cells recruited to the site of inflammation. They
respond to AHL-12 stimulation with transmigration,
overexpression of adhesion receptors (CD11b), chemo-
taxis, and phagocytosis [113—115]. Further testing clari-
fied that mTAS2R138 facilitate the degradation of lipid
droplets (LDs) in neutrophils during Pseudomonas aer-
uginosa infection through competitive binding with
peroxisome-proliferator-activated receptor y (PRAR vy)
antagonist, aforementioned AHL-12. The released PRAR
y then migrates from nuclei to the cytoplasm in order
to accelerate the degradation of LDs by binding to per-
ilipin-2. Subsequently, the mTAS2R138-AHL-12 complex
targets LDs to enhance their degradation, and thereby
facilitating the clearance of AHL-12 in neutrophils to
maintain homeostasis in the local environment [29].
Other important players in early innate immune
responses have been also reported to express TAS2Rs,
namely primary human monocyte-derived unprimed
(MO) macrophages (M®s). TAS2R agonists “rev up”
acute phagocytic activity via calcium-driven NO-acti-
vation of guanylyl cyclase to increase cyclic guanosine
monophosphate level [117]. Interestingly, as men-
tioned earlier, similar intracellular signalling pathway
was detected in airway epithelial cells [30, 33-35],
although the physiological output was different. In
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ciliated cells, the mechanism involved controlling the
CBE, while it regulated phagocytosis in M®s. Both pro-
cesses are critical for innate defence, emphasising a role
of TA2Rs as immune recognition receptors for che-
mosensing bacteria. Mesenchymal bone marrow cells
(MSCs) have been reported to exhibit immunomodula-
tory effects on both humoral and cellular components
of the innate immune system [118]. In these cells, the
presence of hTAS2R46 was demonstrated using a large
mass spectrometry-based proteomic screening. Stimu-
lation of these receptors activates intracellular calcium
signals that reduce the level of 3)5’-cyclic adenosine
monophosphate to increase extracellular secretion of
ATP [70]. Thus, TAS2Rs may be assumed to affect the
immunomodulatory potential of MSC, which should be
verified in future.

The adaptive immunity

Emerging evidence also supports the hypothesis that in
addition to innate immunity, TAS2Rs function as a novel
arm of the adaptive immune response. Some human rest-
ing or activated lymphocytes have been found to express
multiple TAS2R isoforms and respond to multiple types
of bitter agonists. Importantly, lymphocytic hTAS2R38
expression, analogous to that in monocytes and neu-
trophils [116], was age-dependent, with significantly
higher levels in the younger age group (20-35 years)
than in the older group (60—90 years) [114]. Consider-
ing these results from the viewpoint of immune system
remodelling in the elderly, it is perhaps not surprising
that TAS2R38 down-regulation may be a mechanism
underlying its impairment [119]; however, this requires
further investigations. Each of the peripheral blood
lymphocyte subpopulations were characterized by het-
erologous expression profile of hTAS2R38. Unlike that
in CD19" B lymphocytes, TAS2R38 was expressed sig-
nificantly in CD3% lymphocytes (fold change in expres-
sion level: 9.66 vs. 17.28), among which CD4" T helper
cells (Th) showed higher level of expression than CD8*
cytotoxic T cells (Tc) (fold change in expression level:
24.12 vs. 16.07). Further subpopulations of T lympho-
cytes expressing hTAS2R38 include naive (Tn), as well
as central (Tcm) and effector (Tem) memory cells [116].
Interestingly, Tran et al. observed higher expression of
hTAS2R38 in T lymphocytes expressing early (CD69%)
and late (CD25%) activation markers than in the cells that
stained negative for those antigens suggesting that their
stimulation and differentiation states may act as “rheo-
stat” to control the magnitude of the TAS2R response
[116]. Lymphoid progenitors that have developed from
hematopoietic stem cells in the bone marrow migrate
to the thymus to complete their antigen-independent
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maturation into functional T cells. Studies on a mouse
experimental model have identified mTAS2R131, along
with its downstream signalling elements (a-gustducine,
PLCP2, and TRPMS5) in the thymus core [120], mainly in
thymic cholinergic chemosensory cells (CCCs) (Table 2)
[121, 122]. The role of these receptors in the thymus
remains unclear, although it may contribute to the afore-
mentioned T cell development.

Anti-inflammatory activity

In addition to being the “engines” stimulating host
defences, TAS2Rs have also long been known to exert
immunosuppressive activities, such as reduction in the
synthesis of inflammatory cytokines by various cell types,
including human macrophages or monocytes. This is
enhanced by exposure of the cells to bitter saikosapo-
nin B extracted from Bupleuri radix (1) or goitrin (2),
as is evident from the inhibition of IgE-dependent mast
cell degranulation (1) or reduction in secretion of pro-
inflammatory TNF-a from peripheral blood mononu-
clear cells via hTAS2R38 (2), respectively [116, 123]. This
inflammatory licensing possibly correlates with genetic
polymorphisms of TAS2Rs, as it was not observed in the
non-functional diplotype, AVI/AVI [116]. Genome-wide
expression array analyses on peripheral blood leuko-
cytes obtained from children with severe therapy-resist-
ant asthma also support the anti-inflammatory theory,
reporting profound up-regulation of TAS2Rs associ-
ated with reduced secretion of several pro-inflammatory
mediators under the influence of bitterants, ChQ, and
DB [110]. Similarly, in human lung macrophages iso-
lated from patients undergoing surgery for carcinoma,
different TAS2R subtypes were possibly involved in the
inhibition of lipopolysaccharide (LPS)-induced cytokine
production, with maximal level of inhibition (>90%)
observed with Q, ChQ, phenanthroline, and erythromy-
cin, similar to that observed for 10~ M budesonide [124].

The reproductive system

Placenta

In addition to their localization in the oral cavity and
respiratory tract, it is now evident that TAS2Rs are also
present in tissues and organs, which initially were not
known to harbour these receptors, such as the repro-
ductive system. Strong TAS2R14 and 38 expression was
detected in human placental tissues, as well as in sev-
eral choriocarcinoma trophoblast-derived cell lines and
HTR-8/SVneo, an immortalized first trimester placen-
tal trophoblast cell line (Table 1) [125, 126]. In addition,
TAS2R14 was co-expressed with cholecystokinin (CCK)
[126]. Both TAS2R-specific agonists notably increased
intracellular calcium level in these human trophoblast
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cell lines [125, 126]. The physiological role(s) of these
receptors in normal and pathological placentas remain
largely unknown; however, based on analogy with other
organ systems, we speculated that they may contribute to
immunological regulation at the maternal-foetal interface
[126]. In fact, throughout human pregnancy, dynamic
local and systemic immune changes confer tolerance to
the genetically ‘foreign’ semi-allogeneic foetus, while
protecting the mother against invading pathogens [127].
The appropriate execution of these important events
requires a keystone “pacemaker” for pregnancy, namely,
progesterone (P4). P4 influences the pregnancy timeline
via its immunomodulatory activity, which is mediated via
dampening of type 1 or pro-inflammatory reactivity and
augmentation of type 2 or anti-inflammatory immunity
[128, 129]. Considering that P4 is both mTAS2R110 and
114 agonist [38], it is tempting to hypothesise that TAS2R
signalling in the trophoblast involves mechanisms via
which this steroid hormone modulates the immune sys-
tem during pregnancy, as shown in Fig. 3. Thus, further
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studies are required to adequately decipher the complex
role of the receptors in the immune clock during preg-
nancy. Other possible functions are related to TAS2R-
mediated pathogen recognition. As mentioned above,
TAS2R38 detects physiological concentrations of AHLs
to activate calcium-dependent NO-production, indi-
cating its role as a sentinel receptor to identify bacteria
and regulate innate immune responses in airway ciliated
cells [114] and M®s [117]. Conceivably, a similar mecha-
nism operates in the syncytiotrophoblast (ST) or amnion
(both of which protect the embryo), ultimately acting
as a sensor for bacterial infection and contributing to
inter-kingdom communication within the placenta [125,
126]. Possibly, at least some placental TAS2Rs may also
detect bitter components or products secreted by patho-
genic viruses or fungi, which requires further investiga-
tions. Furthermore, amniotic cells respond to microbial
challenge by releasing natural AMPs [130]; therefore, the
TAS2R-dependant machinery may aid in this bactericidal
activity, analogous to the SCCs in the airways [77]. Apart
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extravillous trophoblast (EVT) cells and enhances the release of progesterone-induced blocking factor (PIBF), perhaps via the canonical signalling
cascade. This, subsequently binds to the PIBF receptor, which heterodimerises with the IL-4 receptor to activate the signal transducer and activator
of transcription 6 (STAT6) transcription pathway for cytokine production by the type 2 T helper cells (Th2). On the type 1 T helper cells (Th1), PIBF
acts to inhibit the STAT4 pathway by promoting interaction of suppressor of cytokine signalling 3 (SOCS-3) with the IL-12R receptor to attenuate
Th1 cytokine production. Furthermore, PIBF inhibits the cytological activity (natural killer) of NK cells by blocking perforin and lytic enzyme
degranulation. Finally, PIBF interacts with B cells, increasing the production of asymmetric antibodies. All this reduces cellular cytotoxicity and
controls immunosuppression
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from AMPs, the placenta is also an important source
of ATP-binding cassette (ABC) transporters, including
P-glycoprotein (P-gp; encoded by ABCBI) and breast
cancer-related protein (BCRP; encoded by ABCG2).
They utilize ATP hydrolysis to translocate a wide variety
of endo- and exogenous substrates, thereby preventing
cell compartments from accumulating detrimental tox-
ins and metabolites [131, 132]. In TAS2R38-expressing
enteroendocrine cells (EECs), “potentially toxic” bitter
substances that are not completely excreted stimulate
CCK secretion. This, in turn, enhances ABCB1 expres-
sion, while increasing toxic compound extrusion into the
intestinal lumen [133]. Hence, TAS2Rs anchored in syn-
cytiotrophoblast (ST) and extravillous trophoblast (EVT)
possibly provide a sentinel line of defence that protects
the placenta from potentially harmful agents, thereby
safeguarding the developing foetus [126]. Last but not
least, bitter GPCRs may be one of the most promising
chemodetectors controlling the synthesis and secretion
of other placental hormones or active factors critical for
human foetal growth and development.

Myometrium

Interestingly, uterine smooth muscle cells from mouse
and humans also express TAS2Rs and their canonical
signalling components (such as a-gustducin and PLC[2)
(Table 1). Bitter tastants (ChQ, DB, and 1,10-phenanth-
roline) completely relaxed uterine strips pre-contracted
using different uterotonics (oxytocin, KCl, and prostog-
langide F2 o [PGF2a]) in a concentration-dependent
manner, and this effect was higher than that observed
after using common tocolytics (nifedipine, indomethacin,
and MgSO,). Knock-down of hTAS2R14, but not that of
hTAS2R10, in human myometrium cells inhibited ChQ’s
ability to reverse an oxytocin-induced rise in [Ca®*];
and myometrial contraction [134]. Another attractive
characteristic of bitterants (such as ChQ) is that they
can prevent mouse preterm birth induced by bacterial
endotoxin LPS or nuclear progesterone receptor antago-
nist RU486 more often than clinically used tocolytics,
and o-gustducin can mediate ChQ-induced protection
[134]. Hence, as bitter tastants and current tocolytics act
on different molecular targets, TAS2Rs can act as drug-
gable targets to promote uterine quiescence and reduce
the number of preterm births. However, more studies
are required to better elucidate the mechanism underly-
ing the tocolytic action of TAS2Rs in mouse and human
uteri.

Testis and sperm

A large number of genes encoding the identified TAS2Rs,
along with the entire bitter taste transduction cascade,
are expressed in mouse [135, 136] or human [137] testis
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and sperm (Tables 1, 2), indicating the involvement of
these receptors in male gametogenesis and fertility. This
is supported by the reproductive phenotype of mouse
harbouring a targeted deletion of taste receptor genes
[136], in addition to a significant correlation between
human semen parameters and their polymorphic vari-
ants [138]. However, TAS2Rs in sperm and testicular tis-
sue may also play more defensive and protective roles, as
clearly established for gustatory cells, where their acti-
vation instantly actuates an innate aversion against the
ingestion of potentially toxic bitter compounds. Indeed,
sperm cells display heterogeneous expression profile of
individual TAS2R subtypes, presumably to distinguish
among different bitter stimuli, thereby representing spe-
cialized molecular sensors fundamental for sperm che-
mosensation and/or guidance [135]. Therefore, in-depth
research is required to determine the actual contribution
of TAS2Rs to sperm physiology.

The digestive system

The gastrointestinal tract (GI), the core interface between
ingested meal and the human body, plays a critical role
in “tasting” luminal stimuli and eliciting adequate motor
and secretory responses, as well as assimilating macro-
nutrients and eliminating waste products. Harmful con-
taminants in food also initiate protective response, such
as inhibition of gastric emptying, vomiting, diarrhoea, or
food aversion, to reduce, reject, or avoid further intoxica-
tion. The chemosensory networks involved are similar to
those present in the lingual system, and are found on sev-
eral cell types in the gut epithelium, such as enterocytes,
EECs, tuft cells, Paneth cells, goblet cells, microfold cells,
and cup cells.

Tuft, Paneth and goblet cells

TAS2Rs and the downstream taste signalling molecules
(a-gustducine, a-transducine, and TRPM5) in intestinal
tuft cells (Table 2) [139-142] are being actively investi-
gated, prompted by the recent observations regarding
unsuspected connections to protective type 2 immu-
nity. These receptors constitute a conduit via which
ligands from the parasitic helminths are sensed to gen-
erate outputs unique among epithelial cells, the cytokine
IL-25 being crucial in driving the characteristic “allergic”
immune response. A tuft cell-initiated IL-25-driven posi-
tive feed-forward loop resulted in type 2 innate lymphoid
cell (ILC2) expansion, along with IL-13-driven tuft and
goblet cell hyperplasia, presumably via stem cell niche
signalling [143-145]. Goblet cells provide the mucous
component of the protective gel-like layer over the
intestinal surface epithelium, thereby protecting against
bacterial invasion. They are present in both small and
the large intestines; however, their number increases,
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analogous to the expression gradient of mTAS2R131, in
the distal parts of the gut, where the concentration of
bacteria is the highest [146]. Thus, similar to other extra-
oral TAS2Rs, those within colonic goblet cells (Table 2)
are speculated to be involved in protecting the gut from
enteric pathogens or potentially harmful xenobiotics.
Strengthening the defensive role of TAS2Rs in the gut,
mTAS2R131 was also identified in a subpopulation of
deep-crypt Paneth cells in the ileum (Table 2), which not
only produce antimicrobial molecules, but also control
stem cell growth and differentiation into all intestinal cell
types [147]. However, evidence regarding a direct con-
nection between TAS2R of goblet and Paneth cells and
their protective functions is lacking.

Inflammatory bowel disease (IBD) is an umbrella term
used to describe disorders involving chronic inflam-
mation of the GI. Its aetiology remains unclear and the
pathogenesis is multidimensional and multifactorial,
involving interactions among immune, environmental, or
genetic factors [148]. TAS2Rs are emerging as regulators
of innate immunity in the respiratory tract [77]. Hence,
recent studies have suggested that the chemoreceptors in
the colon may be directly involved in the modulation of
inflammation during IBD via interaction with bacterial
metabolites, or via regulation of metabolism. Indirectly,
TAS2Rs may determine dietary preferences and intake,
which is linked to IBD risk [149]. For example, SNPs
within TAS2R38 (rs713598, rs1726866, and rs10246939)
correlated with alcohol and coffee consumption, veg-
etable and sugar intake, or smoking habits, which are the
most ubiquitous environmental factors implicated in IBD
[43, 150]. Interestingly, a-gustducin knockout mice were
more susceptible to dextran sulphate sodium-induced
colitis, with more severe tissue damage and excessive
inflammatory responses. The higher levels of TNF and
interferon y and lower levels of IL-10, IL-5, and IL13 in
the colon of a-gustducin-null mice illustrated clearly
that absence of functional taste-signalling skews immune
responses more toward the inflammatory type I immune
response than the anti-inflammatory type II response
[151]. This may explain the suppressive effects of wild bit-
ter gourd (Momordica charantia) fruit extract (BME) on
endoplasmic reticulum stress (ER stress), which contrib-
utes mostly to the pathogenesis of IBD in LS174T colonic
epithelial cells [152-154]. Hence, BME should be consid-
ered a potential functional food that can improve intes-
tinal condition by ameliorating ER- and oxidative stress
in IBD. However, identification of bitter compounds
responsible for ER stress suppression in this and other
plants is required, along with a thorough analysis of the
downstream mechanisms involved in their action and
effects on intestinal cells in vitro, which will assist in veri-
fying their therapeutic potential for IBD in vivo.
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EECs and enterohormones

Ghrelin  Recently, the GI has evolved from being solely
a site of nutrient digestion and absorption to the largest
endocrine organ in the body, which contains more than
30 genes encoding peptides that act as hormones or other
signalling molecules in the gut. An increasing number
of studies in both preclinical and clinical settings have
also evaluated the effects of TAS2R agonists on entero-
hormone secretion, albeit with strikingly different out-
comes (Tables 1, 2). Of particular importance is ghrelin,
the only known peripherally-derived orexigenic molecule,
synthesized by the endocrine X/A-like cells of the gastric
fundus mucosa. In mice, intragastric gavage of a bitter
agonist mixture (DB, PTC, p-(-) salicin, and Q) increased
plasma concentrations of octanoylated (P <0.05) and total
(P<0.001) ghrelin in a time-dependent manner (without
affecting its mRNA expression), suggesting the role of
TAS2R stimulation in the release of this hormone. Para-
doxically, food intake was only transiently increased dur-
ing the first 30 min, followed by prolonged and significant
reduction over the subsequent 4 h after the administration
of bitterants, which is possibly associated with delayed
gastric emptying [155]. This endocrine/metabolic effect
was not confirmed in another study performed in healthy
female volunteers, in whom administration of 10 pumol/
kg quinine hydrochloride (QHCI) reduced fasting plasma
octanoylated/total ghrelin and motilin levels. Considering
the decrease in prospective and actual food intake, along
with their covariation with increased activity of homeo-
static and hedonic brain regions involved in the control of
appetite and food intake, TAS2Rs may represent impor-
tant alternative neurohumoral gut-brain signals that can
mediate the orexigenic effect of ghrelin [156, 157]. Nev-
ertheless, Andreozzi et al. observed that 18 mg QHCI
did not affect plasma ghrelin level [158]. This can poten-
tially be explained by insufficiency in the dose of QHCI
administered, as well as by the difference in the route of its
administration, as enteral application bypasses the stom-
ach, which harbours most X/A-like ghrelin-secreting cells
[159]. Thus, further research is required to determine the
secretory pattern of ghrelin in response to different bitter
ligands and analyse the potential of targeting the gastric
TAS2R signalling pathway for preventing obesity.

CCK Mounting evidence of both theoretical and experi-
mental nature indicate that TAS2R-induces secretion
of anorexygenic CCK from I-cells (predominantly in
the upper small intestine), which elicits various defence
responses against food-derived harmful/toxic substances
that have bypassed the oral aversive taste-reactivity
machinery. Exogenous administration of structurally
diverse bitterants (such as DB or PTC) dose-dependently
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activates TAS2Rs on the STC-1 enteroendocrine cell line,
leading to the influx of [Ca”*"]; via L-type voltage-sensitive
Ca’* channels and CCK release [160]. A similar effect
was observed in the case of H.g.-12, a steroid glycoside
from Hoodia gordonii, extract of which exerts appetite-
suppressant effect [161]. H.g.-12 is a natural stimulant of
CCK secretion from rat ex vivo intestinal preparations,
as well as from the human EEC HuTu-80 cell line, which
is presumably mediated via hTAS2R14 [162]. This is sup-
ported by the observation that in rodents, an intragastric
infusion of bitter agonists (DB, PTC, PTU, quinine, and
D-(—) salicin) augments plasma CCK and peptide YY
(PYY) levels. Subsequently, these act on their receptors
(CCK1Rs and Y,R) located along the vagal afferents and
activate the caudal viscerosensory portion of the nucleus
of the solitary tract to condition flavour aversions and
delay gastric emptying [163, 164]. Interestingly, according
to Joen et al., TAS2R expression in both cultured mouse
enteroendocrine cells and mouse intestine is regulated by
sterol regulatory element-binding protein 2 (SREBP-2),
which is mainly activated by low cellular levels of choles-
terol. In addition, TAS2R-dependant CCK secretion was
enhanced directly by SREBP-2 in cultured cells and mice
fed chow supplemented with lovastatin and ezetimibe to
decrease dietary sterol absorption and increase nuclear
activity of SREBP-2. A naturally low-cholesterol diet is
high in plant material, which is inherently richer in bitter
and potentially toxic substances than a high-cholesterol
diet, while CCK is well-known for slow absorption rate of
lipids and gastric emptying along with food intake. These
results suggest that SREBP-2-mediated activation of bitter
signalling receptors in the intestine may sensitize the gut
to low-fat diet and potential accompanying food-borne
toxins that bypass the initial aversive response in the oral
cavity [165]. It is also noteworthy that CCK causes gall-
bladder contraction, releasing its bile acids. One of them,
the relatively hydrophilic ursodeoxycholic acid (UDCA) is
a known bitter tastant, albeit with unknown receptor [14].
Therefore, UDCA may enhance the SREBP-2-mediated
effect, perhaps via positive feedback, by directly acting on
intestinal TAS2Rs.

More recently, activation of gut TAS2R, via a CCK
signalling machinery was also shown to limit absorp-
tion of bitter (and potentially toxic) dietary constitu-
ents by up-regulating the transcription of the xenobiotic
efflux pump, ABCB], in both Caco-2 human intestinal
cells and mouse intestine [133]. The detoxification was
decreased by TAS2R38 siRNA or treatment with YM022,
a gastrin receptor antagonist [133]. In addition to the
CCK-dependant mechanism, TAS2Rs regulate prosta-
glandin-dependent intraluminal anion secretion from the
large intestine to prevent ingestion of dietary toxins [1,
66).
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Apart from targeting detoxification pathways, bitter
taste signalling is functionally linked to the regulation of
energy intake and appetite control in not only ghrelin-,
but also possibly in a CCK-dependant manner. Androzzi
et al. [158] have demonstrated that oral administration of
18 mg QHCI in the form of an acid-resistant capsule sig-
nificantly increased the level of CCK 60 and 90 min after
administration of the compound, resulting in reduced
calorie intake (AKcal) in an ad libitum test (5144248 vs.
5691286 kcal for placebo; P=0.007) in young healthy
volunteers. PTC tasters ingested a significantly lower
amount of calories when they received QHCI than those
who received placebo. Thus, considering the emerging
epidemic of over-nutritional diseases and obesity, these
observations may be important for their treatment; how-
ever, more in-depth experimental and clinical studies are
required.

Glucagon-like peptide-1 Glucagon-like peptide-1 (GLP-
1), an incretin hormone predominantly synthesized post-
prandially by enteroendocrine L cells (mainly in the distal
small and large intestines), mediates intestinal feedback
to limit postprandial glycemic excursions and suppresses
energy intake [167]. Several cellular studies have visual-
ised a broad spectrum of bitter agonists as GLP-1 secre-
tagogues in taste receptor signalling. For example, the
isoquinoline alkaloid, berberine ([C20H18NO4] +), dose-
dependently induced secretion of GLP-1 from the mouse
STC-1 line [168] and human enteroendocrine NCI-H716
cells via activation of gut-expressed TAS2R38 [169], simi-
lar to PTC in the HuTu-80 cell line [170]. These observa-
tions were further validated in subsequent studies using
reverse transcription-polymerase chain reaction (RT-
PCR) along with double-label immunofluorescence assay
on small and large intestinal tissues and enteroendocrine
cells of both rodents and humans. Silencing of intestinal
TAS2Rs by probenecid, or of downstream signalling mol-
ecules by their antagonists (GPy-gallein; PLCB2-U73122;
IP;R;-2-APB) substantially attenuated the previously
observed incretin hormone secretion in vitro [152, 168,
169, 171-173]. Consistent with these results, a single-
dose preload of synthetic or natural bitter compound, its
analogue (e.g. KDT501), or a plant extract rich in bitter-
ants has been reported to enhance GLP-1 [139, 152, 172,
173] and insulin [152, 172, 173] concentration, reduce glu-
cose level [152, 172, 173], and subsequently delay gastric
emptying in an animal model [155, 174, 175]. Surprisingly,
in mice with type 2 diabetes, the blood glucose lowering
effect of a 300 mg/kg extract of Gentiana scabra contain-
ing a bitter iridoid glycoside of loganic acid, was com-
parable to the effect exerted by 300 mg/kg metformin, a
first-line drug for type 2 diabetes mellitus (P<0.01) [173].
Chronic dosing (4-week) of 60 umol DB/kg/24 h in obese
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wild type mice caused significant a-gustducin-dependent
weight loss and suppression of food intake, accompanied
by reduction in orexygenic agouti-related protein or neu-
ropeptide Y transcription and increase in postprandial
GLP-1 concentration [176]. Furthermore, Kok et al. dem-
onstrated that a pure analogue of hops-derived isohumu-
lones, KDT501 (in the second phase of clinical trials for
the treatment of metabolic disorders), exerts its antidia-
betic activity via modulation of bitter taste receptor sig-
nalling in the gut, and that GLP-1 is a principal mediator
of these effects [139]. However, only few clinical studies
in healthy subjects have evaluated the effect of TAS2R
signalling on GLP-1 secretion and the associated meta-
bolic effects, while similar studies in patients with obesity
and/or type 2 diabetes are lacking. In the human colonic
mucosal biopsies, hTAS2R38 colocalised with immunore-
activity for GLP-1, whereas its mRNA expression was sim-
ilar to those in normal, overweight, or obese people [177].
Importantly, in a cross-over randomised study, Menella
et al. observed increase in GLP-1 secretion after break-
fast (P<0.05), followed by 30% reduction in energy intake
in the post-lunch time period (P<0.04) after oral admin-
istration of a microencapsulated bitter ingredient with a
core of bitter Gentiana lutea root extract and a coating of
ethylcellulose-stearate [178]. Intragastric infusion of bit-
ter substances, as mentioned above, demonstrated imme-
diate release of ghrelin, resulting in short-term increase
in food intake with subsequent anorexigenic effect start-
ing 4 h after treatment [155]. However, this orexigenic
effect was abolished, as the lipid-based bitter ingredient
coating was resistant to the hydrolytic environment of
the stomach [178]. Thus, the use of microencapsulated
bitter compounds that can exert a taste-masking effect
can reduce ghrelin secretion. Therefore, over the day, a
long-term anorexigenic effect dominates the short-term
orexigenic effect, limiting daily energy intake in humans.
Taken together, these studies underscore the involvement
of TAS2Rs in regulation of energy intake. As the endo-
cannabinoid system (ECS) also participates in controlling
feeding behaviour and body composition homeostasis
[179], it possibly interact with TAS2Rs. This interpreta-
tion is supported by the association between sensitivity
to 6-PTU and plasma levels of two endocannabinoids,
2-arachidonylglycerol and arachidonylethanolamide, in
normal-weight individuals. Perhaps even more interest-
ingly, TAS2R polymorphisms may influence the feeding
behaviour via ECS modulation [180, 181]. Once proven,
this hypothesis will undoubtedly encourage further
research regarding the causes and mechanism of obesity.

PYY However, unlike other enterohormones, knowl-
edge regarding TAS2R-stimulated PYY secretion by
L-type intestinal cells is scarce. Existing data are limited
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mainly to NCI-H716 enteroendocrine cell lines, in which
DB and Q induced PYY release via PLCPB2 in vitro [172].
No study has translated these findings to in vivo animal or
human models so far.

SCCs

It is noteworthy that a cluster of gustducin-expressing
non-endocrine SCCs have also been identified in the
mouse stomach [182] and small intestine [183]. In the
stomach, they are in close proximity to two subsets of
EECs: one population comprises serotonin-secreting
enterochromaffin cells, while the other contains the sati-
ety-regulating ghrelin. As the latter are typical “closed-
type” EECs that do not contact the stomach lumen and
lie against the basal lamina of the surface epithelium, the
SCCs may possibly act as sensors for intraluminal con-
tents to regulate ghrelin secretion [182]. This appears
highly possible, as DB induced [Ca®']; wave in SCCs
expressing TRPM-5, followed by a decrease in [Ca*"]; in
the adjacent epithelium [140]. Nevertheless, confirma-
tion of TAS2R expression in the gastrointestinal SCCs,
apart from those of signalling molecules, is required to
verify the above hypothesis.

Gastrointestinal smooth muscle cells

Although TAS2Rs are expressed in gastrointestinal
smooth muscle cells (Tables 1, 2), their function remains
controversial [175]. Indeed, the contractile pattern
induced by bitterants was concentration-dependant,
region-specific, and agonist-selective. For instance, low
concentration of DB (100 uM) induced contraction in
mouse fundus, pylorus, and colon, whereas higher con-
centration (1 mM) unexpectedly relaxed the fundic and
pyloric muscle strips [175]. Since shown by Carlson in
1916 [184], bitter substances have been known as inhibi-
tors of gastric emptying, which is consistent with stud-
ies conducted many years later in rodents and humans
[155, 174, 175, 185, 186]. In wild type mouse, intragas-
tric preload of DB, PTC, or a mixture of bitter substances
delayed gastric emptying [155, 175]. Similarly, in healthy
volunteers, intragastric infusion of these compounds
during the inter-digestive period (fasting) reduced the
number of phase III contractions of the migrating motor
complex (MMC) [186]. In contrast, the same procedure
performed during the postprandial period impaired fun-
dic relaxation and decreased nutrient volume tolerance
along with increased satiation in healthy male volunteers
[175], or did not affect gastric motility in healthy women
[186]. The cause of these discrepancies is unclear at pre-
sent, but can be due to the effect of age, sex, race, ethnic
factors, or geographical area on the TAS2R expression
in individual sections of the gastrointestinal tract. So far,
both short and long term changes in luminal contents
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have been shown to alter expression of TAS2Rs and the
associated signalling molecules in the mucosa, support-
ing the proposed role of these structures in luminal che-
mosensing in the gastrointestinal tract [187, 188]. The
molecular mechanism underlying TAS2R-mediated con-
tractility in this area remains an open question, which has
to be addressed by conditional loss-of-function experi-
ments in the future. Recent studies have shown that the
exposure of the gut to bitter agonists activates the bit-
ter signalling pathway (except TRPM5) and augments
[Ca”]l, with further stimulation of calcium-dependent
protein kinase and ERK, similar to that observed in pul-
monary artery smooth muscle cells [72]. However, in
mice harbouring a-gustducin gene knockout, TAS2R-
dependent contraction was incompletely attenuated,
indicating the involvement of other G-protein subunits
expressed in gastrointestinal smooth muscle, such as
a-transducin or Gai. In addition, the contraction ampli-
tude was partially masked by a hyperpolarizing K*-efflux
induced by bitter agonists. Smooth muscle relaxation, in
turn, appears to be not TAS2R-, but PKC-dependent [72,
175]. As the abovementioned studies do not exclude the
participation of epithelial TAS2Rs, cooperation between
gastrointestinal epithelial and smooth muscle cells can be
speculated to be essential for controlling its motor activ-
ity. However, experimental studies are required to further
confirm this hypothesis. Furthermore, experiments on
these receptors as potential therapeutic targets should
be conducted to alter gastrointestinal motility and hence
interfere with hunger signalling.

The nervous system

Over the past decades, researchers have detected numer-
ous functional TAS2Rs and their downstream effec-
tor proteins, such as a-gustducine, PLCB2, IP;R; and
TRPMS5, in animal and human central nervous systems
(CNSs), with the highest recorded expression on neu-
ronal populations of the brain stem, hypothalamus,
cerebral cortex, cerebellum, nucleus accumbens, hip-
pocampus, and cuboidal epithelial cells of the choroid
plexus (CP) located in the ventricular system (Tables 1,
2, 3) [120, 189-193]. Although several exogenous bit-
ter ligands that can cross the blood—brain barrier (BBB),
such as food-derived di- and tripeptides [190, 194] or
Q [189], have been identified so far, whether these mol-
ecules physiologically achieve sufficiently high concen-
tration in the CNS, which is necessary for the activation
of brain TAS2Rs, is not known. The importance of these
receptors should not be neglected, as some of their bitter
agonists show neuroactive [195], neuroprotective [196],
or anti-glioma properties [197]. However, the function
of the above structures in the nervous system has not yet
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been determined. As CP performs indispensable func-
tions for the development, maintenance, and functioning
of the brain as an active interface between the blood and
cerebrospinal fluid (CSEF), the taste transduction pathway
in the human CP is a likely mechanism for surveying both
the blood and CSF, as well as for controlling the traffic of
chemical compounds across the BBB [193]. Supporting
this, Duarte et al. revealed that TAS2R14 regulates bitter
resveratrol transport across the human blood-CSF bar-
rier by modulating the activity of ABC efflux transporters
at CP epithelial cells [198]. It is also assumed that TAS2Rs
are involved in the secretion of regulatory peptides, such
as CCK, responsible for the modulation of food intake
and other physiological processes [189]. Furthermore,
they are proposed to reactivate endogenous neurogen-
esis. Indeed, the 72-h incubation of the human SH-SY5Y
neuroblastoma (NB) cell line with 100 uM salicin (bit-
ter phenolic glycoside partially penetrating the BBB)
stimulated neurite elongation in a TAS2R16-dependent
manner with subsequent ERK and cyclic AMP-respon-
sive element binding (CREB) phosphorylation [199]. In
addition, overexpression of TAS2R8 and 10 promoted
neuronal differentiation in NB cells of the BE(2)C line
in vitro. This in turn ameliorated and restored neuronal
function. However, further studies are required to under-
stand how TAS2Rs can modulate the proliferative activity
of brain stem/progenitor cells in neurogenic niches, their
migration to the damaged area, and differentiation into
appropriate phenotypes. Explanation of the above may
result in development of one of the tools for controlling
expansion in situ, which may accelerate the introduction
of regenerative therapy in some pathological conditions
of CNS, based on stimulation of natural repopulation of
damaged neuronal cells.

Analysis of autopsied human brain tissue has shown
altered expression of TAS2R mRNA at least in the frontal
cortex and substantia nigra of patients with Parkinson’s
disease, in the frontal and entorhinal cortex of patients
with Alzheimer’s disease and progressive supranuclear
palsy, and in the frontal cortex and cerebellum of patients
with Creutzfeldt-Jakob disease [200, 201]. Furthermore,
post-mortem studies of brain samples from the dorso-
lateral prefrontal cortex of patients with chronic schizo-
phrenia revealed down-regulation of hTAS2R4, 5, 13, and
50 mRNA compared to those in control subjects with no
history of psychiatric episodes. The expression level of all
TAS2Rs was found to correlate inversely with the daily
chlorpromazine dose. None of them, however, was asso-
ciated with the duration of the diseases or the severity of
negative symptoms. This suggests that these receptors
are possibly involved in the mechanism of action or side
effects of antipsychotics [202].
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The cardiovascular system

Expression of both TAS2Rs and downstream signalling
pathway in the heart was reported in a series studies
by the Foster group using quantitative RT-PCR, in situ
hybridization (ISH), and gene-targeted mice reporters
(Tables 1, 2, 3) [203-205]. Chromosomal clustering of
TAS2R genes mirrored the cardiac expression profile,
suggesting that a common gene regulatory block may
control the taste receptor locus [203, 204]. In addition,
evidence from a study on the Langendorff retrograde-
perfused heart model shows that TAS2R activation may
exert important negative inotropic effects on cardiac
contractility [205]. Notably, the relationship of the SNP
rs1376251 in TAS2R50 with cardiovascular diseases has
been also described in numerous prospective population
studies, although the underlying mechanism remains
unknown [206, 207].

TAS2Rs are expressed on vascular smooth muscle cells
of muscles and elastic arteries of human/rodent systemic
circulation systems (Tables 1,2,3), and targeting of these
receptors induces strong, concentration-dependant, but
endothelium-independent vasodilatation in vitro [71,
208] and in vivo [70]. Manson et al. suggested that caveo-
lae, but not Cav1.2 or BKCa channels, are responsible for
arterial vasodilator effect [71]. They also demonstrated
that bitter agonists, ChQ, dextromethorphan (DXM), and
noscapine, lead to relaxation of pre-contracted human
pulmonary arteries. Interestingly, contradictory to Man-
son’s findings (although both may be true), another study
demonstrated that DXM, acting via TAS2R1, causes
vasoconstrictor responses in the pulmonary circuit and
relaxation in the airways [72]. These discrepancies have
to be resolved in future.

The excretory system

mTAS2Rs and a-gustducin are expressed not only in the
murine renal corpuscle and tubule [209], including its
proximal and distal parts [210], but also in primary renal
tubular epithelial cells and the renal collecting tubule
M-1 cell line (Table 2) [211]. Importantly, as in the case
of the small intestine, mTAS2R expression levels were
developmentally regulated in the postnatal period. The
first mTAS2Rs were detected as early as 1 week after
birth, while significant expression of all receptors (except
mTAS2R117) was recorded on the 40th day after birth.
As all loops of Henley are short during embryogenesis,
in the absence of an ascending thin limb, TAS2Rs may
play a critical role in the maturation of the ascending
limb of Henley via an unknown mechanism. The func-
tion of mMTAS2Rs in M1 and primary renal epithelial cells
in the presence of bitter coptisine and phelloderine was
also demonstrated by assessing downstream calcium
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influx [211]. Furthermore, using conditional ablation of
mTAS2R105" cells to study the renal role of TAS2Rs,
increase in the area and diameter of the glomerulus and
renal tubule, and decrease in cell density in the glomer-
ulus was identified, which strengthened the pivotal role
of local TAS2Rs in maintaining the normal structure
of renal tissues [210]. Further supporting this concept,
Wooding et al. reported a positive correlation between
the hTAS2R43-W35/H212 genotype and Balkan endemic
nephropathy (P=0.020; OR=1.18) [212], a rare cause
of progressive atrophy and sclerosis of all structures of
the kidney [213]. Intriguingly, although TAS2R43 is the
main AA chemodetector, exposure to aristolochic acid
(3,4-methylene-dioxoxy-8-methoxy-10-nitrophenan-
threne-1-carboxylic acid, AA), a natural alkaloid with
well-documented nephrotoxic effects, was believed to be
involved in its etiopathogenesis [213].

In addition to preservation of glomerular structure and
function, bitter tastants trigger acetylcholine release from
polymodal urethral chemosensory cells and induce blad-
der reflexes, suggesting that TAS2Rs may act as chemo-
detectors of potential hazardous content in the urethral
luminal microenvironment (Tables 1, 2) [214]. Further-
more, activation of these receptors relaxed detrusor
smooth muscle and suppressed overactive bladder symp-
toms in mice with partial bladder outlet obstruction [73].

The endocrine system

The existence of TAS2Rs and downstream signalling
pathways have been recognised in human and mouse
thyreocytes, where they probably act as the key players
of thyroid hormonogenesis and function (Table 1) [215].
Upon activation of thyreocyte-expressed TAS2Rs, TSH-
dependent Ca?* release in Nthy-Ori 31 cells decreased
in a dose-dependent manner, with simultaneous reduc-
tion in iodide efflux. Furthermore, in the Amish, the
nonsynonymous coding SNP, rs5020531, located within
hTAS2R42, correlated with elevated serum levels of free
thyroid hormone, especially that of free thyroxin (fT,)
(P=0.000004). However, the functional consequences of
the above modification are unclear, as hTAS2R42 remains
an orphan receptor [215].

Adipose tissue

Recently, TAS2Rs were unexpectedly found to be
expressed in the adipose tissue (AT) of both mice and
humans, as well as in adipocyte cell lines (Tables 1,2)
[176, 216, 217], suggesting their role in regulation of
adipogenic patho-/physiological processes. Bitterants
have been demonstrated to modulate adipogenesis,
although conflicting results exist. Firstly, it was reported
that Q robustly induced adipogenesis. Knockdown of
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mTAS2R106 impaired the pro-adipogenic effect of Q and
suppressed the activation of ERK/S6 (extracellular-signal-
regulated kinase/Ribosomal protein S6) signaling, one of
the main pathway involved in the regulation of adipogen-
esis [218]. However, in a more recent study, treatment
of pre-adipocytes with Q or DB decreased differentia-
tion into mature adipocytes [176]. Moreover, incubation
with PROP promoted the delipidation of differentiated
adipocytes, indicating that TAS2Rs are also involved in
lipid mobilization [219]. The overexpression of TAS2R38
in adipocytes of obese individuals further supports the
biological role of TAS2Rs in the AT. This overexpression
may be related to the adipocyte hypertrophy that occurs
following the expansion of the adipose tissue or represent
a new regulatory mechanism [219]. Intriguingly, another
independent study showed that TAS2R38 rs10246939
variation was associated with Koreans’ increased obesity
risk. Nevertheless the details of underlying mechanism
remain elusive, as TAS2R38 rs10246939 genetic variant
mostly had a minimal effect on the dietary and energy
intake in this Korean cohort study. These findings sug-
gest that other extra-orally expressed TAS2R38 may be
associated with energy expenditure-related processes
and adiposity metabolism, independent of dietary intake
control. For instance, TAS2Rs distributed in thyroid, an
important determinant of energy expenditure and basal
metabolic rate [220].

The skin

The presence of TAS2Rs in human skin sections, as well
as in keratinocyte cell lines (HaCaT and HPKs), was ini-
tially reported in 2014 by Wolfle et al. using immuno-
histochemical staining, western blotting, and RT-PCR
(Table 1). The functionality of TAS2Rs, driving calcium
influx in response to stimulation by diphenidol and
amarogentin, was also demonstrated in that study [221].
This was supported by results of subsequent studies,
which showed that for some TAS2Rs, mRNA abundance
was related to presumed sun exposure based on the loca-
tion from which the skin sample was collected, sex, and
age [222, 223]. The activated TAS2R-induced signalling
cascades mentioned above have been shown to pro-
mote keratinocyte differentiation by stimulating keratin
10, involucrin, and transglutaminase expression [221].
Apart from inducing differentiation, G. lutea extract (a
rich source of bitter tasting amarogentin), a TAS2R ago-
nist, has been found to enhance lipid synthesis in human
keratinocytes, which is essential for building an intact
epidermal barrier [224]. Furthermore, amarogentin
exerts immunomodulatory effects in the skin by inter-
acting with keratinocytes and mast cells [225]. However,
further studies are required to unambiguously demon-
strate their TAS2R dependence.
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Common bitter beverages

TAS2R polymorphisms may influence the sensations,
liking, or intake of common and nutritionally signifi-
cant beverages. Among them, several polymorphisms in
or near h'TAS2R38, as well as in "TAS2R13 and 16, have
been linked to alcohol intake [48, 226-230]. In 2015,
Ramos-Lopez et al. identified the novel AVV haplotype
for h"TAS2R38; individuals homozygous for AVV (which
increases the bitterness perception threshold) consume
significantly more alcoholic beverages than those het-
erozygous for AVV or PAI homozygotes in the Mexican-
Mestizo population [227]. A similar cross-sectional study
examining the relationship between hTAS2R43 polymor-
phism and caffeine consumption supports the idea that
this receptor may also be important for liking coffee [231]
and perceiving the bitterness of caffeine by humans [232].
However, h'TAS2R43 is not present in the genome of
many people [212], indicating that some other bitter sig-
nalling mechanism is responsible for perceiving caffeine’s
flavour [233]. These can be four SNPs across #"TAS2R3,
R4, and RS, forming a haplotype block that explains the
variability in taste sensations elicited by coffee, although
this association did not affect coffee liking [48].

Smoking

Although, nicotine-specific TAS2Rs have not yet been
identified in humans (contrary to chicken ggTAS2R1)
[234], Aoki et al. demonstrated significantly lower
expression of several TAS2R genes in smokers vs. in non-
smokers after adjustments for covariates, such as age and
gender [235]. This undoubtedly suggests that the process
of smoking cessation may fail owing to well-documented
bitter taste impairment among smokers, which is due
to tobacco-induced lower-than-normal TAS2R expres-
sion [235]. In addition, several studies have investigated
the influence of TAS2R38 variants on smoking habits
and obtained mixed results [40, 236, 237]. Thus, addi-
tional comprehensive analyses are required to verify this
association.

Neoplasms

Breast cancer

The distribution of hTAS2R transcripts among human
non-cancer breast epithelial cell line (MCF-10A line),
as well as in cells derived from estrogen-dependent
(MCF-7 line) and estrogen-independent metastatic
(MDA-MB-231 line) breast adenocarcinoma, has been
investigated, highlighting a strong heterogeneity in
hTAS2R expression (Table 4) [238—240]. In particular, the
expression of "TAS2R4 at both mRNA and protein lev-
els, and rapid mobilisation of intracellular calcium as a
result of its activation, were significantly lower in MDA-
MB-231 and MCEF-7 cells than in MCF-10A (P<0.001).
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Receptor subtype Cancer cells and their matched controls Expression level  P-Value Refs.
Breast cancer (assessed using qRT-PCR)
hTAS2R1 Non-cancerous mammary epithelial cell line MCF-10A (1) 2)>() [239]
v _ _ 3)>@)>(1) [238]
Highly metastatic breast cancer cell line MDA-MB-231 (2) and
hTAS2R3 poorly metastatic cell line MCF-7 (3) @>0) [239]
hTAS2R4 M>Q) [239]
M>2)>0?) <0.001 [238]
hTAS2R5 M>2) [239]
hTAS2R7 (2)>(1) [239]
hTAS2R8 2)>() [239]
hTAS2R9 (M~Q2) (239]
hTAS2R10 2> [239]
M>@2)>03) [238]
hTAS2R13 (2)>(1) [239]
hTAS2R14 2)>(1) <0.001 [239]
hTAS2R16 (M~@) [239]
hTAS2R19 2> [239]
hTAS2R20 2)>(1) <0.01 [239]
hTAS2R38 (2)>(1) [239]
3)>M>Q) [238]
hTAS2R39 2)>) [239]
hTAS2R40 2)>() [239]
hTAS2R41 M>2) [239]
hTAS2R42 (1~ [239]
hTAS2R30/31/43/45/46 2)>(1) 0.001 [239]
hTAS2R49 2)>3@)>(1) [238]
hTAS2R50 2)>(1) [239]
hTAS2R60 2)>(1) [239]
Ovarian cancer (assessed using gRT-PCR)
hTAS2R1 A: A 4)>(1)>3)>2) <0.05for(3) [241]
Normal fallopian tube tissue (1) B:(3)>(1)>2)>4) <0.05for (4)
hTAS2R4 Vs , ) A(2)>@#>(1)>3) <005 for (3) [241]
High-grade serous human ovarian cancer cell line OVCAR4 (2), B:(M>(B)>(2)>@) <005 for (2)
OVCAR8 (3) and Ovarian papillary cystadenocarcinoma tissue (4) ’ )
hTAS2R10 B: A(2)>3B)>@)>(1) <0.01 for (4) [241]
Normal uterine tissue (5) B:3)>@)>(1)>@)
hTAS2R14 Vs A:(1)>2)>3)>4) <0.05 for (3); [241]
Clear cell human ovarian cancer line SKOV3 (6), Hypermutated B:(1)>(3)>(2)>4) <0.001 for (4)
IGROVT human ovarian cancer cell line (7) and Uterine/endome- <0.01 for (2);<0.05 for (4)
HTAS2R38 trial adenocarcinoma cell line HEC1a (8) A(1)>@)~(3)>@) <00001for (2),3)and @)  [241]
B:(1)>4)>(2)>(3) <0.0001 for (2) and (3);
<0.001 for (4)
Prostate cancer (assessed using gRT-PCR)
hTAS2R1 Benign prostatic hyperplasia cell line BPH1 (1) M>2)>3B)>4 <0.05 for (2); [241]
Vs <0.01 for (3); <0.0001 for (4);
HTAS2R4 Human prostate cancer cell line PC3 (2), M>G)>Q@>@) <0001 for (2);<0.05 for [241]
LNSAP (3) (3);<0.0001 for (4)
an
hTAS2R10 DU145 (4) M>#>2)>0) <0.01 for (2); [241]
<0.001 for (3)
hTAS2R14 M>B)>4)>Q2) <0.001 for (2) and (4); [241]
<0.01 for (3)
hTAS2R38 M>2)>3)>) <0.05 for (3); [241]

<0.0001 for (4);
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Table 4 (continued)
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Receptor subtype Cancer cells and their matched controls Expression level  P-Value Refs.
Pancreatic cancer (assessed using gRT-PCR)
hTAS2R10 Human pancreatic cell line PANC-1 highly resistant to gemcitabine  (2) > (1) - [244]
i
Human pancreatic cell line BxPC3; more sensitive to gemcitabine
(2)
Neuroblastoma (assessed using gRT-PCR)
hTAS2R8 More differentiated N-type NB cell line SY5Y (1) M>Q <0.05 [199]
hTAS2R10 Vs , A , , m>Q <005 [199]
More malignant and less differentiated I-type NB cell line BE(2)C (2)
Acute myeloid leukaemia (assessed using qRT-PCR)
hTAS2R1 Primary AML cells (1) (M>@)>03) <0.05 [255]
hTAS2R3 Vs , , ) 3)>@>(1) <0.05
Human leukaemia cell line OCI-AML3 (2) and Human leukaemia
hTAS2R4 cell line THP-1 (3) 2)>M>03) <0.05
hTAS2R5 M>B)>Q2) <0.05
hTAS2R7 3)>M>@) <0.05
hTAS2R8 M>2)>03) <0.05
hTAS2R9 (3)>(1)>2) <0.05
hTAS2R10 (M>3)>2) <0.05
hTAS2R13 3)>M>Q <0.05
hTAS2R14 (2)>3)>(1) <0.05
hTAS2R16 (M <0.05
hTAS2R20 (3)>(M>2) <0.05
hTAS2R30/47 M>3)>2) <0.05
hTAS2R31 (3)>@2)>() <0.05
hTAS2R38 Mm>3)>2 <0.05
hTAS2R39 M>@ <0.05
hTAS2R40 (3)>(1) <0.05
hTAS2R41 M>R)>2) <0.05
hTAS2R43 M>@Q) <0.05
hTAS2R46 M>@) <0.05
hTAS2R50 M>3)>2 <0.05

*AML acute myeloma leukaemia, hTAS2Rs human bitter taste receptors, NB neuroblastoma, gRT-PCR quantitative reverse transcription-polymerase chain reaction

This suggested the existence of invasion-metastasis
mechanism(s) in which evasion of tumour suppressor
genes is modulated by the expression of key genes, such
as hTAS2R4 in breast cancer [238]. In contrast, it can be
assumed that TAS2Rs determine the body’s physiologi-
cal defence reaction to metastatic cancer cells, which is
supported by the observations of Singh et al. [240]. The
authors showed that the activation of TAS2R4 and 14
induced apoptosis, and inhibited cell proliferation and
chemotactic migration due to down-regulation of matrix
metalloproteinase (MMP)-9 secretion in metastatic
breast adenocarcinoma MDA-MB-231.

Ovarian and prostate cancer

Researchers have demonstrated heterologous expres-
sion of the receptors in tumours compared to in normal
tissue (fallopian tube and uterine tissue; BPH-1 benign

prostatic hyperplasia line) in biopsies, along with expres-
sion in human ovarian (OVCAR4, OVCARS, SKOV3 and
IGROV1 lines), endometrial (HEC-1a line), and prostate
cancer cells (PC3, LNCAP, and DU145 lines) (Table 4)
[241]. Low expression of hTAS2R14 and 38 in almost
all ovarian cancer lines was accompanied by overex-
pression of hTAS2R4 and 10, similar to that observed in
breast adenocarcinoma cells. In contrast, prostate cancer
cells were mostly characterized by reduced expression
of the dedicated receptors, except for that of hTAS2R38
in the PC3 line [241]. In addition, 25 pM noscapine
(NOS), a bitter isoquinoline alkaloid, induced tumour
cell apoptosis in a hTAS2R14-dependent manner, and
cell viability after 72 h decreased proportionally with
increase in the concentration of the used phytochemical
(0-100 uM). Although NOS possesses anti-microtubulin
properties similar to paclitaxel, it inhibits the growth of
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paclitaxel-resistant cancer cells [242], which indicates a
difference in the mechanism of action of these two com-
pounds. Therefore, hTAS2R14 appears to be the new tar-
get of NOS, which may constitute a new and promising
anti-cancer strategy for taxane-resistant cases [241].

Gl neoplasms

Malignant neoplasms of the GI tract often develop
asymptomatically, which results in diagnosis at advanced
stages of the disease. In addition, anti-cancer therapy
is often ineffective and is associated with various side
effects. This "status quo" indicates the need to conduct
extensive scientific research that can reveal new and
safer approaches for increasing the effectiveness of onco-
therapy. The importance of TAS2Rs in pancreatic ductal
adenocarcinoma (PDAC) pathogenesis was recognized
relatively recently, when Gaida et al. observed cytoplas-
mic expression of functional TAS2R38 in SU8686, T3M4,
and MiaPaCa-2 lines, and in tumour tissues derived
from 88 patients. Activation of the above receptor with
a bona fide ligand, PTU, or a bacterial quorum detection
molecule, AHL-12, led to phosphorylation of p38 mito-
gen-activated protein (p38MAPK) and ERK1/2 kinases.
This was followed by overexpression of the transcrip-
tion factor—nuclear factor of activated Tcells 1, and the
multidrug-resistance protein ABCB1, a transmembrane
transporter participating in shuttling a plethora of drugs,
such as chemotherapeutics or antibiotics [243]. Another
extensive study has systematically investigated the func-
tional role of TAS2R10 expressed on the surface and in
the cytoplasm of PDAC tissue and in tumour-derived
cell lines (AsPC-1, BxPC-3, Capan-1, COLO-357, Mia-
PaCa-2, SU.86.86, PANC-1, and T3M4) in the context of
chemoresistance (Table 4) [244]. This study demonstrated
that caffeine, the natural ligand of this receptor, sensitises
cancer cells to two standard chemotherapeutics, gem-
citabine and 5-fluorouracil. Knocking down of T2R10 in
the BxPC-3 cell line reduced the caffeine-induced effect.
Possibly, caffeine triggered Akt phosphorylation and sub-
sequently down-regulated ABCG2 via T2R10, another
multi-drug resistance protein that participates in render-
ing cells resistant to various chemotherapeutics.

The association between TAS2R gene variants and
malignant GI tumour susceptibility is currently gaining
attention. A study by Choi et al. in the Korean popula-
tion showed that that the heterozygous TAS2R38 diplo-
type (PAV/AVI) significantly increased gastric cancer risk
(OR=1513; 95% CI=1.148-1.994) [245). Similarly, the
presence of the AVI/AVI combination of TAS2R38 was
associated with enhanced risk of developing colorectal
cancer (CRC) in two different Caucasian populations
compared to those with two PAV haplotypes (OR=1.15;
95% CI=0.80-1.66 for the Czech population and
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OR=1.52; 95% CI=1.05-2.21 for the German popula-
tion) [246].

Barontini et al. did not observe any strong influence
of the selected SNPs of TAS2R16 on CRC susceptibility.
This is possibly because SNPs in this gene are modulated
by lifestyle factor or dietary habit, which were not con-
sidered in the cited analysis. However, after stratification
by histology (colon vs. rectum), rs1525489 was found
to be associated with increased risk of rectal cancer
(Pireng=0.0071) [247]. Despite the abundance of results,
the role of TAS2R polymorphic variants in carcinogen-
esis is not clear. On one hand, distinct phenotypes, such
as AVI/AVI (non-tester) of TAS2R38, reflect differen-
tial receptor function and the inability to detect bitter
compounds, which may also be a marker for impaired
function of the receptors in GI; non-taster individuals
eliminate potentially harmful/carcinogenic xenobiotics
from the gut slowly and consequently are at high risk of
developing GI malignancies [246]. On the other hand,
another study has revealed that the AVI/AVI diplo-
type is not simply a functional marker for the impaired
TAS2R38 variant protein, as expression of the homozy-
gous AVI transcript was detected, and subjects with this
genotype reacted to other bitter tastes as strongly as
individuals with the homozygous PAV variant [248]. This
observation may indicate that the structural perturba-
tion of the AVI variant protein may enhance the sensing
of other unknown bitter-tasting, potentially carcinogenic
molecules, which might initiate appropriate anti-cancer
mechanisms [248]. This protective effect of the AVI/
AVI diplotype was evident in Choi et al’s study, in which
the AVI haplotype tended to reduce risk of CRC in the
Korean population (OR=0.74; 95% CI=0.56-0.99)
[249]. This may also explain the significantly high diver-
sity observed in TAS2R genes [250]. However, these are
only hypotheses, which have to be confirmed using scien-
tific research.

Nervous system neoplasms

Khare et al. showed that 6-min exposure of the NG108-
15 (mouse NB x rat glioma hybrid) cell line to bitter
substances, such as Q, DB, and ranitidine, evoked their
intracellular metabolism, which was reflected in the
increase in the extracellular acidification rate by 45%,
15%, and 28%, respectively [251]. Thus, it was hypoth-
esized that TAS2Rs in cancer cells play a key role in the
development of NB. This was supported by the observa-
tions of Seo et al. in human BE(2)C NB cells (Table 4),
who showed that up-regulation of endogenous TAS2R8
and 10 suppresses cancer stemness by inducing neu-
ronal cell differentiation, as well as by inhibiting self-
renewal capacity and tumorigenicity both in vitro and
in vivo. These changes were accompanied by a substantial
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decrease in migration and invasion potential of NB cells
via suppression of the enzymatic activity and expression
of MMP-2, and inhibition of the transcriptional activity
of hypoxia-inducible factor 1-a and its downstream tar-
gets, such as vascular endothelial growth factor and glu-
cose transporter 1 [199]. At the same time, genome-wide
association studies have identified the nonsynonymous
SNP rs619381 in TAS2R7, along with a regulatory SNP
rs667128 in TAS2R8, which may contribute to glioma
risk [252]. The precise pathways and possible physiologi-
cal functions of TAS2Rs in gliomas, however, remain to
be elucidated.

Thyroid cancer

Intriguingly, several lines of evidence indicated that
Korean females with TAS2R3/4 CC haplotype (rs2270009
and rs2234001, respectively) were at a lower risk of devel-
oping papillary thyroid carcinoma than those with the
remaining haplotypes (OR=0.59; 95% CI=0.36-0.97).
Furthermore, total triiodothyronine levels were signifi-
cantly lower in TAS2R3/4 CC haplotype carriers than
in other haplotype carriers (P=0.005). Taken together,
genetic variations in TAS2R3/4 may contribute to altera-
tion of the maturation and/or function of thyrocytes and
the risk of developing papillary thyroid carcinoma [253].
This concept was partially confirmed by another study
showing that triiodothyronine induced the proliferation
of papillary thyroid carcinoma cells via up-regulation of
cyclin D1 expression [254]. Notably, the role and appli-
cability of TAS2Rs in pillary thyroid carcinoma should be
debated.

Acute myeloid leucaemia

Salvestrini et al. shed light on the role of TAS2Rs in the
extrinsic regulation of leukaemic cell functions [255].
According to them, functional TAS2Rs coupled with
the canonical signalling components, such as p-subunit
of gustducin and PLC-B2, were detectable in primary
leukemic cells of patients with acute myeloid leukaemia
(AML) at diagnosis or in human leukaemia cell lines
(OCI-AML3, THP-1) (Table 4). Supporting a poten-
tial role of these proteins in AML, some TAS2Rs were
found to be significantly down-regulated in poor-prog-
nosis AML groups, such as TP53-mut and TET2-mut
patients, which might be a strategy adopted by AML cells
to evade possible growth-suppression factors, as dem-
onstrated in breast cancer cells [238]. Furthermore, DB
treatment altered the expression profile of genes involved
in relevant AML cellular processes. Consistent with the
results of molecular studies, DB exerted an antiprolifera-
tive effect on AML cells by inducing cell cycle arrest in
GO0/G1 phase or promoted apoptosis via caspase cascade
activation. It also attenuated leukaemia cell migration
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possibly via inhibition of the CXCR4-CXCL12 axis, as
well as by inhibiting cellular respiration by decreasing
glucose uptake and oxidative phosphorylation. This led
to the hypothesis that upon DB exposure, non-prolifer-
ating AML cells show reduced cell motility and migra-
tion owing to their anchorage in the bone marrow niche,
which may protect them from the effects of chemother-
apy. It is also noteworthy that TAS2Rs and bitter intrinsic
(such as amino acids [14, 20]) or extrinsic (such as drugs
[37, 39]) molecules embedded in bone marrow niche
might regulate leukaemia cell function; however, further
research in this direction is warranted [255].

Human longevity

Human life expectancy is a complex phenotype affected
by a combination of environmental and genetic factors.
Genetic factors contribute to human aging by modulating
biological pathways, and genetic variation in the TAS2Rs
has been shown to affect human longevity [256-258].
It was not until 2012 that Campa and co-workers dem-
onstrated a statistically significant association between
rs978739 SNP in TAS2RI16 and longevity (P=0.001)
in a Calabria (South Italy) population. In particular, the
A/A genotype frequency increases gradually from 35%
in subjects aged 20-70 years to up to 55% in centenar-
ians [257]. However, further study on long-lived subjects
(LLIs, age range 90—109 years) and young controls (age
range 18-45 years) from another area of southern Italy
(Cilento) did not confirm this correlation, which could
be because of different demographic pressures [258].
Intriguingly, another independent study by Melis et al
using the genetically homogenous centenarian cohort
(from the central-eastern Sardinia, known as one of the
world’s longevity hot spots) showed increased frequency
of subjects harbouring the homozygous genotype for the
functional variant of TAS2R38 (PAV/PAV), along with a
decreased frequency of those harbouring homozygous
genotype for the non-functional form (AVI/AVI), com-
pared to those in the two control cohorts [256]. Never-
theless, the mechanisms underlying these observations
still warrant further investigations.

Limitations and future perspectives

Based on the aforementioned studies, it appears that the
perception of TAS2Rs solely as bitterness detectors is
outdated and inadequate. The extra-oral expression of
these proteins is undoubtedly an intriguing phenomenon
that sets new directions for conducting preclinical and
clinical research. While planning, the number of restric-
tions that may hinder or even prevent the evaluation of
TAS2R functionality in dedicated tissues and organs of
the human body should be considered.
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Application and limitation of methodology for TAS2Rs
expression profiling

Standardisation of appropriate methods for identifying
TAS2Rs [259, 260] is challenging. The inability to repli-
cate published data is often due to false-positive or false-
negative results produced with commercial antibodies
that have not been properly validated. The problems are
particularly magnified in fields that use antibodies to ana-
lyse proteins that are expressed at low levels in cells, as in
the case with TAS2Rs [261]. The real solution is proper
initial validation of antibodies, which then can provide
valuable information regarding the tissue, cellular, and
even subcellular location of bitter GPCRs.

However, experts’ view regarding cellular topography
of TAS2Rs is strongly divided. By definition, these are
membrane receptors, although their intracytoplasmic
distribution has been often reported [221, 243, 244]. This
finding can be explained by the fact that if most of the
cell membrane is covered with the antibody, the stain-
ing might appear to be intracellular, although it adheres
mostly to the cell surface. Most importantly, TAS2R is
subjected to post-translational modifications (including
glycosylation and oligomerisation) in the endoplasmic
reticulum and Golgi apparatus prior to incorporation
into the cell membrane, which might explain its presence
in the cytoplasm. Post-translational processing may also
itself reduce the availability of TAS2Rs, thereby disrupt-
ing the detection and identification of their extracellular
and intracellular epitopes using specific antibodies [221,
262]. In addition to the membrane-cytoplasmic distribu-
tion, a restricted localisation of TAS2R38 in the nucleus
was observed, where it can be involved in some yet
unknown functions [263].

As listed in Tables 1, 2, 3, most published scientific
reports are based on various techniques used for TAS2R
mRNA quantification, including ISH, RT-PCR, or qRT-
PCRThe success of ISH for rare mRNAs, such as some
extraoral TAS2R molecules, strongly depends on the
method of signal amplification revealing low numbers of
probe-mRNA hybrids per cell while keeping background
staining as low as possible [264]. Technical difficulties of
ISH are also evidenced by the large number of different
protocols published by researchers [265]. The expression
profile of the TAS2Rs is also questionable, as the corre-
sponding genes lack introns [12], and the expression of
these proteins in tissues located outside the oral cavity is
extremely low, indicating that more amplification cycles
are required to increase the sensitivity of the method
used [37]. This approach vyields satisfactory results,
although caution should be exercised when interpreting
them owing to the duplication of artefact sequences and
associated identification errors.
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Deorphanisation and functional characterization of TAS2Rs
Various techniques have been utilised for identifying
TAS2R agonists. However, they have inherent strengths
and limitations, and none have all the desired criteria of
a suitable assay platform. One major in vitro approach
involves the use of an array of heterologous expres-
sion systems including, among others, the eukaryotic
cell line HEK 293. Using this approach, Lossow et al.
identified 80 cognate compounds for 21 mTAS2Rs, 19
of which were previously known orphan receptors [38].
Using the same method, Mayerhof et al. also selected
13 activators for five human orphan receptors, as well
as 64 new compounds interacting with previously iden-
tified receptors [39]. The main limitation of this type of
research is usually low receptor expression or lack of
cell surface localisation in heterologous cells [38]. The
inability to deorphan more TAS2Rs may also be due to
non-functional receptor variants generated by SNPs in
the coding region, as was shown by Nelson et al. [266].
Here, the authors noted that only two of 24 TAS2R genes
did not show any amino acid sequence differences when
the C57BL/6 and DBA/2 | strains were compared. These
changes in the TAS2R sequences may potentially affect
ligand response profiles. Finally, the lack or inefficient G
protein coupling can interfere with the interpretation of
results [267].

Unlike exogenous agonists, knowledge regarding
their endogenous counterparts is far from sufficient.
The widespread expression of TAS2Rs within the non-
gustatory tissues of the organism requires considera-
tion of the existence of intracorporeal, circulating, or
locally-produced factors that stimulate these proteins.
From among the numerous compounds tested, P4 was
the only agonist to stimulate mTAS2R110 and 114, sug-
gesting that this female sex hormone is the endogenous
activator of the above structures in mice [38]. However,
it is noteworthy that BitterDB lists several other bitter
substances naturally found in the human body, which
have not been assigned to any receptor so far; in addition
to the UDCA mentioned above, they include L-tyrosine
and adenosine [14]. Although the interaction between
adenosine and mTAS2Rs was initially negated [268], the
possibility that the results obtained are influenced by the
above-described limiting factors, such as SNP-dependent
receptor variability, cannot be excluded. Therefore, these
observations constitute an additional incentive for con-
tinuing scientific research in this field.

Strikingly, only few known TAS2R antagonists are
published. None of these blockers can suppress human
bitter taste signalling of all 25 receptors, and con-
sidering the ligand diversity of TAS2Rs, it is highly
unlikely that a universal blocker can be ever developed.
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Therefore, it is imperative to develop antagonists with
high selectivity and efficacy that can target specific
TAS2Rs. A mixture of these blockers can be used to
block all the 25 TAS2Rs, if required. Similar to ago-
nists, one antagonist may interact with several recep-
tors, and vice versa, a specific receptor may be blocked
by several antagonists [269]. Some of antagonists act
as agonists for other TAS2Rs, such as the two sesquit-
erpene lactones, 3p-hydroxydihydrocostunolide and
3B-hydroxypelenolide [269]. The first small molecule
antagonist, 4-(2,2,3-trimethylcyclopentyl)butanoic acid
(known as GIV3727), was identified from around 18 000
compounds screened. It possibly acts as an orthos-
taric insurmountable antagonist, and can also inhibit
hTAS2R43, a receptor selective for high-potency non-
caloric sweeteners, including saccharine or acesulfame K
[270]. The other selective blocker, p-(dipropylsulfamoyl)
benzoic acid (better known as probenecid; commonly
used as uricosuric agent in the treatment of gout), acts
as completely insurmountable antagonist of hTAS2R16
[271]. Similar suppression of bitter taste receptor signal-
ling was observed by naturally occurring flavanones, such
as 4/-fluoro-6-methoxyflavanone, 6,3’'-dimethoxyflavan,
and 6-methoxyflavanone [272]. Low molecular weight
compounds are also known as bitterness-masking com-
pounds. Indeed, some umami substances, irrespective
of their structure (peptide and non-peptide), can induce
receptor-mediated inhibition of bitter ligand binding
to human bitter taste receptors [273]. This was further
confirmed by Pydi et al., who identified y-aminobutyric
acid (GABA) and Na,Na-bis(carboxymethyl)-1-lysine as
the first endogenous antagonist and inverse agonist of
TAS2R4 [274]. GABA is not only the principal inhibitory
neurotransmitter in the adult brain, but is also found out-
side the CNS, such as is in the airway epithelium, stom-
ach, lungs, kidney, blood cells, pancreas, and testis [275].
This indicates that GABA might play a key role in regu-
lating the function of TAS2R4 in some of these tissues or
organs. The antagonist activity of GABA on the remain-
ing 24 TAS2Rs remains to be analysed.

Heterologous expression systems have enabled the
deorphanisation and extended characterization of ~ 60%
mouse (21 of 34) [38] and 84% human (21 of 24) [5, 7]
TAS2Rs. Most importantly, comparisons of the reper-
toires of the human and mouse TAS2Rs genes revealed
that they may be classified into few main groups [276].
Whereas a one-to-one gene orthology has been observed
for some genes of the groups, the others showed pat-
terns of species or lineage-specific duplications. Indeed,
the majority of TAS2R genes clustered on human chro-
mosomes 5 and 7 and mouse chromosomes 2 and 15,
exhibiting a one-to-one orthology, which indicates that
they developed prior to the divergence of primates and

Page 25 of 33

rodents, and enabled the recognition of bitter substances
that are important to both humans and mice [277]. Theo-
retically, this offers a valuable window to evaluate the
physiological roles of human TAS2Rs in animal mod-
els. However, the distinct agonist profiles of sequence-
orthologous TAS2Rs presents a particularly challenging
problem. One of these receptors is TAS2R38, which rec-
ognises its prototypical agonists, 6-n-propylthioura-
cyl (PROP) and PTC, as bitter in humans, while mice
are indifferent to them [278]. This suggests that other
mTAS2Rs are responsive to these compounds. Based on
this observation, it has been argued that the above recep-
tors mediate detection of species-specific bitter sub-
stances, although the existence of additional common
bitter agonists for these one-to-one orthologous pairs
cannot be excluded [38].

Regulation of TAS2R expression

The overwhelming scientific research in recent decades
has primarily focused on profiling the expression or
deorphanisation of TAS2Rs. However, transcriptional
and post-transcriptional regulation of their expression
is less understood, which, however, will add substan-
tially to knowledge regarding their physiological roles.
Several groups have created transgenic mice by incorpo-
rating the putative promoter/enhancer region (~10-kb
fragment upstream of the transcriptional start site of
the receptor) for transgene expression specifically in bit-
ter taste receptor-expressing cells of the oral cavity [278,
279]. Regarding the network of extra-oral TAS2Rs, so
far only one factor regulating the transcription of these
genes has been identified, which was previously known
as SREBP-2. It activated the transcription of TAS2R138
by directly binding to its promoter region in the STC-1
cell line [165]. It is also known that TAS2R sequences
within one multigenic cluster reflect a similar expres-
sion profile in many different tissues, suggesting a com-
mon regulatory mechanism, as confirmed by Foster et al.
In their seminal study, areas with putatively high tran-
scriptional activity, identified using histone and DNase I
marks, were detected in genome regions in the vicinity of
TAS2R143, 135, and 126 in the intestine or heart [204].
However, other mechanisms that control the transcrip-
tion of TAS2R genes might exist, which requires further
analysis.

TAS2Rs and current knowledge in the fields

of pharmacology, toxicology, and nutrigenomics
Undeniably, the discovery of extra-oral TAS2Rs has
revolutionised the field of pharmacology, toxicology,
and nutrigenomics. On one hand, these proteins may be
responsible for several side effects associated with the use
of various drugs, 30% of which affect GPCRs and most of
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which possess bitter taste [37, 280]. On the other hand,
it is worth debating whether the debiterattion of bit-
ter medications, especially those designed for children,
reduces their therapeutic effectiveness. The taste of sub-
stances has not been considered in the context of their
effects on TAS2Rs. Hence, this aspect should be consid-
ered prior to the widespread practice of improving the
taste values of food products. In addition, the nature of
TAS2R’s response to a specific drug/compound might
be SNP-dependent. For example, Nthy-Ori 3-1 cells
homozygous for the non-functional TAS2R38 AVI allele
did not respond to PROP [215]. From a practical perspec-
tive, future pharmacogenomic studies should explain the
relationship between differences in the genome sequence
and the patient’s response to the drug for designing per-
sonalised medicine.

Conclusions

The numerous scientific reports concerning extra-oral
TAS2Rs appear to be merely the "tip of the bitter ice-
berg" of hitherto unknown information regarding the
extra chemoreceptive role of TAS2Rs in different tissues
and organs and the resulting clinical implications. Fur-
thermore, it appears that identification of the network
of extra-oral bitter taste receptors is underestimated, as
its function is often unclear. The emerging picture shows
that genes encoding TAS2Rs may exhibit pleiotropic
characteristics and that their protein products are used
by various types of cells. Alternatively, they may signal
in response to diverse targets that are not related to each
other. Bitter sensing probably is one of the functions per-
formed by this cluster of genes, which may play a major
role in maintaining the homeostasis of the organism
[257]. While unravelling some of the complexities asso-
ciated with extra-oral TAS2Rs, one can formulate new
preventive recommendations and develop personalised
pharmacotherapy, thereby overcoming stagnation in the
treatment of many diseases, including cancer. A sugges-
tive association between polymorphic genetic variations
in these receptors and human longevity provides the
required proof-of-concept [256-258].
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The nicotinic acetylcholine receptor; NB: Neuroblastoma; NF-kB: Nuclear
factor kappa-light-chain-enhancer of activated B cells; NK: Natural killer;
NK1R: Neurokinin 1 receptor; NO: Nitric oxide; NOS: Noscapine; p38MAPK:
P38 mitogen-activated protein kinases; P4: Progesterone; PDAC: Pancreatic
ductal adenocarcinoma; PGF2a: Prostaglandin F2 a; P-gp: P-glycoprotein;
PI3K: Phosphoinositide 3-kinase; PIBF: Progesterone-induced blocking factor;
PLCR2: 1-Phosphatidylinositol-4,5-bisphosphate phosphodiesterase beta-2;
PRAR y: Peroxisome-proliferator-activated receptor y; pTAS2Rs: Pig bitter taste
receptors; PTC: Phenylthiocarbamide; PTC: Papillary thyroid carcinoma; PYY:
Peptide YY; Q: Quinine; QHCl: Quinine hydrochloride; gRT-PCR: Quantitative
real-time polymerase chain reaction; QSM: Quorum sensing molecules; ROS:
Reactive oxygen species; ITAS2Rs: Rat bitter taste receptors; RT-PCR: Reverse
transcription polymerase chain reaction; SCCs: Solitary chemosensory cells;
siRNA: Small interfering RNA; SNP: Single nucleotide polymorphism; SOCS3:
Suppressor of cytokine signalling 3; SREBP2: Sterol regulatory element-binding
protein 2; ST: Syncytiotrophoblast; STAT4: Signal transducer and activator

of transcription 4; STAT6: Signal transducer and activator of transcription 6;
T1R2/T1R3: Sweet taste receptor; T;: Triiodothyronine; TAS2Rs, T2Rs: Bitter
taste-sensing type 2 receptors; Tc: The cytotoxic T cells; Tcm: Central memory
T cells; Tem: Effector memory T cells; Th: T helper cells; Th1: Type 1T helper
cells; Th2: Type 2T helper cells; TLR: Toll-like receptor; Tn: Naive T cells; TNF-a:
Tumour necrosis factor a; TRCs: Taste-receptor cells; TRPM4: Transient receptor
potential cation channel subfamily M member 4; TRPM5: Transient receptor
potential cation channel subfamily M member 5; UDCA: Ursodeoxycholic acid;
Y,R: Neuropeptide Y receptor type 2.
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