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Taste Receptor Gene Expression Outside

the Gustatory System

Maik Behrens, Simone Prandi, and Wolfgang Meyerhof

Abstract The sense of taste facilitates the recognition of beneficial or potentially

harmful food constituents prior to ingestion. For the detection of tastants, epithelial

specializations in the oral cavity are equipped with taste receptor molecules that

interact with sweet, umami (the taste of L-amino acids), salty, sour, and bitter-

tasting substances. Over the past years, numerous tissues in addition to gustatory

sensory tissue have been identified to express taste receptor molecules. These

findings bear important implications for the roles taste receptors fulfill in verte-

brates, which are currently envisioned much broader than thought previously. Taste

receptive molecules are present in the brain, respiratory and gastrointestinal tracts,

heart, male reproductive tissue, as well as other areas of the body just beginning to

emerge. This review summarizes current knowledge on the occurrence and func-

tional implications of taste receptive molecules outside the oral cavity.
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1 Introduction

The need of animals to feed their bodies constantly with energy-rich food items

belongs to the most fundamental prerequisites to maintain life and well-being. As

food sources are complex and consist of variable amounts of life-maintaining

(macro-)nutrients as well as potentially harmful substances, a mechanism has

evolved enabling animals evaluating food items prior to their consumption. The

taste system present in the oral cavity furnishes animals with receptive proteins

devoted to detect the building blocks of carbohydrates, proteins, and critical

electrolytes as well as with sensors that identify potentially harmful substances.

The activation of the oral taste receptors does not only provide information on the

chemicals present in consumed food items, but it also evokes hedonic tones, e.g.,

perceived pleasantness or unpleasantness directly affecting consumption. Whereas

sweet, umami, and low concentrations of sodium salts represent generally attractive

taste stimuli promoting consumption, high salt concentrations and sour and bitter

stimuli tend to elicit rejection.

In recent years, numerous reports on the extragustatory expression of taste

receptors clearly suggested that their role is not limited to taste perception. Taste

receptors have meanwhile been identified in the gastrointestinal (e.g., [1–26]) and

respiratory tracts of mammals (e.g., [27–37]), in the male reproductive system [36,

38–43], as well as in the brain [44–49] and heart [50] to name just the areas having

received the most attention during the recent years. Similar to the oral cavity, also

the alimentary canal and the respiratory system represent epithelia exposed to

potentially noxious substances originating from the environment. Hence, it appears

conceivable that bitter taste receptors, devoted to protect organisms from the uptake

of potentially toxic substances, play similar roles in these extragustatory organ

systems as well. Another important activity of the intestinal mucosa is the moni-

toring of the nutritional value of the ingested food. This nutrient sensing allows for

an efficient digestion and absorption of nutrients and allows fine tuning of meta-

bolic parameters in response to demands and available resources. Thus, the occur-

rence of taste receptors, devoted to the detection of sweet and umami stimuli in the

GI tract, is not surprising.

More surprising than finding taste receptors in the respiratory and gastrointesti-

nal epithelia was the detection of these molecules in other organs such as the brain

and heart. Since these organs are protected from direct contact to the outside world,
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the expression of TAS1R as well as TAS2Rs suggests that they are involved in the

surveillance of molecules present in internal body fluids such as blood plasma or

cerebrospinal fluid. It will be highly interesting to see in the future how rather

low-affinity receptors, developed to detect concentrated taste stimuli in the oral

cavity, fulfill their yet unknown roles in the brain and heart.

Another class of chemosensory receptors, the odorant receptors (ORs), has

already been detected in sperm cells and associated with sperm motility and

chemotaxis [51, 52]. The identification of taste receptors in the testis and sperm

cells underscores the importance of chemoreceptor signaling for reproduction.

However, in contrast to odorant receptors, which may actually serve a role in

spermatozoa guidance, none of the recently published studies on taste receptors

in the male reproductive tract put forward mechanisms indicating a similar function

of these receptors [36, 38–43].

After a brief introduction into taste receptors and their associated signaling

components, we discuss the expression of taste receptors and their functional

implications in the respiratory and alimentary tract, the brain, the heart, and the

reproductive system. For space constraints, we will not extensively discuss some so

far rather isolated reports on taste receptor gene expression in additional tissues

such as the bladder [53], adipose tissue [54, 55], and bone marrow stromal and

vascular smooth muscle cells [56], as well as their emerging role in the regulation of

autophagy [57] (Table 1).

2 Taste Receptors and Signaling Components

The gustatory system of mammals is equipped with taste receptors devoted to the

detection of the five basic taste qualities: sweet, sour, salty, umami, and bitter. In

addition to these well-accepted basic taste qualities, the perception of further

stimuli such as fatty or metallic is discussed (for a recent review, see [58]). The

recent generation of knockout mice, lacking the α-subunit of the epithelial sodium
channel, ENaC, confirmed the role of this channel as receptor for attractive low

concentrations of sodium in rodents [59]. Although numerous candidate molecules

for sour taste receptors such as members of the polycystic-kidney-disease-like ion

channels (PKD) had been proposed in the past (e.g., [60–62], but cf. [63]), the

molecular identification of this receptor is still pending. The best characterized taste

receptors are the G protein-coupled receptors responding to sweet [64–69], umami

[70, 71], and bitter compounds [72–74], which belong to two different gene families

(Fig. 1). The TAS1R family of taste receptors has only three members named

TAS1R1, TAS1R2, and TAS1R3. Similar to other class C G protein-coupled

receptors such as metabotropic glutamate receptors (mGluRs) [75] or

γ-aminobutyric acid type B receptors (GABAB) [76–79], TAS1Rs form oligomeric

complexes. Whereas the two subunits TAS1R1 and TAS1R3 form the main recep-

tor for the detection of umami-tasting L-amino acids (in human specifically

L-glutamate and to a lesser degree L-aspartic acid) [70, 71], the subunits TAS1R2

Taste Receptor Gene Expression Outside the Gustatory System 3



Table 1 List of taste receptors and taste-signaling components found in extraoral tissues and their

putative functions

System Organs

Transduction

molecules Taste receptors

(Putative)

functions

Central nervous

system

Brain α-Gustducin,
Gβ3, Gγ13,
PLCβ2,
TRPM5

Mouse: Tas1r1,
Tas1r2, Tas1r3. Rat:
Tas2r1, Tas2r4,

Tas2r10, Tas2r38.

Human: TAS2R4,
TAS2R5, TAS2R10,

TAS2R13, TAS2R14,

TAS2R50

Modulation of

hunger/satiety,

glucose homeo-

stasis (Tas1rs);

release of neuro-

peptides control-

ling food intake

(Tas2rs)

Respiratory

system

Nose α-Gustducin,
PLCβ2,
TRPM5

Mouse: Tas2r108,
Tas2r119, Tas2r131.

Rat: Tas1r2, Tas1r3,
Tas2r13, Tas2r105,

Tas2r107, Tas2r119,

Tas2r121, Tas2r126,

Tas2r123, Tas2r134.

Human: TAS2R38

Detection of irri-

tants (Tas1rs);

trigeminal-

mediated control

of respiration,

mucociliary clear-

ance and NO pro-

duction (innate

immunity)

(Tas2rs)

Vomeronasal

organ

TRPM5 Mouse: Tas2r131 Recognition of

pheromones

(Tas2rs)

Trachea,

bronchi,

lungs

α-Gustducin,
PLCβ2,
TRPM5

Mouse: Tas1r3,
Tas2r105, Tas2r107,

Tas2r108. Rat:
Tas1r1, Tas1r2,

Tas1r3, Tas2r13,

Tas2r105, Tas2r107,

Tas2r119, Tas2r121,

Tas2r123, Tas2r126,

Tas2r134. Human:
TAS2R1, TAS2R3,

TAS2R4, TAS2R5,

TAS2R7, TAS2R8,

TAS2R9, TAS2R9,

TAS2R10, TAS2R13,

TAS2R14, TAS2R16,

TAS2R19, TAS2R20,

TAS2R30, TASR42,

TAS2R45, TAS2R50,

TAS2R46, TAS2R31

Not investigated

(Tas1rs);

mucociliary clear-

ance,

bronchodilation

(Tas2rs)

(continued)
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Table 1 (continued)

System Organs

Transduction

molecules Taste receptors

(Putative)

functions

Cardiovascular

system

Heart α-Gustducin,
PLCβ2,
TRPM5

Mouse: Tas2r108,
Tas2r120, Tas2r121,

Tas2r126, Tas2r135,

Tas2r137, Tas2r143.

Rat: Tas1r1, Tas1r3,
Tas2r108, Tas2r120,

Tas2r121, Tas2r126,

Tas2r135, Tas2r137,

Tas2r147. Human:
TAS1R3, TAS2R3,

TAS2R4, TAS2R5,

TAS2R9, TAS2R10,

TAS2R13, TAS2R14,

TAS2R19, TAS2R20,

TAS2R30, TAS2R31,

TAS2R43, TAS2R45,

TAS2R46, TAS2R50

Nutrient sensing

and metabolic

regulation

(Tas1rs, Tas2rs)

Blood vessel – Mouse: Tas2r116,
Tas2r143. Human:
TAS2R46

Vasodilation

(Tas2rs)

Gastrointestinal

system

Stomach α-Gustducin,
transducin,

PLCβ2,
TRPM5

Mouse: Tas1r1,
Tas1r2, Tas1r3,

Tas2r108, Tas2r119,

Tas2r134, Tas2r138.

Rat: Tas2r1, Tas2r2,
Tas2r3, Tas2r5,

Tas2r6, Tas2r7,

Tas2r8, Tas2r9,

Tas2r10, Tas2r12,

Tas2r16, Tas2r34,

Tas2r38. Human:
TAS1R1, TAS1R3

Nutrient sensing

(Tas1rs); delay of

gastric emptying,

ghrelin secretion

(Tas2rs)

Small

intestine

α-Gustducin,
transducin,

PLCβ2,
TRPM5

Mouse: Tas1r1,
Tas1r2, Tas1r3,

Tas2r108, Tas2r118,

Tas2r119, Tas2r134,

Tas2r138. Rat:
Tas2r1, Tas2r2,

Tas2r3, Tas2r4,

Tas2r5, Tas2r6,

Tas2r7, Tas2r8,

Tas2r9, Tas2r12.

Human: TAS1R1,
TAS1R2, TAS1R3,

TAS2R1

Release of gastro-

intestinal hor-

mones from

enteroendocrine

cells and regula-

tion of glucose

absorption from

enterocytes

(Tas1rs, Tas2rs);

detection and

elimination of

harmful com-

pounds and bacte-

rial molecules

(Tas2rs)

(continued)
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and TAS1R3 combine to the universal sweet taste receptor [70, 80]. The bitter taste

receptors belong to the TAS2R gene family. Vertebrates possess a highly variable

number of putative functional TAS2R genes ranging from 2 to 3 in some bird

species to more than 50 in some reptilian and amphibian species [81]. In mammals,

an average number of 15 receptors in dogs to 36 in rats have been identified [81]. So

far, the best characterized bitter taste receptor repertoire is represented by the

25 functional human TAS2Rs. For 21 of the 25 human TAS2Rs, activators have

been identified by heterologous expression assays. It was shown that TAS2Rs differ

remarkably in their breadth of tuning with few extremely broadly tuned “generalist”

receptors, several narrowly tuned “specialist” receptors, as well as numerous

receptors exhibiting intermediate tuning properties [82, 83].

Within the oral cavity, the G protein-coupled receptors are expressed in

non-overlapping subsets of taste receptor cells dedicated to detect sweet, umami,

or bitter stimuli [84]. Despite this segregation into specialized sweet, umami, and

Table 1 (continued)

System Organs

Transduction

molecules Taste receptors

(Putative)

functions

Large

intestine

α-Gustducin,
PLCβ2,
TRPM5

Mouse: Tas1r1,
Tas2r108, Tas2r118,

Tas2r119, Tas2r131,

Tas2r138. Rat:
Tas2r16, Tas2r26.

Human: TAS1R1,
TAS1R2, TAS1R3,

TAS2R1, TAS2R4,

TAS2R5, TAS2R9,

TAS2R10, TAS2R13,

TAS2R38, TAS2R39,

TAS2R40, TAS2R42,

TAS2R43, TAS2R44,

TAS2R45, TAS2R46,

TAS2R47, TAS2R49,

TAS2R50, TAS2R60

Detection of

nutrients and

other intestinal

components

(Tas1rs); detec-

tion and elimina-

tion of harmful

compounds and

bacterial mole-

cules (Tas2rs)

Pancreas α-Gustducin,
PLCβ2,
TRPM5

Mouse: Tas1r2,
Tas1r3

Regulation of

insulin release

Male reproduc-

tive system

Testis α-Gustducin,
Gγ13,
PLCβ2,
TRPM5

Mouse: all Tas1rs and
Tas2rs

Reproduction

Excretory

system

Bladder – Rat: Tas1r2, Tas1r3.
Human: TAS1R2,
TAS1R3

Control of bladder

contraction

Mesenchymal

tissues

Bone marrow α-Gustducin,
Gβ1, PLCβ2

Human: TAS2R46 Control of

microenvironment

Adipose

tissue

– Mouse: Tas1r2,
Tas1r3

Anti-adipogenic

regulation
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bitter receptive cells, they share common downstream signaling components. These

include heterotrimeric G proteins consisting of several alternative Gα-subunits,
Gβ3 (Gβ1) and Gγ13 [85, 86]. Of these, the first identified and best characterized

Gα-subunit is α-gustducin [87]. Upon receptor activation, the GTP-bound

heterotrimeric G protein dissociates and transmits the signal to the membrane-

bound phospholipase Cβ2 [88, 89] which, in turn, results in the generation of the

second messenger molecule inositol-1,4,5-trisphosphate (IP3). Next, IP3 facilitates

opening of the type III IP3 receptor located in the membrane of the endoplasmatic

reticulum of taste receptor cells [90–92]. The subsequent release of calcium ions

into the cytoplasm activates the cation channel TRPM5 [89, 93–95] leading to

membrane depolarization. Finally, the activated taste receptor cell devoid of syn-

aptic contacts releases the neurotransmitter ATP [96] through channels [97–99] into

the taste bud, where it eventually activates afferent nerve fibers. Signal termination

after taste stimulation may involve RGS21 [100, 101], a protein accelerating the

GTP hydrolysis of activated Gα-subunits found in taste receptor cells (Fig. 2).

Some of the signaling proteins, involved in taste signal transduction such as

α-gustducin [102], have been identified prior to the taste receptors in non-gustatory

Fig. 1 Schematic of the G protein-coupled taste receptors. Bitter taste receptors (left) do not

possess long extracellular amino termini and function as monomers (or homooligomers), whereas

sweet (middle) and umami (right) receptors exhibit large extracellular amino termini and form

obligatory heterooligomers. Both receptors consist of a common subunit, TAS1R3, and a specific

subunit, TAS1R2 and TAS1R1, for the sweet and umami receptor, respectively

Fig. 2 G protein-coupled taste receptor linked signal transduction. The activation of a taste GPCR

by a taste stimulus (red triangle) leads to the activation of a heterotrimeric G protein complex

which includes α-gustducin. The subsequent activation of phospholipase Cβ2 results in the

generation of IP3, which, in turn, causes release of calcium ions from intracellular stores. The

elevated intracellular calcium ion level triggers the opening of the cation channel TRPM5 resulting

in cell depolarization

Taste Receptor Gene Expression Outside the Gustatory System 7



tissues and served, therefore, as surrogate markers for taste-specific signaling

events outside the oral cavity (Fig. 3).

3 Brain

Perhaps, one of the most surprising tissues, reported to express taste receptor genes,

is the brain. The brain is a highly vulnerable organ utterly safeguarded from direct

contact to the environment and even only selectively accessible to substances

present in the circulation by its protective blood-brain barrier [103]. One would

think the brain might be the least place to find receptors tuned to recognize

concentrated tastants present in the oral cavity. Nevertheless, recent reports indicate

expression of genes coding for the sweet taste receptor subunits and several bitter

taste receptors in human and rodent brains [44, 45, 47, 49]. The first report by Ren

et al. [48] used RT-PCR expression profiling, in situ hybridization, and immuno-

histochemical detection methods to localize the Tas1r2 and Tas1r3 subunits nec-

essary to form a functional sweet taste receptor in distinct areas of the mouse brain.

Prominent expression was detected in the hippocampus, hypothalamus, cortex, and

the paraventricular nucleus of the thalamus. Moreover, periventricular areas sur-

rounding the third ventricle were found rich in presumably sweet-sensing cells as

well. These brain areas do not only exhibit sweet taste receptors but also co-express

components of the canonical taste-signaling cascade such as α-gustducin, Gβ3, and
Gγ13. In vivo experiments, using food-deprived, hyperglycemic ob/ob mice and

control mice fed ad libitum, demonstrated that the umami receptor-specific gene

Tas1r1, but even more pronounced the sweet taste receptor-specific Tas1r2 gene, is
induced by starvation as well as in hyperglycemic mice as indicated by elevated

corresponding mRNAs. This effect was restricted to hypothalamic tissue and not

Fig. 3 Expression of bitter taste receptors and taste-related signaling components in the GI tract.

The left panel shows single cells in mouse colonic mucosa expressing a red fluorescent protein

under the control of the bitter taste receptor Tas2r131 promoter. The right panel shows cells

expressing α-gustducin, a component of the canonical taste transduction cascade. Scale bar; 20 μm

8 M. Behrens et al.



observed for cortical tissue suggesting a modulation of hunger/satiety regulatory

circuits located in the hypothalamus. Since a selective decrease in Tas1r2 mRNA

by elevated glucose levels in the culture medium was also observed in a mouse

hypothalamic cell line, the authors concluded that the dynamic regulation of Tas1r1

and Tas1r2 mRNA might be a direct effect caused by local receptor activation

rather than indirectly regulated by circulating hormones reporting the nutritional

state of animals. Most importantly, the authors observed a similar effect on Tas1r2
gene regulation also, if the non-metabolizable artificial sweetener sucralose is used

instead of glucose excluding contributions by sweet taste receptor-independent

glucose-sensing pathways.

A recent report on the effects of chronic treatment of mice with the artificial

sweetener acesulfame K demonstrated a downregulation of the Tas1r3 subunit,

common to both the sweet and the umami taste receptor, as well as a

downregulation of sweet receptor-specific Tas1r2 transcripts in the hippocampus

along with alterations in neurometabolic functions of the experimental animals

[46]. Compared to wild-type mice, Tas1r3 knockout animals were protected against

negative cognitive effects of chronic acesulfame K treatment attesting to a putative

role of Tas1r genes in learning tasks.

While taste receptors, devoted to the detection of sweet and umami compounds,

may indicate an important endogenous role in energy surveillance of these recep-

tors, the expression of bitter taste receptors in the brain is even more surprising.

Nevertheless, Singh et al. [49] recently reported the expression of several Tas2r
genes in the brainstem, cerebellum, cortex, and nucleus accumbens of rat brain. By

RT-PCR, transcripts specific for the receptors Tas2r10, Tas2r4, and Tas2r38 were

detected. Using a non-validated Tas2r4 antiserum, labeling was reported in neurons

of the nucleus tractus solitarius (NTS) and the molecular layer of the cerebellum.

Despite the apparent absence of bitter receptor gene expression in glial cells in vivo,

the authors were able to detect several Tas2r-specific transcripts in cultured C6 glial

cells, originating from experimentally induced rat gliomas [104], as well as in

cultured primary neuronal cells. Tas2r4 may represent a functional ortholog of

mouse Tas2r108, which is a low-sensitivity denatonium benzoate receptor [73],

and/or of human TAS2R4, which has been reported to respond to a variety of bitter

compounds, including denatonium benzoate [73, 83] and quinine [83, 105]. Based

on this assumption functional calcium imaging experiments were performed. It

turned out that, indeed, both cell lines responded in a dose-dependent fashion to

rather high concentrations of the two tested stimuli. In another study performed in

rat, the rat bitter taste receptor Tas2r1, along with signaling components involved in

taste transduction such as α-gustducin, PLCβ2, and TRPM5, was detected in the

brainstem tissue by RT-PCR experiments [47]. In contrast to the study by Singh

et al [49], bitter receptor gene expression seemed to be rather restricted to few

receptors in the brainstem and did not extend to the cerebellum. Further studies,

using antisera specific for taste-signaling components, located these molecules in a

subset of serotonergic neurons (¼tryptophan hydroxylase immunoreactive) within

the medullary raphe known to contain chemosensorically active cells [106]. Recent

experimental evidence, obtained from human patients suffering from degenerative

Taste Receptor Gene Expression Outside the Gustatory System 9



brain diseases, suggests that TAS2R gene expression as determined by quantitative

RT-PCR analyses can be altered in cases of Parkinson’s disease, Alzheimer’s
disease, progressive supranuclear palsy, and Creutzfeldt-Jakob disease [44,

45]. Whereas these data underscore the occurrence and possible functional role of

brain-expressed bitter taste receptor genes, it is not known if the observed alter-

ations in bitter taste receptor gene expression levels represent merely secondary

events during disease progression or play a more active role in these processes.

4 Gastrointestinal Tract

The gastrointestinal (GI) system has received considerable attention over the past

years, as it turned out to express components of the taste-signaling cascade. Early

reports already suggested that cells with chemosensory ability might exist in the

epithelial lining of the GI tract. Indeed, the presence of taste-signaling components

was confirmed in many GI tissues, whereas the detection of G protein-coupled taste

receptors on a cellular level was, depending on the receptor type, more difficult.

These initial findings triggered the search for the physiological processes controlled

by GI taste receptors.

4.1 Taste Receptors in the Gastrointestinal Tract

The first G protein-coupled receptors described in the GI tract were 11 members of

the Tas2r family, whose transcripts were detected by RT-PCR in gastric and

duodenal mucosa of rodents [25]. Subsequent reports have described the identifi-

cation of further bitter taste receptor transcripts in GI tract tissues of rat and mouse

origin [3, 13, 14, 24] as well as in human cecum, colon [5, 14], and ileum

[107]. From these reports, it appears that different GI organs and even functionally

distinct parts of the same organ host different Tas2r subsets pointing to a complex

role for Tas2rs in the GI system. A recent qRT-PCR study on the distribution and

expression levels of a set of Tas2r along the mouse GI tract confirmed this by

showing that (1) Tas2r distribution is rather heterogeneous, with some receptors

being present in all GI organs analyzed and others being restricted to only few or

single organs, and (2) Tas2rs in mouse GI tract are expressed at a very low level

compared to gustatory tissue [19].

Also members of the TAS1R gene family of G protein-coupled receptors were

identified in the GI system. Regarding the alimentary canal, it was found that mouse

small intestine harbors all three subunits (TAS1R1, TAS1R2, and TAS1R3) of the

TAS1R family as shown by both RT-PCR analyses and Western blotting [6]. Along

the anteroposterior axis, the site of the highest expression is the jejunum in case of

10 M. Behrens et al.



the sweet taste receptor subunits TAS1R2 and TAS1R3 (the latter being the most

abundant). On the contrary, the umami-specific receptor subunit TAS1R1 is found

mostly in the ileum [6]. Further studies took advantage of the available immuno-

logical tools for histological techniques to reveal the localization of TAS1R recep-

tors. Sweet and umami taste receptor subunit expression was indeed shown mostly

in mouse proximal small intestine in the mucosal layer and at all levels along the

crypt-villus axis [2, 4, 16, 17, 108, 109].

In human, similar data to those from rodent models were obtained. In one study,

an approximately tenfold higher expression of TAS1R3 with respect to TAS1R2 in

small intestinal tissues was reported [26, 110]. Another study described an approx-

imately 1,500 times higher expression of TAS1R3 compared with TAS1R2 in the

same tissues [2]. In the same report, the authors measured the amount of TAS1R

transcripts also in the large intestine, in which lower levels of expression compared

with the small intestine were observed. The presence of TAS1R subunits in man has

also been confirmed at the protein level using specific antibodies [11, 110].

In the upper GI tract, Tas1r3 was found in the corpus mucosa of the mouse

stomach, both in adult [111, 112] and young postnatal mice [113]. The distribution

of the Tas1r3-expressing cells is highly restricted, with the highest number in the

region of the limiting ridge, at the border between the corpus and fundus

regions [112].

Also other animal models were employed to investigate TAS1R expression in

the GI tract: expression was revealed in the small intestine and stomach of pig [114,

115], dog, cat, and horse [116, 117] indicating a conserved and presumably

essential role in the GI physiology of mammals for taste receptors. The identifica-

tion of Tas1r2 and Tas1r3 gene expression in explanted pancreatic islets of mouse

[18] and in human pancreas and liver tissues [118] suggests the conserved role of

these taste receptors is not limited to those GI tissues that come into direct contact to

the luminal food constituents.

4.2 Taste-Signaling Components in the GI Tract

All main components of the canonical taste transduction cascade (see Sect. 2) have

been investigated in GI tissues. The first identified taste-related signaling molecule

was α-gustducin in mucosal cells of the stomach and duodenum in rat [102] as well

as in the pancreatic duct system [119]. That also other elements of the sensorial

taste system are expressed in the GI tract became clear, when α-transducin, which is
closely related to and can functionally replace α-gustducin [120], was found in

intestinal epithelium and in gastric fundus and antrum [25, 121]. Recently, both G

protein α-subunits were found to be expressed in ghrelin-producing cells of the

oxyntic glands of the stomach [12]. Numerous reports confirmed and extended the

initial findings of taste-signaling elements in the GI tract to most regions of the
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alimentary canal [2, 4, 16, 17, 23, 108, 117, 122], with the colon harboring the

highest number of α-gustducin-positive cells [123]. Noteworthy is the finding of a

numerically important α-gustducin-expressing cell population confined to a relative
restricted region of the stomach, the limiting ridge [112]. In human, the presence of

α-gustducin was demonstrated in the small intestine and in the colon [11, 20], both

at mRNA and protein level.

The notion that taste-like mechanisms might work in specialized GI cells was

further corroborated by the presence of PLCβ2. Single PLCβ2-positive cells in the

small intestine and in colonic mucosa were demonstrated in rodent [2, 19, 122] and

human tissue samples [11]. In the stomach, PLCβ2-expressing cells are found in

separated populations in two distinct anatomical and functional regions of the

organ, the corpus mucosa and the limiting ridge [112, 124].

Another taste-signaling element, the transient receptor potential subfamily M

member 5 (TRPM5) channel, is expressed along the entire length of the GI tract

from the stomach to colon [2, 11, 26, 110, 122, 125, 126]. In the gastric organ, as it

is the case for other taste-related proteins, it is mostly expressed in the region of the

limiting ridge [112, 113, 115, 124].

Taste transduction cascade elements are considered as surrogate markers when

studying the occurrence of cells outside the sensorial systems with potential

chemoresponsive abilities. By analogy with their role in taste cells, it is assumed

that they would fulfill the same task also in non-taste cells. This would consequently

imply the simultaneous presence of other components of the taste transduction

cascade as well as upstream taste receptors. The good availability of experimental

tools such as specific antisera and genetically modified mouse lines explains their

extensive use as markers for potentially tastant-responsive cells. However, avail-

able data indicate that in GI tissues the link between the various taste-signaling

components is not as tight as in the gustatory system. In fact, depending on the

different regions of the GI tract and even within the same region, the degree of

colocalization of the various transducing elements varies considerably. The entire

population of TRPM5-GFP-labeled cells in duodenal villi and the colon

co-expresses α-gustducin, while only one-third of TRPM5-positive duodenal cells

show also PLCβ2 expression [2]. In the colon, PLCβ2-positive cells even represent

a completely separated population with respect to TRMP5-labeled cells [2]. In the

stomach, the situation is again different: within the gastric groove, all α-gustducin-
and TRPM5-positive cells also express PLCβ2 [124]. Regarding the co-expression

of taste transduction elements with taste receptors, it turned out that TRPM5-

positive cells in mouse small intestine do neither express Tas1rs nor Tas2rs [2],

while in the same regions α-gustducin exhibits a certain degree of colocalization

with the Tas1r subunits [4, 11, 17]. Moreover, in the GI tract taste-related signaling

elements may facilitate signal propagation of G protein-coupled receptors currently

not considered as bona fide taste receptors such as fatty acid receptors and

oleoylethanolamide and bile acid receptors which are co-expressed with

α-gustducin in mouse colon [123].
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4.3 Cell Types

The numerous studies performed so far have demonstrated that the GI tract contains

a heterogeneous cell population expressing taste-related molecules. One of these

identified cell types are brush cells (or tuft cells or caveolated cells) representing a

minor differentiated cell type that manifest as single cells scattered throughout the

mucosa. In mouse, they represent 0.4% of the intestinal epithelium and they possess

a tapering cell body with a tuft of microvilli on top protruding into the intestinal

lumen [127]. The structural features of brush cells have led to the speculation that

they might sense the chemical content in the gut lumen through their apical pole

[128]. The finding that brush cells express α-gustducin represented the first molec-

ular clue that this cell type may indeed participate in intestinal chemoreception

[102, 119, 121]. Subsequent studies have shown that mouse stomach brush cells,

lining the border between fundus and corpus, the so-called limiting ridge, express

also other taste transduction components like TRPM5, PLCβ2, and especially

Tas1r3 [10, 124]. In the mucosa of the small and large intestine, brush cells express

with a variable degree of overlap TRPM5, α-gustducin, PLCβ2, and Tas1rs [2,

122].

Another intestinal cell population, discovered to express taste-related molecules,

are the enteroendocrine cells (1% of the lining epithelium) [6]. In their entirety, they

express up to 20 gastrointestinal hormones that, together with their localization

within the mucosa, define a complex class of enteroendocrine cells that function as

important metabolic regulators [129]. Indeed, it was shown that human and mouse

duodenal enteroendocrine L (expressing GLP-1, GLP-2, and PYY) and K

(expressing GIP) cells harbor the sweet taste receptor-specific subunit Tas1r2,

together with other taste-signaling components [11, 17]. In accordance with these

findings, Tas1r2 was never found to be expressed in enteroendocrine I cells

identified by the expression of CCK. On the contrary, the specific umami receptor

subunit Tas1r1 is consistently expressed in I cells [4], indicating the segregation of

the sweet and umami receptors in two different enteroendocrine cell populations

that secrete different hormones and thus exert various functions such as induction of

satiety, gastric emptying, intestinal motility, and stimulation of insulin secretion.

Tas1r3 is expressed in both cell types, consistent with its role as binding partner in

the formation of both functional sweet and umami taste receptors as well as in

ghrelin-producing cells of the duodenum [4, 10]. In mouse jejunum and in human

ileum, enterochromaffin (EC) cells producing serotonin were found to express

α-gustducin [23], TAS1R3, and TAS2R1 [107]. In the colon, α-gustducin is

expressed again in L and K cells but not in EC cells [20, 123]. Also in the stomach

of mouse, the Tas1r3 subunit was found in gastrin-positive G cells [111]. Moreover,

the Tas1r3 subunit was found to be expressed in the corpus of mouse stomach in

ghrelin-positive cells [10] (Fig. 4).

Regarding the identification of cell type(s) expressing Tas2rs in situ, the data are

much more limited. The main reasons for the scarcity of data might be a lack of

reliable antisera as well as rather low expression levels of bitter taste receptor
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mRNAs in GI tissues, which limits the use of other histological methods such as in

situ hybridization [19]. To date, only two reports directly addressed the in situ

expression pattern of bitter taste receptors in the rodent GI tract. One study

identified enteroendocrine cells in mouse duodenum, expressing bitter taste recep-

tor genes by immunohistochemical experiments using a non-validated antiserum

raised against the receptor Tas2r138 [13]. More recently, the difficulties to demon-

strate the in situ expression of Tas2rs were overcome by using a knock-in mouse

model, in which a fluorescent marker protein reports the activation of the Tas2r131

locus with high sensitivity and reliability. It was shown that the Tas2r131 gene is

expressed in the GI tract with a proximal-to-distal gradient from the jejunum to

colon and the Tas2r131-positive cells in the colonic mucosa were identified as a

subset of goblet cells [19]. Curiously, these cells do not express α-gustducin or

PLCβ2, so other signal transduction elements are likely to relay the signal down-

stream of the receptor [19].

Fig. 4 Model of the sweet receptor mediated pathway leading elevated intestinal glucose absorp-

tion. Activated sweet taste receptors localized on enteroendocrine L cells trigger the elevation of

intracellular calcium levels via a pathway involving α-gustducin. The L cells secrete the peptide

hormones GLP-1 and GLP-2. Secreted GLP-2 interacts with GLP-2 receptors located on neigh-

boring enteric neurons, which by means of a so far unidentified neuropeptide stimulate

enterocytes. Within the enterocytes, this signal results in an upregulation of SGLT1 mRNA and,

finally, the incorporation of additional SGLT1 into the apical membrane. The elevation of SGLT-1

gene transcription is mediated by the cAMP-regulated protein kinase A (PKA). Redrawn and

modified from Shirazi-Beechey et al. [21]
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4.4 Model Cell Lines

Over the years, several working groups used cell lines derived from gastrointestinal

tissues to study taste receptor expression and function. GI taste receptors in

enteroendocrine cell lines were firstly identified in the mouse STC-1 cell line

[25], which was shown to express several bitter taste receptors as well as compo-

nents of the canonical taste transduction cascade [3, 24, 25]. The same cell line also

expresses the subunits Tas1r1 and Tas1r3 [4], and it is able to respond to tastants by

releasing GI hormones such as CCK [3, 4]. Other enteroendocrine cell lines of

gastrointestinal origin were used: the HuTu-80 cell line from the human intestine

expresses TAS2Rs [20, 130], and the NCI-H716 of human origin is equipped with

both sweet taste receptors [11] and bitter taste receptors [5, 20] that, upon activa-

tion, can trigger the secretion of GLP-1 [5, 11]. Despite these findings, the func-

tional significance of the simultaneous presence of sweet and bitter taste receptors

in the same cells still needs further clarification, as it appears counterintuitive that

sweet and bitter taste receptors should trigger the same physiological responses.

4.5 Physiological Functions of GI Taste Receptors

There is an increasing body of evidence pointing at a role of sweet taste receptors in

GI organs as regulators of glucose metabolism. It is well known that administration

of glucose per os is more effective than a direct injection of glucose into the blood

circulation to stimulate insulin release from the pancreas, which in turn promotes

the cellular uptake of the circulating glucose [131]. This phenomenon is caused by

the presence of sugars in the intestinal lumen triggering the secretion of potent

insulin secretagogues, the incretin hormones GLP-1 and GIP, from enteroendocrine

cells of the gut wall [132]. However, the sensor molecules, detecting luminal sugars

and triggering the physiological responses, have been rather elusive. Jang

et al. demonstrated that sweet taste receptors are expressed together with all

components of taste transduction cascade in GLP-1- and GIP-secreting

enteroendocrine L and K cells, respectively [11]. They observed that excised

duodenal villi treated with glucose release GLP-1 and that in α-gustducin knockout
animals upon glucose gavage the plasma levels of GLP-1, GIP, and insulin were

lower than in wild-type littermates. They concluded that gustducin-coupled sweet

taste receptors are the luminal sensors that detect sugars in the gut and trigger

incretin hormone release from enteroendocrine cells. The physiological conse-

quences of sweet taste receptor activation in gut enteroendocrine cells are not

limited to the so-called incretin effect. Prolonged exposure to a carbohydrate-rich

diet or to a diet enriched with artificial sweeteners causes an increase in the

expression of the Na+-glucose cotransporter 1 (SGLT-1) in the brush border

membrane of enterocytes resulting in higher absorption of carbohydrates from the

small intestine. This effect is abolished in α-gustducin and Tas1r3 knockout mice,
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suggesting that the sweet taste receptor in enteroendocrine cells senses luminal

sugars to adjust the intestinal uptake capacity to the diet [17]. The authors proposed

that a paracrine signal is released by the enteroendocrine cells resulting in an

upregulation of the expression of SGLT-1 by enterocytes. The responsible signaling

molecule might be GLP-2, which, after being secreted by enteroendocrine L cells

[117, 133], activates enteric neurons expressing the receptor GLP-2R. This in turn

causes the release of a yet unidentified neuropeptide that stimulates the basolateral

membrane of enterocytes to upregulate SGLT-1 expression [21]. Also studies

performed in human describe a situation in which sweet taste receptors are actively

involved in the release of GLP-1 and PYY hormones from enteroendocrine cells of

the gut upon intragastric and intraduodenal glucose infusions, as lactisole, a potent

inhibitor of the human sweet taste receptor, decreased the quantity of measured

hormones [22, 134]. Some in vivo studies involving animals and humans show

conflicting results with regard to the specific involvement of sweet taste receptors in

the measured response and pointed out that other carbohydrate sensors might

operate in the gut. In some of these studies, artificial sweeteners did not increase

incretin hormone levels from the gut of human volunteers and laboratory animals

[135–137]. A recent study indeed showed that there are more mechanisms

governing GLP-1 release upon glucose stimulation in the alimentary canal, and

they differ depending on the localization along the GI tract [7]. Using Tas1r3 and

Tas1r2 knockout mice, the authors showed that in an oral glucose tolerance test, the

Tas1r3 subunit is fundamental for the control of plasma glucose and insulin levels,

whereas Tas1r2 null mice do not show any difference with respect to WT animals.

Experiments with small intestinal explants treated with glucose, fructose, and

sucralose revealed that the Tas1r2 subunit is less effective in stimulating GLP-1

release than the Tas1r3 subunit, which can partially compensate for the absence of

Tas1r2. Using colon explants, it was demonstrated that the main control mechanism

of GLP-1 release is KATP channel dependent and glucose specific, whereas taste-

like mechanisms do not seem to be fundamental for eliciting incretin release from

this part of the gut [7]. The observed phenotypical differences in Tas1r2 knockout

versus Tas1r3 knockout mice, which both should render the sweet taste receptor

nonfunctional, have been observed in other studies as well (e.g., see below [138,

139]). Whether this might be due to a residual function of homooligomeric Tas1r3

as low-affinity receptor for natural sweet compounds [140] and/or compensatory

effects of other members of the class C GPCR family such as Tas1r1 [71], the

calcium-sensing receptor [141], CaSR, and the amino acid-sensitive GPRC6A [142,

143], perhaps by the formation of alternative heterooligomers, remains to be

determined.

There is evidence that other mechanisms in addition to the glucose metabolic

pathway fine-regulate the release of insulin from pancreatic β-cells [144]. Indeed, it
was observed that artificial sweeteners provoke both insulin release from isolated

pancreatic islets and an augmented insulin secretion from MIN6 cells treated with

glucose. A similar potentiation effect was demonstrated for fructose to increase

insulin secretion from mouse and human islets [15, 18]. Some data suggest that

pancreatic β-cells may sense sweet molecules mostly by means of a TAS1R3
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homodimer, because (1) the TAS1R2 subunit is expressed at a very low level

compared to TAS1R3 and (2) TAS1R2 mRNA knockdown does not affect the

cellular response to artificial sweeteners, as it is the case with a knockdown of

TAS1R3 [138, 139].

Concerning umami taste receptor function in the gut, fewer data are available.

However, one study showed that the mouse STC-1 enteroendocrine cell line is able

to release CCK in response to amino acid stimulation similar to small intestinal

tissue. The response was shown to be umami taste receptor dependent as demon-

strated by mRNA knockdown experiments with STC-1 cells and by treating

intestinal explants with gurmarin, an inhibitor of rodent sweet [145, 146] and

umami [147, 148] responses [117]. In particular in the gastric mucosa, L-amino

acid sensing might be facilitated by mechanisms different from umami taste

perception [149].

Also the potential role of bitter taste receptors in GI physiology is less well

characterized compared to that of the sweet taste receptor. This seems to be mostly

due to the limited knowledge on the cell type(s) expressing bitter taste receptors as

well as the high pharmacological activity of bitter compounds, which, on top of

that, possess an incredible variety of chemical structures [83]. A good example for

the fact that GI responses must not necessarily involve (bitter) taste-related signal-

ing elements has been obtained in rat pancreatic tissue. Here, Straub et al. [150]

used the bitter substance denatonium benzoate to stimulate insulin release from

clonal HIT-T15 β-cells as well as from isolated rat pancreatic islets. In the presence

of denatonium, islets bathed in glucose solution start secreting insulin through a

mechanism that does not involve gustducin or transducin as assessed in a trypsin

digestion assay. It rather inhibits KATP channel activity, leading to cell membrane

depolarization that, in turn, opens the voltage-gated calcium channels allowing the

influx of calcium from the extracellular milieu [150].

One of the hypothesized functions for Tas2r in murine GI tract is the delaying of

gastric emptying. It is indeed intuitive that bitter compounds, which are frequently

rather harmful for the organism [151], would trigger defensive reactions in case of

accidental ingestion to prevent them from spreading throughout the body. The first

reports on this issue showed contrasting evidences in experiments conducted in

human subjects [152, 153]. Nevertheless, results obtained with rodent models

pointed indeed to a modulatory role of ingested bitter compounds in the regulation

of gastric motility. Intragastric infusions of 10 mmol/L denatonium significantly

delayed the speed of gastric emptying in rats [8]. In another study, a mouse model

was used to show that intragastric gavage of a mixture of bitter compounds pro-

vokes the secretion of ghrelin into the blood circulation leading to a short-term

increase in food intake as assessed in GHS-R null mice [12]. Both ghrelin secretion

and increase in food intake were proven to be dependent on α-gustducin. However,
4 h after the administration of the bitter mixture, a decrease in both gastric emptying

and consequently in food intake was observed. These effects are independent of

CCK and GLP-1 release from the small intestine but rather controlled by an

unknown effect of bitter compounds on the smooth muscles of the stomach wall

[12]. In view of these findings and due to the fact that rodents lack the vomiting
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reflex, the delay in gastric emptying appears to be an important adaptive mechanism

that would slow down the rate of ingestion of further noxious compounds. In

agreement with this, a report from Kaji et al. [14] showed that application of 6-n-
propyl-2-thiouracil onto explanted colonic mucosa of human and rat elicits ion and

fluid secretion. This would in turn be important to flush out harmful compounds that

have reached the colon lumen. Jeon and coworkers suggest that murine Tas2r

activity in the small intestine is regulated by diet composition presumably to

prepare the intestinal lumen to a defensive response involving the xenobiotic

transporter ABCB1 against ingested noxious compound [13, 154].

Part of the GI bitter-sensing mechanism may involve vagal nerve fibers, and it

was proven that intragastric administration of bitter compounds in mice increases

the number of activated neurons of the mid-NTS, the terminal station of the vagal

afferents from the GI tract, through activation of CCK1 and Y2 receptors. This

effect was shown by c-fos expression and it is abolished by subdiaphragmatic

vagotomy. It was proposed that Tas2rs expressed in enteroendocrine cells trigger

the release of CCK and PYY, which in turn activate the adjacent vagal fibers to

relay the signal to the brain [9]. Further experiments with rats showed that other

brain areas exhibit augmented c-fos expression after gavage with bitter compounds

and that this correlates with an avoidance behavior upon stimulation with flavors

previously paired with intragastrically administered bitter substances [155].

5 Respiratory System

Soon after the discovery of bitter taste receptor expression in the gastrointestinal

tract [25], the respiratory system, another extraoral epithelium that is constantly

challenged by potentially harmful substances present in the environment of organ-

isms, was shown to express Tas2r genes [28]. The cells, which express not only

Tas2r genes but also α-gustducin, PLCβ2 [28], and TRPM5 [125], show distinct

morphological features identifying them as solitary chemosensory cells [28].Within

the respiratory epithelium of the rodents’ nasal cavity, these bitter taste receptor-

expressing cells are ideally suited to detect irritating noxious chemicals entering the

organism through the inhaled air. Moreover, synaptic contact sites between solitary

chemosensory cells in the nasal cavity with trigeminal nerve fibers have been

identified [28]. Indeed, it was shown that stimulation of the cells with cognate

bitter substances results in the activation of trigeminal nerve responses, which

mediate depression of the respiratory rate [28]. More recently, bacterial quorum

sensing molecules such as acyl-homoserine lactones were found to activate nasal

solitary chemosensory cells as well suggesting that these cells not only serve a role

in minimizing the amount of inhaled harmful xenobiotics but also are involved in

defense mechanisms against pathogenic microorganisms [35, 156]. Recently, the

presence of solitary chemosensory cells that express bitter receptors and

corresponding signal transduction elements was demonstrated in human nasal
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respiratory epithelium as well suggesting the existence of a conserved protective

mechanism [157].

Bitter taste receptor expression is not restricted to the upper airways but extends

into the lower airways. Intriguingly, Shah et al. [32] demonstrated that ciliated cells

of human airway epithelia express bitter taste receptors and respond to stimulation

with bitter compounds with changes in their ciliary beat frequency. The authors

believe that this mechanism allows the rapid elimination of noxious compounds in a

cell-autonomous fashion. Recently, the direct involvement of the human bitter taste

receptor TAS2R38 in the detection of bacterial quorum sensing molecules was

proposed [30]. The authors found that human TAS2R38 is expressed in ciliated

epithelial cells of the upper airways and that activation of this receptor by acyl-

homoserine lactone results in an elevated ciliary beat frequency leading to

improved mucociliary clearance as well as direct antibacterial effects [30]. Strik-

ingly, a common genetic polymorphism of the TAS2R38 gene, which furnishes

carriers of this genetic variant with a nonfunctional receptor protein, was shown to

be associated with a higher incidence of sinonasal gram-negative bacterial infec-

tions [30]. A subsequent study, performed in knockout mice lacking taste-related

signaling components such as PLCβ2, Trpm5, and α-gustducin, confirmed a role of

bitter taste receptor signaling in the protection against airway infection caused by

gram-negative bacteria. It was shown that nasal epithelial cells of mice signal in

response to stimulation with acyl-homoserine lactone and that this response

requires PLCβ2 and Trpm5 but not α-gustducin [158]. It should be noted that

another study, performed in genetically modified mice expressing TRPM5-GFP,

failed to identify taste-related cell types other than solitary chemosensory cells in

the airways of mice; it remains to be seen how these contrasting results resolve [33].

Another site of bitter taste receptor expression in mammalian airways is smooth

muscle cells of human airways [27]. Apparently counterintuitive, the stimulation of

airway smooth muscle cells with bitter agonists did not result in bronchocon-

striction consistent with a protective role, but rather resulted in the dilation of

airways [27]. This report, although not undisputed (cf. [33, 159, 160]), generated

considerable interest in the applicability of bitter tastants for the treatment of

obstructive lung diseases. The bronchodilatory effect of bitter agonists observed

by Deshpande et al. has been confirmed by a recent study performed by Zhang

et al. [37] on cultured mouse airway smooth muscle cells and airway explants.

Deshpande et al. [27] observed bitter tastant-evoked calcium increases in cultured

airway smooth muscle cells, similar to the activity of established bronchocon-

strictors, such as bradykinin or histamine, and suggested that local calcium

increases via BKca channels could be responsible for the observed smooth muscle

relaxation. In contrast, Zhang et al. suggested a different mechanism underlying this

effect: the comparatively small increase of calcium ion levels in bitter compound-

stimulated cultured airway smooth muscle cells and the failure to reproduce the

local calcium events, observed by Deshpande et al. [27], led Zhang et al. to believe

that bitter compound signaling exerts its bronchodilatory effect rather by antago-

nizing smooth muscle constriction. Indeed, the authors reported that bitter com-

pounds inhibit the activation of voltage-dependent calcium channels by
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bronchoconstricting drugs and that this effect causes smooth muscle relaxation

[37]. Although the exact mechanism, by which bitter taste receptor signaling causes

bronchodilation, requires clarification, the finding that the large number of cognate

bitter compounds may, in fact, represent a pool of potentially powerful drugs in the

treatment of obstructive lung diseases is intriguing. The recent reports that TAS2R
gene expression is increased in severe, therapy-resistant asthma in children and,

hence, the potential target receptors for such alternative treatment strategies seem to

be even upregulated [31] are promising prerequisites for a potential therapeutic

value of cognate bitter substances.

Although the majority of reports about taste receptor expression and function in

the airways focus on bitter taste receptors, which are believed to fulfill a protective

role similar to their suspected function in the gustatory system, it should be noted

that also Tas1r gene expression has been detected in the respiratory system of

rodents [33]. Whether the detection of Tas1r3 in solitary chemosensory cells of the

airways in rodents hints at the presence of sweet or umami receptors or both

remains to be determined.

6 Heart

One of the most recent additions to the growing list of extraoral tissues expressing

taste receptors is the heart [50]. By qRT-PCR analyses of rat neonatal whole heart

cDNA, the two genes encoding the umami receptor subunits, Tas1r1 and Tas1r3, as

well as seven bitter taste receptor genes were found to be expressed. Subsequently,

samples of ventricular tissue of failing human hearts were tested and revealed the

expression of more than half of all human TAS2R genes. Remarkably, the mRNA of

the human bitter taste receptor TAS2R14, which is known to represent a very

broadly tuned human TAS2R [83, 161], was found to be present at levels compa-

rable to that of the β1-adrenergic receptor [50]. Interestingly, a recent report

suggested that this receptor responds to numerous clinically relevant drugs and

that a considerable overlap between TAS2R14 agonists and small molecules,

interacting with human ether-a-go-go related gene (hERG) potassium channels,

exists [162]. As hERG potassium channels play an important role in cardiac

physiology (e.g., [163]), more research on the impact of bitter compounds on

cardiac tissue seems to be warranted. Using primary cell cultures derived from

neonatal rat hearts, taste receptor gene expression as well as taste-related signaling

components such as α-gustducin, phospholipase Cβ2, and TRPM5 was confirmed in

cardiomyocytes. Concerning the localization of taste receptor mRNAs in situ,

Tas1r and Tas2r gene expression was demonstrated in small subsets of cardiac

cells by in situ hybridization. Further, Tas1r1 promoter-driven expression of fluo-

rescent marker protein was observed in the myocardium of a knock-in mouse line

[50]. Interestingly, the investigated taste receptor genes showed distinct develop-

mental expression patterns and were regulated by experimentally induced nutrient

deprivation [50].
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7 Reproductive System

For successful fertilization, mammalian spermatozoa have to find their way along

the female genital tract to eventually find the egg cell and fuse with it. The idea that

spermatozoa are guided on their way by chemical cues is comprehensible, and in

fact, chemotactic navigation of sperm cells has been demonstrated in invertebrates

and vertebrates including mammals [164]. Among the first chemoreceptors

suspected to serve a function in this process have been the odorant receptors

(OR). Indeed, it has been shown that the human odorant receptor OR 17-4, which

is located on human spermatozoa, is responsible for the attraction of sperm cells

toward the compound bourgeonal [52]. Similarly, in mouse the odorant receptor

MOR23 has been shown to mediate responsiveness of sperm cells to the agonist

lyral to regulate sperm motility [51]. The exact role of ORs in mammalian sperm

chemotaxis and the existence of relevant OR ligands in the female reproductive

tract, however, remain to be determined [165]. Even though also the expression of

taste receptor genes in mouse [67, 74] and human [166] testes was recognized quite

some time ago, detailed analyses of expression patterns and putative functional

roles have been performed only rather recently [39]. Similar to other extragustatory

tissues, the first molecule that has been investigated to identify taste-related signal-

ing in male reproductive tissue was the Gα-subunit, α-gustducin [87]. It was shown
that α-gustducin expression occurs already in differentiating spermatids and is

retained in mature spermatozoa [167]. Moreover, also other components of the

gustatory signaling cascade, involved in signal transduction of taste GPCRs such as

Gγ13, phospholipase Cβ2, and the transient receptor potential channel TRPM5,

have been identified in mouse sperm cells [40]. Indeed, expression of all 3 Tas1r
genes and all 35 putatively functional Tas2r genes has been detected in mouse

testes [43]. The Tas1r3, the common subunit of sweet and umami receptors, is

localized on the convex side of the head and the principle piece of the sperm

flagellum [41]. By using genetically modified mice, which express a fluorescent

marker protein under the control of the promoter of the umami receptor-specific

Tas1r1 gene, an overlapping expression pattern was observed indicating the pres-

ence of both subunits of the umami receptor. This was confirmed by double-

labeling immunofluorescence experiments on human spermatozoa [41]. Intrigu-

ingly, sperm derived from Tas1r1-deficient mice showed differences in basal

intracellular calcium ion as well as cyclic AMP levels suggesting a role of the

umami receptor in sperm function [41]. Hence, umami receptor agonists and

modulators of umami receptor responsiveness may play a, so far unanticipated,

role for mammalian fertility including human. The latter may also apply for sweet-

tasting substances and cognate modulators of the mammalian sweet taste receptor,

as also the sweet taste receptor-specific Tas1r2 gene is expressed in spermatozoa

([38, 42], however, cf. [41]).

Intriguingly, the simultaneous absence of TAS1R3 and α-gustducin genes in

genetically modified mice resulted in male-specific sterility confirming an impor-

tant contribution of taste-signaling molecules for normal fertility [42]. Moreover,
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the authors of this study engineered mice with a humanized TAS1R3 subunit

instead of the native murine Tas1r3 and combined it with an α-gustducin knockout

mouse strain. This mouse line was susceptible to pharmacological induction of

male sterility with the antilipid drug clofibrate, which blocks human TAS1R3-

mediated signal transduction, but is not able to act via the mouse Tas1r3 ortholog

[42]. As several drugs, but also environmental pollutants such as herbicides, have

been identified to interfere with the activation of human TAS1R receptors, the

authors indicate a potential link between some forms of male infertility and these

compound classes. On the other hand the numerous TAS1R receptor agonists may

show so far not anticipated treatment options for some forms of male infertility.

Interestingly, in a double gene-targeted mouse line, it was shown that the umami

receptor subunit in mouse sperm cells is colocalized with the bitter taste receptor

Tas2r131, which is in sharp contrast to the situation in taste receptor cells [36]. As

all 35 mouse bitter taste receptor genes are expressed in the testis and it was shown

that mouse spermatids respond to several bitter compounds with increases of

intracellular calcium levels [43], it would be highly interesting to see if also bitter

taste receptor agonists and antagonists may affect male fertility. The generation of a

mouse line, in which all cells that express the bitter taste receptor gene Tas2r105 are

genetically ablated by the expression of diphtheria toxin A, revealed a considerable

reduction in testicular size [40]. However, this mouse line still produces a reduced

number of spermatids including Tas1r3-positive spermatids, suggesting a hetero-

geneous population of sperm cells. It would be very interesting to see whether bitter

agonists and activators of Tas1rs influence sperm cell physiology in synergistic or

opposing fashion or whether different subpopulations of sperm cells might be

susceptible to different tastants or taste modulators.

8 Outlook

The finding of taste receptors and taste-related signaling components in

non-gustatory tissues has received enormous, and ever-increasing, attention over

the recent years. The investigation of taste-related signaling is no longer only

relevant for researchers working in the field of chemoreception, but has attracted

scientists coming from diverse areas such as respiratory, gastrointestinal, reproduc-

tive, and cardiovascular systems to name just a few. This has stimulated multidis-

ciplinary research considerably and surely affected the way of how taste receptors

are presently understood; they are clearly not only “taste” receptors anymore.

However, this rapid expansion of knowledge, gained on potential roles for taste-

related signaling systems outside the gustatory system, has raised numerous open

questions, which need to be addressed, together with conflicting results that sur-

faced alongside, in the future.

One open question arises from the fact that numerous animal species have lost

some, several, or even numerous taste receptor genes during evolution. For

instance, cats [168] and chicken [169] lost their sweet taste receptor-specific
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Tas1r2 gene; the giant panda genome does not possess a functional umami taste

receptor-specific Tas1r1 gene [170]; and sea lions and bottlenose dolphins [171], as
well as vampire bats [172, 173], do not possess any functional Tas1r subunit, and

the dolphin genomemay, in addition, not even contain Tas2r genes [171]. Assuming

that taste receptors indeed fulfill an integral role in, e.g., brain function and fertility,

how can the ever-growing number of animal species that have been demonstrated to

lack taste receptor genes compensate for the absence of these molecules? The rather

“benign” phenotypes, observed in the various taste receptor knockout mouse

models, suggest that even animals, which have maintained their full taste receptor

gene repertoire in the course of evolution, can obviously compensate the acute loss

of extraoral taste receptors quite well.

Another issue arises from the fact that taste receptors in the oral cavity are rather

low-affinity receptors devoted to detect food-derived compounds at high and

nutritionally relevant concentrations. For taste receptors, expressed outside the

oral cavity, the question arises whether the corresponding stimuli reach concentra-

tions relevant to modulate the receptor’s activities. For bitter receptors present in
the brain, heart, and testis, this question appears most obvious: does one need to

consider scenarios in which an orally consumed bitter substance reaches concen-

trations in the organism sufficiently high to activate Tas2rs in these tissues or would

these receptors rather respond to yet undiscovered endogenous high-affinity

ligands? If the latter was true, what would have been the major driving force for

the development of Tas2rs during evolution, the endogenous ligand(s), or food-

derived xenobiotics? Similarly, mammalian sweet taste receptors respond to natural

sweet compounds in the mid- to high millimolar range [70], since blood glucose and

even more so brain glucose levels are within the low millimolar concentration range

[174]; under what circumstances would the sweet taste receptor will become

activated?

In order to determine the physiological role of taste receptors in extragustatory

tissues, it is important to identify the cell types that express the receptor gene as

well as demonstrate unambiguously the involvement of the receptor in the physi-

ological response observed upon stimulation with tastants. These two issues have

rarely been addressed satisfactorily in the past. One of the reasons for the lack of

data concerning the in vivo expression pattern of bitter taste receptors, e.g., in the

gastrointestinal tract, is that specific antisera raised against these molecules are

scarce. It would be beneficial to develop these tools in order to link the physiolog-

ical activity of tastant molecules to taste receptor-dependent signaling more tightly.

As it seems that some selective reagents such as an antiserum raised against the

human bitter taste receptor TAS2R38 [175] start to become available, the chances

that this situation will improve over time are good. Although requiring a consider-

able amount of effort, the generation of genetically modified mice, which strongly

express marker molecules under the control of taste receptor gene promoters,

represents a possible option for the identification of non-gustatory cell types

producing Tas2rs [19].

Because tastants may activate cellular signals independent of taste receptors,

physiological responses as a result of tastant stimulation are not necessarily
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sufficient evidence for the involvement of taste receptors. More convincing evi-

dence for taste receptor-dependent activity could be obtained by knockdown/

knockout approaches in suitable cellular or animal systems. Alternatively, the use

of taste receptor inhibitors such as, e.g., lactisole, a selective blocker of the human

sweet taste receptor, as well as the use of receptor-matched agonist sets, consisting

of known activators and non-activators, should help to clarify the putative involve-

ment of taste receptors better. This of course depends heavily on the continuing

success of the in vitro characterization of taste receptor responses to identify

receptor activation patterns and inhibitors for a larger panel of taste receptors.

The intriguing finding that taste receptors are expressed in numerous

non-gustatory tissues and fulfill within these tissues a variety of important physi-

ological functions does not only have implications on the way we are looking at

“taste” receptors but also their agonists, the tastants. Obviously, tastants may act via

the activation of extraoral taste receptors in multiple ways on the physiology of

vertebrates. In particular, bitter-tasting drugs may exert many off-target effects via

the activation of extraoral bitter taste receptors as pointed out in a highly recom-

mendable recent review article [176]. In the future it will be very important to

investigate such potential effects in detail in order to develop strategies to avoid

adverse side effects of bitter-tasting pharmaceuticals or even to identify novel drugs

based on bitter “lead” structures.
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