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Preface: The Chemical Senses Taste and Smell
in Medicinal Chemistry

This thematic issue of “Topics in Medicinal Chemistry” highlights a selection of
reviews on recent advances in modulating chemosensory receptors within the
chemical senses taste and smell and beyond.

Discovery of new bioactives, i.e., therapeutic agents at the interface of medicinal
chemistry, pharmacology, and various biological disciplines, typically starts with
the identification of “hits,” i.e., cognate compound/receptor pairs. The present
special issue on “Taste and Smell” in “Topics on Medicinal Chemistry” needs
thus to be target-centered. While there is a wealth of information about drugs and
their side effects on our chemical senses [1-3], much less is known with respect to
compounds designed to target and alter mechanisms of taste and smell perceptions.

In the case of compounds activating our chemical senses, olfaction and at least
the umami, sweet, and bitter taste modalities, G protein-coupled receptors (GPCR)
are the prime targets [4]. However, due to intrinsic properties of chemosensory
GPCR and the heterologous test cell systems employed [5, 6], approximately 85%
of our ~400 odorant receptors (OR) [9] and 16% of our 25 bitter taste receptors
(TAS2R) [10] (chapter ‘Taste Receptor Gene Expression Outside the Gustatory
System’ by Behrens et al.) are still, decades after their discovery [7, 8], orphan
receptors with unknown specific agonists (Table 1). So far, little information on
especially cognate odorant/OR pairs, validated by parameters of potency and
efficacy and in vivo studies, is available.

Putative odorant and taste receptor agonists are small organic compounds of a
specific biological activity, typically identified by bioassay-based approaches such
as functional genomics, cellomics, and reverse pharmacology. Knowledge of the
biological target molecules (receptor space) as well as of the biologically relevant
chemical information on putative cognate agonists (stimulus space) will help to
tackle complexity and to increase screening efficiency. Indeed, preselected, target-
oriented compound libraries have been demonstrably advantageous in the identifi-
cation process toward “hits” [21]. For example, only about 230 key food odorants
out of 10,000 volatiles in food have been shown to be necessary and sufficient as a
combinatorial toolbox to define most of today’s food aromas [15]. Whether these
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Table 1 Human orphan receptors and GPCR with known agonists

Human odorant Human taste Non-chemosensory
GPCR GPCR GPCR

Total 391 [11] (413) [9] |28 [8, 12, 13] 356 [14]

With known agonists 36 [15] (57) [16, 24110, 18, 19] 262
17]

Without known agonists ~350 4 (TAS2R) 94 [20]

(orphans)

GPCR G protein-coupled receptors, TAS2R bitter taste receptors

key food odorants span the entire stimulus space of our sense of olfaction is
however yet unclear. Similarly, a sensory-guided and diverse bitter compound
library [22] is likely to include putative agonists, at least for the mostly broadly
tuned bitter taste receptors in in vitro screening assays [18]. Indeed, target-oriented
screening approaches have already delivered some valuable chemosensory infor-
mation on cognate agonist/receptor pairs [10, 15]. Ideally, such screening
endeavors embrace principles of reverse pharmacology, or employ collections of
preselected, biological relevant, canonical activators of our chemical senses, for
example, using validated foodborne key aroma and flavor compounds that are
encountered by our chemical senses before a meal.

The receptors from our chemical senses taste and smell have evolved to detect
chemicals of microbiological, plant, or animal origin, which carry chemosensory
information. Thus, from a medicinal chemistry point of view, compounds that
interact with our chemosensory receptors initially and ideally have to be naturals.
In this volume, the medicinal chemistry of plant naturals as agonists/antagonists for
taste GPCR is reviewed in the chapter “Medicinal Chemistry of Plant Naturals as
Agonists/Antagonists for Taste Receptors” by Fletcher et al.

To put matters into a “medicinal chemistry” or pharmacognostic perspective:

1. More than 40% of marketed drugs target non-chemosensory GPCR [23, 24].

2. Ion channels represent the second largest target for existing drugs after GPCR
[24].

3. Of the small molecules approved as drugs in 2010, more than 50% were natural
products or directly derived therefrom [25].

4. An “ectopic” expression of the entire set of our ~430 chemosensory odorant and
taste GPCR in nonolfactory, non-taste-related tissues and cells would about
double the potential therapeutic GPCR target space (see Table 1).

Beyond GPCR, also ion channels of our chemical senses have advocated them-
selves as targets for a chemical modulation, for example, by odorants and tastants
[26-28]. Ton channels are transmembrane proteins constituting ligand- or voltage-
gated, water-filled pores to control active ion fluxes across membranes. The ion
channel family is intimately involved in many aspects of cell physiology and
signaling. For example, ion channels are prime effectors within the chemosensory
receptors’ signaling cascades, triggering frequency-encoded action potentials or
transmitter release in olfactory sensory neurons or taste cells, respectively. In this
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volume, two chapters by Boonen et al. (chapter “Chemical Activation of Sensory
TRP Channels) and by Takeuchi and Kurahashi (chapter “Olfactory Transduction
Channels and Their Modulation by Varieties of Volatile Substances”) review the
effects of odorants or tastants on olfaction- or taste-related ion channels, opening a
fresh view on an avenue of chemical intervention of these key effector molecules in
the cellular signaling cascades of our chemical senses.

What could be the therapeutic potential of compounds targeting chemosensory
receptors or ion channels? Is it to interfere hedonically with the regulation of
appetite/craving to cut down or prevent calory intake in weight-challenged health
risk groups [29-34]? Is it to develop bitter taste blockers to make bitter medicine
palatable [35-37]? Or is it to identify allosteric modulators of our chemical senses,
olfaction and taste [38], to boost appetite and hedonic experience of food for the
chemosensory-challenged elderly, chronically ill, immune-deficient, and cancer
patients [39—44]? Increasing evidence for an ectopic expression of chemosensory
GPCR in tissues unrelated to taste and smell opens yet another, new perspective, in
which any odorant or taste receptor agonists, beyond their function as adequate
stimuli for our chemical senses, have to be considered bioactives in a variety of
non-chemosensory cells, tissues, and organs [45—48]. In this volume, the reader will
find these aspects reviewed by Behrens et al. for taste receptors (chapter “Taste
Receptor Gene Expression Outside the Gustatory System”) and by Marcinek et al.
for odorant receptors, biogenic amine receptors, and taste receptors (chapter
“Chemosensory G Protein-Coupled Receptors (GPCR) in Blood Leukocytes”),
exemplified for their expression within the cellular immune system. Both chapters
review evidence that, beyond our chemical senses smell and taste, some odorant
and taste receptors are likely to emerge as genuine and relevant drug targets with a
high chance of pharmacological intervention [49-51].

Trace amine-associated receptors are genuine olfactory receptors (at least in
rodents [52—-54]) with a non-yet-defined olfactory role in humans. In this volume,
Espinoza and Gainetdinov review the neuronal function and emerging pharmacol-
ogy of TAARI1 (chapter “Neuronal Functions and Emerging Pharmacology of
TAAR1”), which is the best investigated human TAAR from a medicinal chemistry
point of view [55]. Interestingly, for this receptor, there is increasing evidence for
an ectopic expression in a variety of peripheral, nonolfactory tissues [56], such as
the cellular immune system [57, 58], as reviewed in the chapter “Chemosensory G
Protein-Coupled Receptors (GPCR) in Blood Leukocytes” by Marcinek et al. in this
volume.

From a pharmacognostic point of view, there is an immense therapeutic potential
of naturals [15, 59], peptides [60-62], metabolites [63], and drugs [1-3] targeting
chemosensory receptors [64], ion channels [24, 27, 28, 65], or enzymes [66]. For
example, natural compounds may act either as agonists [15, 59], antagonists [36, 37,
67-71], or modulators [38, 72] of the receptors of our chemical senses and, more-
over, following a meal and after uptake via the gastrointestinal system, respiratory
epithelia, or the skin [73-75], they may work as genuine bioactives in a variety of
non-chemosensory tissues and organs via the same receptors “ectopically”
expressed outside of our chemical senses taste and smell [46, 50, 51, 58, 76-79].
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The challenges of medicinal chemistry and drug design on chemosensory receptors
will become more complex as the knowledge on the variety of receptors, their
cognate agonists, and their expressing cells and tissues increases.

Deutsche Forschungsanstalt fuer Dietmar Krautwurst
Lebensmittelchemie, Leibniz Institut
Freising, Germany
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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.

Keywords Gastrointestinal tract, Gene expression, Respiratory epithelium, Taste
receptor
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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 TASIR 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 a-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 TASIR family of taste receptors has only three members named
TAS1R1, TASIR2, and TASIR3. Similar to other class C G protein-coupled
receptors such as metabotropic glutamate receptors (mGluRs) [75] or
y-aminobutyric acid type B receptors (GABAg) [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
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Table 1 List of taste receptors and taste-signaling components found in extraoral tissues and their
putative functions

Transduction (Putative)
System Organs molecules Taste receptors functions
Central nervous | Brain o-Gustducin, | Mouse: Taslrl, Modulation of
system Gp3, Gyl13, Taslr2, Taslr3. Rat: hunger/satiety,
PLCpB2, Tas2rl, Tas2r4, glucose homeo-
TRPM5S Tas2r10, Tas2r38. stasis (Tas1rs);
Human: TAS2R4, release of neuro-

TAS2RS5, TAS2R10, | peptides control-
TAS2R13, TAS2R14, | ling food intake

TAS2R50 (Tas2rs)
Respiratory Nose o-Gustducin, | Mouse: Tas2r108, Detection of irri-
system PLCpB2, Tas2r119, Tas2r131. tants (Tasl1rs);
TRPM5 Rat: Taslr2, Taslr3, trigeminal-

Tas2r13, Tas2r105, mediated control
Tas2r107, Tas2r119, of respiration,
Tas2r121, Tas2r126, mucociliary clear-
Tas2r123, Tas2r134. ance and NO pro-
Human: TAS2R38 duction (innate

immunity)
(Tas2rs)
Vomeronasal | TRPMS Mouse: Tas2r131 Recognition of
organ pheromones
(Tas2rs)
Trachea, o-Gustducin, | Mouse: Taslr3, Not investigated
bronchi, PLCp2, Tas2r105, Tas2r107, (Taslrs);
lungs TRPMS Tas2r108. Rat: mucociliary clear-
Taslrl, Taslr2, ance,
Taslr3, Tas2rl3, bronchodilation

Tas2r105, Tas2r107, (Tas2rs)
Tas2r119, Tas2rl121,
Tas2r123, Tas2r126,
Tas2r134. Human:
TAS2R1, TAS2R3,
TAS2R4, TAS2RS,
TAS2R7, TAS2RS,
TAS2R9, TAS2R9,
TAS2R10, TAS2R13,
TAS2R14, TAS2R16,
TAS2R19, TAS2R20,
TAS2R30, TASR42,
TAS2R45, TAS2R50,
TAS2R46, TAS2R31

(continued)
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Table 1 (continued)

Transduction (Putative)
System Organs molecules Taste receptors functions
Cardiovascular Heart a-Gustducin, | Mouse: Tas2r108, Nutrient sensing
system PLCpB2, Tas2r120, Tas2r121, and metabolic
TRPMS Tas2r126, Tas2r135, regulation
Tas2r137, Tas2r143. (Taslrs, Tas2rs)
Rat: Taslrl, Taslr3,
Tas2r108, Tas2r120,
Tas2r121, Tas2r126,
Tas2r135, Tas2r137,
Tas2r147. Human:
TAS1R3, TAS2R3,
TAS2R4, TAS2RS5,
TAS2R9, TAS2R10,
TAS2R13, TAS2R 14,
TAS2R19, TAS2R20,
TAS2R30, TAS2R31,
TAS2R43, TAS2R45,
TAS2R46, TAS2R50
Blood vessel | — Mouse: Tas2r116, Vasodilation
Tas2r143. Human: (Tas2rs)
TAS2R46
Gastrointestinal | Stomach a-Gustducin, | Mouse: Taslrl, Nutrient sensing
system transducin, Tas1r2, Tas1r3, (Taslrs); delay of
PLCpB2, Tas2r108, Tas2r119, gastric emptying,
TRPMS Tas2r134, Tas2r138. ghrelin secretion
Rat: Tas2rl, Tas2r2, (Tas2rs)
Tas2r3, Tas2r5,
Tas2r6, Tas2r7,
Tas2r8, Tas2r9,
Tas2r10, Tas2r12,
Tas2r16, Tas2r34,
Tas2r38. Human:
TASIR1, TAS1IR3
Small a-Gustducin, | Mouse: Taslrl, Release of gastro-
intestine transducin, Taslr2, Taslr3, intestinal hor-
PLCpB2, Tas2r108, Tas2r118, mones from
TRPMS Tas2r119, Tas2r134, enteroendocrine
Tas2r138. Rat: cells and regula-
Tas2rl, Tas2r2, tion of glucose
Tas2r3, Tas2r4, absorption from
Tas2r5, Tas2r6, enterocytes
Tas2r7, Tas2r8, (Taslrs, Tas2rs);
Tas2r9, Tas2rl12. detection and
Human: TAS1R1, elimination of
TAS1R2, TASIR3, harmful com-
TAS2R1 pounds and bacte-
rial molecules
(Tas2rs)

(continued)
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Transduction (Putative)
System Organs molecules Taste receptors functions
Large a-Gustducin, | Mouse: Taslrl, Detection of
intestine PLCpB2, Tas2r108, Tas2r118, nutrients and
TRPMS Tas2r119, Tas2r131, other intestinal
Tas2r138. Rat: components
Tas2r16, Tas2r26. (Taslrs); detec-
Human: TAS1R1, tion and elimina-
TASI1R2, TASIR3, tion of harmful
TAS2R1, TAS2R4, compounds and
TAS2RS5, TAS2R9, bacterial mole-
TAS2R10, TAS2R13, | cules (Tas2rs)
TAS2R38, TAS2R39,
TAS2R40, TAS2R42,
TAS2R43, TAS2R44,
TAS2R45, TAS2R46,
TAS2R47, TAS2R49,
TAS2R50, TAS2R60
Pancreas a-Gustducin, | Mouse: Taslr2, Regulation of
PLCp2, Tas1r3 insulin release
TRPMS
Male reproduc- | Testis o-Gustducin, | Mouse: all Taslrs and | Reproduction
tive system Gyl3, Tas2rs
PLCp2,
TRPMS5
Excretory Bladder - Rat: Taslr2, Tas1r3. Control of bladder
system Human: TASIR2, contraction
TASIR3
Mesenchymal Bone marrow | a-Gustducin, | Human: TAS2R46 Control of
tissues Gp1, PLCB2 microenvironment
Adipose - Mouse: Taslr2, Anti-adipogenic
tissue Tas1r3 regulation

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
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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 a-gustducin. The subsequent activation of phospholipase CB2 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 TRPMS resulting
in cell depolarization

bitter receptive cells, they share common downstream signaling components. These
include heterotrimeric G proteins consisting of several alternative Go-subunits,
Gf3 (GB1) and Gyl13 [85, 86]. Of these, the first identified and best characterized
Goa-subunit is a-gustducin [87]. Upon receptor activation, the GTP-bound
heterotrimeric G protein dissociates and transmits the signal to the membrane-
bound phospholipase Cp2 [88, 89] which, in turn, results in the generation of the
second messenger molecule inositol-1,4,5-trisphosphate (IP3). Next, IP5 facilitates
opening of the type III IP; 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 TRPMS [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 Ga-subunits found in taste receptor cells (Fig. 2).
Some of the signaling proteins, involved in taste signal transduction such as
a-gustducin [102], have been identified prior to the taste receptors in non-gustatory
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a-gustducin

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

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 Taslr3 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 a-gustducin, Gf3, and
Gy13. In vivo experiments, using food-deprived, hyperglycemic ob/ob mice and
control mice fed ad libitum, demonstrated that the umami receptor-specific gene
Taslrl, but even more pronounced the sweet taste receptor-specific Taslr2 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
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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 Taslr2 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 Tas/r2
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 Taslr3 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, Tas!r3 knockout animals were protected against
negative cognitive effects of chronic acesulfame K treatment attesting to a putative
role of Taslr 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 a-gustducin, PLCB2, and TRPMS, 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 (=tryptophan hydroxylase immunoreactive) within
the medullary raphe known to contain chemosensorically active cells [106]. Recent
experimental evidence, obtained from human patients suffering from degenerative
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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 TAS/R 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
TASIR 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
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the sweet taste receptor subunits TAS1R2 and TAS1R3 (the latter being the most
abundant). On the contrary, the umami-specific receptor subunit TASIR1 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 TASIR 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 TASIR2 in
small intestinal tissues was reported [26, 110]. Another study described an approx-
imately 1,500 times higher expression of TAS1R3 compared with TASIR2 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, Taslr3 was found in the corpus mucosa of the mouse
stomach, both in adult [111, 112] and young postnatal mice [113]. The distribution
of the Taslr3-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 TASIR 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 TasIr2 and TasIr3 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 a-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 a-transducin, which is
closely related to and can functionally replace a-gustducin [120], was found in
intestinal epithelium and in gastric fundus and antrum [25, 121]. Recently, both G
protein a-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 a-gustducin-positive cells [123]. Noteworthy is the finding of a
numerically important a-gustducin-expressing cell population confined to a relative
restricted region of the stomach, the limiting ridge [112]. In human, the presence of
a-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 PLCB2. Single PLCB2-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, PLCB2-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 (TRPMS) 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 TRPMS-GFP-labeled cells in duodenal villi and the colon
co-expresses a-gustducin, while only one-third of TRPM5-positive duodenal cells
show also PLCP2 expression [2]. In the colon, PLCB2-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 a-gustducin-
and TRPMS5-positive cells also express PLCP2 [124]. Regarding the co-expression
of taste transduction elements with taste receptors, it turned out that TRPMS5-
positive cells in mouse small intestine do neither express Taslrs nor Tas2rs [2],
while in the same regions a-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
a-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 a-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 TRPMS, PLCp2, and especially
Tas1r3 [10, 124]. In the mucosa of the small and large intestine, brush cells express
with a variable degree of overlap TRPMS, a-gustducin, PLCB2, and Taslrs [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 Taslr2,
together with other taste-signaling components [11, 17]. In accordance with these
findings, Taslr2 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
a-gustducin [23], TASIR3, and TAS2R1 [107]. In the colon, a-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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enterocyte

Enteric neuron

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 a-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]

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 a-gustducin or
PLCp2, so other signal transduction elements are likely to relay the signal down-
stream of the receptor [19].



Taste Receptor Gene Expression Outside the Gustatory System 15
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 Tas1rl 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 a-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 a-gustducin and Tas1r3 knockout mice,



16 M. Behrens et al.

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 Taslr2 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 Kotp 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 Taslr3 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 Taslrl [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 -cells [144]. Indeed, it
was observed that artificial sweeteners provoke both insulin release from isolated
pancreatic islets and an augmented insulin secretion from MING6 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 f-cells may sense sweet molecules mostly by means of a TASIR3
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homodimer, because (1) the TASIR2 subunit is expressed at a very low level
compared to TASIR3 and (2) TASIR2 mRNA knockdown does not affect the
cellular response to artificial sweeteners, as it is the case with a knockdown of
TASIR3 [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 B-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 Ks1p 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 a-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 CCK; and Y, 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].

S5 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 a-gustducin, PLCP2 [28], and TRPMS5 [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 PLC2, Trpm3, and a-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 PLCP2 and Trpm5 but not a-gustducin [158]. It should be noted that
another study, performed in genetically modified mice expressing TRPMS5-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 Taslr 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, Tas1rl 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 f;-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 a-gustducin, phospholipase Cp2, and TRPMS was confirmed in
cardiomyocytes. Concerning the localization of taste receptor mRNAs in situ,
Taslr and Tas2r gene expression was demonstrated in small subsets of cardiac
cells by in situ hybridization. Further, TasIrl 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
MOR?23 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 Ga-subunit, a-gustducin [87]. It was shown
that o-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
Gy13, phospholipase CPB2, and the transient receptor potential channel TRPMS,
have been identified in mouse sperm cells [40]. Indeed, expression of all 3 TasIr
genes and all 35 putatively functional Tas2r genes has been detected in mouse
testes [43]. The Taslr3, 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
Taslrl 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 Taslrl-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 TasIr2 gene is expressed in spermatozoa
([38, 42], however, cf. [41]).

Intriguingly, the simultaneous absence of TAS/R3 and a-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 a-gustducin knockout
mouse strain. This mouse line was susceptible to pharmacological induction of
male sterility with the antilipid drug clofibrate, which blocks human TASIR3-
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 TASIR receptors, the
authors indicate a potential link between some forms of male infertility and these
compound classes. On the other hand the numerous TASIR 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 Taslr3-positive spermatids, suggesting a hetero-
geneous population of sperm cells. It would be very interesting to see whether bitter
agonists and activators of Taslrs 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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Taslr2 gene; the giant panda genome does not possess a functional umami taste
receptor-specific Taslrl gene [170]; and sea lions and bottlenose dolphins [171], as
well as vampire bats [172, 173], do not possess any functional Taslr subunit, and
the dolphin genome may, 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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Medicinal Chemistry of Plant Naturals
as Agonists/Antagonists for Taste Receptors

Joshua N. Fletcher, Li Pan, and A. Douglas Kinghorn

Abstract The study of natural compounds that affect the perception of sweet or
bitter tastes has a rich history. Coupled to this history is the recent discovery of the
sweet and bitter taste receptors allowing for modern biological techniques to be
used in taste research. Natural high potency sweeteners from stevia (Stevia
rebaudiana) and monk fruit (Siraitia grosvenorii) have recently come to market,
and several natural compounds find use as flavors to alter the perception of
sweetness or bitterness. This chapter reviews these substances and several other
natural products that alter the perception of bitterness or sweetness.
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1 Introduction

The perceptions of sweet and bitter tastes have long occupied a central role in
guiding the human diet. At a basic level, sweetness indicates the presence of
nutrients, while bitterness indicates the presence of a toxin to be avoided
[1]. These basic taste sensations have also influenced agriculture. The domestica-
tion of the watermelon [Citrullus lanatus (Thunb.) Mansf.; Cucurbitaceae] has
resulted in the transformation of a bitter-tasting predecessor crop with purgative
properties into the sweet-tasting crop known today [2]. The removal of bitter (and in
many cases toxic) secondary metabolites through plant breeding has occurred many
times throughout human history (e.g., steroidal alkaloids in potatoes, quinolizidine
alkaloids in lupins, and cyanogenic glycosides in almonds) [3-7].

The importance of sweetness to mankind can be seen in the yearly production of
over 172 million metric tons of the most widely used sweetener, sucrose [8]. The
desire for alternatives to sugar has led to the development of several artificial high-
potency sweeteners including acesulfame K, alitame, aspartame, cyclamate,
neotame, saccharin, and sucralose. The current trend towards natural sweeteners
has allowed for significant advances in the commercialization of plant secondary
metabolites as sweeteners. In addition to these more visible solutions, naturally
occurring sweetness-enhancing and bitterness-masking agents are also being
explored as can be seen in the recent FEMA GRAS lists (generally recognized as
safe flavoring substances list provided by the Flavor and Extract Manufacturers
Association). These natural products will be reviewed further later in this chapter.

While bitterness may be expected and even seen as desirable in some products
such as beer, bitter melon, chocolate, coffee, grapefruit, lemon, and wine, in
general, bitter tastants are avoided [4, 9]. There are also many methods to remove
bitter compounds from foodstuffs including the use of transgenic organisms as in
the removal of limonoids from oranges and chemical modification techniques such
as the enzymatic and microbial transformation of flavones in orange juice [4]. The
phenolic components of wine may be removed using a variety of techniques such as
precipitation (as in the process of aging wines), adsorption onto proteins such as
isinglass or casein, and the use of cyclodextrin beads [4]. Bitter components of
foods may also be masked during food preparation by addition of fats, flavors,
sweeteners, or salt [4].
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2 Taste Receptor Assays and Natural Products

Perhaps the most significant recent breakthrough in taste research has been the
discovery of the sweet and bitter taste receptors. There are at least 25 functioning
bitterness receptor genes (TAS2Rs) encoded in the human genome, with an addi-
tional eight identified pseudogenes [10]. The sweet taste receptor on the other hand
is generally accepted as being a heterodimer of two TAS1R subunits, with multiple
binding sites for agonists [11, 12]. The use of this knowledge will be particularly
beneficial in future attempts to elucidate structure-activity relationships between
tastants that elicit the same taste response, as previous models attempted to dock all
sweet (and sometimes all bitter) compounds in the same pocket [13, 14].

The discovery of the sweet and bitterness receptors has allowed for the devel-
opment of cell-based assays with which to screen for taste-active compounds. A
cell-based approach to new sweetener screening affords many benefits such as
reproducibility, especially by removing taster bias and allowing for the collection
of more data points, which leads to better quantification of the results obtained.
Additionally, this approach renders possible high-throughput screening approaches
to taste testing, using minimal amounts of samples, and bypasses most solubility
issues and also reduces the need for safety testing to be carried out in conjunction
with taste testing, until after compounds are established as potential leads [15,
16]. The minimal use of sample and the ability to test compounds, not readily
soluble in water, are particularly beneficial to the potential discovery of new
sweeteners and taste-modifying agents of natural origin. This becomes rapidly
evident, when one considers the total amount of sample consumed over a series
of chromatographic fractions in traditional taste tests, when purifying a sweet or
other taste-modifying principle from a natural product extract. High-throughput
screening methods in the field of taste have indeed been a long time in development,
as one recent paper promotes a double-blinded screening method developed in 1966
as “state of the art” [17]. However, as with all in vitro techniques, lead compounds
must be verified in in vivo sensory testing.

2.1 Natural High-Potency Sweeteners Used Commercially

There are several naturally occurring high-potency sweeteners (nHPS) that find use
in foods and beverages as extracts or highly purified compounds. However, there
are only two widely used and approved structural classes of natural high-potency
sweeteners used as such: those based on extracts of Stevia rebaudiana and those
based on extracts of Siraitia grosvenorii. Recently, these sweeteners have attained
what are perhaps the benchmarks of true sugar replacement, by both being pro-
duced in large scale and sold as tabletop sweeteners in sachets.

The majority of naturally occurring highly sweet compounds have not attained
the same degree of success as mentioned above. However, there exist a consider-
able number of nHPS that find use as flavors or are used within limited geographical
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boundaries. Several of the nHPS flavors can be found in the Expert Panel of the
Flavor and Extract Manufacturers Association of the United States’ (FEMA)
generally recognized as safe (GRAS) lists. While FEMA is not a government
body, its GRAS lists are accepted in the United States, Australia, New Zealand,
and the South American countries that make up Mercosur. In addition to these
countries with codified acceptance of FEMA GRAS, several countries generally
allow the use of FEMA GRAS flavors. Flavor levels set by FEMA for high-potency
sweeteners are intended to be below their sweet taste thresholds, where they
function as sweet taste enhancers.

2.2 Rebaudioside A and Related Compounds

Work on the sweet-tasting constituents of Stevia rebaudiana (Bertoni) Bertoni
(Asteraceae) leaves began in the first half of the twentieth century with stevioside
(1), the most abundant ent-kaurane diterpenoid (steviol) glycoside being crystal-
lized over 80 years ago [18]. While intensely sweet, this compound suffers from a
poor aftertaste. Rebaudioside A (2), another abundant steviol glycoside present in
the leaves of S. rebaudiana, was first purified and determined structurally by the
group of the late Prof. Osamu Tanaka at Hiroshima University in Japan in the 1970s
[19]. This compound, while still possessing some bitterness, was found to have a
superior taste quality to that of stevioside (1).

Stevia rebaudiana extracts have been used for decades as sweeteners, particu-
larly in Japan. However, steviol glycosides did not obtain wide approval until 2008,
after arduous safety screening was carried out, and their use was supported by a
review by the FAO/WHO Joint Expert Committee on Food Additives (JECFA)
[20]. Shortly after this approval, rebaudioside A (2)-based sweeteners were
launched by several companies including collaborative efforts between Cargill
and the Coca-Cola Company (Truvia®) and between PepsiCo and Merisant
(PureVia®). Additionally, highly purified stevioside (1) can also be employed as
a sweetener [21]. Very recently, a self-designation of GRAS was received by the
US FDA for rebaudioside D (3) and rebaudioside X (4) (a compound with structure
identical to that of the previously published rebaudioside M). These have been
published as GRAS notices 456 and 473, respectively.

While not approved as sole sweetening agents per se, the steviol glycosides
dulcoside A (5), rebaudioside B (6), rebaudioside C (7), rebaudioside D (3),
rebaudioside F (8), rubusoside (9), and steviolbioside (10) may be present in
significant quantities in S. rebaudiana-based sweeteners. According to the 73rd
JEFCA recommendations, these minor glycosides are “generally present in prepa-
rations of steviol glycosides at levels lower than stevioside or rebaudioside A”
(http://www.fao.org). For instance, FDA GRAS notice 275 was received with no
questions asked in the United States and allows for a steviol glycoside sweetener
with a content of 80% rebaudioside A (2) [22].

Enzyme-modified steviol glycosides, also known as “glucosyl steviol glyco-
sides,” “sugar-transformed steviol glycosides,” or “enzyme-modified steviol
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glycosides,” have been accepted in the United States for sweetening purposes
[23]. Early work on glycosylated steviol glycosides was performed in the laboratory
of Prof. Tanaka at Hiroshima University [24]. These compounds are 1,4-a-D-
glucosylated forms of naturally occurring steviol glycosides and are produced
from a S. rebaudiana extract that is reacted with a glucose-adding enzyme such
as cyclodextrin glucosyltransferase, followed by an enzymatic glucose chain reduc-
tion [25]. GRAS notice 375 includes the mono- to penta-1,4-p-glucosylated deriv-
atives of stevioside (1), rebaudioside A (2), rebaudioside B (6), rebaudioside C (7),
dulcoside A (5), rubusoside (9), and steviolbioside (10).

2.3 Mogrosides and Related Compounds

The dried fruits of Siraitia grosvenorii (Swingle) C. Jeffrey ex A.M. Lu & Zhi
Y. Zhang (Cucurbitaceae), commonly known as “lo han guo” or “monk fruit,”
produce a variety of sweet compounds, with the most abundant sweet constituent
present being mogroside V (11). The initial discovery of a high-potency sweetener
from this species was reported by Dr. Chi-Hang Lee in 1975, with mogroside V
structurally characterized by Tsunematsu Takemoto and associates [26, 27]. Extrac-
tives of S. grosvenorii have been used as a sweetener in Japan for some time
[28]. The use of monk fruit extracts with high levels of mogroside V for sweetening
purposes was permitted recently in the United States [29], and Tate and Lyle
commercialized a taste-improved monk fruit product with 50% mogroside V in
2011. This was followed in 2012 with the launch of the table top sweetener
Nectresse™ by McNeil Nutritionals, LLC.
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3 Natural Products Generally Used for Flavoring

3.1 Sweet Taste Enhancers

Many naturally occurring high-potency sweeteners find use as sweetness-enhancing
agents when used at concentration levels below their sweet taste threshold. These
compounds, when combined with a sweetener, result in an enhanced overall per-
ception of sweetness. There is a second group of sweet taste enhancers referred to as
“positive allosteric modulators” (PAMs). In taste research, this term generally refers
to a compound that is not itself intensely sweet at any use level, but increases the
potency of a sweetener. PAMs theoretically alter the configuration of the sweet taste
receptor to allow for stronger binding of a sweetener to the sweet taste receptors. In
pharmacological terms, subthreshold enhancers may act as ago-allosteric modula-
tors [30], able to activate the sweet taste receptor at the allosteric site, and produce an
increased response, when another sweetener is bound to the receptor.

Both monk fruit and stevia (S. rebaudiana) extracts may be used as flavors according
to FEMA. Many steviol glycosides have been approved by FEMA as GRAS flavors and
can generally find use as sweetness enhancers. These include stevioside (1), various
purity levels of rebaudioside A (2) [31, 32], rebaudioside C (7) [33], and the previously
mentioned glucosyl steviol glycosides, which are also known by the trade name NSF-02
[31]. Rubusoside (9), another steviol glycoside, a trace constituent in S. rebaudiana
leaves but much more abundant in Rubus suavissimus S. Lee (Rosaceae), is also a
FEMA-approved flavor as “sweet blackberry leaf extract.” Sweet blackberry leaf
extract is generally marketed as >70% rubusoside (9) [33].

The triterpenoid glycyrrhizin (12), or glycyrrhizic acid, is a sweet-tasting compo-
nent of Glycyrrhiza glabra L. (Fabaceae) and other species with the common name
“licorice.” A crude plant extract containing glycyrrhizin was used as a sugar substitute
in Japan in the early part of the twentieth century [34]. Although having a long history
of human use, excessive glycyrrhizin consumption raises health concerns due to its
propensity to cause pseudoaldosteronism [28, 35, 36]. Investigation into derivatives of
glycyrrhizin with enhanced flavor profiles yielded both the monoglucuronide of
glycyrrhetinic acid (accorded the abbreviation MGGR) (13) as well as the ammonium
salt of glycyrrhizin (monoammonium glycyrrhizinate) [28, 37, 38]. Glycyrrhizin and
its ammoniated derivative both possess a strong licorice flavor in addition to a
lingering sweetness with a slow onset of taste. MGGR, which is produced using
microbial transformation, was found to be sweeter than the parent compound and is
used to flavor chocolate milk and soft drinks in Japan [28, 38]. Glycyrrhizin and
monoammonium glycyrrhizinate have both attained GRAS status from the US FDA,
when used as flavoring agents or surfactants (FDA 21 CFR Section: 184.1408). These
were included in the first published list of FEMA-approved flavors [39].

The thaumatins are a group of closely related intensely sweet proteins (having at
least 1,600 times the sweetness of sucrose on a weight basis) isolated from the fruits
of the West African plant Thaumatococcus danielli Benth. (Marantaceae), with the
major proteins thaumatin I and II isolated over 30 years ago [40]. The sweetness of
the thaumatins was found to be dependent on the disulfide bonds present in these
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proteins, with six thaumatins, I, II, III, a, b, and ¢ now having been isolated and
characterized structurally thus far [40, 41]. Thaumatin is an approved sweetener in
many countries and is a FEMA-approved flavor in the United States [28, 42].

The flavonoids and their synthetic derivatives have been particularly rich
sources of sweet taste-enhancing compounds. Dihydrochalcones, flavans, flava-
nones, and synthetic derivatives of dihydrochalcones have all been approved by
FEMA as flavors and possess sweetness-enhancing capabilities.

Neohesperidin dihydrochalcone (NHDC) (14) is a high-potency sweetener pro-
duced from the bitter-tasting flavonoid glycoside, neohesperidin. NHDC was orig-
inally produced in order to lower levels of the parent glycoside in the Seville
orange, Citrus aurantium L. (Rutaceae) [43, 44]. NHDC displays a delayed onset
in its sweetness and an aftertaste, which limit its use as a sweetener [43]. NHDC is
approved as a sweetener and flavor in the European Union and is used as a flavoring
agent in countries that follow FEMA recommendations [28]. Naringin
dihydrochalcone (15), produced from naringin, was discovered concurrently with
NHDC and has recently been given FEMA GRAS approval [31].

While the dihydrochalcones 14 and 15 have not been found in Nature to date, a
structurally related natural dihydrochalcone, trilobatin (16), is a FEMA GRAS
flavor (FEMA 25). This compound has been isolated from Lithocarpus
polystachyus Rehder (Fagaceae) and Malus trilobata C.K. Schneid. (Rosaceae)
and has long been known as a sweet-tasting natural product [45]. Phloretin (17),
another FEMA-approved flavor [46], is the aglycone of trilobatin, which has been
obtained previously from Malus sp. Both phloretin and trilobatin are patented for
use as sweet taste enhancers [45, 47].

Phytochemical investigation of  Eriodictyon  californicum  Decne.
(Hydrophyllaceae) led to the determination that its constituent, hesperetin (18), is
a sweetness enhancer [48]. Hesperetin was subsequently afforded FEMA GRAS
status [46]. In an independent study of sweet taste-enhancing compounds from
E. californicum, hesperetin and sakuranetin (19) were found to be active in the
seven transmembrane domains of the sweet taste receptor [49]. However, the
related compounds, homoeriodictyol (20) and naringenin (21), were not active in
this assay [49]. There are conflicting reports on the sweet taste-enhancing activity
of homoeriodictyol, and it appears that, if the compound is a sweetness enhancer, it
only shows weak activity in this regard [49, 50]. An extract of E. californicum was
also included in the first FEMA flavor list [39].

The sweet compound 7,3'-dihydroxy-4’-methoxyflavan (22) has recently been
approved by FEMA as a sweet taste enhancer [33]. Although initially prepared by
synthesis, the compound has also been identified as a constituent of Terminalia
argentea Mart. (Combretaceae) [51, 52].

The pyridine-containing dihydrochalcone derivative 1-(2-hydroxyphenyl)-3-
(pyridine-4-yl)propan-1-one (23) is a FEMA-approved flavor with sweet
taste-enhancing capabilities [53]. Two compounds with similar structures,
1-(2-hydroxy-4-isobutoxyphenyl)-3-(pyridine-2-yl)propan-1-one 24) and
1-(2-hydroxy-4-methoxyphenyl)-3-(pyridine-2-yl)propan-1-one (25), are FEMA-
approved flavors with patented use as umami enhancers [33, 54].
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Phyllodulcin (26) is responsible for the sweet taste of a ceremonial Japanese tea
(Buddha Tea) prepared from the leaves of Hydrangea macrophylla Seringe var.
thunbergii (Siebold) Makino (Saxifragaceae) [28, 55]. While this compound is
structurally an isocoumarin, it can be regarded as an isotere of the flavonoid
class. The commercial use of phyllodulcin has been restricted due to its poor
water solubility and less than optimal taste properties [28, 36]. In spite of these
hurdles, Buddha Tea extract has recently been granted FEMA GRAS status [31].

Perillartine (27) has found limited use in Japan as a sweetener in maple syrup
substitutes or as a licorice-type flavoring for tobacco [56, 57]. Perillartine may be
prepared from perillaldehyde (28), a FEMA-approved flavor from Perilla
frutescens (L.) Britton (Labiatae) [58]. Poor solubility and a bitter off-taste limit
the use of perillartine [28, 57].
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3.2 Naturally Occurring Sweeteners

In our earlier book chapter review, over 100 known highly sweet substances of
natural origin reported by 2008 have been described in some detail [36]. These
compounds were grouped into 20 major categories based on their chemical struc-
tural classes. The major categories of highly sweet-tasting principles derived from
plant are terpenoids, flavonoids, and proteins. Other less common plant-derived
sweeteners fall into the amino acid, benzo[b]indeno[1,2-d]pyran, isocoumarin,
phenylpropanoid, proanthocyanidin, and steroidal saponin structural classes. The
major classes of sweet-tasting terpenoids are diterpenoids and triterpenoids, with
the most representative subtypes of diterpenoids being ent-kaurane- and labdane
glucosides and of triterpenoids being cucurbitane, dammarane, and oleanane gly-
cosides, respectively. The dihydrochalcone and the dihydroflavonol classes are
reported to be responsible for the sweet taste of the flavonoids. Thus far, species
representative of more than 25 separate plant families have been found to produce
sweet-tasting compounds. Among these plant families, Asteraceae, Apiaceae,
Lamiaceae, and Rosaceae are the major source of ent-kaurane and labdane gluco-
sides, and Asclepiadaceae, Cucurbitaceae, Fabaceae, and Juglandaceae have been
found to produce cucurbitane, dammarane, and oleanane glycosides [36, 59].

In this section of the chapter, plant-derived sweet-tasting compounds are
updated based on our last review, with only those discovered since 2008 being
mentioned. During the last 5 years, although many studies have led to the isolation
and identification of a large number of structurally new derivatives of those known
natural sweet principles, published reports focused on the organoleptic property
evaluations, and related researches of these newly compounds are very limited.
Among the new recently identified natural sweeteners, diterpenoids and
triterpenoids are still the most typical compounds.

In 2010, a research group in Japan isolated and identified ten new minor steviol
glycosides of the ent-kaurane type, namely, dulcoside B (SG4) (29) and
rebaudiosides G-O (30-35,4,36,37), from a hot water (80°C) extract of the leaves
of Stevia rebaudiana [60]. [It should be noted that the name dulcoside B, originally
referred to a structure identical to rebaudioside C and was published as a new
compound soon after the first report of rebaudioside C (near simultaneous discov-
ery), has been somewhat abandoned and if mentioned is usually of the form
“rebaudioside C (dulcoside B)” [61, 62].] All of these new compounds share the
same aglycone (steviol) as rebaudioside A (2), with the structural differences
between these substances occurring at the sugar chains at C13 and C19. No
comprehensive organoleptic evaluations have been reported for these new steviol
glycosides, with only rebaudiosides M (4) and N (36), each possessing a chain of
three sugar units at C19, mentioned as having a sweetness equivalent to
rebaudioside A (2). Volunteer human subjects reported a slightly latent sweet
taste sensation, however. In a related patent application, based on this research
[63], extracts and crystals, containing these new steviol glycoside mixtures, were
evaluated by their taste quality. Besides the strong sweet taste ascribed to all the
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tested samples, the extracts, containing greater quantities and numbers of the new
minor rebaudiosides than the crystalline samples, were claimed as having an
improved “delicate” taste.

As a part of a continuing search for new natural sweeteners and to afford a better
understanding of the physicochemical profiles of steviol glycosides, a research
group at the Coca-Cola Company has produced several new semisynthetic ent-
kaurane glycosides by catalytic hydrogenation of certain steviol glycosides of
known composition [64, 65]. In this work, the C16/17 exocyclic double bond
reduced derivatives of rubusoside (38), stevioside (39), and rebaudiosides A-D
(40-43) were produced. Since the hydrogenation process is not stereoselective,
the reduced product in each was a mixture of two epimers at C16. In the sensory
evaluations conducted, all of the 16,17-dihydro derivatives were deemed to have
lost sweet taste intensity to different degrees when compared with their respective
parent compound. This study demonstrated that the C16/17 exocyclic double bond
plays an important role in maintaining the sweetness of these steviol glycosides.
This work confirms earlier observations that the C16/17 exocyclic double bond is
important for the mediation of the sweetness of the steviol glucosides [66].

Using centrifugal partition chromatography, a new sweet-tasting oleanane
triterpenoid glycoside, quercotriterpenoside I (44), was isolated from an ethanol-
water extract of the heartwood of Quercus petraea (Matt.) Liebl. (Fagaceae), an oak
tree grown in Caucasia [67]. In comparison of the structure of quercotriterpenoside
I with other known oleanane-type sweeteners, the glucose moiety is positioned at
C28, instead of having a more common sugar linkage at C3. In addition, the
substitution of a galloyl group at C23 is also quite unusual. Interestingly, this
discovery supports an observation made by some winemakers that aging in oak
barrels has a sweetening effect on wine.

A glycyrrhizin derivative, 22f-acetoxyglycyrrhizin (45), was purified from an
extract of the root of Glycyrrhiza uralensis Fisch. by Li and colleagues in 2007
[68]. This licorice triterpene was patented in Japan later as a natural sweetener,
which was reported to be only ten times sweeter than that of sucrose, much less than
the parent compound, glycyrrhizin [69]. The potency of this compound shows that
an acetoxy group substitution at C22 dramatically decreases the sweet intensity of
glycyrrhizin (12).

From an aqueous ethanolic extract of the aerial parts of Mycetia balansae Drake
(Rubiaceae), two sweet-tasting dammarane-type glycosides, balansins A (46) and B
(47), were isolated by Ley et al. of Symrise AG in Germany [70]. These two new
compounds both possess a double bond between C20 and C22 and a hydroxy group
at C21. In a sensory evaluation testing procedure, both balansins A and B were
described as being intrinsically sweet with slightly bitterness, and at a concentration
of 50 mg/1, the sweetness potencies of balansins A and B were reported to be equal
to that of 0.1% and 0.2% sucrose, respectively.
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Iso-mogroside V (48) is a minor cucurbitane triterpenoid glycoside, isolated from
the fruits of Siraitia grosvenorii (Cucurbitaceae), also known as “lo han guo” or
monk fruit, by the late Zhonghua Jia and colleagues of Givaudan Flavors Corporation
[71]. The structure of iso-mogroside V is quite similar to that of mogroside V (11),
except that two glucose units at C3 in iso-mogroside V are joined by an o-1,4
glycosidic linkage instead of an a-1,6 glycosidic bond in mogroside V (11). In this
report, the sweetness intensity of iso-mogroside V (48) was recorded as being even
more potent than that of mogroside V and was rated as approximately 500 times than
that of 5% sucrose.

As mentioned before, published research over the last few years on the discovery
of structurally new naturally occurring sweet-tasting principles has been quite
limited. On the other hand, considerable progress has been made to better under-
stand the structure and function of the human taste receptors, which led to the
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successful application of receptor-based assay systems as a fast, sensitive, and
selective method to facilitate the studies of interaction modes between the sweet-
tasting ligands and the functional organoleptic receptors and to characterize the
potential sweet properties of compounds with various structures.

The human sweet taste receptor (h\T1R2/hT1R3), expressed on the surface of taste
bud cells, is a heteromeric complex composed of two subunits, TIR2 and T1R3,
which both belong to the C G-protein-coupled receptor family (C GPCRs) [72—
75]. Each protein unit comprises a large extracellular amino-terminal domain
(ATD), which also referred to the Venus flytrap module (VFTM), an extracellular
cysteine-rich domain (CRD), a seven-helical transmembrane domain (TMD), and an
intracellular carboxy-terminal domain [76, 77]. The human sweet taste receptor is
able to respond to chemically diverse compounds ranging in molecular size from
small naturally occurring and synthetic molecules to sweet-tasting proteins. In
addition, this receptor exhibits stereoselectivity for certain molecules [78, 79], and
thus, the illustration of the activation mechanism of the receptor is quite complex.
Various research approaches, based on X-ray crystallographic analysis, molecular
modeling, and site-directed mutagenesis, have been used to characterize the func-
tional domains and the binding modes of C class GPCRs. The functional expression
results indicate that, for the heteromeric complex of hT1R2/hT1R3, binding for most
sweet ligands occurs on T1R2, which needs to be coexpressed with TIR3 to be
functional [75, 80]. The study of the crystallized complexes of the homodimeric
metabotropic glutamate 1 receptor (mGluR1) revealed the representative structural
feature of C GPCRs. The ATD of C GPCRs was found to comprise two lobes, LB1
and LB2, of which the function is mediated through a Venus flytrap mechanism
controlled by the equilibrium between an “open” and a “closed” conformation of
these two lobes [81]. By using cross-species chimera approaches and homology
modeling methods, multiple binding sites to different ligands are found on the
sweet receptor TIR2/T1R3. Major artificial sweeteners such as aspartame or neotame
and some naturally occurring sugar analogues were found to bind to the VFTM on
T1R2 by functional expression of rat-human chimeric constructs [80, 82] as a result
of spectroscopic analysis of the purified ligand-binding domains of T1R3 taste
receptors [83]. Based on in silico docking experiments using homology models on
mGluR1, sweet proteins such as brazzein, monellin, and thaumatin were suggested to
bind to the open end of the VFTM with a postulated wedge model [11, 84]. However,
this hypothesis has been challenged by several other studies. By using site-directed
mutagenesis and generation of cross-species receptor chimera methods, the cysteine-
rich domain of human T1R3 was found to be required for species-specific sensitivity
to brazzein sweetness and was recognized as a new determinant of sweet receptor
function [85]. Using calcium imaging analysis in HEK cells and a human-mouse
chimeric receptor system, the amino-terminal domain (ATD) of T1R3 was identified
as a new sweetener-binding region, which is essential for the receptor interaction of
the sweet protein neoculin [86]. On evaluation of the sweetness of brazzein and its
mutants, using a calcium-mobilization cell-based assay with heterologously
expressed human sweet taste receptors, brazzein was found to interact with both
T1R2 and T1R3. In addition, no expected decrease in brazzein response was observed
to those mutations of receptor residues at putative functional sites predicted by wedge
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models. This study suggested that a series of multiple-step binding events might be
involved during the interaction between brazzein and the sweet receptor [87]. These
studies demonstrated the different functional roles of subunits on the heteromeric
complex and indicated the complexity of cooperative interactions between the sweet-
tasting ligands and the functional binding sites on the human sweet receptor, which
supported the concept of allosteric modulation of the G protein-coupled receptor [88].

Studies of the interaction between naturally occurring small-molecule sweet-
tasting ligands and the sweet receptors are lacking. However, cell-based functional
taste receptor expression assays have been employed widely to evaluate the organ-
oleptic properties of natural sweeteners in a systematic, comprehensive, and effi-
cient manner. In a comparison of the human psychometric and taste receptor
responses to selected steviol glycosides, derivatives including stevioside (1),
rebaudiosides A-F (2, 3, 6-8), steviolbioside (10), dulcoside A (5), and rubusoside
(9) were evaluated by an approach combining calcium imaging experiments
conducted in HEK293 Flpln T-Rex Gg;5Gi3/hTAS1R2 cells and human sensory
studies [89]. This investigation revealed that all steviol glycosides tested were able
to activate the functionally expressed sweet taste receptor in a dose-dependent
manner, and the concentrations preceded onset response in vitro were comparable
to those obtained by human sensory testing. The rank order of potency of function-
ally expressed hTAS1R2/ hTAS1R3 for the individual steviol glycoside was also
similar with the ranking based on the in vivo evaluation results. However, except
for the consistent organoleptic profiles obtained based on the cell-based receptor
assay and the in vivo test results, interesting differences were also observed
between these two different evaluation systems. The maximal relative sweet inten-
sities of the test compounds varied considerably in the in vivo test, while the
potency of these compounds was very consistent in in vitro assay, which implies
that the distinct sweetness elicited by these steviol glycosides seems not be medi-
ated at the sweet taste receptor level. In addition, the sweet taste sensation, elicited
by stevioside (1), rebaudioside A (2), and rubusoside (9), began to decrease after
passing through the maximal concentrations in the human sensory experiments,
while in the functional receptor assay, the sweet receptor response evoked by these
three compounds did not decline beyond the maximum. The authors deduced that
these attenuating effects in vivo of the three steviol glycosides could be caused by a
cross-model suppressing effect of the associated intrinsic bitter taste.

A recombinant human taste receptor TIR2/T1R3-dependent cell-based system
has been used in high-throughput screening of molecules for sweeteners and
sweetness enhancers or modifiers. In this bioassay, the heterodimeric human taste
receptors (T1R2/T1R3) are transfected with a multicistronic plasmid vector such as
pTrix-Eb-R2R3 in HEK293 cells that stably express G415, a promiscuous phos-
pholipase C-linked G protein. Binding of the sweet-tasting stimuli with TIR2/T1R3
ligands induces transient increases in the intracellular calcium levels in G415 cells,
which can be evaluated by measuring the fluorescence values of cells labeled with
the calcium-sensitive fluorescent dye Fluo-4 AM [90-95]. By using similar sweet-
ness evaluation methods and protocols, several known natural secondary metabo-
lites were claimed recently for their sweetness or/and sweetness enhancer
properties [90-95]. Most of these compounds are derivatives of plant origin,
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which include (i) two flavonoids, nobiletin (49), a substance isolated from Citrus
spp. [96], and afzelin 2”-O-gallate (50) found from Calliandra haematocephala
Hassk. (Fabaceae) [97] and Eugenia hyemalis Cambess. (Myrtaceae) [98]; (ii) a
triterpenoid, tormentic acid (51), which was initially isolated from Potentilla
tormentilla Gilib. (Rosaceae) [99]; (iii) a benzyl glycoside, benzylprimeveroside
(82), first isolated from Alangium platanifolium (Siebold & Zucc.) Harms. var.
trilobum (Alangiaceae) [100]; and (iv) a phenylpropanoid derivative, trans-
melilotoside (583), isolated from sweet clovers (Melilotus spp.) [101]. Besides
these compounds from plants, microcarpalide (54), an alkyl-substituted nonenolide,
originally isolated from the fermentation broth of an unidentified endophytic fungus
growing on the bark of Ficus microcarpa Wight et Miq. [102], was also identified
as a sweet substance of natural origin [95]. However, none of these compounds
appears to have been reported to have a sweet taste as assessed by human volun-
teers. The sweet-tasting potential of these natural-origin constituents was identified
only based on their activating effect of the expression of the hTIR2/hT1R3 sweet
taste receptor in the cell-based functional taste receptor assay.
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3.3 Naturally Occurring Sweet Taste Enhancers

Several compounds of natural origin are known that are indicated as being of use for
sweetness enhancement, but these have no indication of commercial utility. Aside
from the sometimes obtuse language used, claims presented in the patent literature
may not be supported by statistically significant experimental studies. Typical taste
experiments feature a small number of panelists, and when a sweetness potency
value is given, the enhancement seen is often within the published limits of error.
As noted above, sweeteners used below their sweet taste threshold may be consid-
ered as sweet taste enhancers. However, currently, there is not a standard industry
method to determine the sweet taste threshold. Therefore, one should be cautious
when drawing conclusions based on the taste properties disclosed in the patent
literature. For example, three out of five panelists found afzelin 2”-O-gallate (50) at
a concentration of 20 pmol/l to increase the sweetness of a 4% fructose solution
[91]. Benzylprimeveroside (52), a naturally occurring benzyl glycoside, was also
found to enhance the sweetness of 4% fructose by three out of five panelists [93]. If
treated as equal samples, the probability of at least three of five respondents,
choosing the test sample as sweeter than the control fructose solution, is 50%.
These patent applications, however, also employed cell-based assays, as mentioned
in the previous section, which indicated that the compounds both activated the
receptors and had a greater than additive effect with fructose.

In addition to the compounds previously mentioned, several phenylpropanoids
have been disclosed as sweet taste enhancers. These include the structurally related
flavans, 5,7,3'-trihydroxy-4’-methoxyflavan (55) and 4',7-dihydroxyflavan (56),
which are described as less active analogues of the FEMA-approved
7,3’-dihydroxy-4’-methoxyflavan (57) [103]. The dihydrochalcones, eriodictyol
dihydrochalcone (58) and 4,2'-dihydroxy-3-methoxydihydrochalcone (59), have
been disclosed as less active analogues of phloretin (17) [47]. The flavonoid
nobiletin (49) has been claimed as a sweet taste enhancer for fructose [90].
3,2'-Dihydroxy-4,4',6'-trimethoxychalcone (60) was also determined to be a poten-
tial sweet taste enhancer in a cell-based assay [49]. This chalcone is a constituent of
Merrillia caloxylon Swingle (Rutaceae) [104]. Rosmarinic acid (61), a constituent



50 J.N. Fletcher et al.

of several herbs, also has been disclosed to be a sweet taste enhancer [105]. In
addition, the previously mentioned trans-melilotoside (53) has also been claimed to
have this same biological property [94].

The phenolic compounds (+)-catechin (62), (+)-gallocatechin (63), (—)-
epicatechin (64), and (—)-epigallocatechin (65) have been patented as sweetness
enhancers [106]. These results were not replicated by independent research at the
Coca-Cola Company [107]. However, the patent on these compounds deals mainly
with time-intensity of sweetness in chewing gum, and thus, the compounds
disclosed as sweet taste enhancers may be acting through mechanism other than
direct interaction with the sweet taste receptor.

Microcarpalide (54) is a metabolite isolated from an unidentified endophytic
fungus from Ficus microcarpa as an antimicrofilament agent. Subsequent investi-
gation of microcarpalide in a cell-based sweet taste assay revealed the compound as
an in vitro activator of the sweet taste receptor [95]. In a five-person panel, four
panelists responded that 37 pmol/l of the compound enhanced the sweetness of a
4% fructose solution.

The surfactins, a group of cyclic peptides of microbial origin, have a patented
use as sweet taste enhancers [108]. A mixture of surfactins from Bacillus subtilis
with surfactin C (66) as the major component was screened for activity in a sweet
receptor cell-based assay. This surfactin mixture was active in the assay and
showed a super-additive effect with fructose at some concentrations of surfactin.
This result indicates that surfactin may act as both a sweetener and a sweet taste
enhancer for fructose.

Aladapcin (67), a bacterial metabolite from a Nocardia species, has been
demonstrated as a sweetness enhancer using a cell-based assay [109]. The method
used in this assay evaluated the compound at various concentrations with and
without the addition of fructose. The results obtained showed an increase in
response to fructose with increasing amounts of aladapcin. However, there was
no response to aladapcin alone.
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Tormentic acid (51) from Potentilla tormentosa has a patented use as a sweet-
ener and a sweet taste enhancer [92]. The main evidence in support of this was from
a cell-based assay. When evaluated by five panelists at 20 pmol/l, the compound
was reported as having a raspberry-like taste with no strong sweetness.
Perplexingly, the patent claims this taste experiment “show(s) that tormentic acid,
beneficially, may be utilized as a sweetener, without contributing off tastes.”
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3.4 Naturally Occurring Sweet Taste Inhibitors

In addition to sweet taste-enhancing compounds, several sweet taste-inhibitory
natural products are known. Although sweet taste inhibition may seem to be more
of a novelty than a useful phenomenon, there are commercial applications for sweet
taste inhibition. For instance, the sweetness inhibitor lactisole (68) is used in jellies
and jams, where the physical properties of sugar are more important than the
sweetness [50]. Additionally, sweetness inhibitors could be of use in lactose-free
dairy products, which are sweeter than their lactose-containing counterparts
[110]. Aside from food uses, there has also been some interest recently in
non-gustatory taste receptors and the possibility of sweet taste inhibition to modify
metabolic activity [110].

The above-mentioned lactisole (68) was discovered in a screening procedure for
synthetic compounds active at the sweet taste receptor [111]. This compound was
then discovered to be a naturally occurring component of coffee beans (Coffea spp.)
[50]. Lactisole, while active against primate sweet taste receptors, does not impact
rodent sweetness detection [112]. Using a series of human-mouse chimeric recep-
tors, it was determined that lactisole interacts with the transmembrane portion of
Tas1R3 [112]. Lactisole is a FEMA-approved flavor [113].

The most prevalent class of sweet taste inhibitors is represented by the
triterpenoid glycosides and a great deal of work on these substances has been
performed by investigators in Japan. These compounds have been recently reviewed
elsewhere [36]; therefore, an abridged review will be given in the present chapter.
The three major plant sources of natural antisweet compounds are Gymnema
sylvestre (Retz.) Schult. (Asclepiadaceae), Hovenia dulcis Thunb. (Rhamnaceae),
and Ziziphus jujuba Mill. (Rhamnaceae) [36].

G. sylvestre produces gymnemic acid I (69), which is the benchmark, against
which other sweet taste-inhibitory compounds are generally compared [36]. The
taste properties of this plant have a long history of study with the first phytochem-
ical investigation occurring in the late nineteenth century [114]. The antisweet
properties of G. sylvestre leaves were known long before this study, however, and
the Hindi name for the plant translates as “sugar destroyer” [110]. Currently,
gymnemic acids I-XVIII (69-86) have been isolated from G. sylvestre, of which
all that were tested displayed antisweet activity [115-120]. Also,
gymnemasaponins I-V (87-91) have been isolated from this same plant source,
with compounds III-V displaying antisweet activity [121]. By comparing the
gymnemasaponins, it appears that the sugar chain length plays an important role
in the taste properties of these compounds. Additionally, the sodium salt of
alternoside II  (92), 21B-O-benzoylsitakisogenin  3-O-p-pD-glucopyranosyl
(1—3)-p-p-glucuronopyranoside (93), the potassium salt of longispinogenin
3-0-p-p-glucopyranosyl(1— 3)-p-p-glucuronopyranoside (94), and the potassium
salt of 29-hydroxylongispinogenin 3-O-B-p-glucopyranosyl(1— 3)-p-p-glucurono-
pyranoside (95) were isolated from the leaves of G. sylvestre, with the former two
compounds possessing antisweet properties [122]. In addition to these triterpenoids,
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the protein gurmarin from the plant has been found to suppress the detection of
sweeteners in rodents but not in humans [110, 123]. G. sylvestre has been found to
alter absorption of glucose and is used against diabetes mellitus as a traditional
medicine [110].
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Several sweet taste-inhibitory dammarane derivatives have been identified from
the leaves of Hovenia dulcis. Hodulosides I-V (96-100) and VII-IX (101-103)
were all found to have antisweet properties along with hovenoside I (104),
jujuboside B (105), and compounds named saponins C, (106), E (107), and H
(108) [124, 125]. Hodulosides VI (109) and X (110) were not found to have
antisweet activity indicating the importance of the substitution at C3 in sweet
taste modification [124].
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Several dammaranes from the Chinese jujube, Ziziphus jujuba, possess antisweet
activity, namely, jujubasaponins II-VI (111-115), ziziphin (116), and zizyphus
saponins [-IIT (117-119). Initially, jujubasaponins I-III (120, 111, 112) were
isolated [126, 127]. Since jujubasaponin I does not possess antisweet activity and
jujubasaponins II and III do, the conclusion that acylation was important for the
mediation of this activity was made [126]. However, isolation of the additional
compounds has somewhat confounded a rigid structure-activity analysis.
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Somewhat surprisingly, the domesticated chicken (Gallus gallus domesticus)
produces a sweet taste-inhibiting protein, riboflavin-binding protein (RBP) [128]. It
had previously been discovered that lysozyme from the eggs of various species
including the chicken are high-potency sweeteners [129]. However, because egg
white itself is not sweet, it was posited that there must also be a sweet taste inhibitor
present [128]. RBP was found to selectively reduce the sweetness of the protein
sweeteners thaumatin, monellin, and lysozyme [128]. RBP had no effect on the
perceived sweetness of aspartame, glycine, b-phenylalanine, stevioside (1), saccha-
rin, cyclamate, or sucrose [128]. Detailed studies have shown that RBP does not
directly interact with sweet-tasting proteins indicating that its effect is mediated
through interaction with the sweet taste receptor [128].

In addition to these straightforward sweet taste inhibitors, there exist several
compounds in Nature that produce the related “sweet-water” effect. This type of
effect is seen, when a compound is sampled in the mouth and no sweetness is
perceived, but upon rinsing, a sweet taste is observed [130]. This effect is believed
to be caused by the constitutive activity of the sweet taste receptor [130]. In other
words, the sweet taste receptor is believed to exist in equilibrium between active
and resting states, and the sweetness from the active state receptors is not usually
perceived. However, when a sweet taste inhibitor is encountered, this background
activity is suppressed. When the inhibitor is subsequently removed, the background
constitutive activity can then be observed.

The ability of the artichoke, Cynara scolymus L. (Asteraceae), to produce the
“sweet-water” effect resulted in phytochemical investigation of the plant [131]. The
major active compounds were determined to be the related compounds chlorogenic
acid (121) and cynarin (122). While this “sweet-water” effect was not attributed to
blocking the sweet taste, there is evidence in vitro that lactisole also exhibits a
“sweet-water” activity [130].
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Unexpectedly, the taste-modifying proteins miraculin and neoculin exhibit a
sweet taste-inhibitory activity at nonacidic pH. Neoculin, isolated from Curculigo
latifolia Dryand. ex W.T. Auden (Hypoxidaceae), elicits a sweet taste in addition to
changing the perception of sour solutions to sweetness. Through mutation studies, it
was proposed that the mechanism of inducing a sweet taste in the presence of acid is
mediated by the protonation of histidine residues on neoculin. Further investigation
demonstrated that the inactive forms of neoculin and miraculin bind to the sweet
taste receptors and inhibit the binding of other sweeteners [132].



Medicinal Chemistry of Plant Naturals as Agonists/Antagonists for Taste. . . 57
3.5 Selected Bitter-Tasting Natural Products

As a result of coevolution, Nature has produced several bitter-tasting compounds
and several bitter taste receptors. Thus, while there is only one widely accepted
sweet taste receptor in humans, there are 25 identified functional bitter taste
receptors and several pseudogenes [10, 133]. Additionally, while monomers of
the bitterness receptors respond to bitter tastants in in vitro screening, it is possible
that in vivo polymerization occurs broadening the potential number of functional
bitter taste receptors. It is estimated that there are tens of thousands of naturally
occurring bitter tastants rendering a comprehensive review of these compounds
untenable [133]. Therefore, in the following paragraphs, focus will be made on a
few structures of commercial interest.

Several bitter-tasting compounds occur in beer due to the inclusion of hops,
Humulus lupulus L. (Cannabaceae). While beer is now regarded as an acceptable
type of bitterness in the diet, the initial reaction to adding bitter-tasting hops to beer
was negative [134]. However, hops aided in the stability of beer against microor-
ganisms and subsequently became an integral part of the taste of beer. The bitter-
tasting principles of beer are the a-acids humulone (123), cohumulone (124), and
adhumulone (125), which are isomerized to cis- and trans-isohumulone (126, 127),
isocohumulone (128, 129), and isoadhumulone (130, 131) during beer production
[134, 135]. Additional bitter components include the p-acids lupulone (132),
colupulone (133), adlupulone (134), and the flavonoids xanthohumol (135),
isoxanthohumol (136), and 8-prenylnaringenin (137) [135]. These bitter-tasting
compounds have been found to activate the hTAS2R1, hTAS2R14, and
hTAS2R40 receptors. While taste potency results did not correlate directly to the
cell-based assays, all of these compounds were determined to be bitter in a taste
test. It was then put forth that binding to salivary proteins and the oral cavity may
functionally reduce the concentration levels of some of these compounds available
to the taste buds in vivo.

Citrus juices are a commonly ingested source of bitter compounds from two
chemical classes, namely, flavonoids and limonoids [4, 136]. The bitterness of
limonin (138) and flavonoids have been referred to as “a major problem for the
citrus industry” [4]. The flavonoid naringin (139) is considered to be the primary
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bitter constituent of freshly squeezed juices. In contrast, the bitter limonoid limonin
is formed from its tasteless precursor, limonate-A-ring lactone (140), over a period
of hours after juicing [136]. The bitter citrus flavonoids naringin (139) and
neohesperidin (141) have been screened against all known bitter taste receptors;
however, none was activated by these compounds. Limonin activates hTAS2R38,
which is perhaps the most widely studied bitter taste receptor, since mutations at
this receptor dictate one’s sensitivity to 6-n-propylthiouracil (PROP). A liking for
grapefruit juice has been associated with TAS2R/9 and TAS2R60 polymorphisms
[137]. Interestingly, the mutation associated with TAS2R60 is a silent mutation. It is
possible, however, that this mutation suppresses expression or affects protein
folding. Research, investigating reducing the bitterness of the Seville orange, has
been important for sweetener discovery; chemical modification of the bitter-tasting
neohesperidin resulted in the discovery of the sweetener neohesperidin
dihydrochalcone (14) [43, 44].

Caffeine (142) may be the most widely consumed bitter agent. It has been
estimated that the daily consumption rate of caffeine in several countries is greater
than 300 mg per capita [138]. Caffeine is produced by several plants used in foods
and beverages including coffee, tea, cocoa, yerba mate, guarana, and kola nut. Due
to its wide use and availability, caffeine is a common standard for bitter taste
experiments. Caffeine activates five human bitter taste receptors, namely,
hTAS2RS5, hTAS2R10, hTAS2R 14, hTAS2R43, and hTAS2R46 [133].
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3.6 Bitterness-Masking Natural Products

Since the response to bitter tastants is generally rejection, there exists a commercial
impetus to mask bitter tastes. The most common industrial means of masking a
bitter taste is by creating a physical barrier to the tastant, although this is not
practical for all food applications or some liquid medicines [9]. Physical barriers
can include encapsulation (on both the micro and macro levels), forming suspen-
sions, emulsions, coatings, and the use of complexing agents such as ion-exchange
resins. Strong flavors can be used to overpower bitter tastants, and congruent flavors
such as chocolate, coffee, grapefruit, and mint can be used to place bitterness in a
more favorable context [9, 139]. Salts (NaCl and LiCl) have been shown generally
to inhibit the bitterness of various bitter tastants, while sour tastants may alter
bitterness perception unpredictably, with lower concentrations masking bitterness
and higher concentrations showing enhancement [140]. Sweet substances are well
known to suppress the intensity of bitter compounds [9]. Umami substances have
also been shown to mask bitter taste, but monosodium glutamate also has salty and
sour attributes owing to its component ions, which tends to obscure the relationship
between umami and bitter taste perception [141]. In order to mask a bitter taste
without otherwise changing the flavor of a food, it is necessary to identify com-
pounds that inhibit the ability of the TAS2Rs to detect bitter compounds.
Abolishing the bitter taste of bitter-sweet high-potency sweeteners such as
acesulfame K, saccharin, and the steviol glycosides [e.g., rebaudioside A (2),
rubusoside (9), and stevioside (1)] is of particular commercial interest.

Due to the various methods available to mask bitter taste, it is necessary to give
some thought to the mechanism of action. For instance, cyclodextrins may be used
to mask bitterness, but the method is much more likely to be a molecular-level
encapsulation than direct interaction with the bitter taste receptor. However, inves-
tigation of the bitterness-masking properties of phosphatidic acid (143) and tannic
acid (144) has indicated these compounds reduce the bitterness of quinine to below
the amount scavenged from solution [142]. Interestingly, tannic acid, while acting
as a bitterness-masking agent at lower concentrations, was found to be bitterness
enhancing at higher concentrations, with this posited as being due to its astringent
properties [142].

Likewise, sweet tastants are often used to mask bitterness; however, this is likely
to be due to effects downstream from the taste receptors. This was demonstrated by
using bitter-sweet mixtures with and without the sweet taste-inhibiting extract of
Gymnema sylvestre [143]. Samples containing G. sylvestre extract were found to
possess increased bitterness; thus, the perception of sweetness mutes the perception
of bitterness. However, the existence of high-potency sweeteners with a bitter
off-taste reveals that sweeteners may also act on the bitter taste receptor, and
therefore, some sweeteners may actually inhibit response at the TAS2Rs. There
are examples of natural sweeteners from the patent literature that may have this dual
property. Mogroside V (11) from Siraitia grosvenorii has been patented for use
below its taste threshold to block many bitter tastants including coffee, grapefruit,
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organ meat, and potassium chloride [144]. Likewise, rebaudioside B (6) from Stevia
rebaudiana has been patented to mask the bitterness of other steviol
glycosides [145].

Several terpenoids have been found to possess bitterness-masking activity. In
addition to the aforementioned mogroside V (11), the reportedly tasteless
mogroside III (145), from the same plant source, also displayed bitterness-masking
properties [144]. Hardwickiic acid (146), epi-hardwickiic acid (147), and several
derivatives thereof were found to mask the bitterness of high-potency
sweeteners [16].

Perhaps the most prolific class of bitterness-masking compounds from Nature
are the plant phenolics, especially the flavonoids. Neodiosmin (148), a flavone from
Citrus x aurantium, has been demonstrated to have bitterness-masking properties
against limonin, caffeine, quinine, and saccharin [146—148]. Another early example
of a plant compound with reported bitterness-masking activity is para-methoxycin-
namaldehyde (149), a constituent of cinnamon (Cinnamomum spp.). Research,
investigating para-methoxycinnamaldehyde as a sweetener, led to a report of
bitterness-masking capabilities, when used in compositions containing vanillin
and saccharin [149]. The sodium salt of another common plant natural product,
ferulic acid (150), was found to mask the bitterness of acesulfame K, caffeine,
quinine, and saccharin [150].

The most intensively studied plant for bitterness-masking activity is the US
native plant Eriodictyon californicum. As early as 1887, an extract of
E. californicum leaves was reported to mask the bitterness of quinine with the
statement made: “syrup prepared from Eriodictyon leaves is extensively used for
the administration of quinine in a bitterless form” [151]. Indeed by 1917, it was
stated that “its preparations are principally used, however, as vehicles to disguise
the taste of disagreeable medicines like quinine” [152]. More recent work by Ley
et al. showed eriodictyol (151), homoeriodictyol (152) and its sodium salt, and
sterubin (153), all leaf flavonoids of E. californicum, to be bitter-masking agents
[153]. The sodium salt of homoeriodictyol masks the bitterness of a variety of
compounds including caffeine, guaifenesin, paracetamol, and salicin [153]. This
work led to the investigation of several structural analogues often including
a vanillic moiety. Examples of bitterness-masking compounds identified in this
work include the dihydrochalcone phloretin (17), a closely related flavan
(7,4 -dihydroxy-3’-methoxyflavan) (154), various gingerdione derivatives (e.g.,
[2]-dehydrogingerdione (155) and [3]-gingerdione (156)), and vanillylamide ana-
logues such as 157 [17, 103, 154, 155]. A compound, only tangentially related to the
benzamide derivatives of homoeriodictyol, L-menthane carboxylic acid-N-
(4-methoxyphenyl)-amide (158), was found to mask the bitterness of the similar
compound menthol [156].
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In an independent research study on the constituents of E. californicum, the
flavonoids jaceosidin (159), sakuranetin (19), and 6-methoxysakuranetin (160)
were found to inhibit the hTAS2R31 bitterness receptor [49]. This receptor is
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responsible for detecting the bitterness of several tastants including saccharin and
acesulfame K. The ICs values for these compounds were roughly equivalent with
sakuranetin being the most potent antagonist identified. The activity of sakuranetin
and 6-methoxysakuranetin [and the inactivity of naringenin (21)] shows that, in
addition to an isovanillic substitution pattern on the B ring, A-ring methoxylation at
the seven positions is important for bitterness reduction. The hTAS2R31 data
obtained also showed that methoxylation at the C6 position did not greatly alter
activity at the receptor. Additionally, the activity of jaceosidin and the inactivity of
6-methoxyhomoeriodictyol demonstrates a difference in activity between flavones
and flavanones. Homoeriodictyol (152) was evaluated in this study but was found to
be inactive, indicating that it exerts its bitterness-masking capability through
activity at other bitter receptors.
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4 Conclusions

As described in this chapter, naturally occurring compounds of various structural
classes can activate or inhibit human sweet and bitter taste receptors. Since the
discovery of these receptors at the turn of the twenty-first century, two major classes
of plant-derived natural products have seen wide commercialization as table top
sweeteners, namely, stevia and monk fruit products. Given the recent trend towards
“100% natural,” it is likely that natural products will continue to be commercialized
as sweeteners and for other flavoring purposes in the future.

The development of cell-based assays for sweetness and bitterness can be
expected to aid the discovery of novel natural taste-active agents by allowing for
the screening of natural products and extract libraries. However, due to their
relative novelty and certain restrictions due to intellectual property matters, these
in vitro assays have yet to find widespread use.

While many of the plants possessing a sweet taste have been investigated for the
presence of high-potency sweeteners already, it is likely that new taste-active
compounds will continue to be isolated. For example, only recently has it become
appreciated that the chicken egg produces substances that are sweet and others that
are sweet taste inhibitors. Furthermore, a comprehensive screening for natural
sweet taste enhancers and bitterness-masking agents has not been conducted, and
such activity would not necessarily be evident from the historical uses of plants and
other organisms, as has been the case for sweet-tasting substances. For instance, the
sweet-water effect of the artichoke was not mentioned in the scientific literature
until 1935 [157]. Given the diverse chemical space covered by natural products, the
increasing availability of taste-related in vitro assays, and the current consumer
desire for natural flavors and sweeteners, future continuing discoveries of naturally
occurring taste-active molecules should be expected.
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Chemical Activation of Sensory
TRP Channels

Brett Boonen, Justyna B. Startek, and Karel Talavera

Abstract The overall perception of flavor results from the integration of taste,
smell, and somatosensory information streaming out of specialized receptor cells
located in the oronasal cavities. Several members of the transient receptor potential
family of cation channels contribute to the signal transduction of chemical stimuli.
All bona fide TRP channel chemosensors contribute to flavor detection by acting on
epithelial cells and/or sensory nerve endings in the mucosa of the nose, mouth, and
throat. Chemical activation of these channels results in a very obvious, but yet
obscure, sensory modality called trigeminality or chemesthesis, which is related to
the perception of texture, temperature, and pungency. These sensations arise when
chemical compounds activate receptor cells associated with other senses that
mediate touch, thermal perception, and pain. In this chapter we illustrate the huge
diversity of chemical agonists of TRP channels and underscore the need of more
basic research on this amazing family of molecular sensors, which are very likely to
hold the key for better understanding of human sensory pathophysiology.
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1 Introduction

The survival of organisms depends critically on their capacity to sense environ-
mental cues and to respond with appropriate adaptive behaviors. Smell and taste
confer the animals’ ability to recognize and discriminate different chemicals,
airborne or dissolved in the saliva, respectively. Chemicals can be also detected
by nerve endings present in nearly all tissues, particularly the mucosa (nose, mouth,
throat, eyes) and skin. This type of response is called trigeminality or chemesthesis
and is related to sensing the texture and temperature [1]. Activation of free nerve
endings can trigger soothing feelings and freshness but can be also associated with
unpleasant and even painful sensations. The study of the molecular mechanisms
underlying these perceptions is a major task in modern biology.

In recent years, several members of the transient receptor potential (TRP)
protein superfamily have been identified as key players in multiple chemosensory
processes. TRP proteins are cation channels with great diversity in activation
mechanisms and are expressed in numerous tissues and cell types [2, 3]. The
mammalian TRP superfamily consists of 28 proteins essential in sensory physiol-
ogy including contributions to taste, olfaction, vision, hearing, touch, and thermo-
and osmosensation [4, 5]. Furthermore, they mediate responses to many endoge-
nous molecules such as hormones, growth factors, and metabolic stress modulators.

Interestingly, none of the TRP channels that have been unequivocally involved
in the mechanisms of taste or olfaction have been shown to function themselves as
chemoreceptors. Indeed, the only TRP channels, shown so far to be directly
involved in the transduction of taste and/or olfaction (TRPMS5 and TRPC2)
[82, 83], remain orphans of exogenous chemical agonists. In contrast, several
TRP channels, expressed in free sensory nerve endings and epithelial cells (i.e.,
TRPA1, TRPVI1, TRPV2, TRPV3, and TRPMS), are activated by a myriad of
chemicals contained in food spices, odorants, and cosmetics. This chapter provides
for an update on the sensitivity of such TRP channels to compounds relevant for
human chemosensation.
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2 TRP Channel Classification and General Structure

The mammalian TRP superfamily can be divided into seven subfamilies: TRPC
(canonical), TRPV (vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPN
(NOMPC-like), TRPP (polycystin), and TRPML (mucolipin) [3]. TRP channels
are classified as nonselective cationic channels, although they vary in the relative
permeability for different ions [3]. With exception of TRPM4 and TRPMS [84, 85],
all are Ca®* permeable and thus constitute cellular Ca®* entry gateways and play
crucial roles in different signaling cascades. TRP channels are assumed to assemble
into homo- or heteromers, where four subunits form a cationic pore. The carboxyl-
(C)- and amino-(N)-terminals are located intracellularly, and their length varies
between different members of the TRP family. The N- and C-terminals contain
many motifs and domains that are essential for channel function, including groups
with enzymatic activity as, for example, the Nudix hydrolase domain of TRPM2
having an ADP-ribose pyrophosphatase activity [86, 87]. Other domains include
ankyrin repeats, TRP domains, phosphorylation sites, EF hands, calmodulin-
binding motifs, and lipid-interaction domains, which are not fully conserved
between different members, but play crucial roles in channel activity.

The major homology region encompasses the six transmembrane domains with
the pore loop located between the fifth and sixth transmembrane segments [2—
4]. Apart from TRPM, TRPP, and TRPML channels, all TRPs contain multiple
N-terminal ankyrin (ANK) repeats, with TRPA1 having the longest stretch of
18 ankyrin repeats [2, 3, 88]. Ankyrins are composed of a 33 amino acid-long
repeated motif, which forms short (seven to eight residues) and long (nine to ten
residues) alpha-helixes interconnected by a short loop [89, 90]. ANK repeats are well-
described protein-interaction motifs mediating various cellular functions including
ion transport, cell signaling, cytoskeleton interactions, and inflammatory processes
[91-93]. It is not yet clear whether specific sequences and/or number of repeats are
required to form specialized interactions or complete function in the tetramerization
of TRP channels. Nevertheless, numerous studies demonstrate interactions between
ANK repeats and various proteins and their role in channel multimerization and
gating [93-96]. Another weakly conserved sequence of approximately 25 amino
acids is referred to as the TRP domain, which is located in the proximal C-termini
of all TRP channels with exception of TRPA1 and TRPP [97-99]. It contains the TRP
box 1 (EWKFAR) motif and proline-rich box 2, which are variable between different
channels [99]. In the TRPC, TRPM, and TRPV subfamilies, channel tetramerization
is also mediated by a coiled-coil motif [100—102]. The structural feature of the coiled-
coil domain comprises a heptad repeat of amino acids located roughly 88—120 amino
acid from S6 transmembrane domain [100]. It was shown that mutations or deletion of
the coiled-coil domain result in severe disruption of the subunit interactions and can
cause loss of the channel function [100, 102].
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3 TRPA1: A Broadly Tuned Chemosensor

Human TRPA1 was first identified in a screen for genes downregulated upon
oncogenic transformation of fibroblasts [2]. Previously called ANKTM1 (ankyrin
repeat-containing ion channel 1), TRPA1 is the only TRPA protein reported in
mammals [2, 3] and is a target for noxious chemical irritants in peripheral sensory
neurons implicating a functional role in pain and neurogenic inflammation [1]. This
channel also participates in additional sensory processes such as cold and mechano-
sensation. TRPAT1 is expressed in the dorsal root ganglion (DRG), vagal ganglion
(VG), and trigeminal ganglion (TG) neurons [4], specifically in small diameter Ad
and C-sensory fibers [103, 104]. TRPA1 is mostly expressed in neurons expressing
the capsaicin receptor TRPV 1. For example, in rat trigeminal ganglion, TRPV1 is
expressed in approximately 44% of the neurons, of which over 83% expresses
TRPA1 [103]. It has been reported that TRPA1 is also expressed in non-neural cells
that are also relevant for chemosensation such as skin keratinocytes [105, 106] and
airway epithelial cells [107].

TRPAL is activated by a large number of noxious chemicals found in many
plants, food, cosmetics, and pollutants. Many TRPA1 agonists are highly reactive
electrophiles with shared ability to modify thiol groups as cysteine or lysine
residues in the N-terminus of TRPA1. Numerous mutagenesis experiments revealed
that modification of only three cysteine residues C619, C639, and C663 and to some
extent lysine K708 in the cytoplasmic N-terminus region of the channel leads to its
activation [6, 108]. Electrophilic, pungent compounds such as unsaturated alde-
hydes, ketones, isothiocyanates, and thiosulfinates can be found in many plants, for
example, in Brassicaceae (the cabbage family), Allioideae (onion and garlic, leek,
chives, and shallots subfamily), or Cinnamomum genus. Some of these compounds
serve as plant defensive traits against herbivores.

The plants from the Brassicaceae family (cabbage, broccoli, cauliflower, mus-
tard, horseradish, radish, wasabi, and watercress) are important crops for human
and animal diets. Allyl isothiocyanate (AITC, aka mustard oil) and derivatives such
as benzyl isothiocyanate, phenylethyl isothiocyanate, isopropyl isothiocyanate, and
methyl isothiocyanate are the main pungent ingredients inducing TRPAT1 activation
(Fig. 1; [6-10]). Topical mustard oil application induces activation of underlying
nerve endings and a strong burning sensation and inflammation. Electrophysiology
and Ca®* imaging experimental data established that hTRPAI is activated by all
compounds mentioned above and the underlying gating mechanism involves cova-
lent modification of the cytoplasmic N-terminal tail [9, 108].

Allicin (S-allyl 2-propene-1-sulfinothioate) is another organosulfur TRPA1 acti-
vator found in extracts of raw garlic with a pungent taste and odor [13, 14]. Fresh
cloves of garlic contain alliin, which is a natural plant protector against pathogens.
If the structural integrity of the clove is compromised, for instance, by fungi attack
or by just crushing the clove, an enzymatic reaction occurs, transforming alliin into
allicin within seconds [109]. Produced this way, allicin is short lived and converted
into more stable, sulfide compounds such as diallyl sulfide (DAS), diallyl disulfide
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Fig. 1 Activation of TRPA1 by isocyanates. (a) Effects of allyl, benzyl, or phenylethyl isothio-
cyanate (10 mmol/L) on currents recorded at —60 mV in a Xenopus laevis oocyte expressing
human TRPA1. Reproduced with permission from Jordt et al. [9]. (b) Time course of the effects of
allyl isothiocyanate (AITC) on the amplitude of whole-cell currents recorded at —75 mV (circles)
and +50 mV (squares) in a Chinese hamster ovary cell stably transfected with mouse TRPA1. The
colored filled symbols correspond to the current traces shown on the right panel. Reproduced with
permission from Talavera et al. [67]. pM (pmol/L)

(DADS), and diallyl trisulfide (DATS) [15]. Ratiometric Ca®* imaging in dissoci-
ated neurons from rodent trigeminal ganglia confirmed that approximately 30% of
neurons respond to the garlic extract, and this response could be eliminated with
ruthenium red, a nonselective TRP channel blocker [15]. Further, using HEK and
CHO cells transfected with TRPA1 or TRPV1, it was confirmed that both channels
are activated by allicin and its derivatives, but the response to allicin by-products
was less intense and much slower [13—15]. Additional studies revealed that DAS,
DADS, and DATS activate both channels but show higher affinity for TRPA1
[13, 15, 16]. It has also been proposed that these compounds induce vasodilatation
through the release of CGRP following the activation of TRPA1 on sensory nerve
endings [15].

Ligustilide is a lipophilic and electrophilic dihydrophthalide extracted from
Dang Gui (Chinese Angelica root) commonly used in traditional Chinese medicine
due to its analgesic and anti-inflammatory properties [17, 18]. This compound can
be also found in celery and lovage and is responsible for the plants’ specific aroma
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and taste [110]. Ligustilide was demonstrated to activate TRPAT1, with an effective
concentration (ECsg) of 44 pmol/L [18]. Mutation of TRPA1 cysteines revealed
covalent modification of the channel by the compound as the action
mechanism [18].

Cinnamon oil and its main component cinnamaldehyde (CA) are obtained from
the plants of the Cinnamomum genus and are widely used as flavoring agent. It is
known for its fragrance and when administrated orally, it induces a sweet, lightly
pungent sensation. Cinnamon oil was reported to have many beneficial pharmaceu-
tical effects as antioxidant activity, antimicrobial effect, and even antidiabetic
action [111, 112]. The burning and tingling sensation produced by cinnamaldehyde
is attributed to its action on TRPA1. CA has in fact a bimodal effect on TRPAI
inducing activation in the micromolar range but also inhibition in the millimolar
range, with an effective inhibitory concentration (ICsp) of 3.5 mmol/L [19]. This
bimodal action was confirmed in mouse DRG neurons. It is worth noticing that at
5 mmol/L, CA also induced Ca®" increase in neurons isolated from TRPAI
knockout mice, suggesting that other receptors may be also activated by this
compound [19]. The inhibitory action of cinnamaldehyde on TRPA1 may also
explain, at least in part, its weak ability to induce painful sensations. Interestingly,
the non-electrophilic cinnamaldehyde derivatives cinnamyl alcohol and cinnamic
acid are much less potent, with cinnamic acid being unable to induce TRPA1
activation [20, 21]. These observations further support a mechanism of channel
activation by modification of cysteine residues.

The psychoactive component of plants of the Cannabis genus, A°-tetrahydro-
cannabinol (THC), is well known for its analgesic properties and for inducing other
effects such as anxiety, memory and concentration problems, paranoia, hallucina-
tions, and increased heart rate [23, 113]. The main action of THC is related to
activation of cannabinoid receptors 1 and 2 (CB1 & CB2), but TRPA1 is another
target of this compound. This was demonstrated using electrophysiology and Ca>*
imaging experiments in rat trigeminal sensory neurons as well as in TRPAI1-
transfected HEK cells and oocytes [9]. Other cannabinoids, structurally related to
THC, including cannabidiol, cannabidiolic acid, cannabichromene, cannabigerol,
and Ag-tetrahydrocannabinol acid, were also able to activate TRPA1 [24], with
ECs values of 0.096 pmol/L, 12 pmol/L, 0.06 pmol/L, 3.4 pmol/L, and 0.24 pmol/
L, respectively, compared to 0.24 pmol/L for THC. These values, obtained using rat
TRPA-transfected HEK cells with the use of ratiometric Ca®* imaging [24],
correlate to the predicted electrophilicity of the compounds, which supports the
proposed mechanism of TRPAI1 activation by covalent modification. It is also
important to mention that cannabinoids activate TRPV2 and inhibit TRPMS.
Additionally, they are potent TRP channel desensitizers, with activity dependent
on several factors, for instance, the compound lipophilicity. Previously, it has been
demonstrated that bulkiness and lipophilicity of the activating molecule could
facilitate interaction with the binding moieties of the channel as well as penetration
of the compound into the cell [114, 115]. Of note, the differential desensitization
and activation of different targets by the cannabinoids may be a potential mecha-
nism of their analgesic therapeutical action.
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Curcumin, an electrophilic compound found in the turmeric root of the plant
from the ginger family, was also shown to activate TRPA1 [31, 32]. This compound
has pungent, bitter, and sharp taste and is used as spice and known to have anti-
inflammatory and antiseptic properties [32]. Electrophysiological measurements in
TRPA1-transfected cells and native mouse vagal neurons demonstrated an increase
in TRPAI currents in a concentration-dependent manner at concentrations up to
30 pmol/L [31]. TRPA1-deficient mice did not respond to curcumin and, accord-
ingly, it failed to activate TRPMS8 and TRPV1 [31]. Miogadial (MD), miogatrial
(MT), polygodial (PG), and 1’-acetoxychavicol acetate (ACA) are o,f-unsaturated
1,4-dialdehydes found in extracts from ginger plants [33]. They have a strong,
pungent taste attributed to TRPAT1 activation in sensory nerve endings. These
terpenoids have pain-relieving and anti-inflammatory properties. Although the
initial sensation is very painful, sensory neurons are quickly desensitized bringing
lasting analgesic effect [33]. Activation of TRPA1 occurs with ECs, of 0.2 pmol/L
for MD, 0.13 pmol/L for MT, 0.059 pmol/L for PG, and 0.16 pmol/L for ACA
[33, 34]. Except ACA, they were also able to activate TRPV1, but the potency of
these terpenoids is among the highest of TRPA1 agonists, which points to a role of
TRPAL in the pungency of these compounds [33, 34].

Isovelleral, a pungent terpenoid naturally present in the fungus Lactifluus
vellereus, has some unusual properties [38]. This sesquiterpene dialdehyde is
rapidly produced upon damage of the basidioma and released as a white pungent
milk [38, 116]. These fungi have very hot and peppery taste, which serves to deter
foragers. In fact, skin contact with this milk induces strong inflammatory responses
such as blistering [38]. Isovelleral inhibits TRPV1 function with comparable
potency to ruthenium red and strongly activates TRPA1 channels [38]. Unexpect-
edly, the gating mechanism does not involve covalent modification of channel
cysteine or histidine residues, even though the chemical moieties present in
isovelleral would suggest this activation mechanism [38]. Experiments conducted
in TRPA1 KO mice demonstrated some residual activity of the compound
suggesting involvement of another yet to be discovered target [38]. Previous reports
demonstrate cytotoxic effects induced by this sesquiterpene dialdehyde including
disturbance of cell integrity [117]. A large group of pungent sesquiterpene
dialdehydes and its derivatives with unknown properties is present in many plants
and animals. They include compounds such as muzigadial, drimanial,
ugandensidial or warburganal (pepper-bark tree), sacculatal, and isosacculatal
(Trichocoleopsis sacculata worm) or ancistrodial (Ancistrotermes cavithorax ter-
mite) [38, 118, 119].

Another terpenoid, umbellulone present in the tree Umbellularia californica, is
well known for its headache- and migraine-inducing properties [39, 120]. It also
causes sneezing, coughing, and airway irritation [39]. This potent monoterpene
ketone is reported to affect respiration, heartbeat, and even induce death [39]. Per-
ception of the compound is described as cold and painful and is associated with
TRPA1 and TRPMS activation in trigemino-vascular nerve endings leading to
CGRP release and nociceptive responses [39, 40]. Umbellulone was reported to
have bimodal action against TRPA1, with an ICsy of 408 pmol/L. The action
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mechanism probably involves an alternative non-electrophilic pathway [40]. How-
ever, it was reported that this compound also weakly reacts with thiol groups
[40]. The headache-causing effect may be explained by possible diffusion of this
highly lipophilic compound from the nasal mucosa into the circulation and activat-
ing perivascular sensory nerve endings in the meningeal vessels [39]. Then again,
stimulation of TRPA1 in trigeminal nerve endings in the nasal mucosa and signal
propagation through reflex pathways could also lead to meningeal
vasodilatation [39].

Extracted from a plant belonging to the mint family (Perilla frutescens),
perillaldehyde (PA) and perilla ketone (PK) produce an unusual cinnamon-mint
flavor with tingling and cooling mouth sensations [46]. The perilla herb is widely
used in Asian cuisine, and it is well known in traditional Chinese medicine for its
anti-allergic and anti-inflammatory properties [121]. Both compounds activate and
quickly desensitize TRPA1-containing neurons, which may be a reason for their
unusual sensation. In fact, due to their interesting properties and simple structure,
they are interesting targets for drug design. Recently, a series of active chemicals
were developed based on the structure of perilla ketone including heteroaryl ketone,
which has a very distinctive structure compared to other TRPA1 agonists [47]. All
compounds presented in that study had high biological activity and potency toward
TRPAL1 [47]. Furthermore, crucial chemical groups in their structures were identi-
fied that are needed for TRPA1 gating via channel covalent modification.

Other interesting plants evoking pungent sensation are the Sichuan and
Melegueta peppers. In contrast to the hot and burning sensations caused by chili
peppers, Sichuan peppers induce a slight lemony, mildly hot, and tingly sensation in
the mouth and are used as spices in Chinese and Japanese cuisine. This sensation is
attributed to unsaturated hydroxyalkamides especially a-,f-,y-,0-hydroxysanshools
and their by-products [36, 55]. It was shown that HaSS but not HBSS is able to
excite sensory neurons [55-57]. Furthermore, from 17 TRP channels tested, only
TRPA1 and TRPV1 could be activated. These results were further confirmed by
electrophysiological and ratiometric Ca”* imaging in transfected HEK cells
[36, 57]. Also, only HaSS was able to produce the specific pungent and simulta-
neous cooling sensation once applied to the tongue [56, 57], which supports the role
of TRPA1 in compound perception. The proposed TRPA1 activation mechanism
involves covalent modification of the channel, and activation is highly decreased,
once three crucial cysteine residues in the N-terminal are mutated [36]. Linalool is a
monoterpenoid present in extracts of Sichuan pepper that has also been shown to
activate TRPA1 in DRG neurons as well as transfected in HEK cells [36]. Surpris-
ingly, linalool has a strong floral aroma but not a pungent taste. Instead, it has a very
unpleasant flavor. The TRPAI triple cysteine mutant channel was equally sensitive
to linalool as the wild-type channel suggesting for another TRPA1 gating mecha-
nism. Linalool can be included into the group of non-electrophilic compounds
together with thymol, menthol, or camphor, for which the activation mechanisms
are still not understood.

6-Shogaol and 6-paradol, two pungent compounds from Melegueta peppers or
plants from Zingiber genus (ginger) that contain a vanilloid moiety, are also
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reported to activate TRPA1 and TRPV1 [36, 37]. Surprisingly, they bear structural
similarity to capsaicin present in chili peppers, which is specific for TRPV1 but has
no effect on TRPA1. On the other hand, it was shown that capsaicin-like capsinoids
such as capsiate, dihydrocapsiate, and nordihydrocapsiate, naturally present in
CH-19 sweet pepper and having Scoville heat rating 1,000 times less than that of
capsaicin, are activators of both TRPA1 and TRPV1 [62, 63]. Capsinoids are
nonpungent, as they cause no burning sensation when applied to the tongue, but a
behavioral study reported nociceptive reactions after injection in the mouse hind
paw [62]. Due to the fact that the capsinoids 6-shogaol and 6-paradol are highly
lipophilic, the lack of response in the oral cavity and eyes could be explained by
retention of the compounds in the epithelium or cornea before reaching the sensory
nerve endings. It is possible that capsiate and its derivatives are confined in the
membranes of epithelium or cornea similarly to olvanil (a nonpungent TRPV1
agonist), which has a very low rate of penetration in the epidermis [62, 64,
65]. Alternatively, it is possible that compounds are degraded by esterases and
lipases found in the oral cavity and cornea before reaching the sensory nerve
endings [122]. So far, the mechanisms of TRPAI activation by these
non-electrophilic compounds are unknown, since they are unable to modify thiol
groups in channel structure. Since many of the non-electrophilic compounds are
lipophilic and spontaneously insert into lipid membranes, thus changing its prop-
erties, it is possible that TRPA1 activation is induced by mechanical perturbations
rather than channel modification. This is the case of amphipathic trinitrophenol,
which accumulates in the outer leaflet of the plasma membrane and changes
membrane curvature. As a result, the mechanical alterations of the membrane
may induce TRPAT activation [123].

Menthol  ((1R,2S,5R)-2-isopropyl-5-methylcyclohexanol), obtained from
Mentha genus plants, is another compound inducing complex sensations. Once
applied at room temperature to the tongue or mucus membranes of airways, it gives
a cooling sensation, but at temperature above 37°C, it potentiates the feeling of
warmth [48]. Differences in compound perception are related to its ability to
activate multiple TRP channels including TRPMS8, TRPA1, and TRPV3 [41]. The
cooling feeling is primarily attributed to the activation of TRPMS [51, 164]. Other
menthol effects such as pain, skin irritation, or burning could not be explained by
TRPMS activity. It has been shown that menthol has a bimodal effect acting as a
TRPAT1 activator in low concentrations (between 1 and 30 pmol/L) and leading to
channel block at high concentrations (above 1 mmol/L) (Fig. 2a; [50]). Mechanisms
of channel activation and blocking seem to be distinctive from each other, since
menthol was unable to activate TRPA1 during or after mustard oil application;
however, the blocking effect was preserved [50]. Previous studies show that
menthol can also alter plasma membrane fluidity [124], which may in fact be
sensed by TRPA1 and thus causing its activation. It is also worth to note that not
all species of TRPALI are sensitive to menthol. Nonmammalian TRPA1 channels
were reported to be menthol insensitive [49].

Several other monoterpenes such as camphor and thymol also exhibit bimodal
action with TRPA1 activation at low concentrations and inhibition in the millimolar
range (Fig. 2b; [19]). Camphor and its derivatives (e.g., linalool, 1,8-cineole, or
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Fig. 2 Bimodal action of menthol and camphor on mouse TRPAL1. (a) Effects of menthol on the
amplitude of whole-cell currents recorded at —80 mV (circles) and +80 mV (squares) in a Chinese
hamster ovary cell stably transfected with mouse TRPA1. The filled symbols correspond to the
colored current traces shown on the right panel. Note the sudden increase in current amplitudes
upon washout of menthol and that application of this compound after AITC induces current
inhibition. These effects are reminiscent of the bimodal action of menthol on TRPA1 channels.
Reproduced with permission from Karashima et al. [50]. (b) Effects of camphor on the amplitude
of whole-cell currents recorded at —75 mV (circles) and +75 mV (squares) in a Chinese hamster
ovary cell stably transfected with mouse TRPA1. The colored filled symbols correspond to the
current traces shown on the right panel. Note that camphor 100 pM induces current increase, but
camphor 1 mM inhibits the current. Washout of 1 mM campbhor elicits a strong rebound of the
current. Reproduced with permission from Alpizar et al. [19]. pM (pmol/L), mM (mmol/L)

borneol) are found in the wood of camphor tree Cinnamomum camphora. Camphor
is widely used for its medical properties as, for example, decongestive and calming
actions. Due to its analgesic and antiseptic properties, it is used as a component of
ointments. It can also be used as a spice and has a strong, fragrant smell and a bitter,
pungent taste [125]. The pungency of camphor is associated with activation of
TRPV1 and TRPV3 channels [42], and its soothing action could be attributed to
TRPAI1 inhibition with an ICsy of 0.66 mmol/L [19, 42, 43]. However, it was
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reported that camphor activates mouse TRPAT1 at concentrations below 300 pmol/L
(Fig. 2b; [19]). Application of 100 pmol/L of camphor in TRPA 1-transfected CHO
cells induced a small, approximately threefold increase of TRPA1 currents. Also,
over one third of primary mouse DRG neurons responded to 300 pmol/L of
camphor with an increase in intracellular Ca>* [19]. Consequently, TRPA1 activa-
tion could explain the burning sensation caused by camphor at low temperatures
[125], which may be difficult to explain by activity of heat-activated TRPV
channels.

Thymol is one of the main components of the oils extracted from plants of
Thymus and Origanum genus [66]. It is commonly used as a spice for its charac-
teristics, very strong aromatic odor, bitter taste, and pungency [126]. Thymol is
widely used in the food industry as well as in cosmetics and pharmaceutical
production due to its antimicrobial, antifungal, and antispasmodic properties
[66]. Thymol is known to activate TRPMS, ionotropic GABA receptors, and
TRPV3 channels, but these effects are not responsible for its pungent taste
[53, 66, 127]. In fact, the bimodal action of the compound on TRPA1 could explain
many of its properties. Similarly to the monoterpenoids mentioned above, thymol
activates TRPA1 at concentrations in micromolar range and inhibits at high con-
centrations [50]. The mechanism of thymol action on TRPA1 remains unknown.

Interestingly, similar to thymol and camphor, many other alkyl phenols share the
ability to activate TRPAI1, for instance, thyme oil-derived carvacrol [53],
2,5-dimethylphenol, 2,6-diethylphenol, and cresols mainly found in air pollutions
[66]. So far, it is not known whether all of them have bimodal actions or how they
gate TRPAL1. Due to their non-electrophilic properties, it is unlikely that activation
involves the Michael addition mechanism. There is also a large group of plant-
derived phenolic compounds that are likely to activate TRP channels, for example,
alkyl phenols in cashew anacardic acids, cardanols, and cardols. The screening and
identification of all these chemicals as well as the elucidation of their properties and
action mechanisms will take many years.

Nicotine is a potent pyrrolidine alkaloid produced by plants from the Solanaceae
family, especially in high concentrations by the tobacco plant (Nicotiana tabacum).
In lower concentrations, it can be also found in tomato, eggplant, potato, and bell
and chili peppers. Nicotine can act on nicotinic acetylcholine receptors (nAChRs)
expressed in nociceptive neurons [128], but this may not fully explain the painful
burning and stinging sensation it causes. Unfortunately, many of the commonly
used nicotine replacement therapies produce strong side effects. For instance, the
nicotine gum can cause tingling, burning sensation, and irritation in the mouth,
which are potentiated with increasing nicotine doses [129]. Recently, it was shown
that nicotine activates TRPA1, which may explain all abovementioned unpleasant
feelings. Nicotine has a bimodal effect on TRPA1 inducing activation at low
concentrations (ECso = 17 pmol/L) and inhibition in high concentrations [67]. Nic-
otine was found to inhibit TRPV1 suggesting for a lack of contribution of this
channel to nicotine’s pungency [67, 130]. Two distinct responses to nicotine were
identified in mouse trigeminal ganglion neurons, one mediated by TRPA1 activa-
tion and other by nAChRs [67]. The use of the nAChR inhibitor hexamethonium
served to confirm the specific action of nicotine on TRPA1 currents, both in
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transfected CHO cells and in mouse TG neurons [67]. Due to the fact that nicotine
belongs to a group of non-electrophilic TRPA1 activators, it is very unlikely that
this compound would induce channel opening via covalent modification. Conse-
quently, the mechanism of its action remains unknown.

TRPAL is also known to be activated by many different highly reactive com-
pounds found in cigarette smoke, for example, crotonaldehyde and acrolein
[68]. Both compounds induced strong intracellular Ca®* influx in guinea pig
juxtaglomerular (JG) neurons. Based on the use of the TRPVI inhibitor
capsazepine and the TRPA1 blocker HC030031, it was shown that TRPAI is
responsible for the neuronal excitation produced by these compounds [68]. Tobacco
has also considerable amounts of other alkaloids structurally similar to nicotine
such as nornicotine, anabasine, and anatabine [131]. It was reported that anabasine,
a potent herbivore repellant, was able to activate TRPA1-transfected CHO cells
with similar potency and concentration dependence as nicotine [67]. The activities
of nornicotine and anatabine on TRPA1 and other TRP channels as well as of
thousands of other chemicals, present in cigarette smoke [132], on TRPAI1, and
other TRP channels, remain unknown.

Piperine and at least 20 other chemicals, including piperolein A and
piperolein B, pipernonaline, dehydropipernonaline, or isochavicine, are the main
compounds responsible for the pungent, burning effect of pepper (Piper genus)
[69]. Many of these compounds, especially the ones containing the piperidine ring,
are able to activate both TRPA1 and TRPV 1 channels indicating importance of this
moiety for channel activation. Other piperine-derived compounds result in stronger
activation of TRPV1 but are also able to activate TRPA1. On the other hand, only
one compound, N-isobutyl-(2E.4F)-tetradeca-2,4-diamide (N-tetra), was able to
specifically activate TRPA1-transfected HEK cells [69]. The flavor of freshly
ground black pepper can induce reflexes such as sneezing, coughing, or eye tearing
related to TRP channel activation in sensory nerve endings. The floral, nutty, or
citrusy notes, present in different types of pepper, are related to terpenes, for
example, linalool, sabinene, limonene, a- and B-pinene, myrcene, and phellandrene
found in the outer layer of the peppercorn [70]. Differences in compound compo-
sitions and concentrations between black and white peppercorns are attributed to
distinctive flavor sensations. In white pepper, the presence of the sesquiterpene
rotundone (3,4,5,6,7,8-Hexahydro-3a,8a-dimethyl-5a-(1-methylethenyl)azulene- 1
(2H)-one), also found in other spices such as oregano and rosemary, as well as p-
cresol, gives corns its distinctive aroma [133, 134]. Many of the compounds
mentioned above are known activators or inhibitors of TRPA1. For example,
limonene, which induces strong irritation and odor of oranges, can be also found
in Rutaceae family (citrus plants) and Apiaceae plants like celery along with
species from Eucalyptus genus. Recently, it has been shown that limonene is able
to activate TRPA1 [66]. Nonetheless, many of other pungent chemicals present in
essential oils derived from these plants remain unknown.

The Brazilian green propolis extract, used as dietary supplement, has an uncom-
mon herbal flavor and induces a distinctive unpleasant, bitter taste and pungency at
the back of the throat [72]. Propolis, also produced by honeybees, has been used for
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many decades in traditional medicine because of its countless healing properties. It
has antimicrobial, antifungal, and anti-inflammatory activity and in addition was
reported to induce apoptosis of cancer cells [72, 135—-139]. Pungency of propolis
was recently related to activation of TRPA1 channels in sensory nerve endings by
the main propolis component artepillin C [72]. Surprisingly, other types of propolis
do not have a pungent taste. Brazilian green propolis extract has been also shown to
contain some other TRPA1 activators such as cinnamic acids. It was reported that
prenyl-containing artepillin C is a highly specific and potent activator of TRPA1
expressed in HEK cells with a reported ECsq of 1.8 pmol/L [72]. The compound is
also very lipophilic, thus it has the potential to insert into cellular membranes.
Nevertheless, the mechanism of action on TRPA1 remains unknown.

Finally, it was recently described that the pungent component of extra-virgin
olive oil, oleocanthal, was able to activate TRPA1 channels [73]. This
phenylethanoid triggers a distinctive burning sensation in the back of the throat,
inducing cough, and was reported to have anti-inflammatory, anticarcinogenic, and
antioxidant activities [140—142]. Similarly to the cases of artepillin C or ibuprofen,
the exclusive effect of oleocanthal at the back of the throat may be related to the
uneven TRPA1 distribution in the human oral mucosa, with poor expression in
sensory fibers innervating the anterior tongue and high expression on pharyngeal
fibers and nasal epithelia [73]. It was reported that oleocanthal cannot modify
TRPAL cysteine residues, although it contains two aldehyde moieties in its struc-
ture that are necessary to interact with TRPA1 [73]. Yet, the mechanism of action
still remains unknown.

4 TRPVI1: The Capsaicin Receptor

TRPV1 is well known as a transducer of heat and the receptor of capsaicin [58]. The
in vivo activation of TPRV1 receptors by natural agonists like capsaicin is associ-
ated with a sharp and burning pain, perceived as pungency. However, pungency of
TRPV1 agonists is not depending on potency but rather critically dependent on
lipophilicity. Highly lipophilic agonists are less pungent, since they induce slow
TRPV1 activation, delaying or even suppressing its ability to trigger action poten-
tials in sensory neurons [114]. This peculiar quality of TRPV1 activation has set off
the quest for finding or developing TRPV1 agonists that have a high potency/
pungency ratio, which facilitates oral administration.

TRPV1 can be found in different tissues throughout the body. The highest
expression levels could be found in dorsal root ganglion, nodose ganglion, and
trigeminal ganglion neurons [143]. In the population of sensory neurons, expression
of TRPV1 is predominantly found in small- and medium diameter-peptidergic and
non-peptidergic neurons. Moreover, TRPV1 expression has been reported also in
different parts of the brain, the afferent innervation of the urinary bladder, the liver,
granulocytes, and mast cells [2-5, 86, 144]. TRPV 1, as other TRP channels, has six
transmembrane domains with a pore-forming hydrophobic stretch between the fifth
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and the sixth transmembrane segments. The pore of TRPV1 shows a greater
selectivity for Ca?* over Na* (Pco/Pna =9.6:1) [58].

TRPV1 can be activated by several stimuli: capsaicin, the most specific chemical
activator [58, 145], protons [146, 147], and a plethora of other chemical compounds
[145, 148]. Because of the extensive amount of chemical and physical stimuli,
TRPV1 channels, as other members of the TRP superfamily, are able to integrate
several chemical and physical stimuli. This speaks for the important role of TRPV1
as a pain sensor and its role in inflammatory hyperalgesia [59, 149]. Numerous
synthetic or endogenous TRPV1 agonists used for medicinal purposes are described
in the literature. However, here we will focus only on channel activators relevant
for flavor, namely, tastants and odorants.

As mentioned above, the first ligand for TRPV1 to be found was the pungent
compound capsaicin (Fig. 3; [58]). Capsaicin (trans-8methyl-N-vanillyl-6-
nonenamide) is a main component of the fruit of chili peppers (genus Capsicum).
Several structurally related compounds, called capsaicinoids, are found in the
capsicum spices. Other examples of capsaicinoids are dihydrocapsaicin,
nordihydrocapsaicin, homodihydrocapsaicin, and homocapsaicin [151]. Capsaicin
is a potent alkaloid of the vanilloid family containing an aromatic ring, an amide
bond, and a hydrophobic side chain. Chemical groups in the position three as well
as hydroxyl group in the position four of the ring were shown to be highly important
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Fig. 3 Activation of TRPVI by capsaicin and pepper extracts. (a) Effect of application of
capsaicin or extracts from different peppers on currents recorded in a Xenopus laevis oocyte
expressing TRPV1 channels. Reproduced with permission from Caterina et al. [58]. (b) Compar-
ison of the amplitude of the responses to these agents, normalized to the average effect of
capsaicin. Reproduced with permission from Caterina et al. [58]. (¢) Currents elicited by voltage
steps in the range from —100 to +160 mV in a HEK293 cell transfected with TRPV1 in the absence
and presence of capsaicin. Note that capsaicin increases the rate of channel activation. Reproduced
with permission from Voets et al. [150]. nM (nmol/L)
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for activity. This compound is a hydrophobic, odorless, off-white solid with a
melting point of 62—65°C and a molecular mass of 305.4 g/mol [151]. As it is not
water soluble, alcohols and other organic solvents are used to solubilize capsaicin
[152]. Capsaicin is highly specific for TRPV1, as the disruption of TRPV1 gene
in vivo abrogates responses to capsaicin [60]. Capsaicin acts as a gating modifier of
TRPV1 by shifting the voltage dependence of activation to more negative poten-
tials, therefore increasing the open probability of the channel at the resting potential
of sensory neurons [168]. TRPV1 activation by capsaicin induces rapid influx of
Ca”* and causes desensitization. This effect made capsaicin an attractive compound
for medicinal use, as it renders the channel unable to open and in such a way causes
an analgesic effect [59].

A related family of compounds is the capsinoids. These are chemicals found in
the CH-19 nonpungent red peppers (Capsicum annuum or Capsicum frutescens).
They are structurally similar to capsaicinoids with the alteration caused by a
different central linker between the aliphatic hydroxyl group of the vanillyl moiety
and the fatty acids resulting in an ether instead of an amide [152]. Capsinoids are of
particular interest as they are nonpungent and easily administrable, yet they are still
active on the TRPV1 channel [62]. For instance, capsiate has been an interesting
tool in research on weight regulation by activation of TRPV1 [60].

TRPV1 is activated by strong extracellular acidosis [146, 153, 154] and has been
suggested that the modulation of this channel by changes in pH may contribute to
the interactions between salty and sour stimuli [155]. Furthermore, it has been
reported that intracellular alkalosis activates TRPV1 [147], whereas intracellular
acidosis has the opposite effect [156] suggesting for a complex regulation. How-
ever, evidence for functional expression of TRPV1 in taste bud cells is inconclu-
sive, and it is likely that the contribution of this channel to chemosensation is via its
expression in trigeminal nerve endings [82].

Another interesting modulator of TRPV1 is ethanol. It was shown that at
concentrations ranging from 0.1 to 3%, this compound increases the intracellular
Ca”* concentration in TRPV 1-expressing cells at physiological temperatures. Fur-
thermore, ethanol sensitized the response of this channel to capsaicin, heat, and
extracellular acidosis [157]. However, it is noticeable that no convincing electro-
physiological characterization of the effects of ethanol on TRPV1 has been reported
thus far, and therefore, the underlying mechanisms remain largely unknown.

AITC was initially described as a specific agonist of TRPA1 [9]. However, it has
been found that TRPA1 knockout mice show avoidance behavior toward AITC
[10]. This behavior could be explained by the activation of TRPV1 (Fig. 4). AITC
interacts in a direct and reversible manner with this channel through a mechanism
depending on an amino acid residue (S513) that is also required for capsaicin-
induced activation [11]. The interaction is unlike that described for TRPA1 and
AITC, as it is not depending on cysteine modification. However, the mechanism of
activation is similar to capsaicin, as AITC also induces a shift of the activation
curve to more negative membrane voltages [11]. Most interestingly, AITC cross-
sensitizes with the effect of low pH. This is relevant, as AITC is mostly presented in
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Fig. 4 Activation of TRPV1 channels by AITC. (a) Application of AITC (3 mmol/L) induces a
reversible increase in the amplitude of the current recorded at —75 mV in a HEK293 cell
transfected with mouse TRPV1 (T =25 C). The colored filled symbols correspond to the current
traces shown on the right panel. (b) Concentration dependence of the maximal effect of AITC on
mouse TRPA1 and mouse TRPV1 current amplitudes measured at —75 mV. In each cell, currents
were normalized to the amplitude obtained in control solution. The dashed blue line represents the
fit, with a bell-shaped function accounting for stimulatory and inhibitory effects of AITC on
TRPAL. In contrast, the amplitude of the TRPV1 current increases with the concentration of AITC
following a classical Hill-type behavior (solid red line). (¢) Average time course of the effects of
cumulative application of AITC on mouse TRPA1 and mouse TRPV1 currents at 35°C. The
dashed lines represent the means =+ the corresponding standard error of the mean (SEM). In each
cell, current amplitudes were normalized to the value measured in control solution. Note that AITC
induces a strong desensitization of TRPA1 currents, but a steady increase of TRPV1 currents.
Reproduced with permission from Everaerts et al. [10]. pM (pmol/L), mM (mmol/L)

acidic preparations (mustard and vinaigrettes) [11]. Moreover, it has been described
that heat also cross-sensitizes with AITC for TRPV1 activation [10, 12]. As men-
tioned above, allicin, the pungent compound in garlic and onion, has been described
as an activator of both TRPA1 and TPRV1 [13, 14]. However, unlike for AITC,
allicin does activate these channels via cysteine modification.
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Piperine has been reported to activate TRPV1 but with less potency and greater
efficacy than capsaicin [69]. The same study reported a stronger desensitizing effect
of piperine, which has been proposed be due to a dephosphorylation of the channel
[61]. Screening studies identified several compounds in pepper with activity on
TRPVI1. These include, in addition to piperine, isopiperine, isochavicine,
piperanine, pipernonaline, dehydropipernonaline, retro C, piperolein A, and
piperolein B [69]. They were reported to be more effective in causing an intracel-
lular Ca®* increase in a TRPV1 heterologous expression system than capsaicin.
These compounds were however not specific for TRPV1, as they also activate
TRPAI.

Camphor is another described TRPV1 agonist [42]. This compound induces a
rise of intracellular Ca®* concentration in capsaicin-responding neurons or heterol-
ogous expression systems [19, 41]. The exact mechanism for TRPV1 activation is
not clear, but it is known that this effect requires sites different from those important
for capsaicin and other vanilloid compounds [42]. Camphor desensitizes TRPV1 in
a distinct manner than capsaicin. The desensitization is independent from extracel-
lular Ca** and might be partially explained through a block of the channel by the
compound itself [42].

Several alkylamides in the pericarp of the dried Sichuan pepper have been
attributed to the pungent nature of the spice [55]. Alpha-sanshool is one of these
compounds described to induce a tingling and burning sensation, which was
attributed to the activation of TPRV1 in sensory neurons and confirmed to activate
heterologously expressed TRPV1 [36, 57]. The essential oil of Melegueta pepper
(Aframomum Melegueta) contains the hydroxyarylalkanones 6-shogaol and
6-paradol in approximately equal concentrations. Using Ca”* imaging, it was
confirmed that both compounds were able to activate capsaicin-responding DRG
neurons [36]. In the same study, it was confirmed that transfection of TRPV1
channels was sufficient to produce a Ca®* influx upon challenge with 6-shogaol
and 6-paradol, thus confirming their agonist properties for this channel. Using the
TRPV1-C158A mutant, it was shown that activation by these compounds does not
depend on the covalent binding of the cysteine known to be critical for activation by
other electrophilic compounds such as allicin [14, 36].

Commonly found in ginger family plants, terpenoids with an a,p-unsaturated
1,4-dialdehyde moiety, such as miogadial, miogatrial, and polygadial, activate rat
TRPV1 in heterologous expression systems, and their effects are reversed by the
TRPV1 blocker capsazepine [33]. The order of efficacy for increasing the intracel-
lular Ca** concentration in capsaicin-responding neurons was reported as follows:
miogatrial > miogadial > polygadial [33].

[6]-Gingerol and its derivatives gingerone and olvanil are able to activate
rTPRV1 and hTRPV1 [35]. When dehydrated, gingerol becomes a shogaol, also
found in Melegueta peppers, and produces a stronger activation of TRPV1.

Eugenol is a chemical that can be found in clove and cinnamon leafs. This
compound has been ascribed many properties, among which is the ability to act as
an analgesic [74]. This can be explained by its activating effect on TRPV1 [75] and
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by its blocking effect on voltage-gated sodium channels [158]. The inward currents
evoked by eugenol could be prevented by the TRPV1 antagonist capsazepine [75].

It has been proposed that a constitutively open channel variant of TRPV1
underlies the amiloride-insensitive component of salty taste [159, 160]. Behavioral
experiments, comparing wild-type and TRPV1 KO mice, suggested that TRPV1 is
involved in the avoidance of NaCl but also showed that TRPV1-independent
mechanisms contribute to the amiloride-insensitive NaCl responses [161]. A
more recent study concluded that TRPV 1 may contribute to the perception of Na*
but not via activation of chorda tympani nerves [162].

Interestingly, TRPV1 was shown to be activated by the noncaloric sweeteners
aspartame, saccharin, acesulfame-K, and sodium cyclamate and by Cu*, Mg2+,
Fe?*, and Zn?" sulfate salts. This leads to the hypothesis that TRPV 1 may contribute
to the mechanisms underlying the bitter/metallic taste of noncaloric sweeteners and
to the metallic taste sensation triggered by sulfate salts [164]. However, the
functional expression of TRPV1 in taste receptor cells remains a matter of debate
[82], and the most plausible contribution of TRPV1 to flavor is through its activa-
tion in trigeminal nerve endings innervating the oral mucosa [164].

S TRPMS: A Minty-Flavored Channel

TRPMS channels were found to be expressed in fraction of neurons in trigeminal
ganglia as well as in the dorsal root ganglia [163]. TRPMS expression was associ-
ated with the A or C fibers, known to convey the fast and slower pain responses
[103, 165]. Moreover, this channel was reported to be expressed in lingual nerve
fibers of the tongue [166]. Remarkably, TRPMS8-expressing fibers were found
adjacent to the taste buds but not to innervate these structures [166]. TRPMS is
considered as one of cold sensors [167, 168] and is activated by several compounds
inducing cooling sensations and analgesia. These compounds include, as mentioned
before, menthol (Fig. 5), thymol, camphor, or eucalyptol [150, 163].

Menthol, well-known for inducing a cooling sensation, is widely used as food
additive (gums, candy), pharmaceuticals (creams, toothpastes), and household
products. TRPMS was reported to be directly activated by menthol with a reported
EC5q value of 66.7 pmol/L [51]. Single-channel currents induced by menthol are
described to have a slope conductance of 83 pS and a strong outward rectification
pattern [51]. Repeated TRPMS stimulation with menthol induces channel desensi-
tization and downregulation [169—173]. It was shown that PIP, maintains a high
functional state of TRPMS in sensory neurons [169, 171, 174]. After TRPMS
activation, influx of Ca®* via the channel causes depletion of PIP, that induces its
desensitization [171, 172]. Subsequently, another protein, calmodulin, was
suggested to play a role in TRPMS8 acute desensitization by mediating a gate switch
[171]. The binding sites for calmodulin are present in the N-terminus of TRPMS,
which further confirms the Ca**-dependent regulation of this channel. It is also
possible that in high-Ca** conditions, direct binding of calmodulin induces
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Fig. 5 Activation of TRPMS8 channels by menthol. (a) Effects of application of menthol on the
amplitude of currents recorded at —60 mV in a Chinese hamster ovary cell transfected with
TRPMS channels. Note that heating inhibits the current. Reproduced with permission from Peier
et al. [163]. (b) Temperature dependence of the amplitude of currents recorded in HEK293 cells
transfected with TRPMS in control and in the presence of 30 pmol/L (uM) menthol. Reproduced
with permission from Voets et al. [150]. (¢) TRPMS currents elicited at 34°C in response to voltage
steps in the range from —120 to +160 mV in the absence and presence of menthol. Reproduced
with permission from Voets et al. [150]

channels’ low functional state and acute desensitization. Unlike acute desensitiza-
tion, tachyphylaxis was reported to be significantly decreased, when PIP, levels
were drastically lowered; thus PIP, is necessary to keep TRPMS8 at the high
functional state [171]. In high-Ca** conditions, PIP, is hydrolyzed via Ca**-depen-
dent PLC, which in turn reduces the channel functional state inducing
tachyphylaxis [171]. Summarizing, PIP, and calmodulin are important in the
channel gating and induction of acute desensitization and tachyphylaxis. Also
other proteins are essential in channel activity and include PLC, PKC, and protein
phosphatases [171]. Therefore, TRPMS activation and desensitization in sensory
nerve endings is controlled by multiple intracellular signaling pathways.
Eucalyptol, also known as 1,8-cineole, is one of the components of the eucalyp-
tus oil obtained from plants of Myrtaceae family such as Eucalyptus polybractea
[76]. The eucalyptus oil is used as a pharmaceutical, flavoring agent, antiseptic, and
repellent. The taste of the compound is described as initially spicy and pungent,
then cooling with camphor-like fragrance [175]. Due to its properties, eucalyptol is
used as a medication relieving symptoms of rhinosinusitis and bronchial asthma
cough [76, 176]. Unusual sensations induced by this compound could be attributed
to its action on several channels from TRP superfamily activating TRPMS and
TRPV3 and inhibiting TRPA1 [77]. Unexpectedly, the structural analog of
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eucalyptol 1,4-cinole, also present in eucalyptus oil, was able to activate both
TRPMS8 and TRPA1 channels [77]. Thus, the initial spicy and pungent taste of
eucalyptus oil could be explained by the activating and inhibiting actions of these
compounds on different TRP channels.

Referred to above as TRPV1 and TRPA1 agonist, eugenol was also reported to
activate TRPMS8 channels [20]. Similarly, another compound from the
monoterpenoid family, menthone, present in oils of Mentha arvensis or Pelargo-
nium geraniums, was described to activate TRPMS [77]. But then again, activation
induced by menthone was unspecific, as the compound could also activate TRPA1
[77]. Other compounds such as geraniol, linalool, thymol, and umbellulone
activate TRPMS, but their potency is much lower than that of menthol [40, 44,
52, 54, 177, 178]. Finally, a study reporting the effects of 70 different odorants in
HEK?293 cells expressing mouse TRPMS8 [52] showed that some commercially used
chemicals such as N-ethyl-5-methyl-2-(1-methylethyl)cyclohexanecarboxamide,
isopulegol, menthoxypropanediol, or p-menthane-3,8-diol have similar or higher
potency than menthol for TRPMS activation and induce even stronger cooling
sensations [52].

6 Role of Other TRP Channels in Chemosensation

6.1 TRPC Channels

Until now, not much is known about the involvement of channels from the
canonical TRP subfamily in chemesthesis. What is uncommon for TRPC channels
is their participation in slow, sustained elevations of intracellular Ca** on the top of
conventional ligand-based gating [179]. TRPC activation is associated with activity
of store-operated Ca®* channels, while ligand-based activation involves phospho-
lipase C signaling pathway engaging G-protein-coupled receptors [179, 180]. It was
reported that several members of the TRPC family, TRPC1, TRPC3, and TRPC6,
are expressed in DRG neurons [110, 181-184].

Hyperforin is an acylphloroglucinol derivative isolated from the Hypricum
genus plants proposed as a TRPC6 activator [81]. Extracts from H. perforatum
have slightly warming, bitter, sweet, and astringent taste. They are commonly used
due to its anti-inflammatory, antimicrobial, and antidepressive properties
[185]. Sensation caused by the plant extracts might not be attributed to hyperforin
only, since numerous other compounds were found in Hypericum plants including
naphthodianthrones such as hypericin or pseudohypericin, biflavones such as I3 or
amentoflavone, and flavonoid glycosides such as rutin, hyperoside, quercitrin, and
its derivatives [185]. Antidepressive properties of hyperforin and its derivative
adhyperforin were shown to inhibit neuronal uptake of few neurotransmitters as
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GABA or serotonin followed by the increase of their concentrations in the brain
[186, 187]. This effect was correlated to the intracellular Na™ increase induced by
TRPC6 activation [188]. Roughly 5% of olfactory cells from the main olfactory
epithelium are reported to express TRPC6 channels [189], but specific mechanisms
of activation and the role of this channel in smell remain unknown.

TRPC2 is a pseudogene in humans [190], but it has been shown to be expressed
in the vomeronasal organ (VNO) of rodents with its essential role in sensing
pheromones as benzaldehyde, 2-tridecanone, dehydro-exo-brevicomin, and (Z)-7-
dodecen-1-yl acetate. The main channel population is located in the sensory villi of
VNO cells, which are highly specialized in recognition of a variety of chemicals
[191, 192]. TRPC2 was shown to be activated by depletion of Ca®* stores in
different cell types, but it is rather questionable if this mechanism would be
responsible for channel activation, since it is located far from Ca®* stores
[191, 192]. The activation mechanism for this channel remains unknown, but
may include diacylglycerol-induced channel activation. Lack of TRPC2 was
reported to dramatically reduce response to pheromones followed by behavioral
changes. For instance TRPC2 knockout mice were not able to distinguish the sexual
identity of their mates, and the aggression levels in males were significantly
reduced [193, 194].

6.2 TRPV Channels

TRPV2 is a member of the TRPV family with a high sequence similarity to TRPV1
[195]. So far, only three plant-derived compounds have been shown to strongly
activate TRPV2, namely, the cannabinoids obtained from Cannabis sativa A9-
tetrahydrocannabinol, cannabidiol, and tetrahydrocannabivarin [25]. Nevertheless,
cannabinoids are not selective agonists for TRPV2, as they also modulate other
previously mentioned members of the TRP family [26].

TRPV3 is expressed in sensory neurons and keratinocytes and is typically known
for its involvement in skin pathologies [196]. This channel is activated by multiple
plant-derived compounds including monoterpenes, carvacrol, thymol, carveol,
6-tert-butyl-m-cresol, dihydrocarveol, menthol, camphor, borneol, eugenol, cresol,
cinnamon, and thujone, as well as the acyclic monoterpenes linalool, geraniol, and
propofol [22, 41, 42, 45, 53, 61].

TRPV4 has been shown to be expressed in skin keratinocytes, where it is
proposed to play a role in barrier function [197]. Only one natural exogenous
activator of TRPV4 has been described so far, bisandrographolide A (BAA), a
compound extracted from Andrographis paniculata [79]. BAA was described as a
potent and selective agonist of the TRPV4 channel, with an ECs, of 800 nmol/L
[79, 80].
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6.3 TRPP Channels

The TRPP (PKD) subfamily of TRP channels includes two interesting protein
groups, PKD1 and PKD2, which were indicated as possible chemosensors or/and
mechanosensors [198, 199]. The discovery of PKD channels was related to search
of gene mutations inducing autosomal dominant polycystic kidney disease [200—
202]. Mutation of the genes encoding for PKD1 or PKD2 results in severe loss of
Ca** signaling in kidney epithelial cells leading to abnormal cell proliferation
[203]. The PKD2-like subfamily includes channels such as PKD2 (TRPP2),
TRPP3, and PKD2L2 (TRPPS5) [199]. All of them share similar structural homol-
ogy to other TRP channels [204, 205]. TRPP2 and TRPP3 are nonselective cation
channels with permeability to K*, Na*, and Ca®* ions [206-208].

It has been also demonstrated that PKD2L 1 and PKD1L3 are expressed in subset
of taste receptor cell (TCR) distinct from once responsible for sensing sweet, bitter,
and umami flavors [209]. PKD2L1 was mainly located in the tongue and palate
taste buds, and PKD1L3 expression was restricted to the posterior tongue taste buds
[209, 210]. They were proposed to play direct role in detection of acidic and salty
compounds [210]. HEK cells co-transfected with PKD2L1 and PKD1L3 responded
with an increase in intracellular Ca** levels to different low-pH chemicals including
citric, malic, acetic, succinic, hydrochloric, phosphoric, or sulfuric acids [210-
213]. It must be noticed, however, that the role of PKD2L1/PKD1L3 channels as
transducers of sour taste has been challenged by genetic evidence showing that
mouse devoid of these channels show only mildly reduced or unchanged responses
to acid [214, 215]. Furthermore, it has been argued that the effects of low pH on
PKD2L1/PKD1L3 channels heterologously expressed in HEK293T cells do not
correspond to the responses of taste cells responding to acid stimuli [82].

6.4 TRPM3 Channels

TRPM3 is expressed in the kidney, liver, ovaries, testes, vascular smooth muscle as
well as in the nervous system including a subset of sensory neurons from trigeminal
and dorsal root ganglia [182, 216, 217]. The Trpm3 gene encodes several splice
variants of the channel, which are characterized by different ligand sensitivities
[218, 219]. The best described TRPM3 isoforms are TRPM3al and
TRPM3a2 [219].

TRPM3 channels can be activated by several molecules such as nifedipine or
pregnenolone sulfate (PS) [218, 220]. PS belongs to the class of neurosteroids and
activates the channel in highly selective manner [220]. It was demonstrated that
even small modifications in the compound structure significantly diminish or
abolish interaction with the channel [220]. Conversely, other members of the
TRP cation superfamily are not activated by PS [220]. Another group of com-
pounds, including citrus fruit flavonoids such as naringen, hesperetin, and
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isosakuranetin, was demonstrated to interact with TRPM3 [221, 222]. The
glycosylated flavonoid hesperidin is predominantly found in oranges and manda-
rins, and upon ingestion, this flavonoid is transformed into hesperetin
[223]. Naringen, most commonly found in grapefruits and oranges, could be also
found in low concentrations in tomatoes and tomato-based products
[223]. Isosakuranetin is mostly found in blood oranges and grapefruits [221]. All
these flavonoids were reported to have slight or strong bitter taste, and TRPM3 was
suspected as molecular target for their action. However, it was shown that the taste
related to these compounds is limited to the particular glycoside forms of the
chemicals but absent in the related TRPM3-interacting aglycones forms, thus
excluding TRPM3 involved in bitter taste recognition [222]. Furthermore these
flavonoids were able to inhibit TRPM3 currents elicited by well-established
TRPM3 activators in a heterologous expression system and in rat DRG neurons
[222]. The reported ICs5y values were 0.5 pmol/L for naringen, 2 pmol/L for
hesperetin, and 50 nmol/L for isosakuranetin after a current induction by
35 pmol/L of PS [222]. The TRPM3 function still in chemosensation remains
very poorly defined.

7 Concluding Remarks

It is clear that the relevance of the TRP channel family for human chemosensation
has been well established (Table 1). However, it is important to keep in mind that
the description of the pharmacological properties of sensory TRP channels is far
from being completed, as the effects of multiple relevant compounds remain
unknown. It is also notable that the actions of TRP channel modulators are species
dependent. Thus, ahead of us is the painstaking, but compulsory task of determining
how much of what has been found in heterologous expression systems and in mouse
trigeminal neurons can be translated to human chemosensation. Even more trou-
bling is the fact that we do not know yet the patterns of functional expression of
sensory TRP channels in the human oronasal mucosa. A number of laudable
attempts have been made to determine the expression of TRP channels in human
tissues using chemical agonists, but in the absence of a thorough pharmacological
characterization of these compounds, inside and outside the TRP family, we are at
the risk of extracting wrong or incomplete conclusions. Furthermore, the under-
standing of the mechanisms underlying the chemical activation of TRP channels
and the relationship with other properties, such as voltage-dependent gating and
thermo- and mechano-sensitivity, are yet to be fully elucidated. Also important
properties such as sensitization, desensitization, pore dilation, modulation of ionic
selectivity, bimodal effects, and channel interactions need to be considered when
trying to understand how TRP channels influence the excitability and intracellular
signaling in epithelial cells and sensory nerve endings. Thus, despite the massive
advances obtained in recent years, the field of sensory TRP channels remains quite
unexplored and open to many tasteful surprises.
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Olfactory Transduction Channels and Their
Modulation by Varieties of Volatile
Substances

Hiroko Takeuchi and Takashi Kurahashi

Abstract Olfaction starts at the sensory cilia of the olfactory receptor cell. One of
the unusual features of this signal transduction is that the underlying ion channels
are directly exposed to the external environment, so that the channel and olfactory
senses can be modified by externally applied chemicals even by the airborne
stimuli. In the human history, such properties have long been used as an olfactory
masking that erases unpleasant smells present in the environment. It has been
shown that a part of masking is responsible for direct suppression by odorants of
olfactory signal transduction channels. It has also been shown that similar suppres-
sion by off-flavors included in foods and beverages brings negative effects on
pleasant scents and flavors by suppressing original odor of products. In this chapter,
we focus on the olfactory signal conversion system and its modulation by diverse
types of volatile substances.

Keywords Channel inhibition, ClI(Ca) channel, CNG channel, Olfactory cilia,
Olfactory masking
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1 Outline of the Olfactory Signal Transduction

1.1 Olfactory Transduction Machinery in the Cilia

In the environment surrounding our lives, wide varieties of odorant molecules hang in
the air all the time. The odorant molecules are mostly carbon hydrates and usually
have the molecular weight of 300—400. Most of these chemicals have intrinsic
fragrances. For instance, the smell of rose can be characterized by the principal
ingredient of geraniol. Banana is specified by amyl acetate or butyl acetate. Sense
of smell starts at olfactory receptor cells (ORCs) that are situated in the olfactory
epithelium (OE). The receptor cell is also called olfactory receptor neurons (ORNs),
presumably due to their spiking ability with an axon. The former abbreviation, ORC,
is used especially when the homology with photoreceptor cells is considered; both
olfactory receptor and photoreceptor cells use similar transduction machinery
employing the cyclic nucleotide as second messengers. At the ORC, chemical
information of the odorant molecule is converted into the biological electrical signals
through activation of transduction channels. Depolarization caused by the transduc-
tion channels is graded, and when they reach once to the threshold potential, they in
turn generate a train of action potentials (spikes) through activation of voltage-
dependent channels. The spike train is transmitted to the olfactory bulb along the
long axon of the ORC. The signals are integrated roughly at the olfactory bulb once
and further transmitted to the deeper parts of the brain. Interestingly, in parallel to the
recognition processes in the olfactory cortex, olfactory information projects near to
the hippocampus and corpus amygdala. Therefore, there is an intimate relationship
between olfaction and functions of these areas including memory, emotion, etc.
Figure 1 illustrates a schematic organ structure that mediates an initial step for
olfactory perception. First, odorant molecules enter into the nasal cavity and they
dissolve into the mucus that is gushed from the Bowman’s gland [1]. This
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Fig. 1 Olfactory sensation. (a) Olfactory organ. Left: sagittal plane of the head. Right: schematic
diagram of the olfactory epithelium. ORC olfactory receptor cell. Note that the olfactory cilia are
directly exposed to the external environment. Volatile chemicals (odorant molecules) are inhaled
from the outside. Odorant molecules are dissolved in the mucus in accordance with its air—water
partition coefficient and binding affinity to the OBP. (b) Photograph of isolated ORC. C cilia,
K knob, D dendrite, S soma. (¢) Scheme of molecular transduction cascade of ORC. R receptor
protein, AC adenylyl cyclase, CNG channel cyclic nucleotide-gated channel, Cl,) channel
calcium-activated chloride channel, ATP adenosine triphosphate, cAMP cyclic nucleotide
monophosphate

molecular dissolution is determined by the distribution coefficient between gaseous
layer liquid phases (dissociation constant). Odorant molecules that are partitioned
into the mucus are thought to bind to the olfactory binding protein (OBP) [2]. OBP
thus increases the activity of odorant in the mucus and also OBP/odorant complexes
are used for the clearance of odorants. Olfactory epithelium is composed of several
types of cells: ORCs, basal cells (precursors for ORCs), and supporting cells.

The ORC shows a bipolar morphology; from one side of the cell body, a single
dendrite extends toward the surface of the epithelium. The apical part of the
dendrite is swollen and it is called the olfactory knob or terminal swelling. The
site for the olfactory signal transduction is olfactory cilia that are extended from the
knob of the ORCs. This functionary important region displays a fine cylindrical
structure having submicron diameter structure (100-200 nm, length 10-100 pm).
Because of such structure, understanding of the olfactory transduction system has
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been restricted for long period of time, especially in the quantitative aspect. During
the past decades, however, some of such difficulties have been overcome, and the
fundamental knowledge has been accumulated in the research field regarding the
molecular mechanisms mediating olfactory energy conversion.

Olfactory cilia are equipped with functional proteins and enzymes to convert the
chemical energy of odorants to electrical signals. The outline of this molecular
signal transduction is summarized as follows (Fig. 1). The genomic DNA prepares
multiple types of genes encoding seven-transmembrane domain odorant receptors.
Individual receptor cells select only one type of receptor protein gene for the
functional expression on their ciliary surface, and therefore, they express hetero-
geneous responsiveness to odorants [3]. The receptor proteins are coupled to the
olfaction-specific G protein (termed G that activates type III adenylyl cyclase
(AC). This enzyme converts cytoplasmic ATP to cyclic AMP (cAMP). These
sequential chemical reactions finally lead to the opening of ion channels that
underlie electrical excitation. First, cyclic nucleotide-gated (CNG) channels are
activated by cytoplasmic cAMP. This channel is cation selective, so the main
charge careers are Na* and Ca". Subsequently, Ca-activated Cl (Clc,)) channels
are activated by cytoplasmic Ca** that flowed through the CNG channel. This Cl
channel is unique in that they induce an excitatory response due to a strong CI™
uptake system equipped in the plasma membrane [4—15]. Although the natural
ligands for olfaction have large diversity exceeding 100 thousands of varieties, the
signal thus converges into only one type of second messenger, cCAMP, through the
enzymatic cascade equipped in the sensory cilia.

Structures of CNG and Clc,) Channels The CNG channel has four subunits,
each with six transmembrane domains and one cAMP-binding site. According to
this, individual CNG channels have four binding sites for cAMP. The subunits of
CNG channels are not homogeneous. The stoichiometry of subunits in the wild-
type channels is thought to be CNGA2 x 2, CNGA4 x 1, and CNGBI1b x 1. The
molecular structure of the Cl, channel is still controversial. Bestrophin-2
(mBest2) and TMEM16B (ANO2) are candidates for Clc,) channel [16-18].

1.2 Spatial Distribution of Sensitivity to the Odorant

Spatial distribution of sensitivity to the odorant was examined with the puff
application of odorant under the whole-cell patch clamp recording (Fig. 2)
[19]. Small amounts of odorant were puff-applied locally to various regions of
the isolated newt ORCs. Because of the movement of the cilia, mapping was made
mainly on the apical region of the dendrite and on the cell body. The maximum
response was evoked, when the stimulus was given to the apical part of the dendrite.
Identical doses of odorant given to the cell body induced much less current.
Furthermore, a longer response delay was seen, when the stimulus was applied to
the cell body rather than to the apical dendrite. This difference may be attributed to
the diffusion of the odorant to the receptive site. Indeed, the time delay (ca. 200 ms)
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Fig. 2 Spatial distribution
of sensitivity to the odorant.
Black arrows show sites of
odorant application. White
arrows show the start time
of odorant stimulation

(50 ms). Odorant was n-
amyl acetate [19]

200 pA

between these responses agrees well with the diffusion time course derived from the
diffusion coefficient of odorants in water. The results from such experiment clearly
show that the sensitivity to odorants of ORCs is strongly polarized to the apical
region. It has now been established that cilia are the site for odorant reception.

In order to measure activities of transduction channels located in the cilia, ORCs
are isolated from the OE and are subjected to electrical recordings. Usually, urodele
(tailed amphibians; newts, tiger salamander) are used for the electrophysiological
research, because they have ORCs relatively bigger than those in other vertebrates
and have been used as one of the best model animals since the late twentieth century
[19-23]. For instance, newt ORCs exhibit the cell body size of 15-20 pm, while in
human and mice, the cell body size is 5-10 pm. The properties and underlying
molecular mechanisms that include transduction, adaptation, signal amplification,
and olfactory masking seem to be the same as those in mammals.

1.3 Identification of the Second Messenger cAMP and Third
Messenger Ca’* in ORCs

It has long been hypothesized that olfactory signal transduction is mediated by two
parallel pathways [14, 24]. A generally accepted view was that the ORC selected
either cAMP or IP; as a second messenger depending on the species of odorant
molecules. In the cAMP pathway, odorant binding to the receptor protein triggers
an activation of G and in turn activates AC, which produces cAMP intra-
cellularly. Cytoplasmic cAMP activates CNG channels directly. In addition, the
resultant Ca®* influx triggers the opening of Cl(c,) channels. In contrast, the IP3
pathway was thought to use completely independent molecules. The signal of
receptor activation is transmitted to PLC via a G protein (Gg). As a result, the
cytoplasm IP3, concentration increases, which finally leads to the opening of plasma
membrane cationic channels. Plasma membrane ion channels that are activated by
cytoplasmic P53 are unusual, but their presence has been reported for ORCs in a
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Fig. 3 Summation of responses induced by IP3 odorant and light. /; shows IP3 odorant-induced
current, I, shows the cAMP response induced by caged photolysis. If both pathways were
independent, amplitudes of /, were constant through (a)—(c). (d) Explanation for the different /,
depending on different basal level of cAMP [15]

wide variety of animals from invertebrates (lobster [25]) to vertebrates (catfish [26],
Xenopus [27], bullfrog [28, 29], and rat [30]). The signaling pathway involving
cAMP has been well established [5, 7, 8, 14, 22], but the involvement of IP; has
long been controversial [8] (see also [30, 31]). The reason for this was that
especially at the single-cell level, there was very limited information regarding
responses to odorants that have been shown to produce IP; exclusively (tentatively
termed “IP3 odorants”). The technical limitation has been mainly the low proba-
bility of single-cell sensitivities to IP; odorants [23, 32]. Moreover, the fine
structure of sensory cilia (0.2 pm diameter) has made experimental manipulations
extremely difficult. In 2003, Takeuchi and Kurahashi showed that sensory
responses induced by IP; odorants are actually generated by an increase in cyto-
plasmic cAMP (Fig. 3). The activity of transduction channels in olfactory cilia was
recorded, while the [cNMP]; was freely manipulated through the photolysis of
caged compounds. This allowed them to examine cross-interactions between IP;
odorants and cytoplasmic cNMPs directly in real time. Responses induced by both
stimulants were homologous in their characteristic properties and showed cross-
adaptation with each other. Furthermore, both responses were additive in a manner
as predicted precisely by the theory that signal transduction is mediated by cAMP
(Fig. 3).

Although the olfactory signal transduction employs second (cAMP) and third
(Ca”*) messengers as soluble factors in the cytoplasm, these molecules seem not to
travel for far distances from the site of generation [33]. Both CNG [34] and Clc,,
channels [33] are localized to the cilia, and within the cilia, distribution of channels
are almost homogeneous when measured in the newt and mouse, while in frogs that
have longer cilia, the density is reported to be maximum at around the 20 %
distance from the proximal part of the cilia and is gradually reduced depending
on the distance toward the tip [35]. Since the transduction channels are localized to
the cilia that are exposed directly to the external environment, this sensory system is
influenced by the external chemicals, either naturally or artificially.
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2 Electrical Properties of the Transduction Channels

Electrical responses of the ORCs are generated by the sequential opening of CNG
and Clcy) channels. Since individual channels show cooperativities and since their
relation is sequential, the resulted output exhibits high cooperativity. Such boosting
system establishes a high nonlinear amplification of the transduction system that is
not observed in homologous systems seen in biological system (e.g., photoreceptor
cells).

2.1 CNG Channel

In 1987, Nakamura and Gold found with inside-out configuration of the patch
clamp that the electrical conductance of olfactory cilia was increased, when
cAMP was applied to the cytoplasmic side of the membrane patch [36]. The
cAMP-induced conductance changes were shown to be similar to the cationic
conductance activated by the odorant [19, 37]. The unitary event of conductance
was analyzed and their distributions were shown to be localized to the cilia, where
olfactory signal transduction takes place [37-39]. Because production by odorants
of cAMP had been reported by Lancet [40] in advance, the discovery of conduc-
tance change by cytoplasmic cAMP filled a missing link between the odorant-
induced chemical reaction and the electrical excitation of the receptor cell. In this
transduction cascade, odorant information is transmitted as chemical signals all the
way to the production of cAMP. The opening of the channel pore and ion fluxes
then generates electrical signals. Thus the CNG channels play an important role for
the energy conversion.

2.1.1 Ion Permeability and Open Probability of the CNG Channel

Ion permeability of CNG channels was obtained by patch clamp recording with
ramp pulses (Fig. 4) [19, 37]) as follows:

Odor application; Py i:PNa:Pr:Pro:Pcs = 1.25:1:0.98:0.84:0.80.
cAMP application; Py ;:Pna:Px:Pro:Pcs =0.93:1:0.93:0.91:0.72.

Furthermore, Pc,/Pna. Was shown to be 6.5 [41]. These results suggest that the
CNG channel permeates varieties of cations.

Unitary event of the CNG channels shows steplike current fluctuation caused by
transition between open and close statutes. Single-channel conductance is approxi-
mately 30 pS [38, 39, 42], when external divalent cations are omitted, and its
open probability becomes 0.7-0.8 when fully liganded [39, 43-45].
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Fig. 4 The I-V relations of the conductance activated by 10 mmol/L n-amyl acetate recorded in
cells bathed in solutions containing various alkali metal ions. (a) 120 mmol/L Li*. (b) 120 mmol/
L K*. (¢) 120 mmol/L Rb™. (d) 120 mmol/L Cs*. Records were obtained from different cells. The
position of the reversal potential provides an index of permeability ratio. The more the reversal
potential shifts to positive direction, the more the external ions have permeability. The pipette
contained 120 mmol/L Cs* solution [19]

2.1.2 High-Density Expression of CNG Channels on the Cilia

Odorant sensitivity of ORCs is localized to the cilia. Therefore, it is natural to
consider that CNG channels are expressed densely on the ciliary membrane. The
density of the channel was estimated by observing single-channel events and their
dose dependence in inside-out membrane patches obtained from the cilia (Fig. 5).
To obtain the membrane patch, the diameter of pipette tip was adjusted to less than
0.2 pm.

At low concentration (e.g., 1 pmol/L), the open probability of individual CNG
channels is extremely low, and therefore, we can observe steplike unitary events
caused by the transition between open and closed states of the channel molecule. As
concentration of cAMP applied is increased, the open probability is also increased
and the current becomes noisy [38, 39]. The channel density estimated with noise
analyses of such data is 1,750 channel/pm? (toad), when the membrane patch was
obtained from the cilia. On the other hand, the cell body showed the density of
6 channels/pmz.

2.1.3 Broad Expression of CNG Channels Within the Cilia

In an early study employing electrophysiological technique using the ciliary bun-
dle, Lowe and Gold (1993) showed that cyclic nucleotide (CN) sensitivities are
distributed evenly along the entire cilia [46]. They made a whole-cell recording
configuration on the tiger salamander ORCs and applied local UV stimulation along
the cilia to photolyze the cytoplasmic caged cAMP that opens CNG channels. The
amplitude of light-induced responses showed a linear relation with the area of cilia
that were illuminated. With the electron microscopy (EM), however, immune
staining against the subunit of CNG channel, CNGA2, was found to be dominant
to the tip of the cilia [47]. In 2006, Flannery et al. used the detached ciliary
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Fig. 5 Inside-out recording from the ciliary membrane and estimation of the density of CNG
channels. (a) Scheme of inside-out configuration. The tip of recording pipette is adjusted to less
than the diameter of cilium. (b) Single-channel current from the patch membrane [38]. (¢c) cAMP-
induced currents in various concentrations of cAMP. (d) Amplitude distribution of cAMP-induced
current fluctuation around the mean current. Amplitude in the presence of 3 pmol/L, 30 pmol/L,
and 1 mmol/L cAMP. (e) Relation between the variance and the mean current amplitude. The
parabola shows the relation, o° =il — PIN. (f) Relation between ¢°/I and I. The straight line shows
the relation, 6° =i — I/N [39]

preparation with their cytoplasmic side exposing to the bathing solution [35]. They
applied cAMP from the opening of the proximal part of the cilia and the current
time course was analyzed with a cAMP diffusion model. They suggested that the
current development was well fitted, when CNG channels were estimated to be
clustered at the middle part of the cilia. These controversies arose mainly from the
technical limitations in a direct measurement of CN sensitivities in living cilia.
Since the diameter of the cilia is 0.1-0.2 pm, cytoplasmic dialysis within the
cilia is not realistic. In some experiments, CNG channels in the cilia have been
investigated with an inside-out mode of patch clamp method [48], but, the success
rates for such kind of experiments are extremely low for systematic analysis of the
channel. More realistic experiments are recordings with a whole-cell recording
configuration. Simultaneously, caged cAMP is introduced into the cytoplasm,
which defuses to the entire cell including fine cilia, and strong UV light is applied
to photolyze caged cAMP into cAMP that opens the CNG channel that is localized
to the ciliary membrane (Fig. 6). Large cells obtained from urodele can be persistent
for such hard manipulations. Usually, voltage clamp condition is used to monitor
the activity of the channels. However, one has to pay attention to the space clamp of
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Fig. 6 Scheme of the experimental protocol using caged photolysis under current recording

this fine tubing, which is considerably reduced depending on the opening proba-
bility of the channels.

In 2008, Takeuchi and Kurahashi addressed to this question by using a local
uncaging of cytoplasmic caged compound with submicron-scale UV laser stimu-
lation that was combined with simultaneous electrical recordings [49]. The single
cilium was finely visualized with the laser scanning confocal microscope (LSM)
system after loading with the fluorescent compound, lucifer yellow. When the CN
sensitivities were mapped with local UV spots along the single cilium, cells
responded to stimuli at any point of the cilia (Fig. 7).

Furthermore, data showed that local responses are independent from each other
in small responses establishing a linear response summation. At the same time,
strong stimulus onto only a very small region (1 pm) was found to induce a huge
inward current exceeding 100 pA, which was equivalent to the opening of 700—
2300 ion channels. The large local response indicates a presence of strong amplifi-
cation operated by a high-density distribution of the transduction channels for the
local excitation.

Although the transduction uses cytoplasmic soluble factor, it is suggested that
signal conversion of odorant information takes place at the cilia locally, presumably
due to the limited spread of cAMP and Ca%* [49].

2.2 Clq Channel

In 1991, Kleene and Gesteland reported that application of Ca** into the cytoplasm
of the cilia increased the electrical conductance of the ciliary membrane [50]. The
conductance change was mediated by the increase of Cl permeability of the
membrane. Later, this conductance was shown to be significant even in the
odorant-induced current [22]. The conductance is actually mediated by ion chan-
nels gated by cytoplasmic Ca (Cl(c, channel). Ca®* that opens the Cl channel enters
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Fig. 7 Spatial distribution of the CNG channel. Mapping of CN sensitivity along the single newt
cilium. (a) Fluorescent image of a single cilium. To avoid showing complex figure, only ROIs are
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the current induced by the local laser irradiation. Cell was loaded with 1 mmol/L caged cGMP.
(h) Relationship between the distance from the knob and local current responses in A. A large
response observed in the second proximal region is likely to be induced the illumination onto
two cilia. (i) Relationship between the distance from the knob and local current responses from
four cells [49]

through the CNG channel. Since cAMP is a second messenger in the ORC, this Ca
** is sometimes called a “third messenger” in the olfactory signal transduction. In
general in neurons, the Cl channel operates inhibitory signals, because Cl~ has
negative charges and the cytoplasmic concentration of CI™ is extremely low
providing an equilibrium potential for C1~ to be comparable to that of K*. However,
Kurahashi and Yau (1993) showed that the CI™ current in olfactory cilia is actually
excitatory [22]. Ache and Zhaninazarov (1995) also showed that the equilibrium
potential for C1™ is near 0 mV [24]. As has been mentioned before, the first step of
electrical signal generation is caused at the level of CNG channels. Therefore, it is
interpreted that Cl1~ current component contributes to the signal amplification.
Also, it is likely that alternative functions of cation and anion components can
preserve response of the olfactory system even in the changed ionic strength
surrounding cilia.

In the case that CNG and Cl channels are spatially separated to each other, the
degree of nonlinear amplification could be variable depending on the strength of
stimulus. In 2009, Takeuchi and Kurahashi measured distribution of the Clcy
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from eight cells. The lowest horizontal color bars indicate the length of the cilia of corresponding
colored plots [49]

channel in living olfactory single cilium using a submicron local [Ca®*]; elevation
with the laser photolysis [33]. The data showed that Cl ¢,y channels are expressed
broadly along the cilia (Fig. 8).

2.3 Excitatory and Inhibitory Responses of the Olfactory
Receptor Cell

2.3.1 Excitatory Response: Nonlinear Signal Amplification

It has been widely accepted that the olfactory transduction system shows a
high cooperativity establishing nonlinear signal amplification [21, 46]. In 2002,
Takeuchi and Kurahashi reported that cAMP responses of the olfactory cilia
showed a high cooperativity of Hill coefficient of about 5, similar to that of the
odorant response [51]. Therefore, it is highly likely that nonlinear boosting of
system is achieved solely at the channel level, not by the enzymatic cascade
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Duration dependence [51]

locating upstream to adenylyl cyclase. The signaling process between the receptor
and adenylyl cyclase would be almost linear [52, 53].

The response amplitude was dependent on both the intensity and duration of
light illumination (Fig. 9). With a fixed duration, an increase in the light intensity
increased the current amplitude monotonically. One noticeable feature was that the
slope of rising phase became steeper as the light intensity was increased (Fig. 9a,
inset). The relation between response amplitude and intensity could be fitted by the
Hill equation with high cooperativity (Hill coefficient, ny =15). The amplitude of
current responses was also dependent on duration of the light stimuli at fixed
intensity (Fig. 9c). The relation between current amplitude and light duration was
also fitted by the Hill equation (Fig. 9d) with a large Hill coefficient (ng =4). In
contrast to the experiment in Fig. 9a, however, the slope of the rising phase was
constant (Fig. 9c, inset). This is because the rising phase of cAMP-induced current
is specified by the steepness of [cCAMP]; increase that is dependent on the strength
of the light. The time course, therefore, represents the dose-response relation of this
system, which again shows a high cooperativity (Fig. 10).

Signal amplification of the transduction system can be compared in homologous
systems (Fig. 11). It has been shown that the fundamental mechanism for signal
transduction is similar between olfactory and photoreceptor cells. In rod photo-
receptor cells, molecular amplification has been well documented by measuring
activities and time courses of enzymes [54—56]. In contrast in ORC, the volume of
the intra-ciliary space is extremely limited for the quantitative biochemical mea-
surements. In addition, responsiveness of ORCs to odorants is heterogeneous,
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Fig. 10 Odor-induced current, [cCAMP]; change, and cAMP production rate during ligand appli-
cation under the physiological condition. (a) Experimental logic. Experiments were conducted to
drive native transduction pathway under the physiological condition. (b) Current responses
induced by different intensity of long odor steps, while the duration was kept constant (3 s).
(¢) Cytoplasmic cAMP concentration. Curves were obtained by converting curves in B with the
inverse function of the Hill equation. (d) cAMP production rate obtained as a derivative of curve
C. Average slopes within 100 ms time windows were obtained from curves in C for every 50 ms.
The rising phase was fitted by the straight line with the least square method [34]

which makes further difficult to obtain concentration of products in the cilia
(Fig. 11). In 2005, Takeuchi and Kurahashi obtained intra-ciliary cAMP dynamics
by comparing odorant-induced responses with the caged cAMP-induced current
that was quantified in terms of the production for cytoplasmic cAMP [34]. It was
shown that in olfaction cAMP production was extremely small (200,000 molecules/
s/cell at the maximum, Fig. 11), in contrast to the cGMP hydrolysis in the rod
(>100,000 molecules/photon). The observed numbers indicate that the ORC has
lower amplification at the enzymatic cascade. Seemingly, such low amplification is
a disadvantage for the signal transduction, but this unique mechanism would be
essential to reduce the loss of ATP that is broadly used for the activities of cells
(Fig. 11). Apparently, transduction by a smaller number of second-messenger
formations would be achieved by the fine ciliary structure that has a high surface—
volume ratio. In addition, it is speculated that this low amplification at their
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Fig. 11 Scheme of signal amplification site. Left: ORC. Right: rod photoreceptor cell

enzymatic processes may be the reason why the ORC has acquired high amplifi-
cation at the final stage of transduction channels using Ca”* as a third messenger.

2.3.2 Inhibitory Response from Inside of the Cell: Calcium-Dependent
Adaptation

The adaptive properties of the ORCs have been pointed out even from very early
studies of electrophysiological recording. The unit recording of spike discharges
from ORCs shows a gradual decline during the long-lasting odor stimulation or
application of repeated odorant stimuli [57]. Later, properties and mechanisms
expressing such adaptation were investigated in further detail with whole-cell
recording of ORCs. The size of odorant-induced current is gradually decreased
with time during the long odorant stimulation (Fig. 12a,b [41]). Furthermore,
current responses induced by repetitive stimulation were also decreased with time
(Fig.12c,d [21]). In double-pulse experiments, the amplitude of secondary current
becomes bigger, as the interstimulus interval becomes longer (Fig. 12d [21]).
There are two possibilities that explain the reduction of current during a long
odor exposure and in double-pulse stimulation. One is a reduction in the absolute
amplitude and the other is a shift of dose-response relation maintaining the
maximum current constant. As adaptation of sensory system, the latter is thought
to be appropriate, because such change in dose-response relation is directly related
to an expansion of the dynamic range. In the odorant-induced current in ORC, it has
been shown directly that dose-response relations are shifted to higher doses under
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Fig. 12 Odorant adaptation. Waveforms of odorant-induced currents recorded in 3 mmol/L Ca®*
(a) and 3 mmol/L Mg2+ (b). Adaptation is abolished, when the external Ca is replaced with
Mg. Also, note that the time course for the rising phase becomes less steep in 0 Ca. This is
explained from the fact that the rising phase is regulated by time-dependent increase in [cAMP]; in
the cilia and the [cAMP];—response relation becomes nonlinearly amplified in the presence of Ca
[41]. (c) Response reductions by a conditioning pulse and their recovery. (d) Relations between
stimulus and response of ORCs under control and adapted conditions [21]

adapted conditions [21]. The data therefore suggest that adaptation is responsible
for establishing a wider dynamic range.

It has been shown that olfactory adaptation is observed only, when Ca®" is
present in external media. Falling phase of an inward current induced from odorant
stimulation returns back to the baseline in normal Ca®* condition. On the other
hand, under the absence of Ca®" in extracellular solution, the current stays at the
constant level as long as the odorant is present in external media [19]. Furthermore,
action of Ca®* has also been examined by several approaches [21]. Now, the most
likely mechanism is that adaptation is regulated by a negative feedback to CNG
channel by the influx of Ca®*, presumably via a calmodulin [58, 59] and other
proteins. Subunit CNGA4 may play an important role for adaptation [60]. Knockout
of calmodulin does not cause significant changes in the adaptation [61]. This may
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indicate that there is alternative mechanisms mediating adaptation and may com-
pensate for the lack of calmodulin.

2.3.3 Inhibitory Response from Outside of the Cell: Olfactory Masking

Olfactory masking has been used to erase the unpleasant smells in long period of the
human history. In our daily life, off-flavor substances in foods and beverages not
only induce exogenous smells but also reduce the intrinsic flavors of foods and
beverages even with a very low concentration. In many cases, a very low effective
concentration has made it difficult to identify underlying off-flavor substances. In
the next part, this phenomenon is expounded precisely with the latest knowledge.

3 Odorant Suppression of Transduction Channels

3.1 Inhibition by Odorants of the Transduction Channel

In 1994, it was shown that certain types of volatile substances were capable of
inhibiting the current that is generated by odorants [20]. When the odorant itself
induces the response in a cell, such inhibition can be recognized as self-suppression.
The suppression is observed consistently among cells examined. Ache’s group [62]
also reports that odorant responses are inhibited through the activities of phospho-
inositide 3-kinase (PI3K). In this case, suppression of response is heterogeneous
among cells and therefore, such inhibition may be independent from odorant
actions to be described here.

Since the kinetics of suppression is so rapid when examined with amyl acetate,
the target of stimulants has been thought to be the CNG channel rather than
suppression to upstream proteins that include the receptor protein, G protein, and
adenylyl cyclase; inhibition of these molecules would be influenced as a delayed
response [51]. To support such idea, Yamada and Nakatani (2001) showed that the
response, induced by the phosphodiesterase inhibitor (IBMX) and membrane-
permeable analog of cAMP (8-Br cAMP), was suppressed by externally applied
volatile substances [63]. The idea was further confirmed later by experiments with
recombinant CNG channels expressed in Xenopus oocytes. Furthermore, responses,
induced by the photolysis of cytoplasmic caged cAMP in the ORC’s cilia, were
suppressed by odorants [64]. Such channel suppression is caused by a wide variety
of odorants and the degree of suppression is variable depending on the species of
chemicals (Fig. 13, Table 1).

In a report by Takeuchi et al (2009), various kinds of masking agents used in
perfumery were shown to inhibit olfactory CNG channels, and the degree of
suppression was proportional to their ability for olfactory masking in human [33].
These agents are commonly used to erase the original smell emitted from the
underlying chemical substances. For instance, aroma of shampoo is designed to
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Fig. 13 Current suppression ratio (SR) of 16 odorants. Odorant concentration in Ringer’s solution
was 0.1%. SR = 0 indicates no effect. Error bars indicate SD. Numbers in parentheses indicate the
numbers of cells examined ([33], Fig. 1d)

erase smells emitted from human body and smells emitted even from detergents
themselves and other compounds included in the product. Most of such masking
agents produce also their own scents by activating receptor cells, presumably
because suppression is induced with high concentrations (see Sect. 5).

3.2  Suppression of Signal Transduction by Off-Flavors
in Foods and Beverages

In a recent work, more potent suppressors for the CNG channel were found in
off-flavor substances included in wines [65]. One of the well-known off-flavors is
2,4,6-trichloroanisole (TCA) [73]. It has long been pointed out that TCA degrades
the quality of wines even with very slight contamination (1 ppt=35 pmol/L). A
major cause of deterioration was initially responsible for the cork, and therefore, it
was called “corked wine” or “cork taint.” Chemically, TCA is produced from
phenol. When the cork was sterilized with a Cl-breached compound, phenol
included in wines is converted into 2,4,6,trichlorophenol (TCP). Then, this sub-
stance is further converted into TCA by the action of fungi living in the cork
(Fig. 14). After these processes were revealed, some wineries avoided using
Cl-containing sterilization and started to use the screw cap. Although the fraction
of corked wine has been reduced by such carefulness, some fraction of wine has still
been tainted. Now, generation of TCA is thought to be originating from a wide
variety of sources (Fig. 14).
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Fig. 15 The least effective dose of TCA suppression. (a) Dose-suppression relation. TCA > > L-
cis diltiazem > > geraniol. (b) Light-induced whole-cell current was suppressed by 1 amol/L
TCA, applied via the U-tube system [65]. 1 mol/L caged cAMP was used

Thus, it has long been known that even a very small amount of TCA leads our
sense of smell to an unpleasant direction. However, a question still remained: how
does such a low concentration of chemical affect human olfaction? To answer to
this question, Takeuchi et al. (2013) applied TCA to the ORC isolated from the
newt. Although they failed to observe any response to a low concentration of TCA
(e.g., sub-femtomolar), they recognized that the currents, induced by odorants
(cineole) and by the photolysis of cytoplasmic caged cAMP, were suppressed by
TCA [65]. The action of TCA in suppressing CNG channels was much more potent
than that of the powerful masking agent (geraniol) and pharmacological agent
(L-cis-diltiazem) (Fig. 15a). When TCA was delivered to the cell from a fast
perfusion system (U-tube system), even an attomolar solution caused detectable
reduction in the transduction current (Fig. 15b). It was shown that such high
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efficiency was, in part, achieved by a time integration of the effect. Although the
transduction current is a mixture of CNG and Clc,, components, the action seems
to be strong at CNG channel; Cl ¢, was relatively resistant. However, since Cl(cy) is
sequentially activated by the action of Ca** that flows into the cytoplasm through
CNG channels, abolishment of current through CNG channels completely abolishes
the total transduction current. Also, because this sequential channel opening
exhibits nonlinear signal transmission, the degree of suppression varies depending
on the concentration of drugs [33].

3.3 Mechanisms of Channel Block

Odorant suppression of the CNG channel shows several unique features. Based on
such properties, it is speculated that the action of TCA and masking agents is
mediated via a lipid bilayer of the membrane (Fig. 16). A similar mechanism has
been thought to be involved in the action of local anesthesia [74], although the
effective concentration is extremely lower for TCA.

3.3.1 Dose Dependence

When TCA was applied to the cell with a brief pulse (e.g., 1 s) of puff, the response
suppression shows a dose dependence that spans a wide range of concentration (5—
6 log unit) and is fitted to a straight line, when the dose is plotted in a logarithmic
scale, rather than being fitted by Michaelis—Menten or Hill relation that describes

Fig. 16 (a) Many CNG channels exist on the bilayer membrane in a normal condition.
(b) Hypothesis; to suppress many CNG channels simultaneously, TCA may dissolve to the
lipid bilayer of the ciliary membrane
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ligand binding to the receptor site (Fig. 15a, TCA). This supports the notion that the
underlying mechanisms are not a simple blockage.

3.3.2 Small Number of Molecules

As described before, TCA suppression can be observed even with 1 amol/L
solution. 1 amol/L 1 mL solution applied includes approximately 600 TCA mole-
cules. This solution was applied to the cell from the pipe having an opening
diameter of about 200 pm. The stream directly hits the cilia, so, only a very small
amount out of 600 molecules can impact the cilia. The transduction current of
ORGC:s is carried by 100 thousands of CNG channels. This number was estimated
from the channel density obtained from the inside-out version of the patch clamp
applied to the cilium (see Fig. 5 and [38, 39]). This density was multiplied by the
surface area of the cilia, because it has been shown that CNG channels distribute
almost evenly along the entire cilia (see Fig. 7 and [49]). If suppression was caused
by a direct binding of molecules to channels, a small number of channels blocked
cannot represent the reduction of the current (Fig. 17). One percent reduction of the
net current should be a function of 10,000 channels.

3.3.3 Time Integration

It is also shown that the suppression is dependent on exposure time in TCA solution.
When the preexposure time before light stimulation (for photolysis of caged cAMP)
is prolonged, the degree of suppression was also increased (Fig. 18). Furthermore,
the recovery from suppression was slow displaying the half recovery of 10-20 s. It
thus seems likely that the TCA effect has time integration that may contribute to the

TCA" -
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W@ & PN\
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1 TCA -1channel 1 TCA -menbrane

Fig. 17 Two hypotheses; one TCA molecule may suppress many CNG channels simultaneously.
It seems likely that TCA dissolve into membrane (lipid bilayer) first. The CNG channel block
may be caused via structure change of lipid and channels
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Fig. 18 Time dependence of onset and offset of TCA suppression. (a, b) Onset time course of
TCA suppression. (¢, d) Offset time course of TCA suppression [65]

high efficiency. Such slow time course is consistent with an idea that TCA is
gradually accumulated within the lipid bilayer before affecting ion channels.

3.3.4 Dependence on the Octanol/Water Partition Coefficient Log D

Although the efficiency varies largely, many types of chemicals can suppress CNG
channels (Fig. 19a). The chemicals show large diversity in their structure. It is very
unlikely that such diverse types of ligand suppress ion channels through the binding
to the specific site.

Another property accompanying this suppression is its dependence on the
hydrophobicity, the partition coefficient at octanol/water boundary of the chemicals
(Fig. 19b). Especially in the biological systems, pH is strongly buffered to 7.4. So,
partition coefficients at pH 7.4 (LogD, pH 7.4) are used in discussing hydro-
phobicity of chemicals that is present in biological organs. Strong dependence of
the suppression on the partition coefficient indicates that the volatile substances act
after integrating with the lipid bilayer.
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Fig. 20 Effects of amyl acetate on activation and inactivation of voltage-dependent Na currents.
(a) Activation curves ( filled circle control, filled square 0.01 mmol/L amyl acetate, filled triangle
0.1 mmol/L amyl acetate). (b) Shift of inactivation curve of Na channel ( filled circle control, filled
square 0.01 mmol/L amyl acetate, filled triangle 0.1 mmol/L amyl acetate [75])

3.3.5 Diversity of Channels Suppressed and Similarity of Spectrum

Besides CNG channels, voltage-gated Na channel (Na), delayed K channel
(Kgelayea)> Ca-activated K channel (K¢,), T-type Ca channel (Car), and L-type Ca
channel (Cap) [75] are also sensitive to odorant suppression with different
sensitivities, but the Cl ¢, channel seems to be resistant [33, 65]. When compared
with a fixed odorant concentration, the inhibition is most potent at CNG [76],
followed by Na, Ca, Kc,, and then Kgeayeq channels. In case of Na channel, the
reduction of amplitude is caused by the shift of the inactivation curve to the positive
direction [75] (Fig. 20), while CNG channels do not show inactivation or
desensitization [39].
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As described, the degree of suppression on the CNG channel is variable
depending on the type of chemicals. The rank order among substances in
suppressing CNG channels matches that observed in Na channel [76]. This indi-
cates that inhibition of these channels is regulated through a common mechanism.

4 Comparison of Channel Suppression with the Human
Sensation

4.1 Masking Agents

Takeuchi et al. also investigated the ability of CNG channel inhibitors to mask
human olfactory sensation (Fig. 21) [33]. Several types of agents were selected.
One of each was mixed with the vapor of isovaleric acid and panelists scored the
degree of masking. In this kind of measurements, employment of expert panels for
evaluating masking effects was important, because it was needed to extract the
smell of isovaleric acid even in the mixture. People, who do not have an experience
of evaluation, confuse the original smell of isovaleric acid in the mixture. The
degree of masking varied among odorants and was correlated with the ability for
suppressing the CNG channel (Fig. 21). It was important to pay attention to the
solubility of chemicals. In human test, panels examine airborne stimuli that dissolve
into the olfactory mucus layer, while in cell experiments chemicals are applied from
the liquid phase with known concentrations. In experiments, chemicals that show
similar solubility were selected.
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4.2 Off-Flavors

Effect of TCA and related substances in suppressing the wine odor was also
examined in panels. An essence in this kind of experiment is that the examiner
has to avoid employing experts of wine evaluation, because they have their own
criteria to identify TCA or bouchonne (cork taint in French). Panels selected are
general experts for evaluating qualities of foods and beverages. They trained for
and passed the panel selection test that has been conducted yearly. Among possible
panelists, who do not hesitate to smell wines, 20 people were randomly selected.
The concentration of recognition thresholds of TCA, TBA, and TCP for detecting
the reduction in the wine odor were measured with the triangle test (Table 2). The
rank order was TCA > TCB > > TCP, which matched the rank order of these
substances on suppressing CNG channel (Fig. 22).

Table 2 Human sensory test by TCA relatives. Note that the effects are TCA > TBA > > TCP
[65]

TCA 3 ppt (14 pM) 10 ppt (47 pM) 14 ppt (71 pM)
Red wine 7 12% -
White wine 5 3 15*

TBA 10 ppt (29 pM) 30 ppt (87 pM) 10 ppt (290 pM)
Red wine 4 7 13%
White wine 6 5 12°

TCP 30 ppb (152 nM) 10 ppb (506 nM) 300 ppb (1518 nM)
Red wine 6 6 1%
White wine 4 122 -

#According to binominal distribution, 11 or more correct judgments are significantly above chance

at p<0.05. N=20

Fig. 22 Current 1.0 - (4)
suppression by TCA
relatives. Dose-suppression
relation measured with 2 0.8 -
cAMP-induced current. ©
Note that the effects are S 0.6 -
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5 Masking and Deterioration of Foods and Beverages

Since the flavors of foods and beverages are strongly dependent on the olfactory
sensation, suppression of olfactory transduction channels strongly affects the qual-
ity of those products. In addition to the extrinsic unpleasant smell emitted by
off-flavors, such inhibition reduces the intrinsic pleasant odor. When examined
with humans, such reduction is observed with a contamination for 10 ppt TCA or
less amount. TCA of 10 ppt is equivalent to 50 pmol/L, and this value is further
reduced, when they are evaporated into the air before getting into the nasal cavity.
Furthermore, the concentration of TCA in the nasal mucus is determined by the
partition at the air/water boundary. Experimentally, the final concentration through
such processes has been shown to be as low as 5 fmol/L [65].

5.1 Induction of Smells by Masking Agents and Off-Flavors

One may be puzzled why masking agents can generate sensation for their original
aroma, while they suppress CNG channels. For instance, geraniol is a powerful
inhibitor of the CNG channel [77, 78], but it induces a roselike aroma simul-
taneously. We assume that such sensation is generated by differences in the dose
dependence and in temporal kinetics between excitation and inhibition. For most of
odorants, suppression occurs at higher concentration than their emission of original
aroma. In addition, the time course of suppression is rather simple; it occurs when
the surrounding environment contains the inhibitor. Also, the effect disappears
quickly, when the substance is removed (note that this is slightly different for
TCA). But, excitation is mediated through activation of several enzymes and
accumulation of cytoplasmic factors. These factors remain activated, until they
are broken down and/or extruded. Such excitatory signals can be amplified further
in the brain. It thus seems likely that the sense of smell is induced from masking
agents as a result of differences in the effective dose and time dependence between
the excitation and inhibition.

In case of TCA, it has been known that they induce musty unpleasant smells
when included in wines and other beverages. It is natural to think that high
concentration of TCA causes their intrinsic smell that is mediated through acti-
vation of receptor proteins. Such smell could be a musty smell that can be quickly
recognized, as well as the reduction of intrinsic flavor induced by a suppressing
effect of TCA.

The biggest question is why sub-femtomolar concentration of TCA causes
different impression from normal wines. Low level of TCA (down to amol/L
level) has been shown to inhibit CNG channels, which is equivalent to the reduction
of olfactory sensation. Such effective concentration of TCA seems to be much
lower than the value that causes excitation of the cell (e.g., 1 nmol/L—1 pmol/L).
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The finding of suppression at very low concentration of TCA may serve several
possibilities that have yet been considered.

The simplest possibility is that the human olfactory system may have receptors
to detect sub-femtomolar concentrations of TCA. Alternatively, and beyond a
simple partition between air and water, the olfactory mucus may contain some
factors that increase the activity of TCA at the plasma membrane level. Odorant-
binding protein found in the mucus may serve such effects [79]. Another possibility
is that TCA may trigger some chemical reactions that increase some products that
evoke the musty smell in the mucus. These hypotheses may be further investigated
in experiments using ORCs and olfactory epithelium from human.

Also, it may be possible to assume that suppression itself causes sensation that
may be accepted as an unpleasant smell. At a high-concentration contamination,
original smell by TCA that is caused by receptor activation would easily be detected
upon evaluation of products including wine. Usually, wine that includes the thresh-
old level of TCA is evaluated with the triangle test that extracts even a very small
difference in comparison with the quality of normal wine. So, the detected signal
may not be the same as the original smell (musty smell) of TCA. Because the effect
of TCA shows time integration, the low concentration effect may become obvious
depending on the time exposed. This may indicate that the quality of products
became worse during evaluation and tasting.

Theoretically, activation of receptor protein by a femtomolar ligand is unusual.
Instead, it may be possible to assume that the inhibitory pathway may induce
olfactory sensation. This idea is derived from the following observations: a. low
effective concentration of TCA to induce sensation; b. agreements in concen-
trations between suppression and induction, both could be induced via the same
mechanism; and c. similar sensory qualities induced by TCA, TBA, and TCP.
Although the effective concentrations are different, the rank order matches that of
channel suppression. Receptor-mediated olfactory sensation is variable in quality
depending on the very small change in the chemical structure.

It is not a surprising fact that one feels an olfactory sensation upon the shutdown
of the system. In visual system, similar phenomena that induce sensation by
reduction of input have been well known. An example is an opponent color. After
one looks at the red spot on a white field, a sudden removal of red spot causes a
sensation for the green spot (complementary color) that is not actually presented.

TCA derivatives (TBA, TCP, and TCPT, a synthesized molecule) show similar
effects for both inhibitions and induction of smell. Actions of TCA derivatives are
unusual in terms of their high efficiency and induction of unpleasant smells at low
concentrations. Of course, TCA derivatives induce different qualities of odor, when
the concentration is increased, presumably by activating certain types of receptor
proteins by their original binding to appropriate binding sites.

Another possibility for the reduction of olfactory sense may be derived from the
macroscopic view of signal processing. Since the effect of TCA and other maskers
are universal to the cells via suppression of CNG channel, the effect spans wide
varieties of cell populations. When one considers an inhibition to the inhibitory
circuit in the brain, such wide effect may cause a broad noise in the olfactory signal
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processing. It has been reported that application of wide spectrum of noise causes
reduction in detecting certain type of olfactory sensation [80]. Effects of CNG
channel inhibitors may also serve inhibition of sensation through a similar manner.

5.2 TCA Is Included in a Wide Variety of Foods
and Beverages

In the work by Takeuchi et al. (2013), TCA was found not only in wines and other
related products that emit musty smell [81-85] but also in a wide variety of foods
and beverages, especially when the qualities of products are judged to be low grade
from expert evaluators [65].

People did not pay attention to the presence of TCA in those products, because
most of such foods and beverages did not show musty smells that have been thought
to be a typical feature of TCA contamination. Because action of TCA was found to
be a reduction of flavor in the work by Takeuchi et al. (2013), they tried to find TCA
in products that are rated to be a low quality [65]. Since the concentration of TCA
included was estimated to be lower than the detection threshold by GC/MS, TCA
was measured after concentrating the sample solution.

Furthermore, TCA was found not only in foods and beverages but also in
packing film, paper, and storage housings. These findings may suggest that TCA
is not only generated within the products but also transferred from surround
environments to products. It is highly likely that TCA degrades the quality of
products. The finding serves possible targets to be paid attention to, in order to
avoid deterioration of products.

5.3 Evolutionary Aspects of This Phenomenon

It is interesting to consider possible evolutionary reasons why TCA is detected at
such low concentrations. Since the target of TCA seems to be a lipid, it appears
unlikely that the perception itself is a product of biological evolution. Presumably,
TCA molecules attack ORCs like a very effective drug. It is highly likely that
animals may have evolved to detect such signals as a very initial sign for the
deterioration of foods and beverages. At the same time, it may be interesting to
assume that fungi may have used this chemical conversion for their biological
survival strategy. If foods and beverages are judged to be non-delicious, the fungi
living in them can survive more.
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6 Summary and Perspectives

Sense of smell is initiated by ion channels that are directly facing to the external
environment. Therefore, this sense is naturally affected from the external side of the
body. When the modifier is generated naturally in foods and beverages, it degrades
the quality of products considerably (off-flavors). In parallel, the ion channel can
even be manipulated with artificially designed chemicals through the air. In the
human history, such features have long been employed to erase unpleasant smells
that include body odors, environmental malodors, and even bad odors emitted from
meals (olfactory masking). It is interesting to see that these seemingly different
phenomena share, at least in part, the same molecular mechanism that is presum-
ably mediated via integration of odorant molecules with the lipid bilayer of the
plasma membrane. The knowledge may serve to develop chemicals that are used
for improving the quality of our life.
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Chemosensory G Protein-Coupled Receptors
(GPCR) in Blood Leukocytes

Patrick Marcinek, Christiane Geithe, and Dietmar Krautwurst

Abstract Chemosensory taste and smell perceptions are induced by adequate stim-
uli from our chemical environment interacting with their ca. 400 different odorant
receptor types or 25 bitter taste receptor types, and sweet and umami receptor dimers
in the sensory cells of the olfactory or gustatory epithelia, respectively. Beyond an
expression in their canonical chemosensory epithelia, there is increasing evidence for
an ectopic expression of at least some 90 olfactory and taste G protein-coupled
receptors in a variety of non-chemosensory epithelia and cells, including our cellular
immune system. Here we review the evidence for the expression of chemosensory
receptors in different types of blood cells, and discuss their putative immunological
functions and roles as targets for receptor- and immune cell-specific bioactives, such
as foodborne flavor chemicals, or allelochemicals in general.
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1 Introduction

Our chemical senses olfaction and taste sensitively respond to their adequate
chemical stimuli and enable us to detect, recognize, discriminate, and hedonically
evaluate them. The molecular basis for this is set by the expression of a vast variety
of biological target molecules, for instance, by the expression of different families
of chemosensory G protein-coupled receptors (GPCR) (Fig. 1) such as odorant
receptors (OR) [1-3], trace amine-associated receptors (TAAR) [4-6], bitter taste
receptors (TAS2R) [7-10], sweet and umami taste receptors (TASIR) [11, 12], and
free fatty acid receptors (FFAR) [13—15]. These chemosensory GPCR are typically
expressed within the sensory cells of the olfactory epithelium in the nose or the taste
buds of the tongue and have evolved to decode nature’s signatures of smell and
taste, enabling, for instance, the hedonic detection and energy monitoring and
differentiation of food, or to prevent ingestion of poisonous substances [16, 17].

Most of what we eat has passed a rigorous chemosensory evaluation
preprandially and, upon swallowing, has been allowed to enter our system. Not
surprisingly, many chemosensory-relevant food ingredients, e.g., aroma or flavor
compounds or their metabolites, can be detected postprandially in the blood [18—
20] trafficking together with our immune cells. Thus, it is widely accepted that
our cellular immune system responds to certain food ingredients or metabolites
[21-26]. However, and until only recently, their molecular targets on our immune
cells remained largely unknown.

Among a large and diverse set of surface receptors, leukocytes express a large
variety of seven-transmembrane helix GPCR [27-29], for example, chemokine
receptors [30, 31], free fatty acid receptors (FFAR) [25, 32-34], bradykinin recep-
tors [35], prostanoid receptors [36], complement receptors [37], or formyl peptide
receptors [38], to detect bacterial infections, to guide cells to injured tissue, or to
orchestrate an immune response. For instance, just in T cells, B cells, and poly-
morphonuclear granulocytes (neutrophils, PMN), some 40 GPCR are highly
expressed [27, 29]. Moreover, there is growing, yet mostly RNA-based evidence
of an untypical, so-called “ectopic” expression of olfactory and taste chemosensory
GPCR in a variety of peripheral, nonolfactory- and nontaste-related tissues [39-42]
including leukocytes [34, 43—46].

Initially, only few studies reported on gene expression of some odorants or taste
GPCR in leukocytes in general or in erythroid cells, for example, K562
erythroleukemia cells, by means of reverse transcription polymerase chain reaction
(RT-PCR) [47], microarray RNA hybridization [48], or RNA sequencing
[49]. These data were, however, inconsistent, which may have been due to
method-intrinsic fluctuations [50], different RNA quality, or an insufficient number
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Fig. 1 Evolutionary relationship of members of chemosensory GPCR families potentially
expressed in human leukocytes. Class I OR class I odorant receptors, Class II OR class 11 odorant
receptors, TAAR trace amine-associated receptors, TAS/R sweet and umami taste receptors
type 1, TAS2R bitter taste receptors type 2, VNIR vomeronasal type 1 receptors, FFAR free fatty
acid receptors, GPR84 inflammation-related, medium-chain fatty acid-sensing receptor, CCR/CXR
chemokine receptors, FPR formyl peptide receptors, 7 under debate. We established an evolu-
tionary history of 134 deduced amino acid sequences, with human rhodopsin as an out-group,
using the neighbor-joining method and computed evolutionary distances using the maximum
composite likelihood method (MEGA 6.06 software). The tree is drawn to scale (scale bar, 0.2
amino acid substitutions per site)

of individual samples investigated. Recently, several groups, including ours, inde-
pendently pushed forward and took the identification of OR, TAAR, TASIR, and
TAS2R in leukocytes beyond RNA to the level of protein and cellular function in a
variety of blood leukocytes [43, 46, 51-55].

The investigation of the role of olfactory and taste receptors in immune cells has
just begun. However, our immune system is rigorously trained to tell apart nonself
from self, being perfectly suited for this task with a plethora of chemosensory
receptors [25, 33, 45, 51, 56, 57] that have evolved to detect organic nutrients or
allelochemicals of microbiological, plant, or animal origin, which carry biologi-
cally relevant information or are genuine bioactives [58—61]. Also, chemicals that
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typically carry chemosensory information, for instance, as food-specific aroma or
flavor [17, 62—64] are active on our immune cells [44, 51, 65-67], which during
chemosensory and hedonic evaluation of food, post-inhalation, or postprandially,
constantly encounter and react to these chemicals, at least in the vicinity of the
border epithelia of the nose, lung, mouth, or gastrointestinal tract [44, 56, 65, 66,
68—71]. The capability of self — nonself discrimination may be the common theme
between the chemical senses olfaction and taste and the immune system [72].
Here, we review the evidence for an expression in leukocytes of chemosensory
GPCR that are otherwise typical for our chemical senses and suggest them as a
major group of new targets for old and new immunological-relevant bioactives.

2 Olfactory Receptors in Leukocytes

Olfactory receptors enable various animal species to analyze the chemical world
that surrounds them. From tracking down a food source to conveying social clues
via pheromones, they are certainly among the most versatile of sensing mechanisms
for a multitude of chemical stimuli in the animal kingdom. Not surprisingly, recent
years saw the emergence of olfactory receptors as sensors of chemical compounds
within the cellular immune system, which has evolved to cope with stimulus
complexities. The odorant receptors (OR) and the trace amine-associated receptors
(TAAR) have proven to be of particular interest in the context of leukocytes, while
vomeronasal type I receptors (VN1R) yet remain immunological orphans. Not long
after the discovery of OR in 1991 [1], the finding of transcription factor early B-cell
factor (EBF1), being identical to the olfactory transcription factor OLF1 (O/E-1),
suggested a common gene expression within the cellular immune system and the
olfactory neuroepithelium [73-77] and adds to the notion of a putative functional
role of OR in blood immune cells.

2.1 Odorant Receptors (OR)

Odorant receptors (OR) are the largest family of GPCR and allow the sensible
exploration of an environment based on its volatile chemicals [1], utilizing
ca. 400 different OR types just in humans [3, 78]. It appears that the majority of
OR forego a “one-ligand-one-receptor” setup in favor of more variability, allowing
for one best agonist and several agonists with lesser potency and/or efficacy per OR
[17]. This combinatorial approach [79, 80] allows for sensing a great variety of
chemicals.

An intriguing analogy between immunity and olfaction is that both are capable
to differentiate between “self” and “nonself” for the purpose of immunological
defense or, in the case of olfaction, for intraspecies communication, for example,
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maternal-newborn communication [81, 82], or mating purposes [72], with both
biological functions being triggered by chemical cues. In light of an ever-increasing
evidence of ectopic expression of OR genes [39, 41, 42], mostly detected in rats and
mice [83, 84] but also observed in various human tissues such as sperm [85], kidney
[86], and erythroid cells [47], particularly the discovery of OR genes expressed in
erythroid cells represented a strong hint for their possible chemoreceptive role in
leukocytes. The complex functions of OR in our cellular immune system are far
from being clarified; however, single studies have shed some light on putative OR
functions in single types of leukocytes. For instance, pulmonary macrophages,
which depend on chemical stimuli to initiate migration and immunologic activity
[87], were shown to upregulate the expression of four class I OR and four class II
OR genes, upon co-stimulation with interferon-y (IFNy) and bacterial lipopolysac-
charide (LPS) in a mouse model [88]. The same study also found a significant
increase in expression of monocyte chemotactic protein 1 (MCP1) upon stimulation
with IFNy, LPS, and octanal, a model agonist for OR activation. The odorant
octanal potentiated MCP1 production substantially, which then promoted macro-
phage migration. Most recently, Clark et al. [89] reported on RNA expression of
two class I OR but also one class II OR, in mouse CD4" T cells suggesting an
odorant-specific function.

State of the art molecular biology techniques also led to the discovery of OR
expression in human leukocytes. One study identified 24 OR genes and
pseudogenes that were expressed in white blood cells utilizing large RNA-Seq
datasets [49], while another study identified OR11H1, OR4M1, and OR52NS5 on
human peripheral blood mononuclear cells as diagnostic markers for traumatic
brain injury-associated symptoms [48]. In short, there is a small but growing
number of studies reporting on an expression of OR within leukocytes, though
mostly showing RNA expression, which has been rarely validated at the protein
level (Table 1).

In human leukocytes, particularly in PMN, our group recently demonstrated the
RNA expression of most class I OR as well as protein expression of three OR from
the three class I OR families [46]. However, we could not confirm the RNA
expression of any class II OR in general or of those class II OR that had been
reported so far, in particular [46] (Table 1). Class I OR, which are of an evolution-
ary marine heritage [90-92], have been suggested to predominantly recognize
water-soluble ligands such as carboxylic acids [17]. Indeed, butyric acid, diacetyl,
or delta-decalactone, being constituents of a butter aroma recombinate, activated
specific and overlapping sets of recombinate class I OR in HEK-293 cells and,
moreover, induced a GPCR-dependent migration of PMN along a concentration
gradient [51].

Taken together, the listed studies (Table 1) strongly suggest a functional role of
OR in human immunity.
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Table 1 Expression of odorant receptors (OR) (RNA, protein) in human leukocytes

P. Marcinek et al.

Receptor | Leukocyte type ‘ Technique/s utilized | Reference
Class I OR
OR51A2 |NK RT-(q)PCR [46]
OR51A4 | Mono, NK, B, T, PM RT-(q)PCR [46]
OR51A7 | B, T,PMN RT-(q)PCR [46]
OR51B2 |NK, B, T, PMN RT-(q)PCR [46]
ORS51B4 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR51B5 |B, T, PMN RT-(q)PCR [46]
OR51B6 | B, T, PMN RT-(q)PCR, ICC [46]
OR51D1 |NK, B, T, PMN RT-(q)PCR [46]
OR51E1 | B, T, PMN RT-(q)PCR [46]
OR51E2 | B, T,PMN RT-(q)PCR [46]
OR51F1 | Mono, B, T, PMN RT-(q)PCR [46]
ORS51F2 | Mono, B, T, PMN RT-(q)PCR [46]
OR51G1 | Mono, B, T, PMN RT-(q)PCR [46]
OR51G2 | Mono, B, T, PMN RT-(q)PCR [46]
ORS1I1 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR5112 | Mono, B, T, PMN RT-(q)PCR [46]
OR51J1 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR51L1 | B, T,PMN RT-(q)PCR [46]
PBMC RNA-CHIP, RT-(q)PCR | [48]
OR51MI1 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR51Q1 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR51S1 | Mono, B, T, PMN RT-(q)PCR [46]
OR51T1 | B, T,PMN RT-(q)PCR [46]
OR51V1 | B, T,PMN RT-(q)PCR [46]
OR52A1 |Ery RT-PCR [47]
B, T, PMN RT-(q)PCR [46]
OR52A4 | B, T, PMN RT-(q)PCR, ICC [46]
OR52A5 | B, T,PMN RT-(q)PCR [46]
OR52B2 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR52B4 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR52B6 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR52D1 | Mono, NK, B, T, PMN RT-(q)PCR [46]
ORS52E2 | Mono, B, T, PMN RT-(q)PCR [46]
OR52E4 | B, T, PMN RT-(q)PCR [46]
OR52E5 | B, T,PMN RT-(q)PCR [46]
OR52E6 | Mono, B, T, PMN RT-(q)PCR [46]
OR52E8 | B, T, PMN RT-(q)PCR [46]
ORS52H1 | Mono, B, T, PMN RT-(q)PCR [46]
OR52I1 | Mono, NK, B, T, PMN RT-(q)PCR [46]
ORS52I2 | Mono, NK, B, T, PMN RT-(q)PCR [46]
ORS52J3 | Mono, B, T, PMN RT-(q)PCR [46]
OR52K1 | Mono, NK, B, T, PMN RT-(q)PCR [46]

(continued)
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Table 1 (continued)
Receptor | Leukocyte type Technique/s utilized Reference
OR52K2 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR52L1 |B, T, PMN RT-(q)PCR [46]
OR52M1 | Mono, B, T, PMN RT-(q)PCR [46]
ORS52N1 | Mono, B, T, PMN RT-(q)PCR [46]
OR52N2 | Mono, B, T, PMN RT-(q)PCR [46]
OR52N4 | n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim)

L NGS [49]
OR52N5 | n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim) RNA-CHIP, RT-(q)PCR | [48]

PBMC
OR52R1 |NK, B, T, PMN RT-(q)PCR [46]
OR52W1 | Mono, B, T, PMN RT-(q)PCR [46]
OR56A1 | Mono, NK, B, T, PMN RT-(q)PCR [46]
OR56A3 | Mono, B, T, PMN RT-(q)PCR [46]
OR56A4 |B, T, PMN RT-(q)PCR [46]
OR56A5 | B, T, PMN RT-(q)PCR [46]
OR56B1 | T RT-(q)PCR [46]
OR56B4 | B, T, PMN RT-(q)PCR, ICC [46]
Class Il OR
OR2A4 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim)

L NGS [49]
OR2B6 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim)

L NGS [49]
OR2C1 n.d. PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim)

L NGS [49]
OR2C3 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim)

L NGS [49]
OR2J3 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim) RNA-CHIP, RT-(q)PCR | [48]

PBMC
OR2L13 | n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim)

L NGS [49]
OR2W3 | n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim)

L NGS [49]
OR3A3 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim)

L NGS [49]
OR4D10 | n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]

(degPrim) RNA-CHIP, RT-(q)PCR | [48]

PBMC

(continued)
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Table 1 (continued)

Receptor | Leukocyte type Technique/s utilized Reference
OR4M1 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]
(degPrim) RNA-CHIP, RT-(q)PCR | [48]
PBMC
OR4Q3 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]
(degPrim) RNA-CHIP, RT-(q)PCR | [48]
PBMC
OR6V1 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]
(degPrim)
Ery NB [47]
OR7D2 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]
(degPrim)
L NGS [49]
OR9A2 n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]
(degPrim)
Ery NB [47]
ORI11HI |n.d.: PMN (specPrim), Mono, NK, B, T RT-(q)PCR [46]
(degPrim) RNA-CHIP, RT-(q)PCR | [48]
PBMC

Abbreviations: L whole leukocytes, PBMC peripheral blood mononuclear cells, NK natural killer
cells, Mono monocytes, PMN polymorphonuclear granulocytes, neutrophils, T T cells, B B cells,
Ery erythroid cells, n.d. not detectable, specPrim gene-specific oligonucleotide primer, degPrim
degenerate oligonucleotide primer, RT reverse transcriptase, g quantitative, PCR polymerase chain
reaction, /CC immunocytochemistry, NGS next-generation sequencing, RNA-CHIP RNA hybrid-
ization, NB Northern Blot

2.2 Vomeronasal Type I Receptors (VNIR)

Vomeronasal type I receptors (VN1R) belong to a family of GPCR that is predom-
inantly associated with the vomeronasal organ of various species [93, 94]. The
vomeronasal organ’s predominant function appears to be the detection of phero-
mones [95], though it is markedly reduced or nonfunctional in higher apes includ-
ing Homo sapiens sapiens [96-98]. Adding to this notion is the fact that the human
genome harbors approximately 200 VNIR pseudogenes but only five remnant,
putative functional genes of this family [99-101]. Functional VNIR supposedly
recognize small volatiles such as key food odorants, compounds from axillary
sweat, or sulfated steroids [102—104]. Despite their many similarities to OR, the
expression of VNIR in leukocytes has not been demonstrated yet.

2.3 Trace Amine-Associated Receptors (TAAR)

Trace amine-associated receptors (TAAR) recognize a wide range of endogenously
produced monoamines that only appear in trace amounts, i.e., trace amines [4, 105,
106]. Through this, they participate in the modulation of human neurotransmission



Chemosensory G Protein-Coupled Receptors (GPCR) in Blood Leukocytes 159

[107]. Particularly TAAR1 has emerged as a modulator of dopaminergic activity
becoming a promising target for the treatment of psychiatric disorders and sub-
stance abuse [108, 109].

However, recent discoveries also suggest an odorant receptor (OR)-like activity
of TAAR in zebrafish and mice [110, 111]. Further parallels can be drawn between
OR and TAAR by observing the far greater abundance of TAAR genes in fishes
(13-109) than in tetrapods (9-22) [112] mimicking the OR’s evolutionary marine
heritage. In humans, we find seven functional TAAR genes (TAARI, 2, 5, 6, 7,
8, and 9) [113] and two pseudogenes (TAAR3 and 4) [114], of which TAARTI is the
most investigated member of this receptor family to date. Furthermore, TAAR were
found to be capable of detecting volatile amines in the urine of mice, thus enabling
the detection of social chemical cues in a fashion very similar to VNIR and their
detection of pheromones [5, 6]. Moreover, members of the human gut microbiome
are capable of producing trace amines de novo in a clear display of allelopathy
[115-117]. They also modify endogenous trace amines to establish cross species
communication with their human host [118].

There is an increasing evidence for the genetic expression of TAAR in leuko-
cytes of primates [54], mice [119, 120], and humans [43, 121, 122] (Table 2). Little
is known, however, with respect to studies of functionality of TAAR — the scarcity
of publications displays how recently the focus of the scientific community has
shifted onto the topic of TAAR in immunity. Whatever little there is published still
paints an interesting picture of how psychostimulants and biogenic amines may
influence our cellular immune system.

Table 2 Expression of trace amine-associated receptors (TAAR) (RNA, protein) in human
leukocytes

Receptor Leukocyte type Technique/s utilized Reference
TAARI1 L RT-PCR [121]
PBMC RT-PCR [119]
Mono, B, T, NK, PMN RT-(q)PCR [43]
PMN IB, ICC [43, 46]
B IB [54, 55]
T 1B [122]
TAAR2 PBMC RT-PCR [119]
Mono, B.T, NK, PMN RT-(q)PCR [43]
PMN IB, ICC [43]
TAARS Mono, B,T, NK, PMN RT-PCR [43]
TAAR6 L RT-PCR [121]
Mono, B,T, NK, PMN RT-PCR [43]
TAARS L RT-PCR [121]
n.d.: Mono, B,T, NK, PMN RT-PCR [43]
TAAR9 L RT-PCR [121]
Mono, B,T, NK, PMN RT-PCR [43]

Abbreviations: L whole leukocytes, PBMC peripheral blood mononuclear cells, NK natural killer
cells, Mono monocytes, PMN polymorphonuclear granulocytes, neutrophils, 7 T cells, B B cells,
n.d. not detectable, RT reverse transcriptase, ¢ quantitative, PCR polymerase chain reaction, /B
immunoblot, /CC immunocytochemistry
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Methamphetamine (meth) is an artificially produced strong stimulant of the
central nervous system and is frequently used as a recreational drug. It can impact
immunity on various levels, altering chemical and physical natural barriers, and
may influence both innate and adaptive immunity [123]. Recent discoveries could
directly correlate meth abuse with an increase of TAARI expression [54] and
linked it with increased susceptibility toward HIV, both in astrocytes in vitro
[124] and lymphocytes in patients [122].

A significant baseline production of TAAR in leukocytes was reported in
conjunction with biogenic amines that are commonly found in food (octopamine,
tyramine, and synephrine) [121]. This coincides with results reported by Babusyte
et al. [43], which for the first time demonstrated the functional expression of both
TAAR1 and TAAR2 in human leukocytes, presumably functioning as
heterodimers. The same study demonstrated functional effects of tyramine, 2-phen-
ylethylamine, and 3-iodothyronamine at plasma-typical “trace” concentrations in
the pmol/L to nmol/L range, triggering the migration of PMN, IL-4 production in T
cells, and IgE secretion in B cells [43, 125].

An interesting link between foodborne molecules and TAAR-mediated influence
on the immune system was established by Nelson et al. [119], when they found
human peripheral blood lymphocytes to upregulate the expression of TAAR1 and
TAAR?2 in response to the treatment of phytohemagglutinin, a lectin commonly
found in plants, especially in certain legumes.

In conclusion, there is profound and increasing evidence for TAAR expression
as well as for a variety of TAAR functions in our cellular immune system.

3 Taste Receptors in Leukocytes

While less versatile than olfactory receptors, taste receptors are nonetheless essen-
tial chemosensory molecules, as they allow us to analyze food and to avoid the
ingestion of potentially harmful material. Moreover, both the TAS1 (sweet/umami)
and TAS2 (bitter) receptor families have been associated with innate immunity
[45], though not as extensively as the free fatty acid receptors (FFAR) [34]. There is
accumulating evidence for a variety of taste receptor functions in leukocytes
reacting to food ingredients or inhaled compounds that reach the border epithelia
of the gastrointestinal tract or respiratory epithelia such as the lung or subsequently
the blood.

3.1 Bitter Taste Receptors (TAS2R)

Type 2 taste receptors (TAS2R) were discovered in 2000 [7, 8]. They detect bitter
taste stimuli [62]. Currently, 43 human TAS2R genes, among them 25 protein-
coding TAS2R genes, are known [126], and it has been speculated that their great
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diversity stems from selective pressure on the ability to recognize a multitude of
often bitter-tasting poisons in the environment [10, 62]. Much like the olfactory
receptors described above, TAS2R expression has also been found in ectopic
tissues such as the liver, the heart, or the brain [49, 127, 128]. The lung, however,
appears to be the predominant tissue, where TAS2R RNA expression and protein
function have been linked to nontaste-related cellular functions. Particularly in the
case of asthma, TAS2R protein functionality has been correlated with relief from
symptoms, first in a mouse model [70], then, more recently, in both human cells
and patients [69, 129]. Here, TAS2R not only show involvement in this inherited
disease of the lung but have also proven functionality in upper respiratory innate
immunity. They accurately identified bacteria-derived molecules [130] and induced
defensive mechanisms such as the production of nitrous oxide and the excretion of
antibacterial peptides [52, 131].

TAS2R proteins thus clearly appear to be involved in the intricate cellular
network that makes up human immunity (Table 3). Mast cells, best known for
their role in allergies, express a variety of TAS2R genes (Table 3). Upon stimula-
tion, for example, with the antimalarial drug chloroquine, TAS2R gene products
effectively mediated the inhibition of an IgE-induced release of histamine from
mast cells underlining the TAS2R protein-mediated anti-inflammatory activity
observed in asthma [44]. Malki et al. [46] showed TAS2R43 and TAS2R31 RNA
and protein expression in neutrophils and demonstrated their involvement in medi-
ating chemotaxis, triggered by plasma-typical saccharin concentrations in a siRNA-
controlled study, suggesting a role of TAS2R in postprandial chemosensing of food
ingredients by certain blood leukocytes.

In conclusion, several independent research groups unambiguously demon-
strated gene expression for the majority of the 25 human bitter taste receptors in
various types of human leukocytes (Table 3). For few TAS2R, however, protein
expression and/or cellular function in leukocytes have been demonstrated so far
(Table 3).

3.2 Sweet Taste Receptor (TASIR2/TASIR3)

The sweet taste receptor heterodimer TASIR2/TASIR3 of the taste buds
responds to natural sugars and artificial sweeteners triggering the impression of
sweetness in human gustation [12]. Beyond, its ectopic expression in nontaste-
related tissues and cells in general [40, 42], and leukocytes in particular [45], has
been reported (Table 4). As suggested for the bitter taste receptors, the TAS1R2/
TASIR3 heterodimer appears to be also involved in upper airway immunity
[45, 132]. Here, Lee et al. [52] demonstrated the sweet taste receptor to be an
antagonist to a TAS2R function blocking bitter taste receptor-mediated anti-micro-
bial activity by attenuating its calcium-dependent signaling. Lee et al. also hypoth-
esized that the sweet taste heterodimer measures glucose concentration in the
mucosa. As microorganisms use the sugar in their environment for energy
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Table 3 Expression of TAS2R bitter taste receptors (RNA, protein) in human leukocytes

Receptor Leukocyte type Technique/s utilized Reference
TAS2R1 Mono, NK, B, T, PMN RT-(q)PCR [46]
TAS2R3 Mono, NK, B, T, PMN RT-(q)PCR [46]
MC RT-(q)PCR [44]
TAS2R4 Mono, NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
MC RT-(q)PCR [44]
TAS2RS Mono, NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
MC RT-(q)PCR [44]
TAS2R7 Mono, NK, B, T, PMN RT-(q)PCR [46]
TAS2R8 Mono, NK, B, T, PMN RT-(q)PCR [46]
TAS2R9 Mono, NK, B, T, PMN RT-(q)PCR [46]
TAS2R10 Mono, NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
MC RT-(q)PCR [44]
TAS2R13 Mono, NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
MC RT-(q)PCR [44]
TAS2R 14 NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
MC RT-(q)PCR [44]
L NGS [49]
TAS2R16 Mono, NK, B, T, PMN RT-(q)PCR [46]
TAS2R19 Mono, NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
MC RT-(q)PCR [44]
TAS2R20 Mono, NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
MC RT-(q)PCR [44]
L NGS [49]
TAS2R30 Mono, NK, B, T, PMN RT-(q)PCR [46]
TAS2R31 Mono, NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
TAS2R38 Mono, NK, B, T, PMN RT-(q)PCR, ICC [46]
PMN 1B, ICC [53]
TAS2R39 Mono, NK, B, T, PMN RT-(q)PCR [46]
TAS2R40 Mono, NK, B, T, PMN RT-(q)PCR [46]
L NGS [49]
TAS2R41 Mono, NK, B, T, PMN RT-(q)PCR [46]
TAS2R42 Mono, NK, B, T, PMN RT-(q)PCR [46]
TAS2R43 Mono, NK, B, T, PMN RT-(q)PCR, ICC [46]
TAS2R45 Mono, NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
TAS2R46 Mono, NK, B, T, PMN RT-(q)PCR [46]
L, Mono, Lym, PMN RT-(q)PCR [69]
MC RT-(q)PCR [44]

(continued)
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Table 3 (continued)

Receptor Leukocyte type Technique/s utilized Reference
TAS2R50 Mono, NK, B, T, PMN RT-(q)PCR [46]

L, Mono, Lym, PMN RT-(q)PCR [69]
TAS2R60 Mono, NK, B, T, PMN RT-(q)PCR [46]

L NGS [49]

Abbreviations: L whole leukocytes, Lym lymphocytes, MC mast cells, NK natural killer cells,
Mono monocytes, PMN polymorphonuclear granulocytes, neutrophils, T T cells, B B cells, RT
reverse transcriptase, g quantitative, PCR polymerase chain reaction, NGS next-generation
sequencing, /B immunoblot, /CC immunocytochemistry

Table 4 Expression of TASIR sweet and umami taste receptors (RNA, protein) in human
leukocytes

TASIR
Receptor Leukocyte type Technique/s utilized Reference
TASIR1 Mono, NK, B, T, PMN RT-(q)PCR, ICC [46]
TASIR2 Mono, NK, B, T, PMN RT-(q)PCR, ICC [46]
TASIR3 B RT-(q)PCR, ISH [133]
Mono, NK, B, T, PMN RT-(q)PCR, ICC [46]
L NGS [49]
PBC RT-(q)PCR [134]

Abbreviations: L whole leukocytes, PBC peripheral blood cells, NK natural killer cells, Mono
monocytes, PMN polymorphonuclear granulocytes, neutrophils, 7 T cells, B B cells, RT reverse
transcriptase, ¢ quantitative, PCR polymerase chain reaction, ISH in situ RNA hybridization, NGS
next-generation sequencing, /CC immunocytochemistry

consumption, a drop in glucose concentration would indicate infection, which
would in turn remove the sweet taste roadblock to activate bitter taste-induced
immunity.

Particularly the subunit TASIR3, which dimerizes with both TASIR1 and
TAS1R2, has been shown to be expressed in peripheral B cells in pigs
[133]. This is in line with Malki et al. [46] reporting on TAS1R1, TAS1R2, and
TASIR3 to be expressed in subsets of five different peripheral human leukocyte
types including B cells (Table 4). Furthermore, in a siRNA-controlled study, the
TAS1R2/TAS1R3 heterodimer proved necessary for neutrophil chemotaxis along a
defined saccharin gradient [46]. In this study, notably, the sweet taste blocker
lactisole induced neutrophil migration in a TAS1R3-dependent but TASIR2-
independent manner suggesting a TAS1R3 homomer function in these cells [46].

3.3 Umami Taste Receptor (TASIRI/TASIR3)

The umami taste receptor is an amino acid receptor in taste buds [11]. As a
heterodimer, TAS1R1/TAS1R3 shares its TAS1R3 subunit with the sweet taste
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receptor [11, 135]. However, unlike its sweet taste receptor equivalent, very little is
known about TASIR1/TAS1R3 with respect to nontaste-related functionality,
though an ectopic expression has been reported [49]. In a variety of nontaste-
related cells, TAS1R1/TAS1R3 has been suggested to be involved in nutrient and
amino acid sensing interpreted as a mechanism for communicating amino acid
availability to the cell [131, 136]. Malki et al. [46] demonstrated RN A expression of
TAS1R1/TAS1R3 in five different types of leukocytes as well as protein expression
in neutrophils, T cells, and B cells suggesting an immune-related function of
TAS1R1/TAS1R3 in leukocytes (Table 4). A gut-associated lymphoid tissue that
warrants immune sensing of nutrients, such as amino acids, are the Peyer’s patches,
which harbor a variety of leukocytes [71].

3.4 Free Fatty Acid Receptors (FFAR)

The human genome includes the genes for four free fatty acid receptors (FFAR):
FFAR1 (also known as GPR40), FFAR2 (GPR43), FFAR3 (GPR41), FFAR4
(GPR120), and GPR84. While FFARI and 4 both recognize medium to long
chain fatty acids, FFAR 2 and 3 register short chain fatty acids (SCFA) only
[137]. GPR84 exclusively accepts medium chain fatty acids [138]. Currently,
FFARI1 is known predominantly for its presence on the Islets of Langerhans
[139] and in the brain [140] overtaking metabolic and neurologic duties, respec-
tively. An immune-related function has not been demonstrated, yet. FFAR4 is as
potent as FFAR1 with respect to its influence on the metabolism, recognizing
omega-3 fatty acids, and implementing a powerful anti-inflammatory program
utilizing monocytes/macrophages and adipocytes [141, 142]. FFAR4 has been
discussed to exert antidiabetic and anti-obesity effects and FFAR in general are
regarded as targets for novel drugs to treat metabolic disorders [143]. SCFA and
their receptors FFAR2 and FFAR3 have long been known to influence gut immu-
nity through their ability to measure the metabolic activity of the gut microbiome
[25, 144, 145]. The gut also represents a possible site of interaction between FFAR2
in particular and the abovementioned TAAR, as the microbiome induces the
production of serotonin, a TAAR agonist, through enterochromaffin cells by sup-
plying SCFA [146]. FFAR?2 is the free fatty acid receptor that is most associated to
immunity in general. FFAR2-dependent neutrophil migration has been demon-
strated in both mouse and human [32, 147]. FFAR2 has also been shown to form
a heterodimer with M-ficolin on monocytes, providing signal transduction for the
ficolin’s pathogen recognition signal, such as lipopolysaccharides (LPS) and N-
acetylglucosamin (GlcNAc), and leading to the production of the neutrophil
chemoattractant factor IL-8 [148].

Finally, GPR84 has been related to immunity in various experimental setups. On
mouse macrophages, it was shown to be upregulated in response to bacterial LPS
[149], while human adipocytes upregulated its expression as a response to
macrophage-produced tumor necrosis factor-o (TNFo) [150]. Suzuki et al. also
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demonstrated that, much like FFAR2, GPR84 also seems to induce IL-8 production
upon LPS stimulation — whether this also occurs via the formation of a M-ficolin-
FFAR2-like heterodimer remains to be seen [151]. The same study also could show
a GPR84-induced release of TNFa from macrophages upon LPS stimulation [151].

Altogether, there is increasing evidence suggesting a role of free fatty acid
receptors in the cellular immune system (for a review, see [34]).

4 Olfactory and Taste Signaling Pathway Components
in Leukocytes

There is very recent evidence that canonical signal transduction molecules of
olfactory and taste receptors express in blood leukocytes. Flegel et al. [49] found
RNA expression of olfactory G protein Go,e (GNAL), its guanine nucleotide
exchange factor RIC8B, and adenylyl cyclase type III (ADCY3) in leukocytes by
means of NGS. Malki et al. [46] detected RNA expression of G proteins GNAL,
Gyi13 (GNG13) and Gotgystaucin (GNAT3), and transient receptor potential channel
TRPMS5 in isolated and purified peripheral blood neutrophils by means of
RT-gPCR. Moreover, they demonstrated GNAT3 to be necessary for a migration
of isolated human neutrophils toward an artificial sweetener stimulus (saccharin) by
means of siRNA knockdown of GNAT3 or pretreatment of neutrophils with
pertussis toxin (PTX) [46]. Notably, 2-phenylethylamine, a TAAR agonist, acti-
vated chemotactic migration of neutrophils that was also largely abolished by PTX
or siRNA knockdown of GNAT3 suggesting TAAR signaling via Ga;-type pro-
teins, at least in neutrophils [46]. Most recently, Clark et al. [89] detected RNA
expression of GNAL and ADCY3 in CD4" T cells by means of RT-qPCR
suggesting OR-specific odorants for a cAMP-dependent modulation of T-cell
activity.

These reports, so far, add to the notion of a “chemosensory equipment” of at
least subpopulations of blood leukocytes with olfactory and taste receptors and their
signaling molecules [46].

5 Concluding Remarks

With some 40 GPCR being highly expressed in, for instance, PMN, T, or B cells,
the recent identification of ca. 90 chemosensory GPCR in leukocytes has
increased the number of known GPCR in these cells about threefold. As it stands,
there is significant evidence suggesting the existence of cell type-specific
“chemosensory”-type subpopulations of leukocytes. These subpopulations display
interindividual variations in their equipment with certain olfactory and taste recep-
tors as well as regulation of expression of these GPCR depending on, for instance,
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the health status of an individual. This suggests that these chemosensory GPCR as a
major group of immune markers, as targets for receptor- and immune cell-specific
bioactives, such as foodborne flavor chemicals, or allelochemicals in general and
beyond, opens the perspective of a specific pharmacological modulation of our
cellular immune system. Thus, the research on the role of olfactory and taste
receptors in our immune system is likely to be looming large in the nearest future.
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Neuronal Functions and Emerging
Pharmacology of TAAR1

Stefano Espinoza and Raul R. Gainetdinov

Abstract Trace amine-associated receptor 1 (TAAR1) is a member of TAAR
family of G protein-coupled receptors (GPCRs). The members of this class of
receptors discovered in 2001 have been found in some tissues ranging from the
central nervous system to the olfactory epithelium and in some peripheral organs.
The best studied receptor, TAARI, is activated by a class of compounds named
trace amines (TAs) that include compounds such as B-phenylethylamine (PEA),
p-tyramine, octopamine, and tryptamine normally present at low levels in the
mammalian brain. Although TA levels have been associated with many neuropsy-
chiatric disorders, only the discovery of TAARI1 validated their physiological role.
TAARI1 can modulate monoamine neurotransmission and, in particular, dopamine
systems. Several studies have demonstrated that TAAR1 knockout (TAAR1-KO)
mice display a supersensitive dopaminergic system, while activation of TAARI can
reduce dopaminergic hyperactivity obtained either with pharmacological tools or
present in genetic mouse model. For these reasons, TAAR1 has been proposed as a
novel therapeutic target for neuropsychiatric disorders such as schizophrenia,
bipolar disorder, and addiction. Moreover, several peripheral functions of TAAR1
have been described recently indicating intriguing novel TAARI roles in system
physiology. Here we will review brain and peripheral functions mediated by
TAARI and other TAARs.
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1 Introduction

Trace amine-associated receptors (TAARs) are a family of G protein-coupled
receptors (GPCRs) that have been discovered in 2001 [1, 2]. From their first
description by two independent groups, TAARs attracted an enduring interest
among physiologists and pharmacologists, since they have been shown to be
involved in many different physiological processes ranging from regulation of
brain functions to olfaction and, more recently, to immune system [3—6]. Among
them, TAARI1 has been mostly characterized with its particular role in the regula-
tion of brain functions, although new intriguing functions of this receptor in the
periphery are emerging. The initial observation from TAARI1 knockout (TAARI1-
KO) mice was further strengthened by several recent studies using selective
TAARI full and partial agonists, suggesting an important role for TAAR1 in the
regulation of dopaminergic system and indicating TAARI as new potential target
for the treatment of neuropsychiatric disorders such as schizophrenia, bipolar
disorder, ADHD, and addiction [7—12]. Since the amount of literature on TAARs
is increasing monthly, this review will focus on TAAR1 and particularly on recent
reports that highlight TAAR1 influence on monoamine systems and its possible role
in psychiatric diseases. We will also give brief introduction of the history of TAAR
discovery and provide description of potential functions of TAARI in the
periphery.

2 Trace Amines

The term “trace amines” (TAs) refers to a class of endogenous compounds that have
been found at low levels in mammalian brain [3, 13—-16]. These non-catecholic
amines are closely related to the classic monoamines (dopamine, noradrenaline, and
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serotonin) in terms of structure, synthesis, metabolism, and distribution, so that for
a long time they have been considered only as side products with little physiological
relevance [3, 14]. With the cloning of the family of TAARs in 2001, TAs’ role has
been reconsidered and a growing amount of studies are now focused on more
precise physiological role for these compounds [3, 4, 14, 17]. Conventionally,
TAs include molecules such as f-phenylethylamine (PEA), p-tyramine,
octopamine, synephrine, and tryptamine, but if we consider as “trace amine” an
endogenous amine that is able to activate a TAAR, then we should include also
other compounds such as 3-methylamine (a TAARS agonist), 3-metoxythyramine
(a TAARI agonist), and others [18, 19]. Generally, most of TAs are synthetized
from the decarboxylation of the L-amino acid precursors by the action of the
L-amino acid decarboxylase (AADC) [14], while octopamine is formed from the
hydroxylation of p-tyramine by the enzyme dopamine p-hydroxylase. Regarding
the metabolism, the major route of degradation is mediated by the action of the
monoamine oxidases (MAO), with MAO-B being the prototypical enzyme for PEA
degradation [20] and both MAO-A and MAO-B responsible for the metabolism of
the other TAs [21, 22]. MAO-B metabolizes also dopamine, and MAO-B inhibitors
are clinically used for the treatment of Parkinson’s disease and depression. Inter-
estingly, MAO-B-deficient mice show higher PEA extracellular levels with no
change in dopamine levels [23], suggesting a potential role for PEA in the thera-
peutic efficacy of these drugs.

While in invertebrates TAs such as tyramine and octopamine serve as major
neurotransmitters [14, 24, 25], in mammals the precise physiological functions of
these compounds are still not clear [3]. Before the discovery of TAARs, TAs were
described as false neurotransmitters and sympathomimetic substances [26-—
28]. These effects are believed to be due to the nonspecific action that they have
on vesicular and plasma membrane monoamine transporters and occurs at high,
nonphysiological concentrations. In fact, PEA, at high doses, is able to reverse the
function of dopamine transporter (DAT) and to increase locomotor activity pro-
ducing an amphetamine-like effect [14]. For this reason, PEA has been considered
as the “endogenous amphetamine.” Interestingly, when PEA, at the same stimulat-
ing doses, is administered to mice lacking the DAT (DAT-KO mice), it produces a
decrease in locomotor activity [29] revealing the specific, non-DAT-related effect
that PEA has likely via TAARI activation. Indeed, many reports showed that the
TAARI1-selective activation produces a “calming” effect on a hyperactive dopa-
mine system obtained by either a pharmacological treatment (cocaine) or present in
genetic animal models (DAT-KO mice) (see next sections) [10, 11]. TAs, as
demonstrated by many studies, are present at low levels in mammalian brains,
with an extracellular concentration that normally is estimated in the low nanomolar
range and is tightly regulated by AADC and MAO activity [14]. As described
below, TAARI is activated by PEA with an ECsy around 200-900 nmol/L,
depending on the species and on the type of the assay, usually performed in
heterologous cell system [1, 2, 30-36]. These discrepancies could be due to the
nonphysiological cellular systems where these assays are performed and may



178 S. Espinoza and R.R. Gainetdinov

reflect some deficiency of the transduction machinery in these artificial systems. For
example, TAARA4 is also activated by PEA, with an ECs obtained in COS-7 cells in
the low micromolar range [1]. Conversely, when PEA was used to stimulate
TAAR4 in its natural environment, the olfactory sensory neurons, it emerged that
PEA started to stimulate TAAR4 in the picomolar range [37], with a strikingly
higher affinity than in transfected cells. Similarly, TAAR1 sensitivity to p-tyramine
in inducing K™ currents through Kir3 channels was much higher, when tested in
dopaminergic neurons, compared to when they were expressed in heterologous
systems [34]. Finally, PEA was able to induce different effects in leukocytes in a
TAARI1-dependent manner at low nanomolar concentrations [38], further
suggesting that these receptors would need their natural environment to fully
express their native pharmacology.

3 Trace Amine-Associated Receptors

TAAR family consists of 9 genes in human (including 3 pseudogenes) and in
chimpanzee (including 6 pseudogenes), while 19 and 16 genes (including 2 and
1 pseudogenes) are present in the rat and mouse genome, respectively [4, 39]. All
these genes cluster in a narrow region of approximately 100-200 kilobases on the
same chromosome, reminiscent of similar chromosomal organization of some
members of the olfactory receptors [18]. All these genes are encoded by a single
exon, except TAAR2, and are of a length of about 1 kilobase. Interestingly, the
region where TAARs are located on chromosome 6 (the locus 6q23) has been
associated with schizophrenia and bipolar disorder in linkage/association studies
[40]. Regarding the in vivo expression and tissue distribution, different groups
carried out several studies, with sometime conflicting results, most likely due to the
different techniques used to detect TAARs expression. All TAARs, with the
exception of TAARI, have been found in the olfactory epithelium as described
by Lieberles and Buck [18] and believed to serve as new class of olfactory
receptors. In this study, no detection of TAAR transcripts in the brain and periphery
was reported; however, several other studies found that at least some members of
TAAR family are expressed in many organs and in the brain [1, 2, 34, 41]. The first
two groups that cloned TAAR family found that TAARI is expressed in many brain
regions and in peripheral organs such as the liver, kidney, spleen, pancreas, and
heart [1, 2]. There is also evidence that other TAARs are expressed in the brain
including TAARS, TAARG, and TAARY [3]. Intriguingly, TAARG6 polymorphisms
have been associated with susceptibility to schizophrenia, and mutations found in
this gene have been studied in correlation with antidepressant response and suicidal
behavior [40, 42]. TAAR1 and TAAR?2 are also expressed in human blood leuko-
cytes, particularly in polymorphonuclear (PMN) T and B cells, and lower expres-
sion was found for TAARS, TAARG6, and TAARO [38, 43, 44]. RNA extracted from
rat heart demonstrated that TAAR1, TAAR2, TAAR3, TAAR4, and TAARS8a are
expressed in this organ [3, 45].
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4 TAARI1

At the moment, TAARI1 is the best studied member of the TAAR family. Since its
expression was found in the brain regions, most of the studies focused on TAAR1
role in brain physiology and pathology. TAARI, alongside with TAARA4, is the only
TAAR subtype that is activated by TAs, and if we consider that TAAR4 in humans
is a pseudogene, TAAR1 could be considered as the primary target for these amines
in humans. Several studies, using different experimental approaches, demonstrated
that TAARI is expressed in various brain regions. While this expression was not at
such high levels as for some other GPCRs, it was found to be in key regions for
monoamine systems [1-3, 34, 46]. RNA transcript for TAAR1 was found in mouse
and rat brain in ventral tegmental area (VTA), dorsal raphe, substantia nigra,
striatum, and frontal cortex. Expression in dopaminergic areas such as the
substantia nigra and striatum has been found also in rhesus monkey brain [41]. In
humans, fewer studies were performed, but high expression of TAAR1 was found at
least in the amygdala [1]. Using a transgenic mouse model, where LacZ gene was
inserted in TAARI1 gene to have a specific expression of the LacZ driven by
TAARI1 promoter, Lindemann et al. confirmed that TAAR1 was present in dopa-
minergic and serotonergic areas such as VT'A, amygdala, dorsal raphe, subiculum,
and parahippocampal region [34]. In the periphery, TAAR1 was found in several
organs including liver, spleen, kidney, gastrointestinal tract, pancreas, heart, and
leukocytes [2, 3]. At subcellular levels, it is still not clear whether TAART in its
natural environment such as neurons is expressed at the membrane as most GPCRs
or in the intracellular compartments. Difficulties in reliable evaluation of cellular
distribution of TAARTI are, in part, determined by technical limitations such as the
lack of specific antibodies.

TAARI expression and functional studies in heterologous cell system such as
HEK-293 cells have been challenging, since TAAR1 was found mainly in the
intracellular compartments leading to a difficulty in its coupling to G protein to
transduce the signal [2, 30, 31, 33, 36, 47]. TAARI is a Gas-coupled receptor and
its stimulation increases CAMP levels, but likely only with sufficient membrane
expression it is possible to properly study its pharmacology. Many strategies have
been used to improve TAAR1 membrane expression such as building a human/rat
chimera [2] or adding a peptide from bovine rhodopsin at the N-terminus of the
receptor [18]. In our lab, we fused the first nine amino acid of the p2-adrenergic
receptor to the N-terminus, leading to a significant level of membrane expression
sufficient to reliably study TAAR1 pharmacology [36]. TAARI, as demonstrated
by many laboratories under different experimental conditions, can be activated by
PEA and p-tyramine, with PEA being more potent against mouse and human
TAARI and p-tyramine being more potent against rat TAARI [1, 2, 4, 5, 30-33,
35, 36,47]. TAART1 has been reported also to have a weaker affinity for tryptamine
and octopamine [1-3, 36]. When stimulated by an agonist, TAAR1 couples to Gas
and stimulates the production of cAMP. Using a BRET-based biosensor, it was
possible to study the dynamics of cAMP fluctuations after TAARI stimulation, and
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by using this approach we observed that TAAR1 poorly desensitizes upon agonist
binding [36]. While cAMP levels, produced by p2-adrenergic receptor, a prototyp-
ical GPCR, decrease after 5 min and then return to basal levels, TAAR1 agonist-
stimulated cAMP decreases slightly only after 10-20 min. This evidence was
confirmed by f-arrestin2 translocation studies after TAARI stimulation [36,
48]. PEA was able to recruit p-arrestin2-GFP but in a small proportion and at a
lesser degree compared to other GPCRs such as p2-adrenergic receptor. This
property of TAARI resembled D3 dopamine receptor that has been demonstrated
to poorly recruit p-arrestin2 [49]. By using cAMP assay in rat TAAR1, Bunzow
et al. performed a screening of several classes of compounds as regards to TAAR1
activity [2].

Apart from classic TAs, many other known compounds were able to activate
TAARI1. Among them, amphetamines and their derivatives are of particular inter-
est. In this assay, b-amphetamine, L-amphetamine, p-methamphetamine, and (£)-
MDMA acted as TAART agonists, and later reports confirmed these data on human,
mouse, rat, and rhesus monkey TAAR1 expressed in different cellular systems [30,
31, 33, 35, 36, 41, 47, 50]. Interestingly, the concentrations of amphetamine found
to be necessary to activate TAAR1 are in line with what was found in drug abusers
[3, 51, 52]. Thus, it is likely that some of the effects produced by amphetamines
could be mediated by TAARI. Indeed, in a study in mice, MDMA effects were
found to be mediated in part by TAARI, in a sense that MDMA auto-inhibits its
neurochemical and functional actions [46]. Based on this and other studies (see
other section), it has been suggested that TAARI could play a role in reward
mechanisms and that amphetamine activity on TAAR1 counteracts their known
behavioral and neurochemical effects mediated via dopamine neurotransmission.
On the other hand, whether TAAR1 mutations or functional deficits in humans are
associated with drug addiction would be an interesting point to evaluate.

Other interesting endogenous substances that are TAARI1 agonist are
thyronamines, compounds structurally related to thyroid hormones [53, 54]. 3-
Iodothyronamine (T1AM) and its deiodinated relative thyronamine (TOAM) are
potent full agonists of human, rat, and mouse TAARI, and when administered to
rats, they induce profound physiological effect such as hypothermia, alteration of
metabolism, cardiac effects, and behavioral suppression [3, 54-56]. Similarly,
metabolites of amiodarone that has a chemical structure similar to thyronamines
and is used in clinic to treat arrhythmias are TAAR1 agonists [57]. It should be
noted, however, that these compounds are highly nonselective and can interact, for
example, with the functions of plasma membrane and vesicular monoamine trans-
porters [58]. Bunzow et al. [2] have found also that the O-metabolites of catechol-
amines such as 3-methoxytyramine (3-MT), 4-methoxytyramine (4-MT),
normetanephrine, and metanephrine can exert potent TAAR1 agonistic activity.
Our group and others also confirmed that 3-MT and 4-MT are potent agonists
against human TAARI1 [31, 36]. This observation is particularly intriguing, since
3-MT is a dopamine metabolite formed by the activity of catechol o-
methyltransferase (COMT) and traditionally has been considered as a compound
with no biological activity but only as reflection of extracellular dopamine levels
[59]. Our lab studied the potential effect of 3-MT in mice and documented that
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3-MT can induce a behavioral activation in a dopamine-independent manner
[19]. Central infusion of 3-MT produced mild hyperactivity and a complex set of
abnormal movements that were less pronounced in TAAR1-KO mice. Moreover,
3-MT could induce the phosphorylation of ERK and CREB in striatum in a
TAARI1-dependent manner [19]. This study indicates that COMT is not simply a
metabolizing enzyme, but it may also serve as the rate-limiting step for the
production of this novel neuromodulator active at TAARI. It would be interesting
to evaluate the role of 3-MT in behavioral manifestations under conditions where its
concentrations are particularly high such as in Parkinson’s disease patients with
dyskinesia after a long-term treatment with L-DOPA [60].

A recent intriguing study also suggested that food additive ractopamine used to
feed livestock in the USA is a full agonist of TAART1 [61]. It should be underlined
that since TAs and most compounds with TAARI agonistic activity are not
selective and bind also other receptors and transporters [2], it is difficult to study
TAARI physiology in vivo by analyzing physiological effects of these compounds
in normal mice [29]. Until recently, the use of TAAR1-KO mouse line was the only
possibility to evaluate TAARI contribution in CNS physiology. However, in the
last 4 years, several selective full and partial TAAR1 agonists were synthesized and
characterized [9—11]. The studies performed with these compounds in various
preclinical models supported the idea that TAARI could be a novel target for
managing psychiatric disorders such as schizophrenia, bipolar disorder, and addic-
tion (see below). Despite the large number of agonists available at the moment, only
one antagonist was described. However, poor solubility and brain-blood barrier
penetration of this compound gives the possibility to investigate only in vitro effects
of TAAR antagonism [8]. To advance pharmacological innovation, two groups
attempted to discover the molecular determinants responsible for ligand-receptor
interaction for TAAR1 [62—64]. For this purpose, our group developed a theoretical
model of the human TAAR1 developed by homology modeling and made docking
studies with known TAARI agonists finding important amino acid residues for the
activity of these ligands [63]. By comparing the derived hTAAR1 model with
known models such as of the f2-adrenergic receptor and the 5-HT la serotonergic
receptor, we identified two residues (D103 and N286) as potential anchor points for
the ligand recognition process. Also Grandy’s laboratory, with mutagenesis studies,
described the structural determinants responsible for TAARI1 ligand-binding
pockets with respect to amphetamine and methamphetamine and identified a
residue responsible for the species stereoselectivity toward p- and L-amphetamine
[64]. These studies, along with the screening of new chemical entities, could help in
the drug discovery process to find new TAARI ligands such as agonists and
systemically available antagonists that would improve the comprehension of
TAARI1 physiology.
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5 TAARI as a Novel Drug Target for Psychiatric Disorders

The idea that TAARI1 could be involved in the pathophysiology of psychiatric
disorders was initially suggested by the fact that TAs could activate TAARI.
Historically, dysregulated TAs levels have been linked to many human disorders
such as schizophrenia, ADHD, Parkinson’s disease, migraine, and depression [14,
16, 65, 66]. Clinical studies found elevated PEA plasma levels in schizophrenic
patients and increased urinary excretion in paranoid schizophrenics [67, 68]. By
looking to its expression pattern in the brain, TAAR1 is well positioned to modulate
monoamine systems, and monoamines play a pivotal role in the pathophysiology of
many psychiatric disorders [4, 34]. First evidence about the TAARI role in brain
functions came from the study of the mouse line lacking this receptor. Up to now,
three different TAAR1-KO mouse lines have been generated, and substantially
similar phenotype has been reported as regards to a supersensitive dopaminergic
system and other monoamine-related dysregulations [30, 34, 46]. TAAR1-KO mice
do not demonstrate overt phenotype, breed normally, and do not show striking
differences in most neurological and behavioral tests versus their wild-type
(WT) littermates. However, these mice were found to be more sensitive to the
amphetamine-induced behavioral and neurochemical effects. Amphetamine was
able to produce an enhanced response in terms of locomotion as well as in terms of
dopamine released in the striatum as measured in microdialysis experiments [30,
34, 46]. Another amphetamine compound, MDMA, has been shown to increase
dopamine release in the frontal cortex, striatum, and nucleus accumbens at a greater
extent in TAARI-KO mice compared to WT mice [46]. Similar results were
obtained for serotonin, with an enhanced release in the striatum and the nucleus
accumbens, but not in the frontal cortex. Furthermore, TAAR1-KO mice showed a
significant deficit in prepulse inhibition (PPI), indicating an impairment of senso-
rimotor gating that is known to be deficient in schizophrenic patients [30].
Another feature that links TAART1 to schizophrenia is the D2 dopamine receptor
supersensitivity. In particular, it has been found that TAARI-KO mice have a
greater proportion of D2 dopamine receptors in the high-affinity state compared
to WT [30]. As for increased amphetamine responsiveness and PPI deficits, also an
increase in D2 dopamine receptor-mediated striatal functions has been traditionally
associated with schizophrenia [69]. A direct functional interaction between TAARI1
and D2 dopamine receptor is one of possible mechanisms that might be responsible
for the modulation of dopaminergic system by TAARIL. In VTA dopaminergic
neurons, stimulation of TAAR1 modulates D2 dopamine autoreceptor activity to
decrease D2 receptor activity and promote D2 receptor desensitization [8, 9]. By
studying the outward current mediated by D2 receptors, it has been demonstrated
that in VTA slices from TAAR1-KO mice or in slices from WT mice treated with
the selective TAART1 antagonist EPPTB, quinpirole desensitization was prevented,
and the quinpirole potency was increased by fourfold [8]. On the contrary, the
application of p-tyramine decreased quinpirole potency. Interestingly, the same
type of modulation was found between TAAR1 and 5-HT1A autoreceptors in the
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dorsal raphe, where TAARI1 is expressed and modulates 5-HT1A activity [9]. Both
D2 dopamine and 5-HT1A serotonin autoreceptors are important for the regulation
of mood, cognition, and motor behavior and for the response to antidepressant and
antipsychotic drugs [70-72]. In the VTA and dorsal raphe, TAAR1 can also
modulate the firing rate of dopaminergic and serotonergic neurons, with higher
firing frequency in TAAR1-KO animals or in WT mice treated with the antagonist
EPPTB being observed [8]. This modulation is independent on cAMP levels and D2
dopamine receptors but mediated by the Gg, subunits of the activated G protein and
resulted in the modulation of the K* current mediated by the Kir3-type K* channel.
D2 dopamine autoreceptor functions are also altered in the nucleus accumbens of
TAAR1-KO mice [73]. In fact, in vivo microdialysis and fast-scan cyclic
voltammetry (FSCV) studies have revealed that in the nucleus accumbens but not
in the dorsal striatum, the basal dopamine release was increased and activation or
blockade of TAAR1 could modulate this release. Moreover, with a FSCV paired-
pulse approach, it was possible to directly demonstrate that D2 dopamine
autoreceptor activity was reduced in TAAR1-KO animals, leading to higher level
of second pulse-induced stimulated dopamine release [73]. There is also significant
amount of evidence that TAARI could have an influence also on postsynaptic D2
dopamine receptors. In an in vitro study, by using a bioluminescence energy
transfer (BRET)-based assay, it has been demonstrated that TAAR1 could form a
heterodimer with the long isoform of the D2 dopamine receptor [74] that it is known
to be mostly expressed at the postsynaptic sites. This heterodimer was sensitive to
D2 receptor conformation, and haloperidol, a D2 antagonist, was able to decrease
the complex formation. Similarly, haloperidol treatment increased the TAARI1
responses mediated by PEA. This functional interaction of the D2 postsynaptic
receptors was also evident in vivo, since haloperidol-induced catalepsy and c-Fos
expression in dorsal striatum were reduced in TAAR1-KO animals [74]. Another
line of research also focused on a possible influence of TAAR1 on dopamine
transporters [5, 33, 41]. Co-expression studies revealed the presence of TAARI1
and DAT in a subset of neurons in the substantia nigra, and experiments done in
synaptosomal preparations and cells revealed that TAARI can modulate DAT
functions [50, 75-77]. It is notably, however, that TAAR1 agonists can effectively
block hyperactivity in mice lacking the DAT and no alterations in DA uptake
kinetics were found after application of TAARI agonists or antagonist in FSCV
studies in striatal and accumbeal slices [73].

The recent development of TAARI-selective ligands, particularly full and
partial agonists, has been of extremely importance for a better understanding of
TAARI1 physiology. Since all the other known TAARI ligands possess other
important activities (e.g., on DAT), these new selective ligands provided the first
opportunity to understand the consequence of TAARI activation in experimental
animal models. As the absence of TAARI1 results in a supersensitive dopaminergic
system, TAARI activation negatively regulates dopamine system, decreasing an
excess of dopaminergic activation, either obtained with pharmacological treatment
or present in genetic animal models [9—11]. Moreover, TAARI1 agonists influence
also the serotonergic system, and for these reasons, they have been proposed as
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possible treatment for diseases such as schizophrenia, bipolar disorder, depression,
and drug abuse [6, 10]. Two full agonists and two partial agonists have been tested
in various studies, and although a substantially similar profile was found between
these compounds, there are also some important differences between full and partial
agonists. TAARI activation reduces hyperlocomotion induced by pharmacological
treatment with the DAT inhibitor cocaine or with the NMDA receptor antagonists
L-687,414 and PCP as well as spontaneous hyperlocomotion present in DAT-KO
mice or in NR1 knockdown mice [9-11]. Both hyperdopaminergia and hypogluta-
matergia are considered to model schizophrenia endophenotypes and represent the
two main hypotheses for the etiology of schizophrenia. Thus, these data indicate
that TAART1 activation can reduce what are considered as the positive symptoms in
different pharmacological and genetic model of schizophrenia [11]. Interestingly,
both full and partial agonists can potentiate the effect of two atypical antipsychotics
olanzapine and risperidone in these behavioral paradigms suggesting also that
TAARI1 agonists are potential add-on treatment to current antipsychotics
[11]. TAARI treatment seems not to produce extrapyramidal side effects, and
partial TAAR1 agonist can in fact reduce haloperidol-induced catalepsy, suggesting
that under certain conditions such as deficient dopamine transmission caused by D2
dopamine receptors blockade, TAAR1 partial agonist might behave as an antago-
nist [11]. In contrast to olanzapine and other atypical antipsychotics that lead to
weight gain, these compounds do not possess this side effect, but rather they can
reduce the weight gain induced by a chronic treatment with olanzapine.
Furthermore, pharmacological magnetic resonance imaging (phMRI) study has
revealed that, while differences exists, both full and partial TAAR1 agonists share a
similar pattern with olanzapine in terms of brain region activation pattern including
the prefrontal area, suggesting a potential role of TAARI in prefrontal cortical-
related functions such as cognition. In fact, TAAR1 agonists can improve cognitive
performance in the object retrieval paradigm in monkeys increasing the percentage
of correct responses [11]. Similarly, in rats, TAAR1 agonist can revert the deficit
induced by PCP in the attentional set-shifting test. Since TAARI1 is known to
influence serotonin system, potential antidepressant and anxiolytic properties of
these compounds have been also explored [9]. While only the partial agonists were
effective in the forced swim test in rats, both the partial and full agonists showed
antidepressant effect in monkeys in the differential reinforcement of low-rate
behavior paradigm [10, 11]. Moreover, TAARI activation induced anxiolytic-like
behaviors in the stress-induced hyperthermia test further indicating that TAAR1
modulation of serotonergic system could be of importance in mood disorders
[10]. These data strongly support the idea that TAARI1 could be considered as a
new multifaceted target to treat neuropsychiatric diseases such as schizophrenia and
mood disorders. Intriguingly, the partial TAAR1 agonist, while showing a similar
profile to the full agonist, has at the same time some peculiar differences such as the
ability to reduce the haloperidol-induced catalepsy. It also can increase the firing
activity in VT A dopaminergic neurons like the selective TAAR1 antagonist EPPTB
[8]. This suggests that under certain conditions a basal TAART1 activation by natural
ligands is present and that TAARI partial agonist could decrease or increase
dopamine-related behavior depending on the rate of dopaminergic activity.
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Moreover, partial TAAR1 agonist at high doses was able to promote wakefulness,
like caffeine, as a stimulating compound further indicating this putative “stabiliz-
ing” property [10, 11]. Whether TAARI1 partial activation might be more useful for
the treatment of mood and anxiety disorders and the full TAAR1 agonist in others
such as schizophrenia remains to be tested, but it would be very interesting to
further understand in detail the differences between these compounds.

A recent study explored the possibility that apomorphine, a prototypical D1 and
D2 dopamine receptor nonselective agonist, might exert its behavioral actions in
part via TAART1 activation [78]. Following an initial observation by Bunzow et al.,
this study confirmed that apomorphine is a partial agonist at rat and mouse TAAR1
with little activity at human and cynomolgus monkey TAAR1. While the lack of
TAARI did not influence the locomotor behavior induced by apomorphine at low
doses, apomorphine-induced climbing behavior and stereotypies were reduced in
TAAR1-KO mice. Interestingly, when WT mice were injected with a TAARI1
agonist in combination with a D1 and D2 dopamine receptor selective agonists,
they could reproduce a level of climbing behavior similar to what was obtained with
apomorphine. Since apomorphine-induced climbing has been used for decades as
the screening test for new antipsychotics [79], this study suggests that not only
dopamine receptors but also TAART1 could be in part responsible for this apomor-
phine effect, and compounds with putative antipsychotic activity identified by using
this test could have also TAARI activity.

6 Role of TAARI1 in Addiction

Since TAARI has a strong connection to the dopaminergic system, it has been
suggested that TAAR1 could have a role in addiction. Moreover, the evidence that
several amphetamines, known to be addictive substances, were able to activate
TAARLI, led the speculation that at least some of their effects could be mediated via
TAARI1. Addictive drugs modulate brain functions in several ways, but all of them
seem to have a unifying property that is to enhance mesolimbic dopamine neuro-
transmission [80]. The major ways to modulate synaptic dopamine levels are either
influence on neuronal firing, interference with the reuptake of dopamine through
DAT, or alterations in the presynaptic regulation at the level of terminals [80]. As
described above, there is evidence that TAAR1 can potentially influence all of these
processes. Particularly, TAARI has been reported to influence the firing of VTA
dopaminergic neurons [34] and alter the function of presynaptic D2 dopamine
receptors in nucleus accumbens [73], the brain region particularly important for
addiction. TAAR1-KO mice that generally have a supersensitive dopaminergic
system seem more incline to addictive properties of substances of abuse. In a
study by Achat-Mendes et al. [81], the psychomotor and rewarding properties of
methamphetamine were evaluated in WT and TAAR1-KO mice. Both single and
repeated treatment with methamphetamine was able to produce an enhanced loco-
motor response in TAAR1-KO mice. Moreover, in conditioned place preference
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(CPP) experiments, TAARI-KO mice acquired the methamphetamine-induced
CPP earlier than WT and retained CPP longer as evaluated by extinction training
[81]. Interestingly, no difference between WT and KO for CPP induced with
morphine was observed.

Another study evaluated the potential involvement of TAAR1 in alcohol abuse
[82]. Using a two-bottle choice paradigm, this study showed that TAAR1-KO mice
have a greater preference and consume more ethanol than WT counterparts, without
difference in consumption of sucrose solution. Similarly, the sedative-like effects
after ethanol consumptions were enhanced and lasted longer. These data suggest a
potential role for TAARI1 in alcohol abuse disorder indicating the necessity of
further studies to evaluate effects of TAARI1-selective drugs in alcohol-induced
behaviors.

More evidence exists regarding potential utility of TAARI1-based drugs in
cocaine addiction. The first study that was performed few years ago focused on
evaluation of effects of TAAR1 agonist on cocaine self-administration in rats
[10]. Using this well-validated experimental model of drug addiction, Revel
et al. [10] demonstrated that partial TAAR1 agonist, dose-dependently, reduced
cocaine intake in rats with a history of cocaine self-administration. Importantly,
TAARI partial agonist did not influence lever pressing behavior in control subjects.
Recently, two articles have been published regarding cocaine abuse-related effects
in rats. In the first study, both partial and full agonists were studied in connection
with models of cocaine relapse [7]. Context-induced renewal of drug seeking is
considered close to real-life situations, since addicts often go under relapse, because
they re-experienced the same context associated to past drug intake [83]. Rats with
a history of cocaine self-administration went into abstinence without extinction and
then put back into the same context, where they had cocaine self-administration.
While saline control animals showed robust relapse to drug seeking, the treatment
with both partial and full agonists dose-dependently reduces drug seeking. Impor-
tantly, at the doses used, TAAR1 agonists had no influence on a lever pressing task
maintained by food. In another model of cocaine-primed reinstatement, where after
extinction rats were injected by single dose of cocaine to induce relapse, TAAR1
partial agonist was able to completely block the cocaine-primed reinstatement of
cocaine seeking [7]. Regarding the mechanism of action, it is shown that TAAR1
activation reduces the dopamine release induced by cocaine, as measured by FCSV
in the nucleus accumbens, without altering the DAT functions, suggesting an
involvement of other mechanisms than direct interference with dopamine uptake
such as the alteration of D2 receptors activity [7]. In another study, TAARI partial
agonist has been used to reduce several cocaine-mediated behaviors [12, 84]. First,
TAARI agonist administration reduced the expression of cocaine behavioral sen-
sitization. Moreover, in a CPP paradigm, TAARI agonist was able to reduce the
expression but not the development of the CPP. Thus, while when administered
prior to cocaine conditioning, TAAR1 agonist did not modify the development of
the CPP, it could reduce the expression of the already established CPP when
administered prior to the test session. Also in a model of cocaine relapse, the
cocaine-primed reinstatement of cocaine seeking, TAARI activation reduced the



Neuronal Functions and Emerging Pharmacology of TAARI 187

relapse of the cocaine-seeking behavior [12]. Altogether, these data indicate that
TAARI activation reduces the sensitizing, rewarding, and reinforcing effects of
cocaine and TAARI should be explored further as a potential target for the
treatment of cocaine addiction.

7 Role of TAARSs in Periphery

As described above, TAARs and in particular TAARI1 are expressed in many
peripheral organs. TAs effects on cardiovascular system and their pressor action
have been known for many years [14], but it is evident that these actions most likely
have to be attributed to their “false transmitter” properties. However, the fact that
TAARI, as well as other TAAR members, is expressed in the heart raised many
questions about its putative role in this organ. TIAM and TOAM are endogenous
compounds found in brain extracts and also in periphery [45, 54]. They can activate
potently TAARI in vitro and produce important physiological responses when
injected to animals. As described in several studies, thyronamines induce a behav-
ioral suppression with locomotor inhibition, ptosis, reduced metabolic rate, hypo-
tension, and hypothermia [45, 54, 56, 85]. All these effects were dose-dependent
and reversible in few hours after the administration of these compounds. Of
particular importance, the cardiac effects produced by thyronamines TIAM and
TOAM, when injected in mice, induced a drop in the heart rate and a similar
response in isolated heart preparation [45, 54]. TIAM, in ex vivo experiments
and in cardiomyocytes from rats, produced a dose-dependent negative chronotropic
and inotropic effects further confirming thyronamine action on heart physiology
[45]. Whether TAARI1 is solely responsible for these actions or other mechanisms
are involved has still to be established, since thyronamines have also activity at the
monoamine membrane transporter and vesicular monoamine transporter
2 [58]. Regarding temperature control, one study showed that the hypothermic
response obtained by the administration of thyronamines and other TAAR1 ligands
such as amphetamines was similar in WT and in TAAR1-KO mice, suggesting that
the mechanism other than involving TAAR1 was responsible for this effect [8§6]. On
the other hand, Millan group monitored the effect of MDMA at different time points
in WT and TAARI1-KO animals [46]. In WT mice, MDMA induced a biphasic
thermoregulatory response, with an initial hypothermia followed by a gradual
hyperthermia. In contrast, TAAR1-KO mice experienced only a hyperthermic
response, suggesting that TAAR1 could have a role in thermoregulation, although
more studies are necessary to understand the precise mechanism of this effect.
The first evidence that certain TAARSs are expressed in leukocytes comes from
the study by Nelson et al. [87]. Further studies confirmed the presence of several
TAAR members in human, mouse, and rhesus monkey leukocytes [38, 43, 44]. The
fact that compounds that target monoamine receptors and transporters such as
ecstasy (MDMA) could influence the functions of leukocytes and affect immune
response [88, 89] led to the idea that TAARSs might be involved in this process. By
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Western blot technique, it has been shown that TAARI1 is expressed in normal and
malignant B cells derived from patients with several diseases [43]. TAAR1 was
more expressed in activated B cells compared to resting ones confirming already
published data [87]. Moreover, several TAARI agonists induced cytotoxicity in
these cells suggesting a potential use for these compounds in the treatment of blood
diseases such as leukemias and lymphomas. Also in rhesus monkey lymphocytes,
TAARI expression was increased after immune activation, and methamphetamine
induced a TAAR1-dependent signaling through PKA and PKC phosphorylation
[44]. A recent interesting study focused on human blood leukocytes and TAAR1-/
TAAR2-mediated functions [38]. Krautwurst et al. found that TAAR1, TAAR2,
TAARS, TAARG, and TAARY were expressed in different leukocyte types includ-
ing PMN, T cells, B cells, NK cells, and monocytes [38]. Among them, TAAR1 and
TAAR?2 were the most abundant receptors, with a similar expression profile, and
while all TAARI1-expressing cells co-expressed also TAAR2, there was some
percentage (16%) of cells that expressed only TAAR?2. Interestingly, PEA, tyra-
mine, and T1AM were able to induce several activities at very low concentration, in
the low nanomolar range, which reflects the endogenous levels of these TAs
[38]. TAARI1/TAAR2 activation triggered chemotactic migration of PMN cells in
a concentration-dependent manner. Importantly, when TAAR1 and TAAR2 were
downregulated with siRNA, this response was largely abolished. PEA was also able
to induce, in a TAAR1-/TAAR2-dependent way, the IL-4 secretion in T cells and to
modulate the expression of several genes, with chemotactic chemokine CCL5 being
the highest expressed gene, which plays a role in allergy. Finally, TAAR1/2
activation mediated the secretion of IgE from B cells. These data suggest that
TAs could play a previously unappreciated important role in immune-mediated
functions (through cells migration, cytokine, and IgE productions) at concentrations
found normally in the blood that could be easily increased simply by the ingestions
of some type of food. Thus, these observations suggest a role of TAARs in
mechanisms involved in food-related allergy.

Conclusions

Since the discovery of TAARs and particularly TAAR1, many studies have
been performed to understand their physiology. It is now evident that TAAR1
has a primary role in the modulation of monoaminergic systems, in particular
dopamine. Both the studies on TAAR1-KO mice and the recent development
of selective ligands demonstrate that TAARI generally behaves as a “brake”
for dopamine neurotransmission decreasing a hyperactive dopaminergic sys-
tem. It is interesting to note that partial TAAR1 agonists can act also as
antagonists, depending on the context, and in these cases, as for haloperidol-
induced catalepsy, they seem to counteract a hypofunctional dopamine sig-
naling. Thus, it might be expected that TAART1 partial agonists could behave
as dopamine system stabilizer, although more studies are necessary to

(continued)
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uncover the mechanisms of this phenomenon. This panel of actions on
dopamine physiology indicates that TAAR1 could be a novel target to treat
dopamine-related disorder such as schizophrenia and addiction. On the other
hand, TAARI activity on serotonergic system suggests that TAAR1 is able to
modulate also phenotypes related to mood disorders such as depression and
bipolar disorder. While there is now strong evidence of TAARI role in
several experimental models either in mouse, rat, or nonhuman primates, to
fully validate TAARI1 role in brain physiology, it will be of great importance
to have a proof of concept in humans. Another interesting point would be to
extend this line of research to other aspects related to brain physiology, such
as cognition, since it is likely that TAAR1 could be involved also in
cognition-related brain functions. Finally, important TAAR functions in
periphery are emerging, and detailed descriptions of these mechanisms will
be necessary to uncover these intriguing new roles of TAARs.
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