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The UNIK centre for life-style diseases, Department of Medicinal Chemistry, Faculty of Pharmaceutical Sciences, University of
Copenhagen, Universitetsparken 2, 2100 Copenhagen, Denmark.

Received January 30, 2009; accepted June 1, 2009

ABSTRACT
A number of highly promiscuous seven transmembrane (7TM)
receptors have been cloned and characterized within the last
few years. It is noteworthy that many of these receptors are
activated broadly by amino acids, proteolytic degradation
products, carbohydrates, or free fatty acids and are expressed
in taste tissue, the gastrointestinal tract, endocrine glands,
adipose tissue, and/or kidney. These receptors thus hold the
potential to act as sensors of food intake, regulating, for exam-
ple, release of incretin hormones from the gut, insulin/glucagon
from the pancreas, and leptin from adipose tissue. The promis-
cuous tendency in ligand recognition of these receptors is in
contrast to the typical specific interaction with one physiolog-
ical agonist seen for most receptors, which challenges the
classic ”lock-and-key” concept. We here review the molecular
mechanisms of nutrient sensing of the calcium-sensing recep-

tor, the G protein-coupled receptor family C, group 6, subtype
A (GPRC6A), and the taste1 receptor T1R1/T1R3, which are
sensing L-�-amino acids, the carbohydrate-sensing T1R2/T1R3
receptor, the proteolytic degradation product sensor GPR93
(also termed GPR92), and the free fatty acid (FFA) sensing
receptors FFA1, FFA2, FFA3, GPR84, and GPR120. The in-
volvement of the individual receptors in sensing of food intake
has been validated to different degrees because of limited
availability of specific pharmacological tools and/or receptor
knockout mice. However, as a group, the receptors represent
potential drug targets, to treat, for example, type II diabetes by
mimicking food intake by potent agonists or positive allosteric
modulators. The ligand-receptor interactions of the promiscu-
ous receptors of organic nutrients thus remain an interesting
subject of emerging functional importance.

In 1894, Emil Fischer published the landmark article in
which he for the first time described the “lock-and-key” con-
cept for enzyme-substrate interactions (Fischer, 1894). A few
decades later, this concept was transferred to receptors by
Paul Ehrlich and John Newport Langley when they studied
receptors and their interactions with ligands (for review, see

Limbird, 2004; Rang, 2004). A literal interpretetation of the
“lock-and-key” concept suggests that each receptor only has
one physiological agonist, which is also in line with the nam-
ing of the vast majority of liganded receptors by their main
endogenous agonist (e.g., acetylcholine receptor, glutamate
receptor). During the following decades, receptors were
shown to adhere to this scheme, although some exceptions
were discovered, such as the adrenergic receptor subtypes
responding to both endogenous epinephrine and norepineph-
rine, albeit with different rank orders (Ahlquist, 1948). How-
ever, during the last few years, a number of receptors have
been cloned and characterized that are highly promiscuous
and thus respond to a range of natural agonists. In addition,
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several promiscuous taste receptors have been identified in
tissues other than taste buds, such as the gut, suggesting
that they have other functions than sensing tastants. It is
noteworthy that these receptors respond to organic nutrients
or their immediate breakdown products (i.e., fatty acids,
sugars, amino acids, and proteolytic products) and thus pos-
sibly serve as chemosensors for food intake (Conigrave and
Brown, 2006; Egan and Margolskee, 2008; Engelstoft et al.,
2008).

For decades, organic nutrients have been known to cause
release of hormones from the gut, pancreas, and other or-
gans, but the molecular nature of the chemosensors have
been enigmatic. The identification of promiscuous seven
transmembrane (7TM) receptors responding to the organic
nutrients located in the relevant tissues has potentially iden-
tified the missing links. In that regard, it makes perfect
sense that these nutrient-sensing receptors have evolved to
be promiscuous to respond to the wide range of foods digested
by humans, and it suggests that mixtures of ligands work in
a concerted fashion to activate one receptor, as has been
shown for the calcium-sensing receptor (CaR) (Conigrave et
al., 2000, 2004). An analogy may also be drawn to odor
perception, where just a few hundred promiscuous odorant
receptors are able to perceive thousands of odorants. Each
odorant may activate several odorant receptors, and a com-
plex mixture of odorants will lead to a distinctly perceived
smell via combinatorial activation and even blockade of odor-
ant receptors. Several odorants of a complex mixture can
thus either act in a synergistic or antagonist fashion on each
receptor (Firestein, 2004; Luu et al., 2005). However, much
research still has to be performed to elucidate the physiolog-
ical functions and molecular pharmacology of the 7TM che-
mosensors and their ligands.

A rising number of receptors thus challenge the “lock-and-
key” concept. With the emergence of three-dimensional struc-
tures of enzymes and receptors cocrystallized with a variety
of ligands, it has become possible to get a direct view of the
locks and keys and their interactions. By crystallization of
the same enzyme/receptor with series of ligand analogs, it
has become clear that the protein can make an induced fit to
accommodate ligands and that ligands can adopt unexpected
conformations in the proteins. Thus, both the locks and keys
can be perceived to be “soft” (Sowdhamini et al., 1995). This,
however, does not explain why some members of receptor
families are exclusively activated by one endogenous agonist,
whereas others are highly promiscuous. One such example,
which will be discussed in more detail later, is the family C
7TM receptors, in which the metabotropic glutamate (mGlu)
receptors respond exclusively to L-glutamate among the 20
proteinogenic amino acids (Frauli et al., 2006) and the T1R1/
T1R3 taste receptor, CaR, and the G protein-coupled receptor
family C, group 6, subtype A (GPRC6A) receptor by contrast
respond to a broad range of L-amino acids (Conigrave and
Hampson, 2006; Bräuner-Osborne et al., 2007). Much more
research, such as X-ray crystallographic and mutational
studies, are needed to elucidate the molecular mechanisms
underlying the differences in monogamous/promiscuous li-
gand recognition, but some insight has been gained in the
last couple of years. These aspects and the molecular phar-
macology of the promiscuous 7TM receptors sensing organic
nutrients, or their immediate breakdown products (i.e.,
amino acids from proteolysis), will be the focus of the present

review. In addition to the sensors of organic nutrients dis-
cussed here, an increasing number of receptors sensing com-
pounds/hormones released upon eating [e.g., N-acylethano-
lamines activating GPR119 (Overton et al., 2007)] or
metabolic intermediates [e.g., succinate and �-ketoglutarate
activating GPR91 and GPR99 (He et al., 2004)] are known.
Even though some of these receptors are also promiscuous
(e.g., GPR119), they are indirect/secondary food sensors and
will not be discussed further.

Family C Nutrient-Sensing Receptors

The family C of 7TM receptors consists of members such as
the mGlu receptors, the �-aminobutyric acid type B (GABAB)
receptor, CaR, T1Rs, and GPRC6A (Bräuner-Osborne et al.,
2007). These receptors are characterized by a large extracel-
lular Venus flytrap (VFT) domain, revealed by crystallogra-
phy to contain a dimerization interface and an orthosteric
binding site for the endogenous agonist (Kunishima et al.,
2000; Tsuchiya et al., 2002; Muto et al., 2007). The VFT
domain is connected to the 7TM, G protein-activating domain
via a cysteine-rich domain (CRD) (for an overview on topol-
ogy, refer to Fig. 1). Inferred from the observation that the
family C VFT domain is phylogenetically related to a class of
bacterial periplasmic binding proteins (O’Hara et al., 1993;
Felder et al., 1999), it has been proposed that the agonist
binding and signaling domains of family C receptors were
once two separate entities that merged during evolution
(Conklin and Bourne, 1994). It is noteworthy that the
periplasmic binding proteins are involved in nutrient uptake
(Quiocho and Ledvina, 1996), which would suggest that fam-
ily C 7TM receptors have preserved binding sites for nutri-
ent-like compounds. Family C receptors serve diverse func-
tions, ranging from neurotransmission by the mGlu and
GABAB receptors and regulation of calcium homeostasis by
CaR (Bräuner-Osborne et al., 2007). Still, all identified en-
dogenous agonists for family C receptors are in fact nutrient-
like, being amino acids, ions, and sugars. They all bind in the
VFT domain and thereby elicit domain closure followed by an

VFT

CRD

7TM

Orthosteric agonists
(L-aa, divalent cations, sugars)

Allosteric enhancers
(purinic ribonucleotides)

Allosteric enhancers
(Gd3+, Ca2+?)

Allosteric agonists
(brazzein)

Allosteric modulators
(drug-like small molecules)

Allosteric enhancers
(L-aa, divalent cations)

Fig. 1. Model of a dimeric family C 7TM receptor in its open-closed/active
conformation. The localizations of the VFT domain, CRD, and 7TM and
orthosteric and allosteric ligand binding sites are indicated (see text for
details). The model was constructed with the program MacPyMol using
coordinates from Protein Data Bank files 1ewk (mGlu1 open-closed/active
VFT), 2e4u (mGlu3 CRD), and 2r4s (�2-adrenergic receptor 7TM).
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activational twist in the 7TM domain (Wellendorph and
Bräuner-Osborne, 2009). In addition, several compounds
binding at allosteric sites in both the VFT domain, the CRD,
and the 7TM domain have now been identified, allowing for
fine-tuning of the agonist response. A generalized illustra-
tion of known family C ligand binding sites is presented in
Fig. 1.

Whereas the mGlu receptors are monogamous for L-Glu
(Frauli et al., 2006), a phylogenetically distinct group of the
family C 7TM receptors comprising CaR, T1R taste receptors,
and GPRC6A (Bjarnadóttir et al., 2005; Kuang et al., 2006;
Wellendorph and Bräuner-Osborne, 2009) are promiscuous
by nature and respond to subsets of L-�-amino acids and
divalent cations (CaR, GPRC6A, and the heterodimeric re-
ceptor T1R1/T1R3) or sugars and D-amino acids (the het-
erodimeric receptor T1R2/T1R3) (Fig. 2). Such promiscuity
for nutrients by family C 7TM receptors in relevant tissues
(Fig. 3) allows for a nutrient-sensing capacity of emerging
physiological significance (for reviews, see Conigrave and
Hampson, 2006; Rozengurt and Sternini, 2007; Sternini et
al., 2008).

Promiscuous L-Amino Acid-Sensing Receptors

Appreciation of L-amino acid binding in the VFT ortho-
steric binding pocket of family C receptors has come primar-
ily from X-ray crystal structures of the L-Glu-bound mGlu1

and mGlu3 VFT domains (Kunishima et al., 2000; Muto et al.,
2007), leading to the identification of five residues in the

mGlu receptors that are particularly important for binding of
the L-�-amino acid moiety of L-Glu and two basic residues
that are vital for binding of the distal carboxylic acid of L-Glu.
Whereas the five residues responsible for L-�-amino acid
recognition are highly conserved, the two basic residues for
binding the distal end of L-Glu are not conserved to CaR,
GPRC6A, and T1R1 (Acher and Bertrand, 2005; Conigrave
and Hampson, 2006; Wellendorph and Bräuner-Osborne,
2009). This observation is consistent with the ability of the
latter three receptors to accommodate many different amino
acid side chain functionalities in their binding pockets. How-
ever, some level of selectivity in amino acid-binding profiles
of the individual receptors is introduced by differences in the
distal end of the binding pocket.

Although the non-mGlu amino acid sensing-receptors are
rather nonselective in their ligand profiles, in vitro studies
have shown that they each have a preference for a subset of
classes of amino acids (as presented below), potentially pro-
viding a means for covering responses to all of the 20 protein-
ogenic L-amino acids (Conigrave and Hampson, 2006;
Wellendorph and Bräuner-Osborne, 2009). However, as well
stated in the review by Conigrave and Hampson (2006), it is
important to keep in mind that the in vitro-determined ap-
parent selectivity for some L-amino acids over others does not
necessarily translate into the in vivo situation, in which the
plasma concentrations of individual amino acids vary up to
10-fold. In addition, in relation to the topic of this review, it
should be kept in mind that the concentration of free L-amino
acids in the stomach and gut may approach millimolar con-
centrations (Adibi and Mercer, 1973).

Molecular Mechanisms for L-Amino Acid Sensing by
CaR. As the name implies, the primary physiological agonist

Fig. 2. Classification of mammalian promiscuous nutrient-sensing 7TM
receptors into different classes based on sensitivity to the breakdown
products from major organic nutrients protein, lipid, and carbohydrate.
Receptors are drawn so as to illustrate their overall topology depending
on their classification into either family A or family C. Family C 7TM
receptors function either as homodimers (CaR and GPRC6A) or het-
erodimers (T1R1/T1R3 and T1R2/T1R3), the latter group indicated by
different gray-scaling of the subunits. The absence of full lines between
lipids and carbohydrates serves to illustrate that FFA2 and FFA3 recep-
tors sense short-chain free fatty acids produced by anaerobic fermenta-
tion of dietary carbohydrate fibers in the gut and thus indirectly sense
carbohydrate intake.

Fig. 3. Illustration of human tissues displaying predominant expression
of the promiscuous organic nutrient-sensing 7TM receptors (see text for
details).
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for CaR is extracellular Ca2�, which is sensed by tissues
relevant for maintaining calcium homeostasis such as the
kidney and the parathyroid gland (Tfelt-Hansen and Brown,
2005; Brown, 2007). However, organs not involved in regu-
lating calcium homeostasis also express CaR, including nu-
trient-sensing organs such as the stomach, the lower gastro-
intestinal (GI) tract, liver and pancreas (Fig. 3). Within the
last few years, several reports have demonstrated a role for
CaR in protein/amino acid sensing, including CaR-mediated
L-amino acid-stimulated gastric acid release from stomach
parietal cells (Busque et al., 2005), cholecystokinin (CCK)
release from duodenal enteroendocrine cells (Hira et al.,
2008), and inhibition of parathyroid hormone release from
human parathyroid cells (Conigrave et al., 2004). Also just
recently, CaR expression was described in taste tissue of the
tongue, suggesting that the receptor may sense calcium and
even amino acid taste (San Gabriel et al., 2009). The most
potent amino acids at CaR in vitro are the aromatic amino
acids such as L-phenylalanine and L-tryptophan, followed by
aliphatic and polar amino acids, whereas acidic, basic, and
branched-chain amino acids are weak or inactive (Fig. 4)
(Conigrave et al., 2000). It is noteworthy that amino acids
work as allosteric enhancers at CaR, requiring a certain level
of extracellular Ca2�. Experiments have detailed that in vivo
L-amino acid sensing per se is enabled at physiological con-
centrations of Ca2� (around 1 mM) (Conigrave et al., 2004;
Conigrave and Hampson, 2006).

As mentioned above, family C receptors, including CaR,
contain a highly conserved five-residue motif binding site in
the VFT domain that is predicted to bind the �-amino acid
moiety of L-�-amino acids. Whereas molecular pharmacology
techniques have confirmed that the amino acid binding site
resides in the VFT (Zhang et al., 2002a; Mun et al., 2004), it
has been inherently difficult to pinpoint residues specifically
involved in amino acid binding and activation, because the
amino acids require the presence of Ca2� to work, and many

of the examined mutations simultaneously reduce Ca2� sen-
sitivity as a result of partly overlapping binding sites (Silve
et al., 2005; Wellendorph and Bräuner-Osborne, 2009) (Fig.
1). Mutation studies have predicted several Ca2� binding
sites in the cleft of the VFT (Bräuner-Osborne et al., 1999;
Huang et al., 2007), but Ca2� could also potentially bind
between the two bilobed VFT domains, stabilizing the closed
conformation, as has been shown for Gd3� in mGlu1 (Fig. 1)
(Tsuchiya et al., 2002). Mun et al. (2005) identified two mu-
tations, T145A and S170T, that specifically impair amino
acid sensing but leave Ca2� sensing intact. Others have also
identified the three serines Ser169 to Ser171 as important for
amino acid binding (Zhang et al., 2002b; Lee et al., 2007).
With regard to the distal end of the binding pocket, it re-
mains to be investigated which residues participate in bind-
ing of, for instance, the aromatic moieties of L-Phe/L-Trp. In
fact, the binding is flexible and large enough to accommodate
even the small peptide glutathione (Wang et al., 2006b).

CaR can also be allosterically modulated by small syn-
thetic molecules acting at the 7TM domain (Figs. 1 and 5).
Both positive modulators, termed calcimimetics (e.g., NPS
R-568, cinacalcet, and calindol), and negative modulators,
termed calcilytics (e.g., NPS 2143 and Calhex 231), have been
described previously (Nemeth et al., 1998, 2001; Petrel et al.,
2003; Kessler et al., 2006). Binding sites identified thus far
for all of these are overlapping, residing within a crevice
formed by transmembrane helices 3, 5, 6, and 7 (Petrel et al.,
2003, 2004; Miedlich et al., 2004). Compounds of this sort
may present novel drugs for affecting nutrient sensing by
CaR and subsequent regulating exocrine secretion of various
hormones.

Molecular Mechanisms for L-Amino acid Sensing by
GPRC6A. GPRC6A is a promiscuous L-amino acid receptor
cloned just 5 years ago and for which we are only now begin-
ning to understand the physiological role. The generation of
the first GPRC6A knockout mice will undoubtedly aid in this

Fig. 4. L-Amino acid selectivity profiles
at CaR, GPRC6A, and the T1R1/T1R3
heterodimer. Amino acids are grouped
according to side-chain charge and po-
larity. Branched-chain amino acids are
rendered as a distinct subgroup of ali-
phatic amino acids. Data have been nor-
malized to allow for comparison of rela-
tive amino acid preferences. The profile
for CaR was generated by calculating
the potentiating effect of each of the 20
amino acids (at 10 mM concentrations)
on the Ca2� response. Numbers repre-
sent percentage response relative to
that of L-His (100%) (Conigrave et al.,
2000). The profile for GPRC6A is based
on reported EC50 values of all 20
L-amino acids from mouse GPRC6A
measured in the presence of 1 mM Ca2�

and 1 mM Mg2� (Christiansen et al.,
2007), here normalized to the L-Lys re-
sponse (set to 100%). Mouse T1R1/T1R3
data originally in the form of “number of
responsive cells” measured in the pres-
ence of 2.5 mM IMP (Nelson et al., 2002)
and converted to percentage normalized
response by calculating the response
relative to that of L-Cys (set to 100%). #
indicates that L-Tyr was not tested at
T1R1/T1R3 (due to insolubility).
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endeavor (Pi et al., 2008; Wellendorph et al., 2009). Given the
strikingly broad sensitivity to L-amino acids and the expres-
sion of GPRC6A in organs and tissues such as taste tissue,
pancreatic islets, liver, skeletal muscle, bone, and fat (Fig. 3)
(Wellendorph and Bräuner-Osborne, 2004; Kuang et al.,
2005; Pi et al., 2005; Regard et al., 2007; Wellendorph et al.,
2007; Wellendorph et al., 2009), GPRC6A represents a plau-
sible nutrient-sensing receptor (Conigrave and Hampson,
2006). In further support of this, the closely related goldfish
odorant receptor 5.24 functions as a nutrient sensor for
L-amino acids in sensory tissue of the goldfish (Speca et al.,
1999). Pertaining to a possible role for GPRC6A in metabo-
lism, mice lacking GPRC6A, generated by Pi et al. (2008), are
reported to have complex metabolic abnormalities including
hepatic steatosis, hyperglycemia, glucose intolerance, insulin

resistance, reduced testosterone levels, obvious feminization
of male mice, and an osteopenic phenotype (Pi et al., 2008),
although no bone phenotype was observed in GPRC6A knock-
out mice generated in our laboratory (Wellendorph et al.,
2009). So far, the role of GPRC6A in the cells of the GI tract
has not been investigated.

GPRC6A responds stereoselectively to 6 to 8 of the 20
proteinogenic L-amino acids, with some preference for basic
amino acids but may also be activated by small and neutral
amino acids (Fig. 4) (Kuang et al., 2005; Wellendorph et al.,
2005, 2007; Christiansen et al., 2007). As observed for T1R1/
T1R3, amino acid potency rank orders and efficacies differ
among orthologs of mouse, rat, and human receptors
(Wellendorph et al., 2007). Using heterologous expression
systems, we and others have found that the L-�-amino acid

C

Cl

H
N

OMe

NPS R-568

H
N

N
H

Calindol

F3

H
N

AMG 073 / Cinacalcet

NH
H
N

O

Cl

Calhex 231

Cl

CN

O
H
N

OH

NPS 2143

H
N

SO3
-

Cyclamate H3CO

O
OH

O

Lactisole

O

H
N

O

NH2

O

OH

O

Aspartame

IMP

O
N

H

COOH

GW9508

T1R1/T1R3

FFA1

CaR

Orthosteric agonistsNegative allosteric modulators and 
competitive antagonists

Positive allosteric modulators and 
allosteric agonists

N N

N
N

O

OH

OH
H

H

OH

O

P O

OH

OH

T1R2/T1R3 O

H
N

H
N

S
H
N

S819

O

O

O

H
N

S807

H3CO

O
OH

O

Lactisole
H
N

SO3
-

Cyclamate

FFA2

Phenylacetamide 1

O
Cl

H
N

N

S
S

Fig. 5. Chemical structures and pharmacological activity of selected allosteric and orthosteric receptor ligands discussed in the text.
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response of GPRC6A is augmented by divalent cations Ca2�

and Mg2� in physiologically relevant concentrations (Kuang
et al., 2005; Christiansen et al., 2007; Wellendorph et al.,
2007) and one report has even demonstrated a direct activa-
tion of GPRC6A by Ca2� (Pi et al., 2005). GPRC6A can thus
be speculated to act in concert with CaR, supposedly in a
reciprocal fashion, to sense a wide range of both L-amino
acids and Ca2� in plasma or perhaps even in the GI tract.
Several synthetic L-�-amino acids carrying positively
charged side chains, and coincidentally affecting the nitric
oxide synthase and arginase isoenzymes, are also agonists at
GPRC6A (Christiansen et al., 2006b), whereas to date, no
competitive antagonists or selective allosteric modulators
have been identified at GPRC6A.

Based on the assumption that L-lysine binds in the VFT
domain of GPRC6A as does L-Glu in mGlu1, homology mod-
eling has identified conserved residues known to interact
with the �-amino acid moiety of L-Lys GPRC6A, two of which
have been validated (Ser149 and Thr172) by mutagenesis
studies (Wellendorph et al., 2005). The presence of the arche-
typical family C 5-residue recognition motif has also been
substantiated by inactivating mutations in the homologous
goldfish 5.24 receptor (Kuang et al., 2003; Luu et al., 2005).
By contrast, the precise environment of the distal end of the
GPRC6A binding pocket is unaccounted for, and the resi-
due(s) responsible for binding the positively charged end of
the basic amino acid agonists are not conserved from 5.24
(Wellendorph and Bräuner-Osborne, 2009). Neither has the
Ca2� binding site been mapped. Thus in contrast to the
GPRC6A receptor, 5.24 seems to be less spatially restricted
in the distal binding pocket corresponding with the fact that
it responds to a broader range of L-�-amino acids (Chris-
tiansen et al., 2006a).

Molecular Mechanisms for L-Amino Acid Sensing by
T1R1/T1R3. The T1R class of 7TM receptors consists of
three subunits: T1R1, T1R2, and T1R3. To form functional
receptors, the individual subunits T1R1 and T1R2 depend on
coexpression and dimerization with T1R3 (Zhao et al., 2003;
Xu et al., 2004). The heterodimer T1R1/T1R3 perceives
L-amino acids and functions as an L-amino acid taste receptor
in taste buds of the tongue and soft palate, where it is highly
expressed (Hoon et al., 1999). T1R1/T1R3 is also called the
umami taste receptor [umami is the savory taste of L-Glu
(and L-aspartate) (Li et al., 2002; Nelson et al., 2002)]. For a
complete picture, it should be mentioned that there is also
biochemical and physiological evidence for at least one other
umami receptor (Damak et al., 2003), and one purported
candidate is a truncated version of the mGlu4 receptor, al-
though this “umami” receptor is not potentiated by purinic
ribonucleotides such as 5�-inosine monophospate (IMP)
(Chaudhari et al., 2000), a hallmark of umami taste
(Yamaguchi, 1991). Taste signal transduction is largely me-
diated by the G protein gustducin (Ruiz-Avila et al., 2001),
and the finding that both �-gustducin (Höfer et al., 1996) and
the different T1R subunits are expressed in the GI tract
(Dyer et al., 2005; Bezençon et al., 2007) (Fig. 3), suggests the
presence of taste-sensing mechanisms in the gut, more ap-
propriately referred to as chemosensing (for review, Rozen-
gurt and Sternini, 2007). In fact, very recent studies have
provided the first functional demonstration of T1R1/T1R3 in
chemosensing (nutrient absorption) based on the ability of
the receptor to down-regulate expression of the oligopeptide

transporter, PepT1, and up-regulate expression of the glu-
cose transporter GLUT2 and the L-Glu/L-Asp transporter
EAAC1 (Mace et al., 2009). It is noteworthy that the sweet
sensing T1R2/T1R3 is also able to decrease PepT1 expression
and increase GLUT2 expression in the jejunum through ac-
tivation of the same intracellular signaling molecule (protein
kinase C �II) (Mace et al., 2009). It is thus suggested that a
taste receptor-coordinated transport network exists within
the GI tract that cross-regulates expression of nutrient trans-
porters (i.e., sugars regulate expression of amino acid/peptide
transporters via T1R2/T1R3 and amino acids regulate glu-
cose transport via T1R1/T1R3), which could well incorporate
other nutrients as well (Mace et al., 2009).

T1R1/T1R3 responds broadly to aliphatic amino acids, in-
cluding branched-chain, amidic, charged, sulfur- and hydrox-
yl-containing L-amino acids, but not to aromatic amino acids.
The signaling of T1R1/T1R3 is augmented dramatically by
IMP, and all L-amino acids but L-Trp can activate the recep-
tor in the presence of IMP (Fig. 4) (Nelson et al., 2002). There
are, however, notable species differences between human
and rodent T1R1/T1R3. Whereas the human receptor is more
than an order of magnitude more sensitive to L-Glu than to
other amino acids, and is also sensitive to the synthetic L-Glu
analog L-AP4 in the presence of IMP, the rodent orthologs
have approximately equal sensitivity to L-Glu and the other
L-amino acids and no sensitivity to L-AP4 (Li et al., 2002;
Nelson et al., 2002).

Because L-Glu and IMP have no effect on the T1R2/T1R3
sweet taste receptor, it is inferred that these compounds bind
to the VFT domain of T1R1 (Li et al., 2002; Xu et al., 2004),
recently confirmed by mutagenesis studies (Zhang et al.,
2008). Hence, the differences in ligand sensitivity may be
assigned to the rather low percentage sequence identity [70%
amino acid identity between rodent and human T1R1s (Nel-
son et al., 2001)]. The work by Zhang et al. (2008) presents a
homology model for T1R1 and confirms by mutagenesis the
involvement of four of the five key residues predicted to bind
the �-amino acid moiety (Acher and Bertrand, 2005; Wellen-
dorph and Bräuner-Osborne, 2009). Furthermore, they iden-
tify residues responsible for the binding of IMP and map the
purinic ribonucleotide binding site at an allosteric site adja-
cent to the L-Glu site (Fig. 1). Binding of IMP is proposed to
stabilize VFT domain closure by electrostatic interactions
between the charged phosphate group of IMP and a cluster of
positive charges on the other lobe (Zhang et al., 2008). Other
allosteric small molecules acting at the T1R1/T1R3 receptor
include the allosteric enhancer cyclamate and the negative
modulator lactisole. Both of these ligands bind in the 7TM
domain at overlapping sites, similar in location to the CaR
7TM modulator site (Cui et al., 2006) (Fig. 1).

Carbohydrate-Sensing Promiscuous 7TM Receptors

As already outlined for L-amino acid-sensing taste recep-
tors, the molecular machinery for mediating taste sensation
is also present in the GI tract and in enteroendocrine cells.
Thus far, the only described sweet sensing receptor is the
heterodimeric receptor T1R2/T1R3, which displays an in-
triguingly broad sensitivity for naturally occurring sweet
substances such as glucose, fructose, sucrose, and sweet-
tasting D-amino acids but also for synthetic sweeteners such
as aspartame (NutraSweet), cyclamate, saccharin, and ace-
sulfame K (Nelson et al., 2001; Li et al., 2002). T1R2/T1R3 is
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expressed both in taste buds of the oral cavity (Nelson et al.,
2001) but also throughout the GI tract (Dyer et al., 2005;
Bezençon et al., 2007; Mace et al., 2009). Thus, the gut senses
sweet stimuli; within the last couple of years, exciting links
between dietary sugars and chemosensing have surfaced,
notably the regulation of glucose absorption (Le Gall et al.,
2007; Mace et al., 2007, 2009; Margolskee et al., 2007) and
enteroendocrine GLP-1 hormone secretion (Jang et al., 2007).

The fact that T1R2/T1R3 is so promiscuous for sweet-
tasting substances suggests that the binding site is not very
restricted. To localize the orthosteric binding site in the
T1R2/T1R3 heterodimer for the synthetic sweeteners aspar-
tame and neotame, chimeric receptor studies have been par-
ticularly useful and clarified that the VFT domain of T1R2 is
the subunit responsible for binding (Fig. 1). Alignments of
T1R2 and mGlu1 show that three of the five residues pre-
dicted to bind the �-amino acid moiety of the ligands are
conserved (Li et al., 2002). Likewise, it has been verified by
mutational analyses that neotame, aspartame, and sweet-
tasting D-amino acids (e.g., D-Trp) bind via residues Ser144
and Glu302 of the human T1R2 (Xu et al., 2004), correspond-
ing to residues binding, respectively, the carboxylate group
and amino group of the �-amino acid function of L-Glu in
mGlu1 (Wellendorph and Bräuner-Osborne, 2009). It is note-
worthy that the stereoselectivity for amino acids is reversed
at T1R2/T1R3 compared with T1R1/T1R3 [i.e., only the
D-forms but not the L-forms of Phe and Asn, for example, can
activate T1R2/T1R3 (Nelson et al., 2002)].

In addition to compounds acting in the orthosteric site of
the VFT domain, structurally diverse compounds acting at
allosteric sites can stimulate or inhibit receptor signaling
(Figs. 1 and 5). Compounds such as cyclamate and lactisole
act at the common subunit T1R3 and are thus able to affect
receptor signaling of both umami and sweet taste receptors,
but they do this by different modes of interaction. Cyclamate
acts as an allosteric agonist at the T1R3 subunit of T1R2/
T1R3 and, notably, exclusively at the human T1R3 (Jiang et
al., 2005b). By contrast, cyclamate acts as an allosteric en-
hancer at the T1R3 subunit of T1R1/T1R3, thus requiring the
presence of an orthosteric agonist such as Glu (Xu et al.,
2004). In addition, the allosteric compound lactisole acts
differently depending on the heterodimeric partner of T1R3
and seems to be a competitive antagonist at sweet-T1R3 but
a negative allosteric modulator at umami-T1R3 (Xu et al.,
2004). Both cyclamate and lactisole act at defined allosteric
sites in the 7TM region (Jiang et al., 2005a,b). However,
because these small molecules are not selective, there is a
need for allosteric compounds acting selectively in the 7TM
regions of T1R1 and T1R2. Recently Zhang et al. (2008)
identified such small molecules, S807 and S819, respectively
(Fig. 5), from a high-throughput screening effort. These com-
pounds are interesting as pharmacological tool compounds
and might have future relevance as artificial sweeteners or
therapeutics. Finally, adding to the list of allosteric modula-
tors and unique sites for family C 7TM receptors, the sweet-
tasting protein brazzein is an allosteric agonist of T1R1/T1R3
with a novel binding site residing in the CRD (Jiang et al.,
2004).

Family A Nutrient-Sensing Receptors

In addition to the family C 7TM receptors, several family A
7TM receptors are promiscuous in their ligand preferences,

and several respond to organic nutrients from food, notably
protein degradation products and free fatty acids (FFAs).

Promiscuous Protein/Proteolysis-Sensing Recep-
tors. The family A receptor GPR93 (IUPHAR name GPR92)
was fairly recently described as a nutrient-sensing receptor
responsive to peptone, a peptide mixture resembling proteo-
lytic degradation products (Fig. 2). GPR93 is highly ex-
pressed in the small intestine (Choi et al., 2007a), and stud-
ies have suggested it as the missing link for a previously
described protein hydrolysate-mediated CCK expression and
release in intestinal cells (Némoz-Gaillard et al., 1998; Nishi
et al., 2001). Thus, it has been shown that peptone stimula-
tion of GPR93 in enterocytes and enteroendocrine cells leads
to G protein-signaling cascades, ultimately promoting CCK
gene transcription and CCK release (Choi et al., 2007a,b).

Despite the fact that GPR93 is most closely related to
purinoreceptors and FFA1 (see The FFA1 receptor) by 25 to
32% amino acid identities, it is not activated by nucleotides
or FFAs (Choi et al., 2007b) but displays nanomolar potency
for lysophosphatidic acid (Kotarsky et al., 2006; Lee et al.,
2006). A pronounced synergistic effect between peptone and
lysophosphatidic acid implies that these substances act at
separate sites in the receptor (Choi et al., 2007b), although
the mechanism for the activation of GPR93 remains to be
determined. It would be highly relevant to further elucidate
the physiological role of GPR93 in nutrient sensing by knock-
down in cell lines or knockout of the receptor in vivo.

Free Fatty Acid-Sensing Receptors. FFAs are known
to possess a wide range of physiological effects, typically
recognized as functions mediated by actions on cellular me-
tabolism. However, not all biological effects can be ascribed
to intracellular metabolism. Some of the effects instead bear
the characteristics of cell surface receptor involvement
(Sauer et al., 2000; Louet et al., 2001). Thus, the recent
deorphanization of several receptors activated by FFAs, be-
longing to the family A of 7TM receptors, has offered an
alternative mechanism of action for FFAs. Moreover, the
action of FFAs on cell surface receptors is known to play
significant roles in the regulation of food intake.

A variety of medium- and long-chain FFAs have been iden-
tified as ligands for the FFA1 (previously termed GPR40),
GPR84, and GPR120 receptors (Briscoe et al., 2003; Itoh et
al., 2003; Kotarsky et al., 2003; Hirasawa et al., 2005; Wang
et al., 2006a), whereas short-chain FFAs activate FFA2 and
FFA3 (previously termed GPR43 and GPR41, respectively)
(Brown et al., 2003; Le Poul et al., 2003; Nilsson et al., 2003).
The short-chain FFAs are produced by anaerobic fermenta-
tion of dietary carbohydrate fibers, and FFA2 and FFA3
could thus be classified as carbohydrate intake sensors
rather than lipid intake sensors (Fig. 2). FFA1, FFA2, and
FFA3 share a relatively limited degree of sequence similarity
(33–43% amino acid identity), whereas the GPR84 and
GPR120 receptors are distantly related to each other and
other family A receptors (Gloriam et al., 2007).

The FFA1 receptor. A wide range of medium- and long-
chain FFAs have been identified as agonists on the FFA1
receptor, eicosatriynoic acid being the most potent example
(Table 1) (Briscoe et al., 2003; Itoh et al., 2003; Kotarsky et
al., 2003). It is intriguing that the carbon chain lengths of the
saturated fatty acids correlate with the potency, pentade-
canoic acid (C15) and palmitic acid (C16) being the most
potent. In contrast, the chain length or degree of saturation
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TABLE 1
Overview of potencies of fatty acids activating human 7TM receptors along with their expression patterns and suggested physiological functions

Receptor Major Expression Physiological Function Agonists pEC50

FFA1a Pancreas, GI tract, and brain Glucose-dependent insulin
release

Saturated fatty acids
Hexanoic acid (C6) 4.33
Heptanoic acid (C7) 4.28
Caprylic acid (C8) 4.42
Nonanoic acid (C9) 4.40
Capric acid (C10) 4.85
Undecanoic acid (C11) 4.70
Lauric acid (dodecanoic acid) (C12) 4.92
Tridecanoic acid (C13) 4.93
Myristic acid (C14) 5.84
Pentadecanoic acid (C15) 5.18
Palmitic acid (C16) 4.30
Heptadecanoic acid (C17) 4.99
Stearic acid (C18) 4.78
Nonadecanoic acid (C19) 4.52
Arachidic acid (C20) 4.21
Heneicosanoic acid (C21) 4.49
Behenic acid (docosanoic acid) (C22) 4.30
Tricosanoic acid (C23) 4.31

Unsaturated fatty acids
Mead acid (C10:3) 5.60
Palmitoleic acid (C16:1) 4.86
�-Linolenic acid (C18:3) 4.90
�-Linolenic acid (C18:3) 5.05
Linoleic acid (C18:2) 5.02
Elaidic acid (C18:1) 5.16
Oleic acid (C18:1) 4.39
Petroselinic acid (C18:1) 5.00
all-trans-Retinal (vitamin A

aldehyde) (C20:4)
4.16

all-trans-Retinoic acid (vitamin A
acid, tretinoin) (C20:4)

5.58

cis-9-Retinoic acid (cis-9-tretinoin)
(C20:4)

4.40

Arachidonic acid (C20:4) 4.92
(14R,15S)-dihydroxyeicosatetraenoic

acid (C20:4)
4.63

Octadecynoic acid (C18:1) 5.12
Eicosatriynoic acid (C20:3) 5.71
cis-5,8-Eicosadienoic acid (C20:2) 5.11
cis-11,14-Eicosadienoic acid (C20:2) 4.97
cis-11,14,17-Eicosatrienoic acid

(C20:3)
4.95

cis-5,8,11,14,17-Eicosapentaenoic
acid (C20:5)

5.17

Dihomo-� linolenic acid (C20:3) 5.14
cis-13,16,19-Docosatrienoic acid

(C22:3)
5.17

cis-7,10,13,16,19-Docosapentaenoic
acid (C22:5)

5.33

cis-4,7,10,13,16,19-Docosahexaenoic
acid (C22:6)

5.37

Adrenic acid (C22:4) 4.87
FFA2b Adipose tissue, pancreas, spleen,

lymph nodes, and bone marrow
Lipid accumulation,

inhibition of lipolysis,
and immune function

Formic acid (C1) 1.99–2.61
Acetic acid (C2) 3.37–4.46
Propionic acid (C3) 3.54–4.85
Butyric acid (C4) 3.43–4.55
Isobutyric acid (C4) 3.22–3.84
Pivalic acid (C5) 2.34–2.59
Pentanoic acid (C5) 2.72–3.06
Isovaleric acid (C5) 2.51–2.67
Hexanoic acid (C6) 2.86–2.88

FFA3b Immune cells, adipose tissue Leptin regulation and anti-
inflammatory response

Formic acid (C1) 2.11
Acetic acid (C2) 2.97–2.99
Propionic acid (C3) 3.90–5.21
Butyric acid (C4) 3.80–4.38
Isobutyric acid (C4) 4.31–4.52
Pivalic acid (C5) 3.19–3.63
Pentanoic acid (C5) 3.85–4.38
Isovaleric acid (C5) 3.91–4.24
Hexanoic acid (C6) 3.87–3.99
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does not correlate with the potency of the unsaturated fatty
acids (Briscoe et al., 2003). The EC50 values in the micromo-
lar range might seem high, but the blood plasma concentra-
tion of the medium- and long-chain FFAs covers this range
(Swaminath, 2008). Thus, the FFA1 receptor could be a nu-
trient sensor for FFAs generated by hydrolysis of ingested fat
and oil, which is consistent with the expression of the recep-
tor in the islets of Langerhans from the pancreas and the gut
(Fig. 3) (Briscoe et al., 2003; Kotarsky et al., 2003; Edfalk et
al., 2008; Ma et al., 2008). This hypothesis has been substan-
tiated by several studies using FFA1 knockout mice and
selective FFA1 small-molecule agonists, showing that FFA1
regulates the FFA-mediated release of gastric inhibitory pep-
tide and GLP-1 from the gut and the FFA-mediated enhance-
ment of insulin release from �-cells of the pancreas (Itoh et
al., 2003; Steneberg et al., 2005; Briscoe et al., 2006; Chris-
tiansen et al., 2008; Edfalk et al., 2008; Tan et al., 2008).

Little is known about the molecular mechanism of the
ligand interaction with the FFA1 receptor, but the carboxylic
group of the FFA seems required for receptor activation,
because the methyl ester of linoleic acid is unable to activate
FFA1, whereas linoleic acid is an activating ligand (Itoh et
al., 2003). Likewise, many potent small-molecule FFA1 li-
gands with a carboxylic acid residue and only few other
functional groups have been developed (Briscoe et al., 2006;
Garrido et al., 2006; Christiansen et al., 2008; Tikhonova et
al., 2008), which suggest that the FFAs and these small
molecules share an overlapping binding site anchored by the
carboxylic acid (Sum et al., 2007; Tikhonova et al., 2007,
2008). Molecular modeling and mutagenesis studies have
pointed to three polar residues in the 7TM binding cavity as
the potential anchor point of the carboxylic head group of
both linoleic acid and the small molecule agonist GW9508
(Fig. 5) (Sum et al., 2007; Tikhonova et al., 2007). These
amino acids (Arg183, Asn244, and Arg258) are situated at

the top of transmembrane segments 5, 6, and 7, respectively.
In particular, the residues Asn244 and Arg258 are known to
be important, because they are required for achieving full
potency and efficacy for linoleic acid and essential for any
activation by GW9508 (Sum et al., 2007). Furthermore, a
number of other residues have been identified as being in-
volved in FFA1 receptor activation by long-chain FFAs, such
as His86 and His137, which could form aromatic contacts
with GW9508 (Sum et al., 2007; Tikhonova et al., 2007). In
addition, the residue Thr91 has been implicated as being
responsible for the greater potency of the synthetic agonist
GW9508 compared with that of the endogenous linoleic acid,
because this residue can make a hydrophilic interaction with
GW9508 but not with linoleic acid (Sum et al., 2007; Tik-
honova et al., 2007). The residues His137, Arg183, and
Arg258 of the human FFA1 are conserved in FFA2 and
FFA3, and the polarity of the residue corresponding to
Asn244 in the human FFA1 is also retained in FFA2 and
FFA3 (as His242 and His245, respectively). The correspond-
ing arginine residues in FFA2 and FFA3 have recently been
identified by a mutational study as very important for the
activation of the receptors by FFAs (Stoddart et al., 2008a).
Thus it is conceivable that the carboxylate group of the FFA
interacts in a similar fashion with FFA2 and FFA3 as it does
with FFA1.

FFA2 and FFA3 receptors. In 2003, short-chain FFAs were
identified as ligands for both FFA2 and FFA3 by three inde-
pendent groups (Brown et al., 2003; Le Poul et al., 2003;
Nilsson et al., 2003). The potencies of FFAs with different
chain lengths are somewhat similar, in that formate, acetate,
propionate, butyrate, and pentanonate activate both FFA2
and FFA3 (Brown et al., 2003; Le Poul et al., 2003; Nilsson et
al., 2003). However, pentanonate is more potent at FFA3
than acetate, in contrast to FFA2, where acetate is more
potent than pentanonate (Table 1) (Brown et al., 2003; Le

TABLE 1—Continued.
Overview of potencies of fatty acids activating human 7TM receptors along with their expression patterns and suggested physiological functions

Receptor Major Expression Physiological Function Agonists pEC50

GPR84c Leukocytes and monocytes/
macrophages

Immune function Nonanoic acid (C9) 4.15–4.28
Capric acid (C10) 5.34–5.35
Undecanoic acid (C11) 5.07–5.11
Lauric acid (dodecanoic acid) (C12) 4.98–5.06
Tridecanoic acid (C13) 4.61–4.67
Myristic acid (C14) 4.03–4.84

GPR120d GI tract, adipose tissue and lung GLP-1 secretion Myristic acid (C14) 4.53
Palmitic acid (C16) 4.28
Palmitoleic acid (C16:1) 5.49
Stearic acid (C18) 4.74
Elaidic acid (C18:1) 4.48
Oleic acid (C18:1) 4.51
�-Linolenic acid (C18:3) 6.37
�-Linolenic acid (C18:3) 5.98
cis-8,11,14-Eicosatrienoic acid (C20:3) 4.84
cis-11,14,17-Eicosatrienoic acid (C20:3) 5.85
cis-5,8,11,14,17-Eicosapentaenoic acid

(C20:5)
5.55

cis-7,10,13,16-Docosatetraenoic acid
(C22:4)

4.79

cis-7,10,13,16,19-Docosapentaenoic
acid (C22:5)

4.58

cis-4,7,10,13,16,19-Docosahexaenoic
acid (C22:6)

5.41

a Briscoe et al. (2003).
b Brown et al. (2003); Le Poul et al. (2003).
c Wang et al. (2006a).
d Hirasawa et al. (2005).
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Poul et al., 2003). The first potent and selective FFA2 ago-
nist, phenylacetamide 1 [(S)-2-(4-chlorophenyl)-3-methyl-N-
(thiazol-2-yl)butanamide] (Fig. 5), was identified by high-
throughput screening (Lee et al., 2008). It is noteworthy that
phenylacetamide 1 is an allosteric agonist in that the com-
pound is able to both activate FFA2 alone and enhance the
response of acetate and propionate. Molecular modeling and
docking studies have suggested that the carboxylate group of
the FFAs bind to residues at the top of TM5 (Arg180), TM6
(His242), and TM7 (Arg255) as described for FFA1 above,
whereas phenylacetamide 1, containing no carboxylate
group, binds to an adjacent nonoverlapping pocket (Lee et al.,
2008).

Analysis of mRNA levels in tissues has revealed that FFA3
mRNA is primarily found in immune cells such as neutro-
phils, monocytes and B-lymphocytes (Brown et al., 2003; Le
Poul et al., 2003; Nilsson et al., 2003). Significant levels of
FFA3 mRNA are also found in immune tissues such as bone
marrow and spleen, which could be due to the high concen-
tration of immune cells in these tissues (Le Poul et al., 2003).
In addition, FFA3 has also been reported to be expressed in
adipose tissue (Xiong et al., 2004). The FFA2 displays a more
widespread expression pattern compared with FFA3, with
the highest expression in adipose tissue, pancreas, spleen,
lymph nodes, and bone marrow (Fig. 3.) (Brown et al., 2003;
Le Poul et al., 2003).

When the FFA1–3 receptors were initially cloned, a fourth
gene, GPR42, was cloned from the same cluster (Sawzdargo
et al., 1997). The GPR42 receptor shares 98% sequence iden-
tity with FFA3 but is not activated by FFA and thus hypoth-
esized to be a pseudogene (Brown et al., 2003). A mutagenesis
analysis of the six amino acids that differ between the human
FFA3 and GPR42 identified Arg174 in the second extracel-
lular loop as an essential residue for activation (Brown et al.,
2003). When Arg174 was mutated in FFA3 to its respective
GPR42 residue, tryptophan, the receptor could not be acti-
vated by propionate anymore. Conversely, introduction of
Arg174 into GPR42 enabled the receptor to be activated by
propionate (Brown et al., 2003). Presumably, this Arg174
residue forms a salt bridge with the carboxylate ligand
(Brown et al., 2003), although the arginine residue is not
conserved to FFA1 and FFA2 and thus not part of the previ-
ously discussed common anchor site.

GPR84 and GPR120. Two additional 7TM receptors,
GPR84 and GPR120, have recently been shown to be acti-
vated by FFAs but have so far not been studied in as great
detail as FFA1–3. The GPR84 receptor responds to medium-
chain FFAs (C9-C14) and is expressed in leukocytes and
monocytes/macrophages (Wang et al., 2006a). The receptor
has been the subject of only one pharmacological study and
thus very little is known about the receptor at the present
stage. However, its expression pattern suggests it may be
involved in linking fatty acid metabolism to immunological
regulation (Wang et al., 2006a).

Like FFA1, GPR120 is a receptor for both saturated (C14–
C18) and unsaturated (C16–C22) fatty acids (Table 1) and
also requires the carboxylate group in the ligand for activa-
tion (Hirasawa et al., 2005; Briscoe et al., 2006; Tanaka et al.,
2008). GPR120 mRNA and protein has been detected in the
intestine, adipose tissue, and lung (Fig. 3) (Hirasawa et al.,
2005; Tanaka et al., 2008; Miyauchi et al., 2009). It is note-
worthy that the FFA �-linolenic acid has been shown to

stimulate release of glucagon-like peptide-1 (GLP-1) in
STC-1 intestinal endocrine cells and in vivo in mice and rats
(Hirasawa et al., 2005; Miyauchi et al., 2009). However,
�-linolenic acid is an agonist of both GPR120 and FFA1,
which are both expressed in the intestine (Fig. 3, Table 1),
and the latter has also been shown to mediate GLP-1 release
as mentioned previously. Given the present lack of GPR120
specific ligands and/or a GPR120 knockout mouse, the pre-
cise role of GPR120 in mediating GLP-1 release and other
physiological effects remains to be shown in vivo.

It is noteworthy that the Arg, Asn/His, and Arg residues at
the top of TM5, TM6, and TM7, anchoring the carboxylate
group in FFA1–3 are absent in GPR84 and GPR120 (Gloriam
et al., 2009), suggesting that the binding mode of FFAs in the
GPR84 and GPR120 receptors is different from FFA1–3. This
is in line with a recent study of small molecule GPR40/
GPR120 agonists in which modeling suggests that the car-
boxylate group of these agonists is anchored by Arg99 at the
top of TM2 (Suzuki et al., 2008). It is thus plausible that the
carboxylate group of FFAs is anchored in the same position,
but the role of Arg99 remains to be validated by mutagenesis
for both FFAs and the small-molecule agonists.

Therapeutic Perspectives

It is tempting to hypothesize that the metabolic syndrome
and diabetes could be treated by activating the organic nu-
trient sensors, thereby “tricking” the body to believe it has
eaten, which would initiate physiological effects such as re-
lease of hormones from the gut (e.g., GLP-1 and gastric
inhibitory peptide), pancreas (e.g., insulin), and fatty tissue
(e.g., leptin). It might not be that simple, but many of the
promiscuous receptors discussed in the review are expressed
in relevant organs (Fig. 3) and now receive increased focus as
potential drug targets. As noted throughout the review, se-
lective ligands and/or genetically modified mice are now be-
coming available for some of the receptors, which makes it
possible to address their physiological roles as organic nutri-
ent sensors. These tools are most advanced for FFA1 and
have shown very interesting results in terms of potential
treatment of diabetes/obesity via release of GLP-1 and insu-
lin (Christiansen et al., 2008; Stoddart et al., 2008b). How-
ever, the FFA1 receptor might also mediate the long-term
toxicity of FFAs as shown in some but not all studies using
FFA1 knockout mice (Brownlie et al., 2008). More studies are
thus needed to validate the FFA1 receptor as a drug target
for long-term treatment of obesity/diabetes.

A second case showing that the road to novel drugs might
not be that straightforward is the T1R2/T1R3 receptor, which
was recently found to mediate GLP-1 release from the gut by
sugars and artificial sweeteners (Jang et al., 2007). One
would thus think that the artificial sweeteners could be used
as drugs to treat type 2 diabetes via the GLP-1-mediated
increase in insulin secretion and decrease in glucagon secre-
tion, gastric emptying, and appetite (Holst et al., 2008). How-
ever, epidemiological studies have pointed to increased inci-
dence of obesity and/or metabolic syndrome in diet soft-drink
consumers (Dhingra et al., 2007; Lutsey et al., 2008). Conse-
quently, additional studies are needed to sort out the thera-
peutic potential of the T1R2/T1R3 receptor.

The field of nutrient-sensing 7TM receptors is evolving
quickly, and it is thus an exciting time because we have just
begun to understand the molecular pharmacology, physiolog-
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ical function, and therapeutic potential of the receptors de-
scribed in the present review—and other related 7TM recep-
tors that yet remain to be deorphanized.
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