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ABSTRACT G-protein-coupled receptors (GPCRs)
are key mediators in cardiovascular physiology, yet
frontline therapies for heart disease target only a small
fraction of the cardiac GPCR repertoire. Moreover,
there is emerging evidence that GPCRs implicated in
taste (Tas1r and Tas2rs) have specific functions beyond
the oral cavity. Our recent description of these recep-
tors in heart tissue foreshadows a potential novel role
in cardiac cells. In this study, we identified novel
agonist ligands for cardiac-Tas2rs to enable the func-
tional investigation of these receptors in heart tissue.
Five Tas2rs cloned from heart tissue were screened
against a panel of 102 natural or synthetic bitter com-
pounds in a heterologous expression system. We iden-
tified agonists for Tas2r108, Tas2r137, and Tas2r143
that were then tested in Langendorff-perfused mouse
hearts (from 8-wk-old male C57BL/6 mice). All Tas2r
agonists tested exhibited concentration-dependent ef-
fects, with agonists for Tas2r108 and Tas2r137, leading
to a �40% decrease in left ventricular developed
pressure and an increase in aortic pressure, respec-
tively. These responses were abrogated in the presence
of G�i and G�� inhibitors (pertussis toxin and gallein).
This study represents the first demonstration of pro-
found Tas2r agonist-induced, G protein-dependent ef-
fects on mouse heart function.—Foster, S. R., Blank,
K., See Hoe, L. E., Behrens, M., Meyerhof, W., Peart,
J. N., Thomas, W. G. Bitter taste receptor agonists elicit
G-protein-dependent negative inotropy in the murine
heart. FASEB J. 28, 4497–4508 (2014). www.fasebj.org
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The activation of G-protein-coupled receptors
(GPCRs) converts extracellular stimuli into intracellu-
lar signaling to mediate a broad range of cellular and
physiological responses, as well as the senses of smell,
taste, and vision. GPCRs represent the largest receptor
superfamily in the human genome (1), and on the
strength of more than 4 decades of research, continue
to be prime therapeutic targets. The effect of GPCR-
targeted drugs is particularly evident in the treatment
of cardiovascular disease, in which GPCR signaling is
modulated to control hypertension, stimulate inotropy
in heart failure, and prevent thrombosis (2). Nonethe-
less, current cardiovascular therapeutics target only a
small fraction of the cardiac GPCR repertoire, predom-
inantly focusing on the adrenergic and angiotensin
receptor systems.

GPCR expression profiling analyses in human and
mouse tissues suggest that the heart expresses �150
different GPCRs (3–5), reinforcing the notion that there
are many as yet unexplored, potential GPCR targets for
the modulation of the heart and cardiovascular physiol-
ogy. Moreover, despite representing more than half of the
GPCR repertoire, taste and odorant receptor genes have
been excluded from these previous analyses, but are
attracting more attention, as they are increasingly being
identified in cells and tissues outside those of the mouth
and nose (reviewed in ref. 6). For example, the type 1
taste receptors (Tas1rs) are family C GPCRs that respond
to sugars and amino acids and have been implicated in
nutrient sensing and hormone secretion in the brain, gut,
and skeletal muscle (7–11). Type 2 taste receptors
(Tas2rs) are a family of �30 highly variable, single-exon
genes that mediate bitter taste. Tas2rs also have a broad
tissue expression profile beyond the gustatory system,
most notably throughout the gastrointestinal tract and in
the airways (12–16). We have recently provided the first
evidence that members of both the Tas1r and Tas2r gene
families are expressed in rodent and human heart tissue,
with a subset of the Tas2rs up-regulated in the heart
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during starvation (17). These initial findings led us to
speculate that cardiac-expressed Tas2rs respond to local
nutrient status in the heart, although the precise func-
tional role of these receptors in the cardiac setting is yet to
be thoroughly investigated.

A major challenge to the successful broader physio-
logical and pharmacological characterization of these
GPCRs is the paucity of experimental tools for the
rodent Tas2rs—most important among them, the lack
of selective agonist and antagonist ligands. Understand-
ably, most studies directed at agonist identification
have focused on the human TAS2Rs (18–20). Culmi-
nating with comprehensive compound screening with
heterologous expression systems, almost all of the hu-
man TAS2R repertoire has now been effectively “deor-
phanized” (21). Incidentally, the only definitive agon-
ist–receptor pairings for rodent Tas2rs are denatonium
benzoate, with the mouse receptor Tas2r108 (previ-
ously designated mT2R8), and cycloheximide, with
mouse Tas2r105 (mT2R5) (22) and its rat homologue
Tas2r105 (previously rT2R9) (20). The lack of rodent
Tas2r ligand data is an important consideration, given
that there is often substantial amino acid sequence
divergence between homologous human and rodent
bitter taste receptor genes, which may result in func-
tionally distinct receptors. There are precedents in the
taste receptor literature where bitter ligand-mediated
effects have been attributed to Tas2r function, most
prominently in the airways and gut (12, 16, 23). How-
ever, without specific pharmacological tools or appro-
priate genetically modified mouse models, there re-
mains some controversy around the Tas2r dependence
of the observed effects.

In this study, we used an agonist screen, with the
specific purpose of identifying novel activating agonists
for the Tas2rs that are expressed in cardiac tissue. We
then characterized the effect of putative Tas2r ligands on
the spectrum of cardiac functional parameters by using
the Langendorff isolated heart preparation. Accordingly,
we demonstrated for the first time an agonist-dependent
function of Tas2rs in the mouse heart.

MATERIALS AND METHODS

Plasmids, cell culture, and reagents

Plasmid constructs encoding rat Tas2r105, Tas2r121, and
Tas2r126 were generated by using a published cloning strat-
egy (20, 21). In brief, the Tas2r coding sequence was sub-

cloned into pcDNA5/FRT (Invitrogen, Carlsbad, CA, USA) in
a cassette containing the first 45 aa of the rat somatostatin
type 3 receptor as an amino terminus cell membrane–
targeting signal (24) and a carboxyl-terminal herpes simplex
virus (HSV) glycoprotein D epitope, which does not interfere
with receptor signaling and can be used for immunocyto-
chemistry (25). The coding regions of the remaining cardiac-
expressed Tas2rs (identified in (17) were cloned from neo-
natal rat heart cDNA, using gene-specific primers including
EcoRI and NotI restriction sites into the pcDNA5/FRT soma-
tostatin (SST) HSV vector backbone (Table 1). Cloned full-
length Tas2rs were confirmed by sequencing.

Human embryonic kidney 293T (HEK293T) cells (American
Type Culture Collection, Manassas, VA, USA) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) � 10% fetal
bovine serum (FBS). HEK293T cells that were modified to
stably express the chimeric G-protein subunit G�16/gust44 (26)
were used for compound screening experiments. Cells were
grown in a humidified incubator in 95% O2 and 5% CO2 at
37°C.

All compounds used in ligand screening were designated
as bitter-tasting in human psychophysical tests or were se-
lected based on existing knowledge (21). A complete com-
pound list, including the concentrations tested in the initial
screening, is provided in Supplemental Table S1. Analytical
grade compounds were purchased from Sigma-Aldrich (St.
Louis, MO, USA), except for amarogentin (Chromadex,
Irvine, CA, USA), or were isolated (19, 21). The compounds
were dissolved in Ca2� assay buffer (10 mM d-glucose, 130
mM NaCl, 5 mM KCl, 10 mM HEPES, and 2 mM CaCl2, pH
7.4) or in dimethyl sulfoxide (DMSO), with the final DMSO
concentration not exceeding 0.1% (v/v), to minimize cellular
toxicity. Many of the bitter compounds are pharmacologically
active or are hydrophobic or amphiphilic and therefore could
interfere with cellular calcium responses. Accordingly, pilot
experiments were performed before screening in untrans-
fected HEK293T G�16/gust44 cells, to ensure that the concen-
trations tested were below those that elicited nonspecific
calcium responses (21).

For Langendorff perfusion experiments, pertussis toxin
(PTX) was purchased from List Biological Laboratories
(Campbell, CA, USA) and gallein from Tocris Biosciences
(Bristol, UK).

Calcium mobilization assay

HEK293T G�16/gust44 cells were plated on poly-d-lysine–
coated, 96-well, black-walled plates (50,000 cells/well) and
were transfected the next day with a plasmid encoding a
cardiac-expressed Tas2r, empty vector/mock plasmid as the
negative control or with a well-characterized taste receptor as
the positive control (rat Tas2r105 or human TAS2R16, which
robustly respond to cycloheximide and salicin, respectively,
ref. 20). Ca2� mobilization experiments were performed 24 h
after transfection, using an automated fluorometric imaging

TABLE 1. Tas2r cloning primer sequences containing 5= EcoRI and 3= NotI restriction sites

Gene symbol Reference sequence Sequence

Tas2r108 NM_001024686.1 F: AGTGGCGAATTCATGCTCTGGGAACTGTATGCATTTG
R: TGGCGGCCGCCGTTACTAACGAAATCCCGCAATTTGTAG

Tas2r137 NM_001025149.1 F: GTGGCGAATTCATGTTGGGATTCACTGAAGGGATATTTC
R: TGGCGGCCGCCTGAAGCAAAGAACCTCTTAGATCCAGG

Tas2r143 NM_001025061.1 F: AGTGGCGAATTCATGCCCTCCACACCCACATT
R: TGGCGGCCGCCAAATCTCATCTTCAGGGCCTTTCTC

F, forward; R, reverse.
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plate reader (FLIPR; Molecular Devices, Sunnyvale, CA,
USA), as described previously (21). In brief, cells were loaded
with Fluo-4 AM dye (2 �M; Molecular Probes) in serum-free
DMEM containing 2.5 mM probenecid for 1 h at 37°C and
washed in Ca2� assay buffer. Changes in intracellular Ca2�

levels were measured during automatic application of bitter
compounds in the FLIPR. A second application of 100 nM
somatostatin 14 (Bachem, Torrance, CA, USA), which acti-
vates the endogenous somatostatin receptor type 2, was
included in all assay protocols, to assess cell viability. Ligand
screening experiments were performed in duplicate wells in
the absence (i.e., mock transfected with pcDNA5/FRT SST
HSV) and presence of the Tas2rs, for comparison.

Langendorff-perfused heart model

All animal procedures were performed with specific approval
from Griffith University Animal Ethics Committee (MSC/04/
13/AEC) and follow the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes. Hearts were
isolated from 8-wk-old, wild-type male C57/BL6 mice and
perfused (27, 28). Briefly, the mice were anesthetized with 60
mg/kg pentobarbital sodium administered intraperitoneally,
a thoracotomy was performed, and the hearts were excised
into ice-cold perfusion fluid. The aorta was cannulated on a
shortened and blunted 21-gauge needle and perfused at a
constant pressure of 80 mmHg with modified Krebs-Henseleit
buffer (120 mM NaCl, 22 mM NaHCO3, 4.7 mM KCl, 1.2 mM
MgCl2, 2.5 mM CaC12, 1.2 mM KH2PO4, 11 mM d-glucose, 2
mM pyruvate, and 0.5 mM EDTA). The perfusate was equili-
brated in 95% O2 and 5% CO2 at 37°C (pH 7.4, Po2 600
mmHg). All perfusate delivered to the heart was passed
through an in-line 0.22 �m Sterivex-HV filter cartridge (Mil-
lipore, Bedford, MA, USA) to continuously remove micropar-
ticulates. The left ventricle was vented with an apical polyeth-
ylene drain, and the hearts were instrumented for functional
measurements, as described below. They were then immersed
in warmed perfusate inside a water-jacketed bath maintained
at 37°C. The temperature of the perfusion fluid was moni-
tored by a needle thermistor at the entry into the aortic
cannula, and the temperature of the water bath was assessed
with a second thermistor probe. Temperature was recorded
using a three-channel TH-8 digital thermometer (Physitemp
Instruments, Clifton, NJ, USA). For assessment of isovolumic
function, fluid-filled balloons constructed of polyvinyl chlo-
ride plastic film were inserted into the left ventricle via the
mitral valve. The balloons were connected to a P23 XL
pressure transducer (Viggo-Spectramed, Oxnard, CA, USA)
by fluid-filled polyethylene tubing, permitting continuous
measurement of left ventricular pressure. The balloon vol-
ume was increased to an end diastolic pressure (EDP) of 5
mmHg. Coronary flow was kept constant throughout, moni-
tored via a Doppler flow probe (Transonic Systems, Ithaca,
NY, USA) placed in the aortic perfusion line and connected
to a T206 flowmeter (Transonic Systems).

After a 20 min equilibration at a constant perfusion pressure
of 80 mmHg, the hearts were switched to ventricular pacing at a
rate of 420–480 beats/min (S9 stimulator; Grass, Quincy, MA,
USA) depending on their intrinsic heart rate. This heart rate has
been shown to yield optimal left ventricular performance in this
model (29), and by controlling heart rate (and removing it as a
variable), subsequent assessment of contractile function is sim-
plified. Hearts were then switched to constant flow, where the
flow was initially set to obtain an aortic perfusion pressure of 80
mmHg. Hearts were stabilized for a further 10 min before
experimentation. Baseline measurements were made, and in-
creasing ligand concentrations were infused at 5-min intervals.
All drugs were infused through a 0.22 �m filter at not more than
3% of coronary flow, to achieve the final concentrations indi-

cated. G-protein inhibitor concentrations were based on previ-
ous work in our laboratory or from the related literature (27, 30,
31). PTX-treated hearts received 100 �g/kg intraperitoneally 24
h before heart isolation. For gallein treatment, the hearts were
infused with 10 �M gallein for 10 min before bitter ligand
infusion, and both were then administered throughout the
experiment. Coronary flow, aortic pressure (AoP), and left
ventricular pressure signals were recorded on a 4-channel Ma-
cLab data acquisition system (ADInstruments, Castle Hill, NSW,
Australia). Left ventricular pressure was digitally processed using
Labchart 7 (ADInstruments), to yield left ventricular developed
pressure (LVDP), systolic pressure (SysP), EDP, and heart rate.

Data analysis

All data are presented as means � sem and were analyzed in
GraphPad Prism 6.0 (Graph-Pad Software Inc., San Diego, CA,
USA). Ligand screening was performed in duplicate with recep-
tor-dependent responses determined by subtracting the calcium
response of empty vector–transfected cells from Tas2r-trans-
fected cells for a given compound with the Screenworks 3.2
software package (Molecular Devices). In subsequent experi-
ments to validate the concentration dependence of Tas2r acti-
vation, the agonist-mediated Ca2� response was quantified by
using the �F/F0 method to calculate the change in calcium
fluorescence signal intensity (�F) relative to the baseline fluo-
rescence signal (F0). Concentration-response data were fitted
with a 4-parameter nonlinear regression (with variable slope) to
calculate the EC50. For perfused heart experiments (n	6), data
were analyzed by 2-way ANOVA and Dunnett’s multiple com-
parisons test, with ligand concentration and treatment as vari-
ables. Values of P 
 0.05 were considered significant.

RESULTS

Rat Tas2r agonist screen

To identify novel agonists, 5 Tas2rs (Tas2r108, -121, -126,
-137, and -143) that we previously identified in rat cardiac
tissue (17), were screened against a panel of 102 natural
and synthetic bitter compounds, with a fluorescence-
based Ca2� mobilization assay. The initial compound
screen was performed in duplicate for each Tas2r at a
single near-maximal concentration based on analogous
experiments on human TAS2Rs (18, 19, 21). Positive
control bitter taste receptor–dependent Ca2� mobiliza-
tion responses are shown in Supplemental Fig. S1A (10
mM salicin with human TAS2R16 and 400 �M cyclohex-
imide with rat Tas2r105 vs. empty vector–transfected
HEK293T G�16/gust44 cells). Positive receptor-mediated
agonist responses were identified by comparison with
those of empty vector–transfected cells, and putative hits
for each Tas2r were then validated for their concentration
dependence in further experiments, detailed below (Figs. 1
and 2, Supplemental Figs. S1 and S2, and Table 2).

Tas2r108 responds to a range of compounds tested

In the initial Ca2� mobilization experiments, Tas2r108-
transfected cells responded to a range of different com-
pounds, varying from typical GPCR-mediated transients
(e.g., amarogentin, cromolyn, and sodium thiocyanate) to
more irregular biphasic traces (e.g., chlorpheniramine)
(Fig. 1 and Supplemental Fig. S2). In subsequent valida-
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tion experiments, 10 of the candidate agonists gave small
yet reproducible concentration-dependent Ca2� responses
in Tas2r-transfected cells (Fig. 1).

Tas2r137 and Tas2r143 are activated by a single
compound

In contrast to the broadly responsive Tas2r108 receptor,
Tas2r137 and Tas2r143 responded to a single bitter agonist
tested in the compound screen (Fig. 2). In both cases, the
initial hits for Tas2r137 (sodium benzoate) and Tas2r143
(arbutin) elicited concentration-dependent Ca2� mobiliza-
tion responses in further validation experiments.

It is important to note that most bitter agonists tested were
active at these Tas2rs in the micromolar-to-millimolar con-
centration range, consistent with levels in analogous experi-
ments on the human TAS2Rs (21). No agonists were iden-
tified and validated for Tas2r121 and Tas2r126.

Novel Tas2r agonists exert concentration-dependent
effects in perfused mouse hearts

The best candidates identified as novel Tas2r agonists
in the screen were then tested on intact mouse hearts.
In this regard, the Langendorff-perfused heart provides
an ideal model to test the effects of ligand infusion on

Figure 1. Multiple agonists activate rat taste receptor Tas2r108 in vitro in a concentration-dependent manner. Tas2r108-
transfected HEK293T G�16/gust44 cells responded to a range of different bitter compounds in initial FLIPR-based Ca2�

mobilization experiments. Left panels: representative Tas2r108-dependent Ca2� responses (corrected for empty vector
responses) after agonist stimulation. Concentrations were as follows: amarogentin, 300 �M; azathioprine, 300 �M; chloram-
phenicol, 1 mM; chlorpheniramine, 100 �M; colchicine, 3 mM; cromolyn, 10 mM; denatonium saccharide, 3 mM; saccharin,
10 mM; sodium thiocyanate, 3 mM; and yohimbine, 200 �M. Right panels: concentration-dependent responses for rat Tas2r108
agonists (means�sem, n	2 performed in triplicate).
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cardiac function, as it enables simultaneous recording
of multiple functional parameters. Hearts were isolated
from 7- to 8-wk-old mice (21.8�0.2 g body weight;
n	66 across all groups), and the baseline functional
parameters EDP, LVDP, and coronary flow were con-
stant across treatment groups (Table 3).

Three agonists were chosen from the earlier screen
for testing in the whole hearts, as representative ago-
nists for specific cardiac-expressed Tas2rs: sodium thio-
cyanate for Tas2r108, sodium benzoate for Tas2r137,
and arbutin for Tas2r143. Interestingly, sodium thiocy-
anate, sodium benzoate, and, to a lesser extent, arbutin,
exhibited concentration-dependent effects on cardiac
function. Specifically, sodium thiocyanate infusion elic-
ited a 30 to 40% decrease in LVDP and SysP, as well as

a steady increase in AoP that was most obvious at the
highest agonist concentrations tested (Fig. 3). Sodium
benzoate–infused mouse hearts displayed minor con-
centration-dependent effects on contractile parameters
(LVDP, SysP, and EDP) and a pronounced biphasic
effect on AoP. At low concentrations, sodium benzoate
increased the AoP (peaking at 30 �M), but at concen-
trations above 1 mM, the AoP dropped substantially
below baseline levels (Fig. 4). Arbutin infusion had a
modest effect on cardiac function, which became ap-
parent only at the highest concentrations tested (Fig. 5).
Because of these small responses, arbutin was not
pursued in subsequent experiments aimed at testing
G-protein dependence of bitter ligands in the heart.

Tas2r agonist-induced changes in heart function are
G-protein dependent

Having demonstrated that the novel Tas2r agonists
elicit inotropic effects in the perfused heart model, we
sought next to characterize these responses in terms of
the G-protein-mediated signaling pathways. As has been
mentioned, this is a critical step toward the delineation of
Tas2r function beyond the mouth, especially given the
uncertainty over ligand selectivity and specificity. To this
end, mice were pretreated with PTX or gallein, to inhibit
the G�i and G�� G-protein subunits, respectively (27, 30,
31). Neither of these inhibitors affected the basal
cardiac functional parameters (Table 3 and data not
shown).

Sodium thiocyanate–mediated effects on mouse
hearts were G-protein dependent, as the decreases in
LVDP and SysP were fully abrogated by PTX and gallein
treatment (Fig. 3). In addition, the sodium thiocyanate–
dependent increase in AoP appeared to be attenuated
with G�i and G�� inhibition, although the difference
was not statistically significant.

G-protein inhibition also had a marked influence on
the cardiac effects of sodium benzoate infusion. Pre-
treatment with PTX and gallein both blocked the

TABLE 2. Summary of Tas2r-dependent Ca2� mobilization in agonist screening

Tas2r
Putative hits

(n)
Concentration

dependent Bitter compound
EC50

(mM)
Physiological/therapeutic

application Reference

Tas2r108 24 10 Amarogentin 0.15 Cell proliferation inhibitor 70–72
Azathioprine 0.17 Immunosuppressive 73, 74
Chloramphenicol 0.33 Antibacterial 75, 76
Chlorpheniramine 0.08 Antihistamine 77
Colchicine 0.41 Anti-inflammatory, gout 78
Cromolyn 1.04 Allergic rhinitis/asthma 79
Denatonium saccharide 0.52 Aversive agent 80
Saccharin 5.69 Artificial sweetener 81
Sodium thiocyanate 6.68 Chemical synthesis 46
Yohimbine 0.20 Erectile dysfunction 44

Tas2r121 – – – – –
Tas2r126 1 – – – –
Tas2r137 1 1 Sodium benzoate 3.66 Food preservative, urea cycle

disorders
49, 82

Tas2r143 1 1 Arbutin 2.46 Skin-lightening agent 83, 84

Putative receptor-dependent hits were validated for concentration dependence. Estimated EC50 is based on the Ca2� mobilization assay
responses. In many cases, these ligands have been implicated in or associated with physiological processes and disease. Relevant references are
listed. See Supplemental Table S1 for complete list of tested compounds.

Figure 2. Tas2r137 and Tas2r143 are activated selectively by a
single compound. Left panels: receptor-dependent Ca2� re-
sponses after stimulation with 10 mM sodium benzoate for
Tas2r137 (A) and 30 mM arbutin for Tas2r143 (B). Right
panels: putative agonists elicited concentration-dependent
responses (means�sem, n	2 performed in triplicate).
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biphasic effect on AoP exerted by sodium benzoate
infusion (Fig. 4).

Chloroquine has profound effects on cardiac
contractility via a G-protein-independent mechanism

Although it did not activate any of the Tas2rs in the
agonist screen, we also included chloroquine in our

Langendorff perfused-heart experiments for compari-
son, particularly given the recently described role of
this compound in airway relaxation (12, 32). Chloro-
quine infusion had profound concentration-dependent
effects on cardiac function, including a dramatic in-
crease in AoP at low concentrations (0.1–10 �M)
followed by a reduction that was coupled to an increase
in EDP. In addition, chloroquine-infused mouse hearts

TABLE 3. Baseline functional parameters of Langendorff-perfused hearts measured after 30 min of stabilization

Ligand and treatment n Body weight (g) EDP (mmHg) LVDP (mmHg) Flow (ml/min)

Sodium thiocyanate
Untreated 6 22.0 � 0.8 3.0 � 0.7 110.4 � 7.2 3.8 � 0.5
PTX 6 21.3 � 0.5 5.8 � 1.3 90.4 � 6.3 2.5 � 0.2
Gallein 6 22.5 � 0.5 5.5 � 1.1 103.6 � 4.8 3.0 � 0.3

Sodium benzoate
Untreated 6 21.6 � 0.6 4.2 � 0.6 109.3 � 12.6 2.7 � 0.3
PTX 6 21.3 � 0.4 5.9 � 0.6 119.7 � 6.9 3.1 � 0.1
Gallein 6 21.6 � 0.8 7.2 � 1.4 98.3 � 10.0 2.8 � 0.3

Chloroquine
Untreated 6 21.3 � 0.2 4.3 � 0.5 112.0 � 8.1 2.7 � 0.2
PTX 6 22.3 � 0.6 4.9 � 1.0 110.4 � 9.9 2.6 � 0.2
Gallein 6 22.9 � 0.5 6.2 � 0.8 100.6 � 3.8 3.2 � 0.4

Arbutin: untreated 4 21.9 � 0.3 5.5 � 0.6 93.0 � 5.5 2.8 � 0.1

Figure 3. Sodium thiocyanate exerts concentration-dependent and G-protein-dependent effects on perfused mouse hearts.
Normalized grouped data from sodium thiocyanate–infused mouse hearts for different cardiac parameters show a consistent
decrease in LVDP and SysP, and a steady increase in AoP that was more pronounced at the highest agonist concentrations.
Inhibition of G�i (PTX, 100 �g/kg i.p. 24 h before heart isolation) and G�� (gallein, 10 �M gallein infused 10 min before bitter
agonist infusion and throughout experiment) abrogated the sodium thiocyanate–induced decreases in LVDP and SysP
(means�se, n	6/treatment, relative to untreated control hearts, 2-way ANOVA and Dunnett’s multiple comparisons tests, with
agonist concentration and treatment as the variables). Pint, interaction; Pconc, concentration; Ptrt, treatment.
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displayed reductions in LVDP and SysP that culminated
in a complete loss of cardiac contractility at 1 mM.
Interestingly, this effect was reversible on cessation of
ligand infusion, generally within 5 min (Fig. 6A, B).

In contrast to the sodium benzoate– and sodium
thiocyanate–elicited effects, the chloroquine-mediated
effects on mouse heart function were not modulated by
G-protein inhibition, using either PTX or gallein (Fig.
6C). Together, these data suggest that chloroquine
exerts its effects via a GPCR-independent mechanism.

DISCUSSION

We recently reported the expression of a subset of
“taste receptors” in cardiac cells and tissues (17), al-
though the lack of available pharmacological tools (i.e.,
agonists) prevented the further characterization of
Tas2rs in heart. In this study, as the necessary first step
to elucidating their function, we performed a com-
pound screening and successfully identified novel acti-
vating ligands for 3 of the 5 heart-expressed Tas2rs.
Using the Langendorff retrograde-perfused heart
model, we provide the first demonstration of clear,
concentration- and G-protein-dependent effects of
novel Tas2r agonists on LVDP and AoP. These compel-
ling data represent the initial evidence that Tas2r
activation may have important negative inotropic ef-
fects on mouse heart.

Taste GPCRs were first identified as the molecular
mediators of taste, but are also expressed in multiple

Figure 4. Sodium benzoate exerts concentration-dependent effects on AoP that are G-protein dependent. Normalized grouped
data from sodium benzoate–infused mouse hearts showed minor effects on the measures of developed pressure (LVDP, SysP,
and EDP) and a biphasic effect on AoP, with an initial increase followed by a pronounced decrease at high agonist
concentrations. Inhibition of G�i (PTX, 100 �g/kg i.p. 24 h before heart isolation) and G�� (gallein, 10 �M gallein infused 10
min before bitter agonist infusion and throughout the experiment) abrogated the sodium benzoate–induced biphasic effect on
AoP (means�sem, n	6/treatment, expressed relative to untreated control hearts, 2-way ANOVA and Dunnett’s multiple
comparisons tests, with agonist concentration and treatment as variables). Pint, interaction; Pconc, concentration; Ptrt, treatment.

Figure 5. Arbutin exerts minor concentration-dependent
effects on perfused mouse hearts. Grouped data from arbu-
tin-infused mouse hearts show minor effects on LVDP, SysP,
EDP, and AoP that are most apparent at the highest agonist
concentrations tested (n	4, means�sem).
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cells and tissues outside of the gustatory system. How-
ever, especially for the Tas2 GPCR family, the definitive
elucidation of receptor-dependent function in tissues
beyond the mouth has proven challenging (reviewed in
ref. 6). In many cases, the primary difficulty has been in
relating findings from readily controlled, cell-based,
Tas2r overexpression studies to unequivocal demon-
stration of Tas2r involvement in complex heteroge-
neous tissue responses. Moreover, most taste receptor
research has focused on the human receptors, and the

ligand binding profiles do not necessarily translate to
the rodent clade of Tas2rs. Indeed, to date, only 2
rodent Tas2rs (Tas2r105 and Tas2r108 in the current
nomenclature) have been effectively deorphanized (20,
22). Accordingly, after identifying several Tas2rs in
rodent heart tissue, we cloned and screened 5 “cardiac”
Tas2rs against a panel of bitter agonists, as has been
done for human TAS2Rs (21). We determined the
validity of new agonist compounds on the basis of 2
criteria: first, there was a clear receptor-dependent

Figure 6. Chloroquine-mediated effects on mouse heart function are not G-protein dependent. A, B) Representative traces for
the duration of agonist infusion for LVDP (A) and AoP (B). Solid circles indicate the start of a given concentration of
chloroquine. Open circles indicate the pause in agonist infusion to enable the changing of syringes on the infusion pump. C)
Inhibition of G�i (PTX, 100 �g/kg i.p. 24 h before heart isolation), and G�� (gallein, 10 �M gallein infused 10 min before bitter
agonist infusion and throughout the experiment) had no effect on the pronounced concentration-dependent effects of
chloroquine infusion on cardiac function (means�sem, n	6/treatment, expressed relative to untreated control hearts, 2-way
ANOVA and Dunnett’s multiple comparisons tests, with agonist concentration and treatment as variables). Pint, interaction;
Pconc, concentration; Ptrt, treatment.

4504 Vol. 28 October 2014 FOSTER ET AL.The FASEB Journal � www.fasebj.org

Downloaded from www.fasebj.org by (2001:388:608c:4800:e578:c55:a347:3276) on September 12, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 4497-4508.



Ca2� transient on stimulation that was absent in the
corresponding empty vector–transfected cells, and sec-
ond, the response was robust, reproducible, and con-
centration dependent. According to these criteria, we
have identified multiple agonists for rat Tas2r108 and
single compounds that activate each of Tas2r137 and
Tas2r143. Our data are consistent with studies on
human TAS2Rs, which are classified as broadly tuned
(e.g., TAS2R14, which can be activated by �40 chemi-
cally diverse compounds) or highly selective (21, 33).

These rodent Tas2r agonists, which we identified,
were active in the micromolar-to-millimolar range in
the Ca2� mobilization assay, entirely consistent with
previously reported concentrations for activation of the
human TAS2Rs (21). Our identification of novel Tas2r
agonists was based on a limited screening of a boutique
library of 102 natural and synthetic compounds. Future
studies with larger and more chemically diverse com-
pound sets are likely to identify additional, more potent
agonists, particularly for Tas2r121 and Tas2r126, for
which we did not find activating ligands. Moreover, use
of other second-messenger signaling readouts (beyond
Ca2� mobilization as was used in this study), is likely to
reveal further Tas2r ligands and potentially to signal
pathway-specific agonists (so-called biased agonists; ref.
34) and antagonists.

We next sought to investigate the cardiovascular
effects of these agonist compounds ex vivo in retrograde
perfused hearts. Intriguingly, all agonists tested exerted
concentration-dependent functional effects in the
heart, albeit on different cardiac parameters. Specifi-
cally, sodium thiocyanate elicited a pronounced de-
crease in left ventricular contractility, sodium benzoate
predominantly affected AoP, and arbutin had a minor
effect on heart contractility. Our most critical finding
was to demonstrate G-protein-dependent cardiovascu-
lar actions of these new Tas2r agonists. The changes in
LVDP (sodium thiocyanate) and AoP (sodium benzo-
ate) seen in control hearts were completely abrogated
by treatment with G�i and G�� inhibitors. Both of these
inhibitors, PTX and gallein, have been extensively used
to clarify the G-protein signaling pathways for cardiac
GPCRs (27, 35–38). Moreover, PTX has been shown to
block the effects of taste receptor activation in vitro
(39), and gallein has similarly been used to demon-
strate G-protein-dependent signaling of taste receptors
in isolated mouse airways (32). In this regard, our data
support a role for G�i and G�� subunits as mediators of
Tas2r-dependent signaling in the heart. These data are
also consistent with the canonical Tas2r signal transduc-
tion pathway, whereby receptors couple to an inhibitory
G� protein (gustducin) to mediate a decrease in cyclic
nucleotides, whereas the �� subunits activate PLC�2 to
increase inositol 1,4,5-trisphosphate and intracellular
Ca2� and subsequently open transient receptor poten-
tial cation channel, subfamily M, member 5 (TRPM5)
(40–42).

Interestingly, not all Tas2rs seem to mediate robust
modulation of cardiac function. In our heterologous
expression system, arbutin is clearly an agonist for
Tas2r143 (a robustly expressed receptor in heart; ref.
17), yet we did not observe an effect of arbutin infusion
in perfused mouse hearts. One explanation may be that

arbutin activates alternate signaling pathways down-
stream of Tas2r143 in the heart, with consequences
unrelated to contractility. Whatever the merits of this
idea, a lack of effect of arbutin on heart function has
also recently been reported in the context of cardiac
ischemia–reperfusion injury (43).

In considering the Tas2r agonists that we have iden-
tified, it is important to acknowledge that they may have
other molecular targets in addition to Tas2rs. For
example, the 10 structurally diverse ligands identified
for Tas2r108 include anti-inflammatory, immunosup-
pressive, antibiotic, and antihistaminergic agents (Ta-
ble 2). Similarly, yohimbine is an agonist for Tas2r108
but is also an �2-adrenoreceptor antagonist with affinity
for several other family A GPCRs (44, 45). Sodium
thiocyanate is used in chemical synthesis (46), but was
previously used for the treatment of essential hyperten-
sion, with noted cardiac side effects, including angina,
coronary artery occlusion, and congestive heart failure
(47, 48). Sodium benzoate is a food preservative that
may also have a therapeutic application for the treat-
ment of urea cycle disorders (49, 50), and arbutin is
used as a topical skin lightening agent (51). So, al-
though we have identified some ligands that activate
Tas2rs, we must remain cognizant of their potential
off-target activities; equally, previously described ac-
tions for these ligands, particularly in the heart, should
be reinterpreted in light of our identification of these
compounds as agonists at Tas2rs.

We also observed a marked chloroquine-mediated
decrease in cardiac function, which is interesting, given
that chloroquine is an agonist for human TAS2R3 and
is often used in functional studies as an archetypal
bitter agonist (12, 21, 32). However, chloroquine also
has multiple intracellular targets and is used as a
lysosomal inhibitor (underscoring its use in the treat-
ment of malaria; ref. 52), as well as a nicotinic cholin-
ergic antagonist (53) and a proapoptotic anticancer
agent (54). In the murine perfused hearts, chloroquine
infusion completely abolished cardiac contractility, ap-
parently consistent with observations from lung func-
tional studies (12, 32). Notably, this effect was revers-
ible on washout of ligand, suggesting that the overall
viability of the cardiac tissue was not compromised. In
stark contrast to the data from mouse airway smooth
muscle cells (32), gallein and PTX pretreatment had
no effect on the chloroquine response in perfused
hearts, questioning whether chloroquine acts via a
GPCR, specifically a Tas2r. This is supported by the lack
of effect of chloroquine on Tas2r-transfected cells in
our compound screening and also recent evidence that
chloroquine exerts its effect by decrease-modulating
Ca2� signaling and Ca2� sensitivity via a G-protein-
independent mechanism (55). In addition, long-term
chloroquine treatment has been associated with several
instances of human cardiomyopathy, suggestive of non-
specific effects (56, 57). Consequently, we would cau-
tion against attributing the chloroquine-induced de-
crease in cardiac function (and in other settings, e.g.,
bronchodilation) to Tas2rs, until the precise mecha-
nism is resolved.

There are notable parallels in the potential molecu-
lar processes that underpin cardiac contractility and
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taste receptor activation in the tongue. Classic Tas2
receptor activation in the tongue results in Ca2�-
activated, TRPM5-mediated membrane depolarization
(58). Interestingly, multiple members of the TRP chan-
nel family are found in the cardiovascular system, with
recent evidence suggesting that TRPM5 and its close
functional homologue TRPM4 are expressed in cardi-
omyocytes (59, 60). TRPM4 has also been identified in
the cardiac conduction system (61), where it has been
implicated in human conduction disorders (62, 63).
Similarly, the sarcoplasmic/endoplasmic reticulum
Ca2�-ATPase (SERCA) pump that is critical in seques-
tering Ca2� during cardiac excitation–contraction cou-
pling (64), has also been implicated in Ca2� clearance
in taste receptor cells in the tongue (65). Last, voltage-
gated L-type Ca2� (Cav1.2) channels initiate Ca2� in-
flux and contraction in cardiomyocytes (66), and inhibi-
tion of these channels was essential for bitter ligand-
mediated bronchodilation (32). Evidently, the potential
modulation of Ca2�-regulating pumps and channels in
mediating the cardiac effects downstream of Tas2r activa-
tion in the heart is an area worthy of future investigation.

As a final comment, the experiments using PTX and
gallein suggest that the effects of certain ligands on
cardiac function are G protein-dependent. Further
experiments are needed to unambiguously demon-
strate that they are Tas2 receptor-dependent. Such
experiments have proven quite challenging within the
taste receptor field, given that there are no known
selective antagonists for these rodent Tas2rs. To date,
there have been very few reports of antagonists for
human TAS2Rs, and even these compounds are not
entirely specific (67, 68). Moreover, the broad tuning
of some Tas2rs and the expression of multiple receptor
genes in the heart may limit the utility of traditional
gene knockout studies. To this end, it may be possible
to take advantage of the genomic clustering of the
Tas2r to simultaneously knock out multiple receptors.
Alternatively, as has been done for one TAS2R, generation
of humanized mice expressing tissue-specific human taste
GPCRs may be a profitable approach in the future (69).

This study represents significant progress toward the
delineation of the functional role of taste receptors in
the heart. For the first time, using the newly identified
putative Tas2r agonists, sodium thiocyanate and so-
dium benzoate, we have demonstrated pronounced
and distinct effects on cardiac function that were
crucially G-protein dependent. The data provide cor-
roborating evidence for rodent Tas2r-dependent func-
tion beyond the mouth. Future experiments will focus
on demonstrating unequivocally that the observed re-
sponses to bitter ligands are attributable to specific
Tas2rs in the heart.
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