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ABSTRACT

Objective: Type 2 diabetes and obesity are emerging pandemics in the 21st century creating worldwide urgency for the development of novel
and safe therapies. We investigated trace amine-associated receptor 1 (TAAR1) as a novel target contributing to the control of glucose ho-
meostasis and body weight.
Methods: We investigated the peripheral human tissue distribution of TAAR1 by immunohistochemistry and tested the effect of a small molecule
TAAR1 agonist on insulin secretion in vitro using INS1E cells and human islets and on glucose tolerance in C57Bl6, and db/db mice. Body weight
effects were investigated in obese DIO mice.
Results: TAAR1 activation by a selective small molecule agonist increased glucose-dependent insulin secretion in INS1E cells and human islets
and elevated plasma PYY and GLP-1 levels in mice. In diabetic db/db mice, the TAAR1 agonist normalized glucose excursion during an oral
glucose tolerance test. Sub-chronic treatment of diet-induced obese (DIO) mice with the TAAR1 agonist resulted in reduced food intake and body
weight. Furthermore insulin sensitivity was improved and plasma triglyceride levels and liver triglyceride content were lower than in controls.
Conclusions: We have identified TAAR1 as a novel integrator of metabolic control, which acts on gastrointestinal and pancreatic islet hormone
secretion. Thus TAAR1 qualifies as a novel and promising target for the treatment of type 2 diabetes and obesity.

� 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

TAAR1 is a G protein-coupled receptor (GPCR) belonging to the trace
amine-associated receptor family [1e3]. It was identified in 2001 as a
receptor for endogenous trace amines, i.e. p-tyramine, b-phenyleth-
ylamine, octopamine and tryptamine, which are metabolites of amino
acids with structural similarity to biogenic amines [4,5]. Upon activa-
tion, TAAR1 signals via Gas proteins leading to increased intracellular
cAMP levels [1,4e6]. Taar1 knockout mice expressing the LacZ gene
under control of the Taar1 promoter (Taar1�/�/LacZ) demonstrated
TAAR1 expression in restricted areas of the brain, where it modulates
monoaminergic neurotransmission [2,7]. Therefore, TAAR1 recently
emerged as a novel target for the treatment of psychiatric disorders
[7e9]. In the periphery, TAAR1 is expressed in the stomach, the du-
odenum and pancreatic b-cells in mice [7,10,11]. In particular, in
mouse islets, TAAR1 has been shown to be among the most highly
expressed and enriched GPCRs as revealed by quantitative real time
PCR analysis of 373 GPCRs [10]. However, little is known about the
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physiological effects of TAAR1 modulation in these tissues, which is
attributed to the polypharmacology of trace amines and the hitherto
lack of selective ligands for TAAR1. Recently, selective TAAR1 ligands
have been described [8,9], allowing the exploration of the effects of
specific TAAR1 activation in metabolic disease. We describe here for
the first time that TAAR1 activation has beneficial effects on glucose
control and body weight in animal models of type 2 diabetes and
obesity.

2. METHODS

2.1. Generation of anti-human TAAR1-specific mouse monoclonal
antibodies
An expression construct encoding Glutathione-S-Transferase (GST)
fused in-frame to the N-terminal segment and all extracellular domains
of human TAAR1 coupled with GSSG linkers was expressed in
Escherichia coli [12]. Five mice were immunized by i.p. injection with
recombinant protein. Animals were tail bled after two boosts, and sera
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Abbreviations

b gal beta galactosidase
DIO diet induced obesity
GI gastrointestinal
GLP1 glucagon like peptide 1
GPCR G-protein coupled receptor
ivGTT intravenous glucose tolerance test
NASH nonalcoholic steatohepatitis
oGTT oral glucose tolerance test
PYY peptide YY
TAAR1 trace amine associated receptor 1
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were tested by ELISA on the immunogen to select the best candidate
for hybridoma production. From the animals showing a specific im-
mune response to human TAAR1, the spleens were removed and the
cells were fused to Ag8 cells according to [13]. Positive hybridomas
were selected by immunofluorescence and Western blotting using a
recombinant human TAAR1 N-terminus/extracellular domain construct
fused to His tag and expressed in HEK293 cells. Clonal purity was
achieved in limited dilution conditions. Final selection of the anti-
human TAAR1 (anti-hTAAR1) mAb was done by immunofluorescence
on SF9 cells expressing full length human TAAR1 from baculovirus
vector.

2.2. Gene expression analysis
mRNA purification from INS1E cells or human islets was performed
with RNeasy Mini or Micro Kit (both Qiagen, Hombrechtikon,
Switzerland) including an RNAse free DNAse I treatment according to
the manufacturer’s instructions. cDNA was synthesized using cDNA
Synthesis System (Roche Applied Science, Rotkreuz, Switzerland).
Quantitative real-time PCR assays (qRT-PCR) were performed using
the QuantiFast SYBR Green PCR Kit and the Rotor-Gene 6000 (Qiagen,
Hombrechtikon, Switzerland) with specific DNA primers. Analysis was
done by the DCt threshold method to determine expression relative to
GAPDH mRNA. Each analysis reaction was performed in duplicate, with
two samples per condition.

2.3. Immunohistochemistry
Paraffin sections (4e5 mm) from adult normal human tissues (Aster-
and, Herts, UK; Cureline, San Francisco, USA), male C57BL/6J, or
Taar1�/�/LacZ mice tissues were incubated with following primary
and secondary antibodies: mouse anti-hTAAR1 mAb (Roche clone 6/6);
rabbit anti-chromogranin A and anti-peptide YY (Abcam, Cambridge,
UK); guinea pig anti-swine insulin (Dako, Glostrup, Denmark); rabbit
anti-GLP-1 (7e36) (Peninsula, San Carlos, USA), rabbit anti beta-
galactosidase (MP Biomedicals Santa Ana, California, USA) and
Alexa Fluor� 488- or 555-conjugated or peroxidase conjugated sec-
ondary antibodies (Invitrogen, Basel, Switzerland).

2.4. Insulin secretion
Experiments with INS1E cells were performed as described [14]. Ex-
periments with transplantation-grade human islets (w80% purity,
male donors 59e61 year old, BMI < 28) were performed using
handpicked islets (10 islets/condition). Islets were starved for 2 h at
2.8 mM glucose, before insulin secretion was assessed by 1 h incu-
bation with indicated glucose and compound concentrations.
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Insulin secretion was presented as % secreted insulin of total insulin
content. Human islet experiments were approved by the University of
Geneva ethics committee and were conducted in adherence to all
relevant laws and ethical guidelines regulating the collection, transfer
and use of human tissue.

2.5. Animals
All procedures were conducted in strict adherence to the Swiss federal
ordinance on animal protection and welfare, according to the rules of
the Association for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC), and with the explicit approval of the local
veterinary authority. Experiments using Glp1r�/�mice were performed
following the approval and guidelines of the institutional animal care
and use committees of the University of Cincinnati.
Male C57BL/6J and db/db mice (BKS. Cg-mþ/þ Leprdb/J) were pur-
chased from Charles River Laboratories (Lyon, France). Taar1�/�/LacZ
mice are described elsewhere [2].
DIO mice were generated by placing C57BL/6J mice on SSNIFF diet (EF
M D12492: 60% energy from fat, 21% from sugar) starting at 9 weeks
of age at Charles River Laboratories (Lyon, France). The DIO mice were
39 weeks of age at the time of the experiment. Glp1r�/� mice were
generated as previously described [15]. Animals were fed a HFD
(Research Diets D12331: 58% energy from fat plus sucrose) starting at
8 weeks of age and maintained on a 12-light, 12-h dark cycle (lights
on 6 am, lights off 6 pm).

2.6. Glucose tolerance tests
Animals were fasted for 10 h prior to glucose tolerance tests. For the
oGTT, mice were treated per oral gavage with indicated doses of
RO5166017 or vehicle (0.3% Tween 80 in water) 45 min prior to oral
glucose challenge (2 g glucose/kg for C57BL/6J, Taar1�/�/LacZ, DIO
and Glp1r�/� mice and 1 g glucose/kg for db/db mice). For the ivGTT,
mice were treated with RO5166017 (3 mg/kg s.c.), or vehicle (saline)
30 min prior to an i.v. glucose challenge (1 g glucose/kg). Blood was
collected at indicated time points after glucose load.
Blood glucose levels were measured by tail vein sampling using a
handheld glucometer (Accu-Chek Aviva, Roche) at indicated time
points. Plasma insulin was determined by ELISA (Mercodia�, Uppsala
Sweden), total GLP-1 by MSD mouse/rat total GLP-1 Assay kit
(Mesoscale Discovery, USA) and total PYY with a rat/mouse radioim-
munoassay kit (Millipore, MA. USA).

2.7. Gastric emptying
Gastric emptying was assessed using a carbohydrate-and protein-rich
semisolid [16] and a liquid meal protocol. Overnight fasted animals
were dosed p.o. with vehicle (0.3% Tween 80 in H2O) or 0.3 mg/kg
RO5166017 45 min prior to meal administration, or dosed s.c. with
vehicle (saline) or propantheline at 30 min prior to meal. Gastric
emptying rates were determined according to [16]. Liquid phase
gastric emptying was determined as described [17] in overnight fasted
animals treated with 0.3 mg/kg RO5166017 or vehicle (0.3% Tween
80 in H2O) 45 min prior to oral glucose load containing 1% acet-
aminophen (Sigma Aldrich, Switzerland). Quantification of plasma
acetaminophen levels was performed by LC-MS/MS.

2.8. Food intake and body weight studies
Taar1�/�/LacZ mice or wild-type (wt) littermates were placed into an
automated food monitoring system (TSE system�: TSE drinking and
feeding monitor, TSE Systems GmbH, Bad Homburg, Germany). 10 h
fasted animals were treated orally with 0.3 mg/kg RO5166017 or
vehicle (0.3% Tween 80 in H2O) 45 min prior to ad libitum food access.
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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For the sub-chronic study, 10 h fasted DIO mice were provided un-
limited access either to food containing vehicle or RO5166017 as
admix at 0.06 mg/g food. Food intake was recorded automatically (TSE
system�). The cumulative daily dose of RO5166017 was calculated by
animal weight and amount of food consumed. Liver TG content was
determined at the end of the study by 1H-magnetic resonance relax-
ometry (MRR) [18].

2.9. Statistics
Statistical analysis was performed using unpaired T-test, unless
otherwise stated. Data are expressed as mean � SEM unless other-
wise stated and p values < 0.05 were considered statistically
significant.
Figure 1: TAAR1 is expressed in pancreatic b-cells and increases insulin secretion
and (B) co-localization (yellow) of TAAR1 (green) with insulin (red) in human islets. Relative
expression levels were normalized to GAPDH mRNA (þ). In negative PCR controls (�) re
elevated glucose (16 mM) concentration (white bars 2 mM, black bars 16 mM glucose)
stimulated (11.2 mM glucose, black bars; 2 mM glucose, white bar) insulin secretion
induced insulin secretion without compound treatment. Bars in (E) and (F) represent m
**p < 0.01, ***p < 0.001.
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3. RESULTS

3.1. TAAR1 has restricted peripheral tissue distribution and is co-
localized with insulin in pancreatic b-cells, where it contributes to
glucose-dependent insulin secretion
We isolated a mouse monoclonal antibody, which showed specific
affinity towards human TAAR1 as investigated in SF9 cells over-
expressing human TAAR1 protein versus an unrelated GPCR (not
shown). Immunohistochemical staining using this antibody revealed a
similar peripheral distribution of TAAR1 in human tissues as previously
described in mice [7,10,11] with restricted expression in pancreatic
islets, duodenum and jejunum and pylorus of the stomach (Figure 1A).
In control experiments with secondary antibody only or anti-hTAAR1
(A) Specific staining with anti-hTAAR1 Ab in human pancreas, duodenum and pylorus
expression of TAAR1 in (C) human islets and (D) INS1E cells was detected by qRT-PCR,
verse transcription (RT) was omitted. (E) Increased insulin secretion in INS1E cells at
by RO5166017, a GPR40 agonist (GPR40) or Exendin-4 (Ex-4); n ¼ 6. (F) Glucose-
is increased by RO5166017 in human islets; n ¼ 3. Dotted lines reflect glucose-
ean � standard deviation. Statistical analysis: One way Anova followed by Dunnett.
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mAb preincubated with the immunogen, no immunostaining was ob-
tained (Supplement Figure 1). High TAAR1 immunoreactivity was co-
localized with insulin in pancreatic b-cells (Figure 1B), while no co-
staining was seen with glucagon (not shown). TAAR1 expression
was not detected in other human or mouse tissues investigated, such
as heart, kidney and liver (Supplement Figure 2).
We investigated the functional role of TAAR1 in b-cells using the potent
and selective small molecule TAAR1 agonist RO5166017, which has
been described in details [8]. In cAMP assays using TAAR1-expressing
HEK293 cells, RO5166017 activates the human, rat and mouse TAAR1
with EC50s of 55, 14 and 3 nM, respectively [8]. Insulin secretion
experiments were performed in rat INS1E cells and in isolated human
islets, where TAAR1 mRNA was shown to be expressed (Figure 1C,D).
In the presence of low glucose concentration (2 mM), RO5166017 had
no effect on insulin secretion in INS1E cells. At 16 mM glucose,
RO5166017 significantly potentiated glucose-induced insulin secretion
to a similar extent as Exendin-4 or a GPR40 agonist (cpd. B in [19]),
both well-characterized insulin secretagogues (Figure 1E). In isolated
Figure 2: Acute TAAR1 activation improves glucose tolerance (A) Improvement of g
0.3 mg/kg RO5166017 in C57BL/6J mice after oral glucose bolus (2 g/kg at t ¼ 0, n ¼
during the oGTT. (C) Glucose tolerance is not changed by RO5166017 (0.3 mg/kg, p.o.) in
shows glucose AUC0e120min reduction for vehicle or RO5166017 treated wt and Taar1

�/�/L
diabetic db/db mice during an oGTT and reduced glucose AUC0e120min (inset). (AeD): wt m
�/LacZ mice: vehicle e grey circles and white bar; RO5166017 e black circle and dark
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human islets, RO5166017 also showed a trend to increasing glucose-
dependent insulin secretion, although this effect was not significant
(Figure 1F).

3.2. TAAR1 agonist improved glucose tolerance
During an oral glucose tolerance test (oGTT) in C57BL/6 mice, a single
dose of RO5166017 (0.3 mg/kg, p.o.) significantly reduced glucose
area under the curve (AUC0e120) by 20% (Figure 2A) with no effect on
fasting glucose. Insulin AUC0e120 was not changed (Figure 2B). To see
if this effect is specifically driven by TAAR1 activation, we conducted
an oGTT in Taar1�/�/LacZ mice vs. their wt littermates. As shown in
Figure 2C, in the absence of TAAR1, no effect of RO5166017 on
glucose excursion was seen, demonstrating that the glucose lowering
effect is specifically mediated by TAAR1.
We next investigated, if RO5166017 also shows efficacy in the con-
dition of type 2 diabetes. In diabetic db/db mice TAAR1 activation by
RO5166017 (0.3 mg/kg, p.o.) resulted in a significant reduction of
glucose AUC0e120 by 21% during the oGTT (Figure 2D). Elevated
lucose tolerance and reduction in glucose AUC0e120min (inset) by single oral dose of
8/group). (B) No change in insulin AUC0e120min seen after 0.3 mg/kg RO5166017 p.o.
Taar1�/�/LacZ mice (n ¼ 7/group), in contrast to wt littermates (n ¼ 5/group). Inset
acZ mice (D) RO5166017 (0.3 mg/kg, p.o., n ¼ 8/group) improved glucose tolerance in
ice: vehicle e grey triangles and bars; RO5166017 e black triangles and bars; Taar1�/

grey bar. Data are mean � SEM. *p < 0.05, **p < 0.01.
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fasting blood glucose levels were slightly but not significantly reduced
(�13%). To avoid stress during the study, blood withdrawal was
minimized, and insulin levels were not assessed.

3.3. TAAR1 activation delayed gastric emptying and increased
insulin secretion during an ivGTT
The effect of RO5166017 on gastric emptying in wt mice was deter-
mined after a semi-solid meal by calculation of the mass of stomach
content relative to the amount of ingested food. Gastric emptying was
reduced by 123% in RO5166017 (0.3 mg/kg, p.o.) treated mice
(Figure 3A). This effect was greater than that observed for prop-
antheline used as a positive control [16]. Next the effect of TAAR1
activation on acetaminophen absorption, a clinically established assay
for the assessment of gastric emptying [20], was investigated. Plasma
acetaminophen AUC0e120 was significantly reduced by RO5166017
treatment (0.3 mg/kg, p.o.) following a liquid meal (Figure 3B), indi-
cating delayed gastric emptying.
To test the direct insulin secretagogue effect of the TAAR1 agonist, we
determined the acute insulin response after an ivGTT in C57BL/6J
mice. When RO5166017 was given at a dose of 3 mg/kg subcuta-
neously (s.c.), to assure sufficient drug exposure at the pancreas
Figure 3: Acute TAAR1 activation impairs gastric emptying in mice and elicits insulin
was emptied from the stomachs of propantheline (10 mg/kg s.c., white bar) and RO51660
with TukeyeKramer multiple comparison post test. (B) Plasma acetaminophen excursion (A
in C57BL/6J mice. Statistical analysis: Anova followed by Dunnett. (C) plasma glucose leve
after acute RO5166017 (3 mg/kg s.c.) treatment in C57BL/6J mice (n ¼ 8/group). Ve
***p < 0.001.
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consistent with the pharmacokinetic properties of the compound, a 2-
fold increase in plasma insulin levels in comparison to the vehicle
group was observed (Figure 3C).

3.4. TAAR1 activation increased plasma GLP-1 and PYY
concentrations
We next investigated the localization of TAAR1 in intestinal tissues by
co-staining experiments with the anti-hTAAR1 mAb and enter-
oendocrine cell markers. TAAR1 co-localized with Chromogranin A
(Figure 4A upper panel) and with GLP-1 (Figure 4A middle panel) in
human duodenal sections; we also observed some cells co-expressing
TAAR1 and peptide YY (PYY) (Figure 4A, lower panel). Subsequently we
determined co-localization of TAAR1 with GI hormones in intestinal
sections in mice by using Taar1�/�/LacZ mice. We observed co-
staining of b�Gal with PYY and GLP-1 (Figure 4B) in the duodenum
similar to what was seen in human tissue.
In order to determine if this is of physiological relevance, we deter-
mined plasma PYY and GLP-1 levels after single dose of RO5166017
(0.3 mg/kg, p.o.) followed by an oral glucose load in C57BL/6J mice.
Plasma levels of both total GLP-1 and PYY were significantly increased
30 min after glucose challenge in RO5166017-treated mice
secretion during an ivGTT (A) 30 min after a semi-solid meal a lower amount of meal
17 (0.3 mg/kg p.o.) treated C57BL/6J mice (n ¼ 10/group). Statistical analysis: Anova
UC0e120) after a liquid meal was reduced by RO5166017 (0.3 mg/kg p.o., n ¼ 8/group)
ls (left) and plasma insulin levels (right) 10 min post i.v. glucose bolus (1 g/kg at t ¼ 0)
hicle e grey bars, RO5166017 e black bars. Data are mean � SEM. *p < 0.05,
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Figure 4: TAAR1 is co-expressed with GI hormones and activation results in increased GI hormone plasma levels (A) Co-staining (merge, yellow) of TAAR1 (green) with
chromogranin A (red, upper panel) GLP-1 (red, middle panel) and PYY (red, lower panel) in human duodenal tissue sections. (B) Co-staining of TAAR1 (beta-galactosidase activity,
red), GLP-1 (green, upper panel) and PYY (green, lower panel) in duodenal sections of Taar1�/�/LacZ mice. (C) Increase in total GLP-1 and PYY plasma levels in RO5166017
(0.3 mg/kg, p.o.) treated C57BL/6J mice 30 min after an oral glucose bolus (2 g/kg). (D) Reduced glucose excursion during oGTT by RO5166017 (10 mg/kg, p.o.) treatment in DIO
mice (left) and in diet-induced obese Glp1r�/� mice (right). Vehicle e grey triangles and bars, RO5166017 e black triangles and bars. (n ¼ 8/group). Data are mean � SEM.
Statistical analysis in (D): 2 Way Anova followed by LSMeans Contrast. **p < 0.01, ***p < 0.001.

Original article
(Figure 4C), linking co-localization of TAAR1 with these hormones with
physiological secretion. To test whether GLP-1 secretion in response to
the RO5166017 is the main component of the glucose lowering effi-
cacy, we performed an oGTT in GLP-1 receptor knockout (Glp1r�/�,
52 MOLECULAR METABOLISM 5 (2016) 47e56 � 2015 The Authors. Published by Elsevier GmbH. Thi
[15]) mice fed a high fat diet compared to diet induced obese (DIO) wt
mice. A single dose of RO5166017 resulted in reduction of both fasting
glucose levels and glucose excursion in wt DIO mice (Figure 4D, left). In
DIO Glp1r�/� mice RO5166017 was still efficacious in both reducing
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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fasting glucose and improving glucose tolerance (Figure 4D, right),
indicating that the metabolic effects of a TAAR1 agonist involve other
mechanisms in addition to intestinal GLP-1 secretion.

3.5. TAAR1 activation reduced food intake and body weight in DIO
mice resulting in improved insulin sensitivity
We next investigated the effect of TAAR1 activation with RO5166017
on food intake in wt vs. Taar1�/�/LacZ mice. Acute treatment with
Figure 5: TAAR1 activation results in reduced food intake and body weight Single d
intake for 3 h after treatment and reduction in the total number of meals (B) and cumula
Taar1�/�/LacZ mice. 7 days treatment of DIO mice with RO5166017 (cumulative dose 3.
weight from baseline (day �1; the drop in body weight at day 0 (treatment start) reflects t
liver triglycerides. wt mice: vehicle e grey triangles and bars; RO5166017 e black triang
n ¼ 8/group (AeC) and n ¼ 6/group (DeH). Statistical analysis in (A and E): 2 Way Ano
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RO5166017 in over-night fasted C57Bl6 mice resulted in significant
reduction in food consumption for up to 150 min after food presen-
tation (Figure 5A), which is consistent with the T1/2 of the compound
[8]. In contrast, Taar1�/�/LacZ mice were completely refractory to the
food consumption-reducing effects of RO5166017. Despite resumption
of food intake, total food consumption over 24 h remained lower in
treated vs. control animals, demonstrating absence of compensatory
response (data not shown). TAAR1 agonist-treated wt mice showed a
ose of RO5166017 (0.3 mg/kg, p.o.) in C57BL/6J mice resulted in (A) reduction in food
tive meal duration (C) during the first hour after treatment. No effect was observed in
5 mg/kg/day, food admix) resulted in reduction in (D) cumulative food intake, (E) body
hat mice were fasted for 10 h) and (F) postprandial insulin levels, (G) HOMA IR, and (H)
les and bars; Taar1�/�/LacZ mice: vehicle e white bar; RO5166017 e dark grey bar.
va followed by LSMeans Contrast. *p < 0.05, **p < 0.01, ***p < 0.001.
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reduction in number of meal events and shorter meal duration
(Figure 5B,C) during the first hour after compound application, while no
effect on meal pattern was observed in Taar1�/�/LacZ mice.
To determine TAAR1-mediated effects on food intake and body weight,
we treated weight stable DIO mice with RO5166017 for 7 days. To
compensate for the short T1/2, RO5166017 was provided as an
admixture in the diet to deliver an approximate daily cumulative dose of
3.5 mg/kg (0.06 mg/g food). Cumulative food intake over a 7-day
treatment period was significantly reduced by 25% by RO5166017
(Figure 5D), resulting in a body weight loss of 6.6% in the RO5166017-
treated mice vs. controls after 7 days at the end of the study
(Figure 5E). No difference was observed in postprandial glucose levels
(not shown), but mice treated with RO5166017 had significantly
reduced plasma insulin levels (Figure 5F) resulting in improved insulin
sensitivity as reflected by a reduction of the homeostatic model
assessment (HOMA IR) index (Figure 5G). Furthermore, the TAAR1
agonist reduced postprandial plasma triglycerides by 13% (not shown)
and hepatic triglyceride content by 27% as compared to the vehicle-
treated animals (Figure 5H).

4. DISCUSSION

We report for the first time a role of TAAR1 in type 2 diabetes and
obesity. We demonstrated limited expression of TAAR1 in peripheral
human tissues using a novel monoclonal anti-hTAAR1 antibody. We
detected TAAR1 in key endocrine organs that secrete a variety of hor-
mones crucial for the regulation of energy homeostasis and metabolism,
such as the pancreas, pylorus and small intestine. TAAR1 is expressed
in enteroendocrine cells and co-localized with insulin in the pancreas,
and with GLP-1 and PYY in the small intestine. Notably, we did not see
TAAR1 protein expression in any other peripheral mouse [7] or human
tissues, which is in contrast to reports showing broader TAAR1 mRNA
tissue distribution with expression e.g. in the heart [21], adipose tissue
[22], kidney and lung [5] using reverse transcription PCR.
Trace amines, which have been described as endogenous ligands for
TAAR1, are not selective for TAAR1, since they have been shown to
modulate other targets, such as monoaminergic receptors and
transporters [23,24]. Due to the lack of selective ligands for the TAAR1
receptor, little was known about the role of TAAR1 in the peripheral
tissues and the effect of specific modulation of TAAR1 on metabolic
parameters. We addressed this question using a synthetic selective
TAAR1 agonist. When RO5166017 was tested in cellular and animal
models we observed an effect on glucose-dependent insulin secretion
in vitro and an improvement in glucose tolerance and body weight
in vivo. The evidence that the observed effects are triggered solely by
TAAR1 activation was demonstrated by lack of efficacy on glucose
control and food consumption of the compound in mice lacking TAAR1.
In contrast to our in vivo pharmacological findings, 3- iodothyramine
(T1AM), a molecule that is structurally related to trace amines and is
reported to activate TAAR1 [25], has been shown to increase blood
glucose levels and decrease insulin levels after acute treatment in
mice. This effect is unlikely to be TAAR1-mediated and in fact it has
been shown that T1AM exhibits polypharmacology and also activates
a2A adrenergic receptor (Adra2a), which is coupling to Gai protein
upon activation. Thus, in isolated mouse islets, where Adra2a is much
higher expressed than TAAR1 [26], T1AM led to a net reduction in
insulin secretion [10], indicating that under physiological conditions
Adra2a activation is masking the TAAR1 secretagogue effect. With the
discovery of a selective small molecule TAAR1 agonist, we demon-
strate that indeed TAAR1 activation in a rat b-cell line and human islets
increases glucose-stimulated insulin secretion.
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Metabolic control by TAAR1 activation in vivo is glucose-dependent as
there were no effects on lowering fasting glucose levels by the TAAR1
agonist in normoglycemic mice, whereas in db/db and DIO mice
elevated fasting glucose levels were decreased by RO5166017
treatment, suggesting that there is no risk of inducing hypoglycemia by
activating this receptor.
We did not see any increase in plasma insulin levels during an oGTT in
TAAR1 agonist-treated C57Bl6 mice compared to the vehicle group. A
similar observation has been described for GLP-1 and its analogs in
humans [27,28] and in rodent models [17], where a delay in gastric
emptying induced by these peptides was triggering the reduction in
glucose excursion without inducing insulin secretion after oral nutrient
stimulation. Similarly, we demonstrate that TAAR1 activation induced a
delay in gastric emptying in mice after both a liquid and solid oral
nutrient challenge, which is the main mechanism for reduced glucose
excursion in this experimental setting. When the stomach is bypassed
by an i.v. glucose challenge, an increase in insulin secretion was seen
after TAAR1 agonist treatment, which is in line with the TAAR1
mediated insulin secretagogue effect observed in vitro.
TAAR1 co-localized with GLP-1 and PYY in the small intestine and we
could demonstrate that plasma levels of both total GLP-1 and PYY were
elevated during an oGTT. Given the nature of the receptor with coupling
to cAMP increases [1,4e6], its activation can trigger a hormone
secretion pathway as seen in pancreatic b-cells [29e31]. Unfortu-
nately, we were not able to investigate direct secretagogue mecha-
nisms in enteroendocrine cells in vitro, since all available cellular
models like GLUTag or NCI-H716 lines exhibited too little or no TAAR1
expression. Further work is needed using isolated primary intestinal
enteroendocrine cells to investigate the direct effects of TAAR1 acti-
vation on GI hormone secretion in vitro. Accordingly, it has been
demonstrated very recently that RO5166017 exhibited a direct effect
on somatostatin secretion from primary D-cells isolated from mouse
stomach [32], underlining a physiological role of TAAR1 in the
gastrointestinal system.
When tested in Glp1r�/� mice, RO5166017 still demonstrated efficacy
during an oGTT, indicating that the secretion of GLP-1 is not a main
trigger for the improvement in glucose tolerance. There is more than
increased GLP-1 secretion induced by TAAR1 activation that contrib-
utes to the glucose lowering effect, which may involve other hormones
like PYY or oxyntomodulin, which are co-secreted with GLP-1 from
intestinal enteroendocrine cells [33,34].
Our data also show that TAAR1 activation results in improvement of
insulin sensitivity after subchronic treatment. There was a significant
reduction in body weight in weight stable DIO mice, likely by inhibiting
food intake and slowing gastric emptying, as it is seen for metabolically
active hormones such as GLP-1 and PYY [35]. Besides inducing direct
peripheral, paracrine or exocrine effects in the GI system, TAAR1
activation may also affect key neuronal pathways that regulate energy
balance either directly or indirectly, similar to GLP-1 [36]; both re-
ceptors are expressed in the periphery and the brain [2,37]. Potentially
as a consequence of the body weight reduction, both plasma and liver
triglyceride levels were improved, opening the possibility to have
beneficial effects on diabetes co-morbidities such as nonalcoholic
steatohepatitis (NASH).
Finally, our data suggest TAAR1 as a novel nutrient sensor in endocrine
cells. Trace amines, the endogenous ligands, are widely distributed
and found in food such as chocolate and fermented products like
cheese and wine. They are also generated in the vertebrate GI tract by
cleavage of amino acids by bacterial aromatic amino acid decarbox-
ylases after a meal [38,39]. Thus, with restricted peripheral expression
of TAAR1 in the GI system, the receptor is found where trace amine
s is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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concentrations seem to be highest due to ingested food or bacterial
metabolism.
In conclusion, by using a selective small molecule agonist we demon-
strate beneficial metabolic consequences of specific TAAR1 activation.
Our data support multiple effects of a selective TAAR1 agonist likely
mediated by b-cells in the pancreas and enteroendocrine cells in the
intestine. These findings suggest TAAR1 as a new target for the treat-
ment of type 2 diabetes and obesity with an incretin-like mechanism of
action amenable to orally delivered small molecule drugs.
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