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Stimulus-coupled incretin secretion from enteroendo-
crine cells plays a fundamental role in glucose homeo-
stasis and could be targeted for the treatment of type 2
diabetes. Here, we investigated the expression and
function of transient receptor potential (TRP) ion chan-
nels in enteroendocrine L cells producing GLP-1. By
microarray and quantitative PCR analysis, we identified
trpa1 as an L cell-enriched transcript in the small intes-
tine. Calcium imaging of primary L cells and the model
cell line GLUTag revealed responses triggered by the
TRPA1 agonists allyl-isothiocyanate (mustard oil), car-
vacrol, and polyunsaturated fatty acids, which were
blocked by TRPA1 antagonists. Electrophysiology in
GLUTag cells showed that carvacrol induced a current
with characteristics typical of TRPA1 and triggered the
firing of action potentials. TRPA1 activation caused an
increase in GLP-1 secretion from primary murine intestinal
cultures and GLUTag cells, an effect that was abolished in
cultures from trpa1 =/~ mice or by pharmacological TRPA1
inhibition. These findings present TRPA1 as a novel sen-
sory mechanism in enteroendocrine L cells, coupled to
the facilitation of GLP-1 release, which may be exploitable
as a target for treating diabetes.

The global rise in the prevalence of type 2 diabetes makes
it one of the biggest health and socioeconomic burdens of
the 21st century. One of the newest and most successful
strategies for the treatment of type 2 diabetes is based
on mimicking, or enhancing, the endogenous action of
incretin hormones. Glucose-dependent insulinotropic

peptide (GIP) and GLP-1 are incretin peptides released
from K and L cells, respectively, located in the epithelial
layer of the gastrointestinal tract. GIP and GLP-1
potentiate glucose-dependent insulin secretion, whereas
GLP-1 additionally suppresses appetite, glucagon secre-
tion, and gastric emptying (1). These effects have been ex-
ploited pharmacologically through the use of long-acting
GLP-1 mimetics or inhibitors of incretin inactivation by
dipeptidyl peptidase-4 (DPP4) (2). Incretin therapy has
significant benefits over older insulinotropic medications
like sulphonylureas, as it does not bypass the glucose-
sensing machinery of the pancreatic 3-cell and thus pro-
motes insulin secretion in relation to ambient plasma glucose
levels, minimizing the risk of hypoglycemia. In addition,
GLP-1 mimetics are associated with sustained weight loss
(3,4), whereas DPP4 inhibitors appear to be weight neu-
tral (5), a difference that might reflect the higher effective
concentrations of active GLP-1 reached with the former.
Importantly, the substantially increased release of endog-
enous GLP-1 seen after Roux-en-Y gastric bypass surgery
is likely to contribute toward the observed high rates
of resolution of type 2 diabetes (6,7). Understanding the
mechanisms that underlie endogenous GLP-1 secretion
could therefore facilitate the development of novel therapies
based on potentiating the postprandial incretin effect.
Over the past decade, we and others have investigated
the mechanisms underlying nutrient-coupled incretin se-
cretion (8), aided by the development of model enteroen-
docrine cells lines (including GLUTag and STC-1) as well as
primary intestinal epithelial cell cultures. As hormone
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release is dependent upon elevated cytosolic Ca®*, mech-
anisms of stimulus-coupled incretin secretion are com-
monly associated with membrane depolarization and
voltage-gated Ca”* channel activation, or the release of
Ca®* from intracellular stores (9-12). Although numerous
ion channels and G protein—coupled receptors (GPCRs)
have been shown to facilitate these mechanisms, the poten-
tial contribution of the transient receptor potential (TRP)
superfamily of ion channels has been relatively unexplored.
TRP ion channels form a family of nonselective, cation-
conducting channels that are responsive to a variety of phys-
ical, chemical, and thermal stimuli and play fundamental
roles in sensory physiology (13). They have well-established
roles in conferring appreciation for bitter, sweet, and
umami tastes (14), as well as the regulation of gastrointes-
tinal motility and absorption (15). Emerging data support
a role for TRP channels in modulating both incretin and
insulin secretion. Oral administration of the TRPV1 ago-
nist capsaicin, for example, increased plasma GLP-1 and
insulin concentrations and improved glucose tolerance in
mice (16). TRPA1 agonists have been shown to regulate
insulin secretion from rat pancreatic 3-cells and to increase
peptide YY (PYY) release and suppress food intake and
gastric emptying in mice (17,18). TRPA1 is well character-
ized as a detector of nonnutrient food components such
as cinnamaldehyde (cinnamon), gingerol (ginger), allicin
(garlic), and allyl-isothiocyanate (AITC, mustard oil) but
has also been identified as a putative polyunsaturated
fatty acid (PUFA) sensor (19,20). Doses (1 and 3 g) of
cinnamon were found to increase GLP-1 levels in humans
(21). Despite these findings, however, the functional con-
tribution of TRP channels to the regulation of enteroen-
docrine cell physiology is currently unclear.

In this study, we investigated the expression and
function of TRP channels in enteroendocrine cells. We
show that trpal is selectively expressed in L cells of the
small intestine, is functionally active, and is involved in
nutrient- and nonnutrient-coupled GLP-1 secretion.

RESEARCH DESIGN AND METHODS

Animals

Animal procedures were approved by local ethical review
committees and conformed to U.K. Home Office regu-
lations. Experiments were performed using mice on
a C57B/6 background. Trpal ’~ mice were a gift from
Drs. Kelvin Kwan and David Corey (Harvard Medical
School, Boston, MA) (22). GLU-Cre mice have been de-
scribed previously (23). To enable Ca%* monitoring in
small intestinal L cells, these were crossed with commer-
cially available ROSA26-GCaMP3 reporter mice (24) (Jax
stock 014538), resulting in expression of the genetically
encoded Ca®* sensor in L cells, and with ROSA26-tdRFP
mice to facilitate L-cell identification (25).

Primary Enteroendocrine and GLUTag Cell Culture

Processing and culture of primary enteroendocrine cells
were as described previously (26). In brief, mice aged 10-
24 weeks were killed by cervical dislocation, and colonic
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(entire colon/rectum), ileal (10-cm region adjacent to ce-
cum), or duodenal (10-cm region adjacent to stomach)
tissue was taken. Intestinal tissue was cleaned thoroughly
with PBS and the outer muscle layer removed. Tissue was
digested using collagenase type XI, and cell suspensions
were plated either onto 24-well plates (GLP-1 secretion
analysis) or 35-mm glass-bottomed dishes (ca®* imaging),
pretreated with 1% volume for volume matrigel (BD Bio-
sciences, Oxford, U.K.). For ileal and duodenal cultures,
the ROCK inhibitor Y-27632 dihydrochloride (10 pmol/L)
was added to final cell suspensions before plating.

GLUTag cells were maintained in 75-cm? flasks with
DMEM (1,000 mg/L glucose) supplemented with 10%
EBS, L-glutamine, and penicillin/streptomycin at 37°C,
5% CO,. Cells for experimental use were plated as de-
scribed for primary cultures or for electrophysiology were
plated onto 35-mm plastic dishes. All cultures were ana-
lyzed within 48 h of plating.

Compounds

AITC, carvacrol, arachidonic acid (AA), eicosapentaenoic
acid (EPA), docosahexaenoic acid (DHA), HC-030031, and
A-967079 and other reagents, except where indicated,
were obtained from Sigma-Aldrich (Poole, U.K.). For in
vitro experiments, stock solutions (X1,000 working con-
centration) of AITC, AA, EPA, and DHA were made in
DMSO, and carvacrol was made in ethanol. Compounds
were diluted to working concentrations on the day of
use. Respective vehicle controls were used to confirm the
specificity of each compound tested.

Microarray Analysis

Isolated RNA from cell populations of different intestinal
regions was extracted as previously described and con-
verted to ¢cDNA, which was then used for microarray
analysis (27) using Affymetrix Murine 430 2.0 and Affy-
metrix ST 1.0 GeneChips.

Quantitative RT-PCR

Isolation and extraction of RNA were performed as pre-
viously described (27). The appropriate amount of first-
strand cDNA template was mixed with specific TagMan
primers (Applied Biosystems, Foster City, CA), water, and
PCR Master Mix (Applied Biosystems), and quantitative RT-
PCR was conducted using a 7900HT Fast Real-Time PCR
system (Applied Biosystems). Results were normalized to
B-actin from the same sample. The following primer pairs
were used (Applied Biosystems): trpal, Mm01227437_m1,;
trpcl, Mm00441975_m1; trpc3, Mm00444690_m1; and
trpm7, Mm00457998_m1. Experiments were performed
on at least three independently isolated cDNA samples.

Ca?* Imaging

GLUTag cells were incubated with 5 pmol/L fura-2-
acetoxymethyl ester (fura-2-AM; Invitrogen, Paisley, U.K.)
and 1 mmol/L glucose in standard extracellular buffer
(concentrations in mmol/L: 143.4 NaCl, 4.5 KCl, 2.6
CaCl,, 1.2 MgCl,, and 10 HEPES, pH corrected to 7.4
using NaOH) for 15 min at 37°C followed by 15 min at
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room temperature. Cells were then washed three times with
glucose-free extracellular solution (as above), and changes
in Ca”* levels were assessed by measuring the change in
ratiometric fluorescence (excitation 340 + 10/380 * 4 nm)
at =510 nm. Measurements of intracellular Ca®* dynamics
from primary cultures were performed using intestinal
cultures from GLU-Cre/ROSA26-GCaMP3/ROSA26-tdRFP
mice. L cells were identified by the presence of RFP fluores-
cence, and changes in intracellular Ca®* levels were repre-
sented by a change in the intensity of GFP fluorescence
(excitation 480 * 10 nm). Imaging experiments were per-
formed using an Olympus IX71 microscope with a 40X oil
immersion objective, fitted with a monochromator (Cairn
Research, Faversham, U.K)) and OrcaER camera (Hama-
matsu, Hamamatsu City, Japan). Images were acquired at
1 Hz and analyzed, after background subtraction, using
MetaFluor software (Molecular Devices, Sunnyvale, CA).

Electrophysiological Analysis

Electrophysiological experiments were performed using an
Axopatch 200B and Digidata 1440A (Axon Instruments,
Sunnyvale, CA). Fire-polished filamented borosilicate
patch pipettes coated with beeswax, with a resistance of
2.5-4 mol/L(}, were used (Harvard Apparatus, Holliston,
MA). For current clamp experiments, the following solu-
tions were used: standard extracellular buffer, as above,
and intracellular solution (in mmol/L): 107 KCl, 1 CaCl,, 7
MgCl,, 11 EGTA, 10 HEPES, and 5 K,ATP (pH 7.2 with
KOH). For voltage clamp experiments, following whole-
cell configuration, series resistance was compensated by
70% and the following solutions were used: extracellular
solution (in mmol/L), 115 NaCl, 5 CsCl, 5 CoCl,, 20 TEA-
Clp, 10 4-aminopyridine, 5 EDTA, 10 HEPES, and 0.3
pmol/L tetrodotoxin (pH 7.4 with NaOH); and intracel-
lular solution (in mmol/L), 107 CsCl, 5 MgCl,, 11 EGTA,
10 HEPES, and 5 Na,ATP (pH 7.2 with CsOH). Record-
ings were acquired at 25 kHz and filtered (low-pass Bessel
filter) at 10 kHz.

GLP-1 Analysis From Primary Intestinal and GLUTag
Cultures

After 24 h in culture, wells were washed three times with
standard extracellular buffer supplemented with 0.1%
BSA (fatty acid free) and 10 mmol/L glucose. Test
compounds were diluted to their working concentration
in the same extracellular buffer and added to each well
(250 pL). Cells were incubated at 37°C for 2 h, and so-
lutions were then removed and centrifuged at 2,000 RCF
for 5 min. Supernatants were snap frozen on dry ice. For
primary intestinal cultures, supernatant and lysate samples
were collected. GLP-1 contents were measured using a total
GLP-1 assay (Meso Scale Discovery, Gaithersburg, MD). For
primary cultures, results were calculated as a percentage of
GLP-1 content per well and were normalized to the control
well (extracellular buffer alone) measured in parallel on the
same day. For experiments where voltage-gated ion chan-
nels were blocked, the extracellular solution was replaced
with that used for voltage clamp analysis (see above).

Diabetes Volume 64, April 2015

Assessment of GLP-1 Release In Vivo

Male mice were fasted overnight before receiving AITC or
vehicle (PBS) by oral gavage (10 mL/kg). Five minutes after
the gavage, each animal was anesthetized (isoflurane) and
a terminal blood sample was taken. For intestinal perfusion
studies, fasted male mice were anesthetized and underwent
a laparotomy prior to receiving an intraduodenal bolus
injection (0.6 mL) of carvacrol, vehicle (PBS), or positive
control (20% weight for volume glucose in PBS). A portal
vein blood sample was taken at 5 min postinjection. The
method was adapted from a protocol previously described
for colonic stimulation (28). Blood samples were collected
in EDTA and centrifuged at 13,000g for 90 s, and the plasma
was collected and used for GLP-1 analysis.

Data Analysis

Results are expressed as mean *= SEM, unless otherwise
stated. Statistical analysis was performed using GraphPad
Prism (version 5.01, San Diego, CA). For mRNA expres-
sion and GLP-1 secretion data, one-way ANOVA with
Bonferroni post hoc analysis was performed on log-
transformed values, as these data were heteroscedastic.
Electrophysiological and Ca”* imaging data were assessed
using repeated-measures ANOVA with Bonferroni post
hoc analysis or paired Student t test, as appropriate. Val-
ues were regarded as significant if P < 0.05.

RESULTS

TRP Expression Profiles Within Discrete
Enteroendocrine Cell Populations
Microarray analysis was used to compare expression of
mRNAs encoding TRP channels in primary murine K- and
L-cell populations as well as in GLUTag and STC-1 cell
lines (27). The profiling of TRP channel expression using
the Affymetrix 430 2.0 array is shown in Fig. 1. Of the 24
channels analyzed, only 6 (trpal, trpcl, trpc3, trpcd, trpc5,
and trpm?7) exhibited at least twofold higher expression in
one or more primary enteroendocrine cell populations
compared with their respective negative controls. An in-
dependent microarray analysis of L cells and controls
from the upper small intestine was performed using Affy-
metrix ST 1.0 arrays (Supplementary Fig. 14) and con-
firmed the selective and/or high expression of trpal,
trpcl, trpe3, and trpm?7, but not trpc4d and trpe5. Of the
four candidates identified from both screens, TRPA1
is the only channel currently known to be potently acti-
vated by compounds commonly present in food and was
therefore chosen for further investigation. In contrast to
a previous report (16), which detected TRPV1 immuno-
histochemically in STC-1 cells, we only found very low
trpvl mRNA expression in all the analyzed cell types, with
no evidence of enteroendocrine cell-specific expression.
To confirm the fidelity of the microarray screens,
targeted quantitative PCR was performed to assess trpal
expression levels in L cells of the small and large intestine
as well as in GLUTag cells (Fig. 1, inset). As observed in
the microarray screen, trpal expression was enriched
in L-cell populations compared with controls, was higher
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Figure 1—Expression profiles of TRP channel mMRNAs within discrete enteroendocrine cell populations. Main figure shows microarray
analysis for the TRP superfamily. Expression of each TRP mRNA was assessed by robust multiarray analysis from murine small intestinal
K (K+) and L (L+) cells, colonic L cells (LC+), as well as GLUTag and STC-1 cell lines. Each primary enteroendocrine cell population was
compared with their respective negative population (K—, L—, and LC—). Inset shows real-time quantitative PCR analysis of troa’ mRNA
in the upper small intestine (USI) and lower small intestine (LSI) within murine L+ and L— cell populations, as well as GLUTag cells. Values
are normalized to the expression of B-actin from the same cell populations (n = 3; **P < 0.01 and ***P < 0.001, two-way unpaired Student

t test). arb, arbitrary units.

in upper than in lower small intestinal L cells, and was
detectable at low levels in GLUTag cells. It was not detect-
able in colonic L cells (data not shown). Expression of
trpcl, trpe3, and trpm7 was also confirmed using targeted
quantitative analysis, further validating the expression
profiles identified by the microarrays (Supplementary
Fig. 1B-D).

Ca?* Response Following TRPA1 Agonism in Primary
Enteroendocrine Cells

To assess whether the high expression of trpal mRNA in
upper small intestinal L cells represents a functional
TRPA1 ion channel population, calcium imaging was per-
formed on primary L cells cultured from the duodenum of
GLU-Cre/ROSA26-GCaMP3 mice. These mice exhibit L
cell-specific expression of the GCaMP3 protein, a geneti-
cally encoded Ca®* sensor that enables intracellular Ca®*
levels to be monitored as a function of GFP fluorescence
(24) (Fig. 2A). Consistent with the high expression of
trpal mRNA, the TRPA1l agonist AITC (100 pmol/L)
caused a significant increase in GCaMP3 fluorescence in
GLU-Cre/ROSA26-GCaMP3 primary L cells (Fig. 2B and
Supplementary Fig. 2). This response was completely
inhibited when AITC was coapplied with the specific
TRPA1 inhibitor, A-967079 (10 wmol/L). To further vali-
date the functional expression of TRPA1 ion channels, the
action of an alternative agonist, carvacrol (50 wmol/L),
was investigated. As observed following the application
of AITC, carvacrol induced a large Ca”* transient in
GLU-Cre/ROSA26-GCaMP3 primary L cells, which was
also completely inhibited following TRPA1 inhibition
(Fig. 2C). To confirm the specificity of TRPA1 inhibition

by A-967079, we tested its effects on responses to glu-
cose. Consistent with previous findings (26), 10 mmol/L
glucose caused an increase in intracellular Ca?*in L cells, an
effect that was reproducible and unaffected by the coappli-
cation of A-967079 (Fig. 2D).

As TRPA1 has been reported to respond to a number of
PUFAs (19), we examined the effects of AA, EPA, and
DHA on duodenal GLU-Cre/ROSA26-GCaMP3 primary L
cells. AA, EPA, and DHA (200 pmol/L each) caused robust
increases in intracellular Ca®* (Fig. 2E-G). Whereas the
increase of intracellular Ca®* caused by AA and EPA was
prevented by A-967079, the effect of DHA was only par-
tially inhibited, suggesting the additional activation of
a TRPA1l-independent mechanism.

We hypothesized that the Ca®* responses could arise
from direct CaZ* entry through TRPA1, recruitment of
intracellular Ca®* stores, or depolarization-dependent ac-
tivation of voltage-gated Ca®* channels. When we used
a cocktail of inhibitors (see RESEARCH DESIGN AND METHODS)
to prevent activation of voltage-gated ion channels, AITC
(100 pmol/L) failed to elicit a response (Fig. 2H), whereas
bombesin (100 nmol/L), a Gq activator releasing Ca’*
from intracellular stores, still increased intracellular CaZ*
levels. These findings suggest that TRPA1l activation
increases depolarization-dependent voltage-gated Ca”*
entry.

We investigated whether GLUTag cells could be used as
a model system for monitoring TRPA1 activity. Despite
the relatively low expression of trpal mRNA, AITC in-
duced robust calcium transients in a subpopulation (20/
107; 19%) of GLUTag cells, supporting their use for the
electrophysiological characterization of TRPAL.
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Figure 2—Ca?* imaging analysis of TRPA1 in primary small intes-
tinal L cells using GLU-Cre/ROSA26-GCaMP3 mice. A: Represen-
tative images showing the change in GCaMP3 fluorescence before,
during, and after the application of AITC (100 umol/L) to a primary
duodenal L cell cultured from GLU-Cre/ROSA26-GCaMP3 mice.
B and C: The application of AITC (100 umol/L) or carvacrol (Car,

Diabetes Volume 64, April 2015

TRPA1 Agonists Potentiate Electrical Activity in
GLUTag Cells

GLUTag cells were used to investigate whether TRPA1
activation modifies cellular electrical activity. Due to its
ability to activate TRPA1 reversibly through noncovalent
interactions (20), the effect of carvacrol (50 pmol/L) on
action potential frequency was assessed using whole-cell
current clamp. Carvacrol application caused a rapid increase
in the rate of action potential firing from GLUTag cells,
which was quickly reversed following washout (Fig. 3A
and B). Subsequent responses to a glucose stimulus were
unaffected (Fig. 3A). The carvacrol-triggered increase in
action potential frequency was associated with depolariza-
tion of the resting membrane potential (from -54.9 * 0.9
to —46.9 = 1.3 mV, n = 4), consistent with the activation
of a TRPA1-like depolarizing current (Fig. 3B) (29).

To further investigate the origin of the membrane
depolarization, current-voltage analysis was performed on
GLUTag cells using whole-cell voltage clamp. To isolate
TRPA1-like currents, blockers of voltage-gated Na*, K*, and
Ca®* channels were used (see RESEARCH DESIGN AND METHODS).
Addition of carvacrol activated an outwardly rectifying
current, with characteristics typical of TRPA1 (Fig. 3C
and D) (20), and was reversed by coapplication of A-967079
(10 wmol/L). Consistent with the observed shift in resting
membrane potential and increase in action potential fre-
quency, carvacrol significantly increased the magnitude of
the depolarizing current measured at —-50 mV, the typical
resting membrane potential of GLUTag cells (30).

TRPA1 Agonist-Coupled GLP-1 Secretion in
Enteroendocrine Cells

In GLUTag cells, AITC (100 pmol/L) caused an approxi-
mately twofold increase in GLP-1 secretion, independent
of the basal glucose concentration (Fig. 4A and Supple-
mentary Fig. 3A). This response was completely inhibited
when AITC was coapplied with the TRPA1 inhibitor
HC-030031 (50 pwmol/L). Importantly, HC-030031 did
not impair secretion triggered by glucose, consistent

50 pwmol/L) caused a robust and significant increase in intracellular
Ca®* as measured by GCaMP3 fluorescence, an effect that was
inhibited by the coapplication of the TRPA1 inhibitor A-967079
(A-9, 10 pmol/L). D: Glucose (10 mmol/L) application signifi-
cantly increased intracellular Ca2* levels independent of TRPAT
inhibition. E-G: The addition of PUFAs AA, EPA, and DHA (all at
200 pmol/L) significantly increased intracellular Ca2* levels.
The coapplication of A-9 fully inhibited the effects of AA and
EPA but only partially inhibited the effect of DHA on intracellular
Ca?* levels. H: Carvacrol (50 umol/L) caused no change in in-
tracellular Ca®* levels during a complete voltage-gated ion
channel block (see RESEARCH DESIGN AND METHODS). In contrast, the
subsequent application of the Gq activator bombesin (Bom,
100 nmol/L) did cause a significant increase in intracellular Ca®*
levels. All experiments were n = 5. *P < 0.05, #P < 0.05, and
**P < 0.01, repeated-measures ANOVA with Bonferroni post hoc
test; *significance level from baseline; #significance level between
groups. The dotted line on each graph represents the respective
baseline value.
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Figure 3—Electrophysiological analysis of TRPA1 in GLUTag cells.
A: Representative current-clamp recording showing the increase in
action potential frequency following the application of TRPA1 ago-
nist carvacrol (50 pmol/L). The effect of carvacrol was reversible
and did not affect responses to the subsequent application of glu-
cose (10 mmol/L). B: The addition of carvacrol (Car) significantly
and reversibly increased action potential frequency (AP Freq.) and
depolarized the plasma membrane (n = 4). C: Representative current-
voltage trace showing the effects of carvacrol application on
increasing the outward- and inward-rectifying properties of an iso-
lated TRP-like current. The change in rectification properties was
fully reversed following the coapplication of A-967079 (A-9, 10
wmol/L). D: Carvacrol caused a significant increase in the inward
current at —50 mV (typical resting membrane potential [RMP]) and
outward current at +80 mV, which was reversed following the coap-
plication of A-967079 (n = 7; *P < 0.05 and **P < 0.01, two-way
paired Student t test).

with the lack of effect of TRPA1 antagonism on glucose-
induced Ca”* responses (Supplementary Fig. 3B and Fig. 2D).
AA, EPA, and DHA (200 pmol/L each) all caused ap-
proximately fourfold elevations in GLP-1 secretion,
which were significantly inhibited by coapplication of
HC-030031 (Fig. 4B-D).

We next tested the response of primary ileal epithelial
cultures to TRPA1 stimulation. Consistent with the effects
observed in GLUTag cells, both AITC and carvacrol caused
a significant increase in GLP-1 release, which was inhibited
by HC-030031 (Fig. 5A and B). AITC failed to trigger GLP-1
secretion when Ca®’ entry through voltage-gated Ca®*
channels was prevented, whereas bombesin still enhanced
GLP-1 secretion (Fig. 5D). Application of AA, EPA, and
DHA also caused a significant increase in GLP-1 release,
greater than that observed following AITC or carvacrol
stimulation (Fig. 5C, E, and F). However, unlike in GLUTag
cells, PUFA-stimulated GLP-1 secretion from ileal cultures
was unaffected by HC-030031. To further confirm that the
stimulatory effects of AITC and carvacrol were TRPA1
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Figure 4—The effect of TRPA1 agonism on GLP-1 secretion from
GLUTag cells. A: AITC (100 wmol/L) incubation with GLUTag cells
caused a significant increase in GLP-1 secretion over 2 h, which
was fully inhibited when AITC was coincubated with HC-030031
(HC, 50 pwmol/L). B-D: The incubation of PUFAs AA, EPA, and DHA
(all at 200 pwmol/L) also caused a significant and robust increase in
GLP-1 secretion from GLUTag cells. The coincubation with A-967079
significantly reduced, but did not abolish, the effect of PUFA-induced
GLP-1 secretion. All experiments were n = 6. ***/###P < 0.001, one-
way ANOVA with Bonferroni post hoc test; *significance level
from baseline, #significance level between groups. The dotted
line on each graph represents the respective baseline value. n.s.,
not significant.

specific, ileal cultures were tested from trpal /" mice.
Both AITC and carvacrol induced significantly smaller
increases in GLP-1 release from trpal /™ ileal cultures
compared with age-matched trpal™” littermates, mirror-
ing the reduced level of GLP-1 secretion observed follow-
ing TRPA1 inhibition with HC-030031 (Fig. 5G and H).
Application of 15 mg/kg AITC by gavage increased plasma
GLP-1 concentrations in vivo, but this response was not
reduced in trpal’~ mice, whereas lower doses did not
significantly increase GLP-1 levels (Fig. 6A and B). Injec-
tion of carvacrol directly into the duodenum of anesthe-
tized mice, bypassing potential problems with gastric
emptying, also only produced a trend toward increased
GLP-1 secretion (Fig. 4A and B).

TRPV1 Agonism Has No Effect on Intracellular Ca**
Levels or GLP-1 Secretion in Enteroendocrine L Cells
High concentrations of AITC have been shown to activate
TRPV1 (31), and TRPV1 activation by capsaicin has been
reported to increase plasma GLP-1 concentrations in mice
(16). We therefore examined whether TRPV1 channels are
functionally expressed in L cells and might account for the
observed nonspecific increase in plasma GLP-1 levels by
AITC in vivo. Consistent with the low trpvl mRNA levels,
however, application of the specific TRPV1 agonist capsai-
cin (100 nmol/L) caused no change in GCaMP3 fluorescence
in primary colonic L cells (Fig. 7A). Furthermore, incubation
of primary ileal, colonic, or GLUTag cultures with capsaicin
(100 nmol/L) did not increase GLP-1 secretion (Fig. 7B).

DISCUSSION

Trpal was identified by expression analysis as an entero-
endocrine cell transcript localized particularly to L cells of
the upper small intestine. In functional experiments,
TRPA1 activation was shown to cause membrane depolar-
ization, action potential firing, Ca?* entry, and GLP-1
secretion. Responses were triggered by AITC and carvacrol

620z AeN 81 uo 3senb Aq ypd° 2€.20v1AP/892085/202 L /v/+9Pd-8loie/seleqelp/Bio sjeunofsaieqelp;/:dpy wol papeojumoq


http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-0737/-/DC1

1208 TRPA1-Coupled GLP-1 Secretion

A B

T 5.0
2.5 2.0{ 4ii
o, 2.0 1.5 )
2 1.5 ' 3.0
Q_ 1'0 1) . 20
. .
ﬂ_,.-[]_s 0.5 L) ——
©o.0 0.0t = 0.0
09‘ Ga(
oC

ia 3.0
- 2.5
&1 2.0
91 1.5
N 1.0
B0 05 :
©0.0 0.0 0.0

4 0.0
> =~ s = AITC Carvacrol
<& @?&C o OY\:G

Figure 5—The effect of TRPA1 agonism on GLP-1 secretion from
small intestinal 1‘rpa1“'/+ and trpa1’/’ enteroendocrine cells. A and B:
Both AITC (100 wmol/L) and carvacrol (50 pwmol/L) caused a signifi-
cant increase in GLP-1 secretion from murine ileal cultures and were
fully inhibited by the TRPA1 inhibitor HC-030031 (HC, 50 wmol/L). C:
Incubation of carvacrol (Car, 50 uwmol/L) in the presence of a com-
plete voltage-gated ion channel block had no effect on GLP-1 se-
cretion from murine ileal cultures; however, a significant increase in
GLP-1 secretion was observed following a similar incubation with
bombesin (Bom, 100 nmol/L) (n = 5-6, unpaired Student t test). D-F:
The PUFAs AA, EPA, and DHA (all at 200 pmol/L) all caused robust
and significant increases in GLP-1 secretion and were not affected
by coincubation with HC (50 wmol/L). G and H: The effect of AITC
and carvacrol to increase GLP-1 secretion from murine ileal cultures
was abolished in trpa? '~ mice (black bars) compared with wild type
(white bars). Experiments were n = 6 wells from three or more mice,
unless otherwise indicated. */#P < 0.05, */##P < 0.01, and **/###P <
0.001, one-way ANOVA with Bonferroni post hoc test; *significance
level from baseline, #significance level between groups. The dotted
line on each graph represents the respective baseline value. n.s.,
not significant.

as well as by PUFAs, and were largely abolished by TRPA1
antagonists or in mice lacking trpal, clearly demon-
strating a role for TRPA1 in GLP-1 secretion. Others
have reported an elevation of murine plasma PYY after
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Figure 6 —In vivo effects of AITC. A: Administration of AITC (15 mg/kg)
or vehicle (PBS) by oral gavage caused a significant increase in plasma
GLP-1 levels at 5 min in wild-type (WT) mice that was also present in
the trpa?™~ (n = 6). B: The administration of AITC at 1.5 and 0.15
mg/kg failed to cause any significant increase in plasma GLP-1 levels
(n = 8-11; two-way unpaired Student t test). “P < 0.05 and *P < 0.01.
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Figure 7—Analysis of functional TRPV1 in primary enteroendocrine
cells and GLUTag cells. A: Addition of capsaicin (Cap, 100 nmol/L)
failed to elicit any significant change in intracellular Ca®* levels as
measured by GCaMP3 fluorescence in colonic L cells from GLU-
Cre/ROSA26-GCaMP3 mice. KCI (30 mmol/L) was used to confirm
the responsiveness of each L cell analyzed. B: Incubation of murine
ileal or colonic intestinal cultures or GLUTag cells with capsaicin
(100 nmol/L) for 2 h did not significantly alter GLP-1 secretion com-
pared with basal (10 mmol/L glucose). All experiments were n = 5.
**P < 0.01, repeated-measures ANOVA or one-way ANOVA, both
with Bonferroni post hoc test. The dotted line on each graph rep-
resents the respective baseline value.

application of the TRPA1 agonists cinnamaldehyde or
methyl syringate, which was blocked when ruthenium
red or HC-030031 was coapplied (18). By contrast, al-
though we observed an elevation of GLP-1 after AITC
application in vivo, the effect was preserved in trpal /"~
mice. We believe that factors such as the relatively small
effect size and the nonspecific targets of higher concentra-
tions of AITC hindered the detection of significant TrpAl-
mediated changes in plasma hormone concentrations.
Trpal was also detected in a recent RNASeq analysis of
transcripts enriched in gastric D cells (A.E. Adriaenssens,
E.M.G., E.R., unpublished data), suggesting that stimula-
tion of D-cell somatostatin release might also be triggered
by TRPA1 agonists in vivo, which would tend to counter-
act the secretion of GLP-1 (32).

TRPA1 channels are known to be activated by numer-
ous dietary-related compounds such as those present in
cinnamon, ginger, and oregano as well as the Brassica
genus of plants. Besides stimulation by AITC and carva-
crol, we found that TRPA1 channels in duodenal L cells
were also activated by PUFAs, consistent with their puta-
tive role as a fatty acid sensor (19). Intracellular Ca%*
fluxes caused by AA, EPA, or DHA were fully or partially
inhibited by the coapplication of a specific TRPA1 antag-
onist. By contrast, TRPA1 antagonism had either partial
or no effect on PUFA-triggered GLP-1 secretion from
GLUTag or primary ileal cultures, respectively. The reason
for this discrepancy is unclear, but it could reflect differ-
ences in the duration of PUFA exposure between the
experimental approaches. PUFAs, such as AA, have well-
established roles in intracellular cell signaling and they are
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an essential precursor of eicosanoid synthesis (33,34).
These alternative pathways could contribute to an increase
in GLP-1 secretion, independent of TRPA1 activation, po-
tentially explaining the mismatch between PUFA-associated
changes in cellular Ca®* and GLP-1 release. The additional
discrepancy between GLUTag and primary L cells, in terms
of PUFA-induced GLP-1 secretion, could be due to the differ-
ences in the relative contributions of TRPA1-dependent and
-independent mechanisms that are downstream of PUFA
stimulation.

The finding of trpal expression in upper small intesti-
nal L cells is consistent with a recent report that trpal was
identified in cholecystokinin (CCK)-containing enteroen-
docrine cells of the mouse intestinal tract (35). Although
the authors did not specifically examine whether trpal
was also coexpressed with GLP-1, we showed previously
that approximately half of CCK-positive cells in the small
intestine coexpress GLP-1 (27). In the present manu-
script, we restricted our functional analysis to TRPAI,
but further investigation is warranted into the roles of
TRPC1, TRPC3, and TRPM7, which have putative func-
tions in regulating intracellular Ca®* levels by capacitative
Ca** entry, or in 1\/Ig2+ homeostasis (36,37). Another TRP
channel, TRPV1, was recently reported to play a role in
enhancing GLP-1 and insulin secretion in mice (16), but
whether this effect was via direct enteroendocrine cell
activation was unclear. Our findings that capsaicin had
no effect on intracellular Ca®* levels in murine colonic
L cells or on GLP-1 secretion and that the microarray
signal for TRPV1 was very low in L cells suggest that
TRPV1-associated GLP-1 secretion is not via direct activa-
tion of L cells. As TRPV1 activation has been shown to
augment gastric emptying in both mice and humans
(38,39), it is possible that the previously observed augmen-
tation by capsaicin of glucose-triggered GLP-1 release was
related to the rapid emptying of gastric glucose, delivering
a larger glucose load to L cell-rich regions of the intestine.

Physiological Relevance
Based on the success of incretin-based strategies for the
treatment for type 2 diabetes, new therapeutic approaches
are under evaluation, aiming to stimulate the endogenous
release of GLP-1 and other gut peptides. Evidence support-
ing this approach comes from the field of bariatric surgery,
which is not only successful for the treatment of morbid
obesity but additionally results in the remission of type 2
diabetes in many individuals. Rearrangement of the gas-
trointestinal tract during surgery limits or restricts food
entering the stomach and/or the upper small intestine,
exposing the unbypassed intestine to an enriched nutrient
environment. Associated with this change in nutrient
exposure are significantly elevated postprandial GLP-1
and PYY levels (40), which likely contribute to improved
insulin release and reduced appetite. Developing strategies
that medically mimic bariatric surgery is a high priority.
The role of TRPA1 in GLP-1 secretion in humans is yet
to be studied, but there is emerging evidence that TRPA1
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dietary agonists can participate in the restoration of
glycemic control in patients with type 2 diabetes (41-44).
A recent meta-analysis investigating the effects of dietary
cinnamon, which contains the TRPA1 agonist cinnamalde-
hyde, showed that there was a significant improvement in
levels of fasting plasma glucose, total cholesterol, and tri-
glyceride levels after 4-18 weeks of increased cinnamon in-
take (45). Our findings offer support for the investigation of
whether small intestinal delivery of TRPA1 dietary agonists
can regulate glycemic control and present TRPA1 as a potential
therapeutic target for the treatment of type 2 diabetes.
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