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Abstract: TRPA1 is a ligand-activated cation channel found in the intestine and other tissues.
Components of food that stimulate TRPA1 receptors (phytonutrients) include allyl isothiocyanate,
cinnamaldehyde and linalool, but these may also act at other receptors. Cells lining the intestinal
mucosa are immunoreactive for TRPA1 and Trpa1 mRNA occurs in mucosal extracts, suggesting
that the TRPA1 receptor is the target for these agonists. However, in situ hybridisation reveals
Trpa1 expression in 5-HT containing enteroendocrine cells, not enterocytes. TRPA1 agonists evoke
mucosal secretion, which may be indirect (through release of 5-HT) or direct by activation of
enterocytes. We investigated effects of the phytonutrients on transmucosal ion currents in mouse
duodenum and colon, and the specificity of the phytonutrients in cells transfected with Trpa1, and in
Trpa1-deficient mice. The phytonutrients increased currents in the duodenum with the relative
potencies: allyl isothiocyanate (AITC) > cinnamaldehyde > linalool (0.1 to 300 µM). The rank order
was similar in the colon, but linalool was ineffective. Responses to AITC were reduced by the TRPA1
antagonist HC-030031 (100 µM), and were greatly diminished in Trpa1−/− duodenum and colon.
Responses were not reduced by tetrodotoxin, 5-HT receptor antagonists, or atropine, but inhibition
of prostaglandin synthesis reduced responses. Thus, functional TRPA1 channels are expressed by
enterocytes of the duodenum and colon. Activation of enterocyte TRPA1 by food components has the
potential to facilitate nutrient absorption.

Keywords: micronutrients; enteroendocrine cells; intestine; serotonin; transepithelial transport;
transient receptor potential A1

1. Introduction

Herbs or herb-derived chemicals (collectively, phytonutrients) are used in very small amounts
(parts per million, i.e., grams per tonne) to flavour food and, in animal feed, and are proposed
to improve efficiency of nutrient digestion [1–5]. Several of these herbs contain compounds that
activate transient receptor potential ankyrin 1 (TRPA1) channels. These include cinnamaldehyde from
cinnamon, allyl isothiocyanate (AITC), which is a pungent component in mustard, radish, horseradish
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and wasabi, and linalool, which is found in many plant species, including mints, laurels and citrus
fruits, but is not pungent [6–8]. TRPA1 is also activated by polyunsaturated fatty acids [9]. A site of
exposure to these food components is the mucosal lining of the gastrointestinal tract. While TRPA1
expression has largely been associated with sensory nerves, and it has roles in pain sensation and
inflammation, the receptor is also expressed on a multitude of non-neuronal sites, leading to ongoing
investigations into its non-nociceptive functions. TRPA1 is a non-selective cation channel whose
opening depolarises cells and permits calcium entry [10]. Thus, TRPA1 agonists in food would be
expected to change ion currents across the mucosa if functional TRPA1 channels are expressed in
the mucosal epithelium. TRPA1 mRNA has been detected by RT-PCR in colonic crypts in rat [11],
in extracts of the duodenal, ileal and colonic mucosa of mouse [12,13] and in mouse and human
duodenal mucosa [14]. It has been detected by immunohistochemistry in the surface epithelium of the
rat colon [11] and mouse small intestine and colon [12]. TRPA1 channels have also been reported in
enteroendocrine (EEC) cells of the human, rat, and mouse intestine, with most of the Trpa1-expressing
cells being immunoreactive for 5-hydroxytryptamine (5-HT) [13,15]. AITC caused 5-HT release from
isolated EEC and from a pancreas-derived enterochromaffin cell line [15].

TRPA1 agonists increase ion secretion in the pig small intestine [16], and the rat and human
colon [12], in each case the effect being resistant to the blocking of nerve conduction with tetrodotoxin
(TTX), which therefore appears to be a direct effect of the agonists on the mucosal epithelium. However,
AITC, cinnamaldehyde, linalool and other plant-derived stimulants of TRPA1 receptors lack specificity,
an example being the immune-suppressant effect of cinnamaldehyde through the inhibition of toll-like
receptor 4 [17], and whether their effects on ion secretion are mediated through TRPA1 has not
been investigated.

In order to gain further insight into the intestinal effects of food components that act at TRPA1
ligand-gated ion channels, we have compared the effects of cinnamaldehyde, AITC and linalool on
mucosal ion transport in the small intestine and colon from normal and Trpa1 knockout mice and on
cells transfected with Trpa1. We also used a TRPA1 receptor blocker to investigate the pharmacology of
the responses.

2. Methods

2.1. Animals

Male C57Bl/6 wild-type mice, aged eight to 10 weeks, were housed in the Biomedical Animal
Facility at the University of Melbourne. Trpa1-deleted mice and Trpa1+/+ colony-matched mice on
a C57Bl/6 background [18] were housed in the Monash Animal Research Platform. The animals
were provided standard chow and water ad libitum. National Health and Medical Research Council
of Australia (NHMRC) ethics guidelines were followed and the procedures were approved by the
University of Melbourne Animal Ethics Committee (ethical approval code No. 1312777).

2.2. Ussing Chamber Experiments

Isoflurane was used to anaesthetise the mice; carotid arteries and spinal cord were then severed.
Distal colon and duodenum segments were removed, opened along the mesenteric border and pinned,
with the external muscle included, onto Ussing chamber sliders (P2311, 0.3 cm2 apertures, Physiological
Instruments, San Diego, CA, USA) in physiological saline (Krebs’ solution: 11.1 mM glucose, 118 mM
NaCl, 4.8 mM KCl, 1.0 mM NaH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 2.5 mM CaCl2, pH 7.4).
The sliders were inserted into two-part chambers (EasyMount Diffusion Chambers, Physiologic
Instruments) and 5 mL Krebs’ solution was added to both sides, with the mucosal Krebs’ solution
containing 11.1 mM mannitol instead of glucose. The glucose is required as an energy substrate, but is
replaced with mannitol in the mucosal solution to restrict active transport while maintaining osmotic
balance. Solutions were kept at 37 ◦C and gassed with carbogen (5% CO2, 95% O2) to maintain pH.
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A multichannel voltage-current clamp (VCC MC6, Physiologic Instruments) was linked to each
chamber through a set of four electrodes (2 voltage sensing and 2 current passing electrodes) and agar
bridges (3% agarose/3 M KCl in the tip and backfilled with 3 M KCl) installed on opposite sides of
the tissue. Voltage and Isc readings were acquired using a PowerLab amplifier and recorded using
LabChart® 5 (both ADInstruments, Sydney, Australia).

Tissue was left to equilibrate for 30 min before clamping the voltage to 0 V. Epithelial resistance
(Ω·cm2) was determined from the Isc/voltage relationship by administering 2 s pulses of 2 mV every
60 s throughout most experiments and measuring the current changes.

Concentration response curves were created by consecutively adding increasing concentrations
(100 nM up to 300 µM) of TRPA1 agonists (AITC, cinnamaldehyde and linalool) to the mucosal side of
the Ussing chamber. The mucosal chamber was washed 4 min after the addition of the agonist, or when
the response plateaued. Antagonists (HC-030031, granisetron, SB-204070, atropine, indomethacin and
TTX) were added 20 min prior to the addition of a single dose of AITC (100 µM). With the exception of
the TRPA1 antagonist (HC-030031), which was added to the mucosal bath, and indomethacin, which
was added to both the serosal and mucosal baths, these antagonists were applied to the serosal bath.
Chambers were washed after 4 min, or when the AITC response plateaued, and again 5 min later.
In order to measure the time course of AITC response, a separate set of experiments was done with
a single dose of AITC (100 µM) added to the mucosal bath and not washed out.

Carbachol (100 µM) was added to the serosal bath at the end of every experiment to assess the
condition of the tissue. Results were excluded if the carbachol response was less than 10 µA·cm−2,
which is less than baseline fluctuations that were observed. Drug-induced resistance responses are
presented as changes from values before drug administration.

2.3. Calcium Mobilisation Assay

HEK293 cells expressing rat Trpa1 (HEK-TRPA1 cells) as previously described [19] were used.
The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, Sydney,
Australia) containing 10% tetracycline free fetal bovine serum, 100 U·mL−1 penicillin, 100 µg·mL−1

streptomycin and 50 µg·mL−1 hygromycin B. To induce TRPA1 channel expression, tetracycline
(0.1 µg·mL−1) was added to the medium 18 h before use. Non-transfected HEK293 cells, cultured
without hygromycin B, were used as negative controls. Cells were grown at 37 ◦C with 5% CO2.

For calcium measurements, cells were incubated with 2.5 µM Fura2-AM (Invitrogen, Sydney,
Australia) and pluronic acid (Invitrogen; 0.01%) in HEPES buffer (138 mM NaCl, 5 mM KCl, 1.2 mM
MgCl2, 2 mM CaCl2, 10 mM glucose, 10 mM HEPES, pH 7.4) for 1 h at 37 ◦C. A FlexStation three-plate
reader (Molecular Devices, Sunnyvale, CA, USA), was used to dispense TRPA1 agonists and monitor
changes in intracellular Ca2+. Fluorescence was measured (4 s intervals) at 340 nm and 380 nm
excitation and 510 nm emission wavelengths for 120 s.

Agonists were added at 15 s, and antagonists were pre-incubated 20 min before the addition of
the agonist. Data were recorded using SoftMax Pro® 5.4. The mean of the peak fluorescence ratio
after agonist injection minus the basal ratio was used for plotting concentration response curves as
previously described [20].

2.4. Compounds

AITC, cinnamaldehyde, linalool, carbachol, indomethacin, TTX, atropine and SB-204070 were
purchased from Sigma-Aldrich (Sydney, Australia). Granisetron was from SmithKline Beecham,
Harlow, UK and HC-030031 was from Sapphire Biosciences, Melbourne, Australia. TRPA1 agonists
(AITC, cinnamaldehyde and linalool) and TRPA1 antagonist (HC-030031) stock solutions were
dissolved in dimethyl sulfoxide (DMSO; maximum final volume 0.3%). Stock solutions of the
remaining compounds were made with distilled water. Further dilutions were made with HEPES
buffer for calcium mobilisation experiments and distilled water and Krebs’ solution for Ussing
chamber experiments.
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2.5. Data Analysis

Data from both the Ussing and calcium mobilisation concentration-response experiments are
presented as linear regression curves. A one-way ANOVA was used when comparing three or
more experimental groups, using a Dunnetts’ post hoc test to compare groups to the vehicle control.
An unpaired t-test was performed when comparing two groups.

pA2 values were calculated from concentrations of antagonists that did not depress the maximum
agonist response using the Gaddum/Schild EC50 shift analysis using GraphPad Prism 5.0 (Graph-Pad
Software, San Diego, CA, USA). Data are presented as mean ± SEM. Significance was set at p < 0.05.

3. Results

3.1. Effects of AITC, Cinnamaldehyde and Linalool on Ca2+ Mobilisation in HEK-TRPA1 Cells

AITC, cinnamaldehyde and linalool increased cytoplasmic Ca2+ in HEK-TRPA1 cells but not
in non-transfected HEK293 cells (Figure 1A, data not shown for cinnamaldehyde and linalool on
non-transfected HEK293 cells). The most potent agonist at 100 µM was AITC (0.36 ± 0.10 increase in
∆Fura-2 ratio, n = 5). The calcium response to cinnamaldehyde (100 µM) was 87% ± 22% of the AITC
response (n = 4), and to linalool (100 µM) was 32% ± 7% (n = 5) of the AITC response. The TRPA1
antagonist HC-030031 (100 µM), added to the cells at least 20 min before AITC, produced a rightward
shift in the concentration response curves in HEK-TRPA1 cells (Figure 1B; response at 100 µM AITC
plus HC-030031 was 65% ± 15% of AITC alone, n = 5). At 10 and 30 µM, HC-030031 had a minimal
effect on the AITC response curve (Figure 1B; response at 100 µM AITC was 107% ± 15%, n = 4 and
102% ± 20%, n = 4 of the response to AITC alone, respectively). The calculated pA2 for HC-030031
antagonism of AITC activation of rat TRPA1 was 4.27 ± 0.21.
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Figure 1. Concentration-response relationships for TRPA1 agonists and the effect of a TRPA1 receptor
antagonist on HEK393 cells transfected with the Trpa1 gene. (A) Calcium mobilisation (expressed as
∆ Fura-2 ratio) in response to allyl isothiocyanate (AITC), cinnamaldehyde (CMA) and linalool (LL);
(B) The inhibitory effect of graded concentrations of HC-030031 (HC) on the response to AITC in the
transfected cells. Neither the agonists nor the antagonist had any effect in the HEK293 cells that were
not transfected with Trpa1, indicated by AITC (non-T cells) in (A). The weak effect of linalool is reflected
in the studies of mucosal function.

3.2. Effects of AITC, Cinnamaldehyde and Linalool on Short Circuit Current (Isc)

In these experiments, the basal resistance in the duodenum was 61.6 ± 0.8 Ω·cm2 and the basal
Isc was 3.65 ± 0.38 µA·cm−2 (n = 122). In the colon, the basal resistance was 114.0 ± 2.3 Ω·cm2 and
the basal Isc was 6.02 ± 0.59 µA·cm−2 (n = 106). TRPA1 agonists, applied to the mucosal side of
mouse duodenum and colon tissue mounted in Ussing chambers, caused transient increases in the
short circuit current (Figure 2). Responses to AITC (100 µM) were greater in magnitude in the colon
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(58.7 ± 5.1 µA·cm−2, n = 11) than in the duodenum (21.4 ± 3.3 µA·cm−2, n = 13). Responses to 100 µM
AITC peaked between 1 and 1.4 min in the duodenum (n = 4) and 2 and 6.7 min in the colon (n = 7;
Figure 2). These responses declined to 50% at 2.3 to 2.6 min and at 4.6 to 9.0 min after adding AITC to
the duodenum and colon, respectively. Small, brief, transient decreases in Isc were sometimes observed,
prior to the increased Isc, following the addition of AITC, cinnamaldehyde, and linalool, 100 to 300 µM,
to the duodenum but not the colon.
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Figure 2. Representative traces of the short circuit current (Isc) following addition of AITC (100 µM).
AITC was added to the mucosal side of the Ussing chamber mounted with wild-type mouse duodenum
(A) and distal colon (B).

In cumulative concentration response determinations, the most potent agonist at 100 µM in the
duodenum was AITC (21.4 ± 3.3 µA·cm−2, n = 13), then cinnamaldehyde (7.2 ± 3.1 µA·cm−2, n = 7)
and then linalool (2.3 ± 1.1 µA·cm−2, n = 6) (Figure 3A). In the colon only AITC (58.7 ± 5.1 µA·cm−2,
n = 11) and cinnamaldehyde (32.5 ± 0.4 µA·cm−2, n = 8) were potent, with linalool having no effect
even at 300 µM (−1.0 ± 0.4 µA·cm−2, n = 6; Figure 3B).
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Figure 3. Concentration-response relationships for TRPA1 agonists on Trpa1+/+ and −/− tissues
in Ussing chambers. Change in short circuit current (Isc) in response to allyl isothiocyanate (AITC),
cinnamaldehyde (CMA) and linalool (LL) in wild-type mouse duodenum (A) and distal colon (B);
Change in Isc in response to AITC in duodenum (C) and distal colon (D) from Trpa1 −/− mice and
Trpa1 +/+ mice from the same colony.



Nutrients 2016, 8, 623 6 of 11

3.3. Effects of Pharmacological Antagonism and Ablation of Trpa1 on Responses to AITC

In the presence of the TRPA1 antagonist, HC-030031 (100 µM), Isc responses to AITC (100 µM)
were significantly reduced in both the duodenum (18.3 ± 5.1 µA·cm−2, n = 6, to 0.41 ± 0.12 µA·cm−2,
n = 6; p < 0.01) and the colon (52.6 ± 7.4 µA·cm−2, n = 7, to 8.9 ± 4.0 µA·cm−2, n = 5; p < 0.001)
(Figure 4).
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Figure 4. The TRPA1 receptor antagonist, HC-030031 (HC; 100 µM), reduced the effects of AITC
(100 µM) in both the duodenum (A) and colon (B). *** p < 0.01; ** p < 0.05. DMSO is the vehicle for
dissolving HC-030031.

AITC (300 µM) was significantly less potent in Trpa1−/− tissues compared to controls in the
duodenum (Trpa1+/+: 11.4 ± 5.2 µA·cm−2, n = 4; Trpa1−/−: 0.9 ± 0. 8 µA·cm−2, n = 6; p < 0.05) and
in the colon (Trpa1+/+: 38.3 ± 3.6 µA·cm−2, n = 3; Trpa1−/−: 3.0 ± 2.1 µA·cm−2, n = 4; p < 0.001)
(Figure 3C,D). In these experiments, effects in tissues from the wild-type mice (Trpa1+/+ mice) from the
same breeding colony as the Trpa1−/− mice were used for comparison. Responses in the duodenum
from these colony-matched Trpa1+/+ mice were smaller than in the C57Bl6 mice used in the remainder
of this study.

Representative traces of the response to AITC following incubation with HC-030031, and also in
the Trpa1 −/− and Trpa1 +/+ tissue, are shown in Figure 5.

Nutrients 2016, 8, 623  6 of 11 

3.3. Effects of Pharmacological Antagonism and Ablation of Trpa1 on Responses to AITC 

In the presence of the TRPA1 antagonist, HC‐030031 (100 μM), Isc responses to AITC (100 μM) 

were significantly reduced in both the duodenum (18.3 ± 5.1 μA∙cm−2, n = 6, to 0.41 ± 0.12 μA∙cm−2, n = 

6; p < 0.01) and the colon (52.6 ± 7.4 μA∙cm−2, n = 7, to 8.9 ± 4.0 μA∙cm−2, n = 5; p < 0.001) (Figure 4). 

 

Figure 4. The TRPA1 receptor antagonist, HC‐030031 (HC; 100 μM), reduced the effects of AITC (100 

μM)  in  both  the duodenum  (A)  and  colon  (B).  ***  p <  0.01;  **  p <  0.05. DMSO  is  the vehicle  for 

dissolving HC‐030031. 

AITC  (300  μM) was  significantly  less potent  in Trpa1−/−  tissues compared  to controls  in  the 

duodenum (Trpa1+/+: 11.4 ± 5.2 μA∙cm−2, n = 4; Trpa1−/−: 0.9 ± 0. 8 μA∙cm−2, n = 6; p < 0.05) and in the 

colon (Trpa1+/+: 38.3 ± 3.6 μA∙cm−2, n = 3; Trpa1−/−: 3.0 ± 2.1 μA∙cm−2, n = 4; p < 0.001) (Figure 3C,D). In 

these experiments, effects in tissues from the wild‐type mice (Trpa1+/+ mice) from the same breeding 

colony  as  the Trpa1−/− mice were used  for  comparison. Responses  in  the duodenum  from  these 

colony‐matched Trpa1+/+ mice were smaller than in the C57Bl6 mice used in the remainder of this 

study. 

Representative traces of the response to AITC following incubation with HC‐030031, and also in 

the Trpa1 −/− and Trpa1 +/+ tissue, are shown in Figure 5. 

 

Figure 5. Representative  traces of the Isc following addition of AITC (100 μM) to duodenum (A,B) 

and colon (C,D) segments. (A,C) AITC was added after 20 min incubation with either DMSO (control) 

or HC‐030031 (100 μM; antagonist); (B,D) AITC was added to Trpa1+/+ control tissue and Trpa1−/− 

tissues. Arrowheads: AITC (100 μM) added to mucosal solution. The transients that appear in these 

records were the responses to current pulses used to measure trans‐epithelial resistance. 

3.4. Effects of AITC, Cinnamaldehyde and Linalool on Transmucosal Resistance 

AITC (100 μM) caused a significant decrease in resistance in the colon compared to the vehicle 

(−21.8 ± 1.9 Ω∙cm2, equivalent to decreasing the initial resistance by 19.0% ± 1.7%, n = 11; p < 0.001; 

Figure 6B), whereas  it caused a small significant  increase  in resistance in the duodenum (3.2 ± 0.7 

Ω∙cm2, equivalent to 5.2% ± 1.2% of the initial resistance, n = 13; p < 0.05; Figure 6A). No other groups 

Figure 5. Representative traces of the Isc following addition of AITC (100 µM) to duodenum (A,B) and
colon (C,D) segments. (A,C) AITC was added after 20 min incubation with either DMSO (control) or
HC-030031 (100 µM; antagonist); (B,D) AITC was added to Trpa1+/+ control tissue and Trpa1−/−
tissues. Arrowheads: AITC (100 µM) added to mucosal solution. The transients that appear in these
records were the responses to current pulses used to measure trans-epithelial resistance.

3.4. Effects of AITC, Cinnamaldehyde and Linalool on Transmucosal Resistance

AITC (100 µM) caused a significant decrease in resistance in the colon compared to the vehicle
(−21.8 ± 1.9 Ω·cm2, equivalent to decreasing the initial resistance by 19.0% ± 1.7%, n = 11;
p < 0.001; Figure 6B), whereas it caused a small significant increase in resistance in the duodenum
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(3.2 ± 0.7 Ω·cm2, equivalent to 5.2% ± 1.2% of the initial resistance, n = 13; p < 0.05; Figure 6A).
No other groups were significantly different to the vehicle in the duodenum. The order of efficacy
of TRPA1 agonists in reducing transmucosal resistance in the colon was the same as the order of
efficacy for the change in Isc. Cinnamaldehyde (100 µM) caused a significant reduction in resistance
(−14.0 ± 2.3 Ω·cm2, n = 8; p < 0.01), and linalool (100 µM) had little effect (4.4 ± 1.1 Ω·cm2, n = 6;
Figure 6B). The reduction in resistance in response to 100 µM AITC (−19.2 ± 3.4 Ω·cm2, n = 7)
in the colon was significantly lower when the tissue was pre-incubated with 100 µM HC-030031
(−8.0 ± 2.7 Ω·cm2, n = 5; p < 0.0001), and the effect of AITC on resistance in the colon of Trpa1+/+
mice (−18.8 ± 0.6 Ω·cm2, n = 3) was absent in Trpa1−/− tissues (−2.5 ± 0.9 Ω·cm2, n = 4; p < 0.05).

Nutrients 2016, 8, 623  7 of 11 

were significantly different to the vehicle in the duodenum. The order of efficacy of TRPA1 agonists 

in reducing transmucosal resistance in the colon was the same as the order of efficacy for the change 

in Isc. Cinnamaldehyde (100 μM) caused a significant reduction in resistance (−14.0 ± 2.3 Ω∙cm2, n = 8; 

p < 0.01), and linalool (100 μM) had little effect (4.4 ± 1.1 Ω∙cm2, n = 6; Figure 6B). The reduction in 

resistance in response to 100 μM AITC (−19.2 ± 3.4 Ω∙cm2, n = 7) in the colon was significantly lower 

when the tissue was pre‐incubated with 100 μM HC‐030031(−8.0 ± 2.7 Ω∙cm2, n = 5; p < 0.0001), and 

the effect of AITC on resistance in the colon of Trpa1+/+ mice (−18.8 ± 0.6 Ω∙cm2, n = 3) was absent in 

Trpa1−/− tissues (−2.5 ± 0.9 Ω∙cm2, n = 4; p < 0.05). 

 

Figure  6.  Transmucosal  resistance  in  the  first  4 min  following  the  addition  of AITC  (100  μM). 

Comparison of  the effect of AITC only, AITC  following pre‐incubation with HC‐030031  (100 μM; 

HC), and AITC in Trpa1−/− tissues of mouse duodenum (A) and distal colon (B). 

3.5. Effects of 5‐HT Receptor Blockers, Tetrodotoxin, Atropine and Indomethacin 

Responses to AITC (100 μM) in the presence of the 5‐HT3 receptor antagonist granisetron (1 μM; 

n ≥ 6), the 5‐HT4 receptor antagonist SB‐204070 (1 μM; n ≥ 8), the muscarinic acetylcholine receptor 

antagonist  atropine  (10  μM;  n = 6),  or  the  sodium  channel  blocker TTX  (1  μM;  n  ≥  7) were  not 

significantly different to AITC alone (100 μM; n = 16) in either the duodenum or the colon (Figure 7). 

None of these compounds changed the baseline Isc. 

The prostaglandin synthase inhibitor indomethacin (10 μM) significantly reduced responses in 

the duodenum (28.7 ± 8.2 μA∙cm−2, n = 7, to 7.6 ± 4.2 μA∙cm−2, n = 7; p < 0.05) and reversed the effect of 

AITC from an increase to a decrease in the colon (30.8 ± 5.3 μA∙cm−2, n = 7, to −27.4 ± 4.1 μA∙cm−2, n = 4; 

p < 0.0001) (Figure 8). Representative traces are shown in Figure 8C,D. 

 

Figure 7. Effect of AITC (100 μM) on Isc following a 20 min incubation period with antagonist in mouse 

duodenum (A) and colon (B). Tissues were incubated with granisetron, SB‐204070, TTX, atropine and 

their vehicle (5 μL dH2O) for 20 min. No change in Isc was observed in response to the AITC vehicle (5 

μL  DMSO)  after  a  20 min  incubation with  5  μL  added water  (data  not  shown). No  statistically 

significant difference was found between experimental groups using a one‐way ANOVA. 

Figure 6. Transmucosal resistance in the first 4 min following the addition of AITC (100 µM).
Comparison of the effect of AITC only, AITC following pre-incubation with HC-030031 (100 µM;
HC), and AITC in Trpa1−/− tissues of mouse duodenum (A) and distal colon (B).

3.5. Effects of 5-HT Receptor Blockers, Tetrodotoxin, Atropine and Indomethacin

Responses to AITC (100 µM) in the presence of the 5-HT3 receptor antagonist granisetron (1 µM;
n ≥ 6), the 5-HT4 receptor antagonist SB-204070 (1 µM; n ≥ 8), the muscarinic acetylcholine receptor
antagonist atropine (10 µM; n = 6), or the sodium channel blocker TTX (1 µM; n ≥ 7) were not
significantly different to AITC alone (100 µM; n = 16) in either the duodenum or the colon (Figure 7).
None of these compounds changed the baseline Isc.
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Figure 7. Effect of AITC (100 µM) on Isc following a 20 min incubation period with antagonist in mouse
duodenum (A) and colon (B). Tissues were incubated with granisetron, SB-204070, TTX, atropine and
their vehicle (5 µL dH2O) for 20 min. No change in Isc was observed in response to the AITC vehicle
(5 µL DMSO) after a 20 min incubation with 5 µL added water (data not shown). No statistically
significant difference was found between experimental groups using a one-way ANOVA.
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The prostaglandin synthase inhibitor indomethacin (10 µM) significantly reduced responses in the
duodenum (28.7 ± 8.2 µA·cm−2, n = 7, to 7.6 ± 4.2 µA·cm−2, n = 7; p < 0.05) and reversed the effect of
AITC from an increase to a decrease in the colon (30.8 ± 5.3 µA·cm−2, n = 7, to −27.4 ± 4.1 µA·cm−2,
n = 4; p < 0.0001) (Figure 8). Representative traces are shown in Figure 8C,D.Nutrients 2016, 8, 623  8 of 11 
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vehicle (5 µL DMSO) on the mucosal and serosal side of duodenum (A) and colon (B) segments;
Representative traces of the Isc following addition of AITC (100 µM) to colon segments following
a 20 min incubation with vehicle (C) and indomethacin (D). Arrowheads: AITC (100 µM) added to
mucosal solution. The transients that appear in these records are the responses to current pulses used
to measure trans-epithelial resistance.

4. Discussion

Three plant-derived TRPA1 agonists, allyl isothiocyanate (AITC), cinnamaldehyde, and linalool,
which are commonly used as food additives, all caused increases in the short circuit current in the
duodenum and colon of the mouse when applied to the luminal surface. The most potent of these,
AITC, was used to investigate the specificity of the effect. Its action was antagonised by the TRPA1
antagonist HC-030031, and was almost completely absent in the duodenum and colon of Trpa1−/−
mice. This indicates that the agonists act through TRPA1 receptors to stimulate transepithelial ion
transport, which is linked to fluid movement across the epithelium [21,22]. The residual response in
the colon of Trpa1−/− mice indicates that a small component of AITC action is not through the TRPA1
receptor. Stimulation of ion transport can be through a direct effect on the epithelium, or indirectly,
for example through the release of hormones from EEC. Hormones, such as 5-HT, could in turn activate
secretomotor neurons. We have previously found that Trpa1 gene transcripts are expressed by 5-HT
containing EEC in the duodenum, but not in the colon [13]. Other studies have detected TRPA1 protein
by immunohistochemistry in enterocytes of the mucosal epithelium of the small intestine and colon of
the mouse [12] and the colon of the rat [11]. 5-HT released from the EEC acts indirectly, through 5-HT3

and 5-HT4 receptors that stimulate mucosal nerve endings and activate secretomotor neurons [23,24].
Action potential conduction in these neurons is blocked by TTX [23]. Thus, if stimulation of mucosal
secretion is indirect through 5-HT release from EEC and neural activation, it would be expected to
be blocked by TTX and to be reduced by the 5-HT3 and 5-HT4 receptor antagonists, granisetron and
SB-204070. However, none of these compounds caused any reduction of responses in the duodenum
or colon. We therefore conclude that the increases in Isc are caused by actions on enterocytes and
that these actions are not indirect through activation of enteric neurons or release and action of 5-HT.
As mentioned, enterocytes show immunoreactivity for TRPA1, but we did not find gene expression in
these cells using in situ hybridisation [13]. It is feasible that the level of expression of the gene product
and turnover of the receptor is low, and thus the amount of mRNA in individual enterocytes is below
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the level of detection by in situ hybridisation. However, RT-PCR reveals Trpa1 gene expression in
the duodenal and colonic mucosa of the mouse [12,13]. Thus, the present pharmacological and gene
knockout data is consistent with immunohistochemical and RT-PCR observations, and allows us to
conclude that there are functional TRPA1 channels on enterocytes in the mouse.

The effects of the TRPA1 agonists were reduced by the prostaglandin synthase inhibitor
indomethacin, which confirms the results of Kaji et al. [11], who found that AITC-evoked secretion was
reduced by piroxicam and a prostaglandin EP4 receptor antagonist. These results suggest that TRPA1
agonists stimulate prostaglandin production in the mucosa. Effects of histamine and reflexly-evoked
secretion are also reduced by indomethacin [25,26]. Thus, prostaglandins might be intermediates in
responses of the mucosa to a range of stimuli. In some cases, but only in the duodenum, the direction
of the Isc change was reversed after indomethacin. It is likely that this decrease in Isc is a response to
TRPA1 activation, because it occurred with all three agonists, but these occasional responses have not
been investigated further.

TRPA1 can closely associate with TRPV1, for example in sensory neurons [27], and TRPV1 ligands
can change the properties of the associated TRPA1 channel, tending to reduce its opening. Thus,
TRPV1 agonists that occur in foods, for example capsaicin, may reduce TRPA1-mediated increases in
secretion. However, these potential interactions have yet to be investigated in the intestine.

AITC and cinnamaldehyde decreased trans-mucosal resistance in colon tissue. This effect was
blocked by HC-030031 and was absent in duodenal segments and in colon tissue from Trpa1 knockout
mice. Kaji and colleagues observed a similar increase in transepithelial conductance in the rat
colon but not the human colon, following AITC and cinnamaldehyde, which was also inhibited
by HC-030031 [10]. The underlying reason for the changes in conductance in some tissues and not
others in response to TRPA1 activation is currently undetermined.

This study has verified that activation of TRPA1 channels in a recombinant system (HEK293
cells) causes an increase in the intracellular calcium concentration. Nozawa and colleagues have
also shown that activation of endogenous TRPA1 channels mediates an influx of extracellular
calcium in the rat pancreatic endocrine cell line, RIN14B [15]. Influx of calcium in response to
Sodium Glucose Transporter 1 activation has previously been shown to contribute to the cytoskeletal
rearrangements that lead to the insertion of GLUT2 (facilitative glucose transporter) in the apical
membrane of enterocytes [28–30]. Further studies are required to ascertain if the calcium influx
induced by TRPA1 activation also initiates similar mechanisms, i.e., increasing absorption of glucose
in enterocytes. Micronutrients that activate TRPA1 have been reported to enhance nutrient handling
efficiency [1–5] and this may be contributed to by a TRPA1-initiated series of events leading to greater
carbohydrate absorption.

5. Conclusions

In conclusion, this study demonstrates functional TRPA1 expression in the mucosa of the small
intestine and colon in mice, and provides a possible explanation of the mechanism through which
phytonutrients acting at TRPA1 affect mucosal function. The data point to the rational use of these
phytonutrients to enhance digestive efficiency.

Acknowledgments: These studies were supported by funding from Pancosma S.A., Geneva, Switzerland.

Author Contributions: L.J.F., B.C., L.R.R., H.-J.C., D.M.B. and J.B.F. contributed to the study design;
L.J.F. conducted the majority of the Ussing chamber experiments and transfected cell experiments; B.C. contributed
to the transfected cell experiments; T.M.L. and D.P.P. characterised the Trpa1 knockout mice. L.J.F., B.C., and J.B.F.
analysed data and wrote the paper. All authors reviewed the content of the manuscript and approved the final
version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Nutrients 2016, 8, 623 10 of 11

References

1. Rochfort, S.; Parker, A.J.; Dunshea, F.R. Plant bioactives for ruminant health and productivity. Phytochemistry
2008, 69, 299–322. [CrossRef] [PubMed]

2. Windisch, W.; Schedle, K.; Plitzner, C.; Kroismayr, A. Use of phytogenic products as feed additives for swine
and poultry. J. Anim. Sci. 2008, 86, E140–E148. [CrossRef] [PubMed]

3. De Lange, C.F.M.; Pluske, J.; Gong, J.; Nyachoti, C.M. Strategic use of feed ingredients and feed additives to
stimulate gut health and development in young pigs. Livest. Sci. 2010, 134, 124–134. [CrossRef]

4. Hashemi, S.R.; Davoodi, H. Herbal plants and their derivatives as growth and health promoters in animal
nutrition. Vet. Res. Commun. 2011, 35, 169–180. [CrossRef] [PubMed]

5. Michiels, J.; Missotten, J.; Van Hoorick, A.; Ovyn, A.; Fremaut, D.; De Smet, S.; Dierick, N. Effects of dose
and formulation of carvacrol and thymol on bacteria and some functional traits of the gut in piglets after
weaning. Arch. Anim. Nutr. 2010, 64, 136–154. [CrossRef] [PubMed]

6. Bandell, M.; Story, G.M.; Hwang, S.W.; Viswanath, V.; Eid, S.R.; Petrus, M.J.; Earley, T.J.; Patapoutian, A.
Noxious cold ion channel TRPA1 report is activated by pungent compounds and bradykinin. Neuron 2004,
41, 849–857. [CrossRef]

7. Holzer, P. TRP channels in the digestive system. Curr. Pharm. Biotechnol. 2011, 12, 24–34. [CrossRef]
[PubMed]

8. Riera, C.E.; Menozzi-Smarrito, C.; Affolter, M.; Michlig, S.; Munari, C.; Robert, F.; Vogel, H.; Simon, S.A.;
le Coutre, J. Compounds from Sichuan and Melegueta peppers activate, covalently and non-covalently,
TRPA1 and TRPV1 channels. Br. J. Pharmacol. 2009, 157, 1398–1409. [CrossRef] [PubMed]

9. Motter, A.L.; Ahern, G.P. TRPA1 is a polyunsaturated fatty acid sensor in mammals. PLoS ONE
2012, 7, e38439. [CrossRef] [PubMed]

10. Fernandes, E.S.; Fernandes, M.A.; Keeble, J.E. The functions of TRPA1 and TRPV1: Moving away from
sensory nerves. Br. J. Pharmacol. 2012, 166, 510–521. [CrossRef] [PubMed]

11. Kaji, I.; Yasuoka, Y.; Karaki, S.I.; Kuwahara, A. Activation of TRPA1 by luminal stimuli induces EP4-mediated
anion secretion in human and rat colon. Am. J. Physiol. Gastrointest. Liver Physiol. 2012, 302, G690–G701.
[CrossRef] [PubMed]

12. Poole, D.P.; Pelayo, J.C.; Cattaruzza, F.; Kuo, Y.M.; Gai, G.; Chiu, J.V.; Bron, R.; Furness, J.B.; Grady, E.F.;
Bunnett, N.W. Transient receptor potential Ankyrin 1 is expressed by inhibitory motoneurons of the mouse
intestine. Gastroenterology 2011, 141, 565–575. [CrossRef] [PubMed]

13. Cho, H.J.; Callaghan, B.; Bron, R.; Bravo, D.M.; Furness, J.B. Identification of enteroendocrine cells that
express TRPA1 channels in the mouse intestine. Cell Tissue Res. 2014, 356, 77–82. [CrossRef] [PubMed]

14. Purhonen, A.K.; Louhivuori, L.M.; Kiehne, K.; Akerman, K.E.O.; Herzig, K.H. TRPA1 channel activation
induces cholecystokinin release via extracellular calcium. FEBS Lett. 2008, 582, 229–232. [CrossRef] [PubMed]

15. Nozawa, K.; Kawabata-Shoda, E.; Doihara, H.; Kojima, R.; Okada, H.; Mochizuki, S.; Sano, Y.; Inamura, K.;
Matsushime, H.; Koizumi, T.; et al. TRPA 1 regulates gastrointestinal motility through serotonin release from
enterochromaffin cells. Proc. Natl. Acad. Sci. USA 2009, 106, 3408–3413. [CrossRef] [PubMed]

16. Boudry, G.; Perrier, C. Thyme and cinnamon extracts induce anion secretion in piglet small intestine via
cholinergic pathways. J. Pharm. Pharmacol. 2008, 59, 543–552.

17. Youn, H.S.; Lee, J.K.; Choi, Y.J.; Saitoh, S.I.; Miyake, K.; Hwang, D.H.; Lee, J.Y. Cinnamaldehyde suppresses
toll-like receptor 4 activation mediated through the inhibition of receptor oligomerization. Biochem. Pharmacol.
2008, 75, 494–502. [CrossRef] [PubMed]

18. Kwan, K.Y.; Allchorne, A.J.; Vollrath, M.A.; Christensen, A.P.; Zhang, D.S.; Woolf, C.J.; Corey, D.P. TRPA1
contributes to cold, mechanical, and chemical nociception but is not essential for hair-cell transduction.
Neuron 2006, 50, 277–289. [CrossRef] [PubMed]

19. Poole, D.P.; Amadesi, S.; Veldhuis, N.A.; Abogadie, F.C.; Lieu, T.M.; Darby, W.; Liedtke, W.; Lew, M.J.;
McIntyre, P.; Bunnett, N.W. Protease-activated receptor 2 (PAR2) protein and transient receptor potential
vanilloid 4 (TRPV4) protein coupling is required for sustained inflammatory signaling. J. Biol. Chem. 2013,
288, 5790–5802. [CrossRef] [PubMed]

20. Callaghan, B.; Hunne, B.; Hirayama, H.; Sartor, D.M.; Nguyen, T.V.; Abogadie, F.C.; Ferens, D.; McIntyre, P.;
Ban, K.; Baell, J.; et al. Sites of action of ghrelin receptor ligands in cardiovascular control. Am. J. Physiol.
2012, 303, H1011–H1021. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.phytochem.2007.08.017
http://www.ncbi.nlm.nih.gov/pubmed/17919666
http://dx.doi.org/10.2527/jas.2007-0459
http://www.ncbi.nlm.nih.gov/pubmed/18073277
http://dx.doi.org/10.1016/j.livsci.2010.06.117
http://dx.doi.org/10.1007/s11259-010-9458-2
http://www.ncbi.nlm.nih.gov/pubmed/21213046
http://dx.doi.org/10.1080/17450390903499915
http://www.ncbi.nlm.nih.gov/pubmed/20481352
http://dx.doi.org/10.1016/S0896-6273(04)00150-3
http://dx.doi.org/10.2174/138920111793937862
http://www.ncbi.nlm.nih.gov/pubmed/20932260
http://dx.doi.org/10.1111/j.1476-5381.2009.00307.x
http://www.ncbi.nlm.nih.gov/pubmed/19594761
http://dx.doi.org/10.1371/journal.pone.0038439
http://www.ncbi.nlm.nih.gov/pubmed/22723860
http://dx.doi.org/10.1111/j.1476-5381.2012.01851.x
http://www.ncbi.nlm.nih.gov/pubmed/22233379
http://dx.doi.org/10.1152/ajpgi.00289.2011
http://www.ncbi.nlm.nih.gov/pubmed/22207576
http://dx.doi.org/10.1053/j.gastro.2011.04.049
http://www.ncbi.nlm.nih.gov/pubmed/21689654
http://dx.doi.org/10.1007/s00441-013-1780-x
http://www.ncbi.nlm.nih.gov/pubmed/24442491
http://dx.doi.org/10.1016/j.febslet.2007.12.005
http://www.ncbi.nlm.nih.gov/pubmed/18082143
http://dx.doi.org/10.1073/pnas.0805323106
http://www.ncbi.nlm.nih.gov/pubmed/19211797
http://dx.doi.org/10.1016/j.bcp.2007.08.033
http://www.ncbi.nlm.nih.gov/pubmed/17920563
http://dx.doi.org/10.1016/j.neuron.2006.03.042
http://www.ncbi.nlm.nih.gov/pubmed/16630838
http://dx.doi.org/10.1074/jbc.M112.438184
http://www.ncbi.nlm.nih.gov/pubmed/23288842
http://dx.doi.org/10.1152/ajpheart.00418.2012
http://www.ncbi.nlm.nih.gov/pubmed/22886413


Nutrients 2016, 8, 623 11 of 11

21. Field, M. Intestinal ion transport and the pathophysiology of diarrhea. J. Clin. Investig. 2003, 111, 931–943.
[CrossRef] [PubMed]

22. Clarke, L.L. A guide to Ussing chamber studies of mouse intestine. Am. J. Physiol. 2009, 296, G1151–G1166.
[CrossRef] [PubMed]

23. Cooke, H.J.; Wang, Y.Z.; Frieling, T.; Wood, J.D. Neural 5-hydroxytryptamine receptors regulate chloride
secretion in guinea pig distal colon. Am. J. Physiol. 1991, 261, G833–G840. [PubMed]

24. Neal, K.B.; Bornstein, J.C. Serotonergic receptors in therapeutic approaches to gastrointestinal disorders.
Curr. Opin. Pharm. 2006, 6, 547–552. [CrossRef] [PubMed]

25. Wang, Y.Z.; Cooke, H.J.; Su, H.C.; Fertel, R. Histamine augments colonic secretion in guinea pig distal colon.
Am. J. Physiol. 1990, 258, G432–G439. [PubMed]

26. Christofi, F.L.; Wunderlich, J.; Yu, J.G.; Wang, Y.Z.; Xue, J.; Guzman, J.; Javed, N.; Cooke, H. Mechanically
evoked reflex electrogenic chloride secretion in rat distal colon is triggered by endogenous nucleotides acting
at P2Y1, P2Y2, and P2Y4 receptors. J. Comp. Neurol. 2004, 469, 16–36. [CrossRef] [PubMed]

27. Staruschenko, A.; Jeske, N.A.; Akopian, N.C. Contribution of TRPV1-TRPA1 interaction to the single channel
properties of the TRPA1 channel. J. Biol. Chem. 2010, 285, 15167–15177. [CrossRef] [PubMed]

28. Mace, O.J.; Affleck, J.; Patel, N.; Kellett, G.L. Sweet taste receptors in rat small intestine stimulate glucose
absorption through apical GLUT2. J. Physiol. (Lond.) 2007, 582, 379–392. [CrossRef] [PubMed]

29. Mace, O.J.; Morgan, E.L.; Affleck, J.A.; Lister, N.; Kellett, G.L. Calcium absorption by Cav1.3 induces terminal
web myosinII phosphorylation and apical GLUT2 insertion in rat intestine. J. Physiol. (Lond.) 2007, 580,
605–616. [CrossRef] [PubMed]

30. Morgan, E.L.; Mace, O.J.; Affleck, J.; Kellett, G.L. Apical GLUT2 and Cav1.3: Regulation of rat intestinal
glucose and calcium absorption. J. Physiol. (Lond.) 2007, 580, 593–604. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1172/JCI200318326
http://www.ncbi.nlm.nih.gov/pubmed/12671039
http://dx.doi.org/10.1152/ajpgi.90649.2008
http://www.ncbi.nlm.nih.gov/pubmed/19342508
http://www.ncbi.nlm.nih.gov/pubmed/1951703
http://dx.doi.org/10.1016/j.coph.2006.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16973419
http://www.ncbi.nlm.nih.gov/pubmed/1969234
http://dx.doi.org/10.1002/cne.10961
http://www.ncbi.nlm.nih.gov/pubmed/14689471
http://dx.doi.org/10.1074/jbc.M110.106153
http://www.ncbi.nlm.nih.gov/pubmed/20231274
http://dx.doi.org/10.1113/jphysiol.2007.130906
http://www.ncbi.nlm.nih.gov/pubmed/17495045
http://dx.doi.org/10.1113/jphysiol.2006.124784
http://www.ncbi.nlm.nih.gov/pubmed/17272349
http://dx.doi.org/10.1113/jphysiol.2006.124768
http://www.ncbi.nlm.nih.gov/pubmed/17272350
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Animals 
	Ussing Chamber Experiments 
	Calcium Mobilisation Assay 
	Compounds 
	Data Analysis 

	Results 
	Effects of AITC, Cinnamaldehyde and Linalool on Ca2+ Mobilisation in HEK-TRPA1 Cells 
	Effects of AITC, Cinnamaldehyde and Linalool on Short Circuit Current (Isc) 
	Effects of Pharmacological Antagonism and Ablation of Trpa1 on Responses to AITC 
	Effects of AITC, Cinnamaldehyde and Linalool on Transmucosal Resistance 
	Effects of 5-HT Receptor Blockers, Tetrodotoxin, Atropine and Indomethacin 

	Discussion 
	Conclusions 

