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Simple Summary: Weaning is a critical event for the piglet, contributing to aberrant gut function and
resulting in reduced barrier function and retarded protein digestion. The gut is able to “sense” nutrients
and release gut hormones to regulate digestive processes. To that end, various gastrointestinal cell
types possess transient receptor potential channels that are involved in regulating gastric motility
and secretion. Herbal compounds, currently used in pig nutrition as antibiotic alternatives, are able
to activate these channels and could potentially aid digestion. However, these channels have not
been characterized in the gut of the pig and their ability to release gut hormones has never been
explored. This study’s objective was to characterize TRPA1 and TRPV1 in the pig’s gut and explore
their potential to modulate gastric function. A gene expression study was performed on tissues
obtained from different locations in the guts of piglets of varying age. Moreover, the ability to secrete
peptide hormones was investigated by characterizing them on enteroendocrine cells. Both channels
were found to be expressed in the mucosa of the porcine gut, strongly dependent on age and location.
Moreover, the endocrine nature of both channels was confirmed, indicating their possible role in gut
hormone release and the regulation of gastric emptying.

Abstract: Transient receptor potential (TRP) channels contribute to sensory transduction in the body,
agonized by a variety of stimuli, such as phytochemicals, and they are predominantly distributed
in afferent neurons. Evidence indicates their expression in non-neuronal cells, demonstrating their
ability to modulate gastrointestinal function. Targeting TRP channels could potentially be used to
regulate gastrointestinal secretion and motility, yet their expression in the pig is unknown. This study
investigated TRPA1 and TRPV1 expression in different gut locations of piglets of varying age.
Colocalization with enteroendocrine cells was established by immunohistochemistry. Both channels
were expressed in the gut mucosa. TRPV1 mRNA abundance increased gradually in the stomach
and small intestine with age, most notably in the distal small intestine. In contrast, TRPA1 exhibited
sustained expression across ages and locations, with the exception of higher expression in the pylorus
at weaning. Immunohistochemistry confirmed the endocrine nature of both channels, showing the
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highest frequency of colocalization in enteroendocrine cells for TRPA1. Specific co-localization on
GLP-1 immunoreactive cells indicated their possible role in GLP-1 release and the concomitant
intestinal feedback mechanism. Our results indicate that TRPA1 and TRPV1 could play a role in gut
enteroendocrine activity. Moreover, age and location in the gut significantly affected gene expression.

Keywords: TRPA1; TRPV1; weaning; pig; gastrointestinal tract; gut hormones

1. Introduction

It is well described that the gastrointestinal tract (GIT) can sense nutrients and other luminal
factors through a chemosensory system and hence transmit signals to orchestrate GIT motility,
nutrien absorption, the release of gut hormones and neurotransmitters involved in the regulation of
digestive processes, and energy and glucose homeostasis [1–3]. To that end, various cell types such
as afferent neurons, enteroendocrine cells, and enterocytes present in the GIT possess transporters,
channels, and G-protein-coupled receptors that are activated by diverse stimuli. The transient receptor
potential (TRP) family, which includes non-selective calcium permeable channels, detect and transmit
signals and are predominantly distributed in, but not restricted to, afferent neurons. They contribute
to sensory transduction, where present, and can be triggered by a range of environmental factors,
such as extreme temperatures, pH changes, or by chemical agents [4–8]. The mammalian TRP family
consists of 28 members divided into six subfamilies, classified as ankyrin (TRPA), canonical (TRPC),
melastatin (TRPM), mucolipin (TRPML), polycystin (TRPP), and vanilloid (TRPV). They all consist
of four subunits containing six transmembrane segments with a hydrophilic loop between the two
last segments forming the ion-conducting pore. The amino acids located before the pore confer the
channels’ selectivity [9].

Transient receptor potential ankyrin 1 (TRPA1) channel is the sole member of the mammalian TRPA
subfamily and is characterized by multiple N-terminal ankyrin repeats [10]. This transmembrane protein
is expressed by somato-sensory neurons (such as the trigeminal nerve), associated with perception
of pain, cold, hot, and pungent irritants. It is invariably co-expressed with the transient receptor
potential vanilloid 1 channel (TRPV1) [11]. TRPV1 is a member of the TRPV or vanilloid receptor
subfamily and acknowledged as the capsaicin receptor. Activation by capsaicin on somatosensing
nerve endings in the mouth induces a flow of sodium and calcium ions through the channel into the
cell, depolarizing nociceptive neurons, leading to an action potential which results in the sensation of
spiciness [12]. In addition, TRPV1 plays a key role in many other sensory functions, in detecting a
large array of noxious stimuli, and was also found in vagal, splanchnic, and pelvic visceral afferents,
implicated in GIT mechanosensory functions and visceral hypersensitivity [13]. Recent identification
of TRPA1 expression in non-neuronal cells such as gastrointestinal enteroendocrine cells in rodents
gives evidence of additional ways to modulate gastrointestinal function [14–17]. The gut endocrine
system acts as the primary sensor of ingested food and secretes an array of gut hormones which act in
concert to modulate multiple physiological responses, including gastrointestinal motility and secretion,
glucose homeostasis, and appetite. TRPA1 was shown to be expressed in mouse and human duodenal
mucosa [18], enterochromaffin cells [15], I-cells [18], and L-cells [16]. Furthermore, TRPV1 is expressed
on gastrin, chief and parietal cells in the stomach, on epithelial cells of the small intestinal mucosa of
several species [19,20], and in the murine enteric nervous system [21].

Recently, both cation channels have attracted significant attention as targets for herbal compounds,
which have been widely used since ancient times to enhance the taste and flavor of foods and to
stimulate digestive functions [22,23]. According to Nozawa et al. [15], treatment of enterochromaffin
cells with TRPA1 agonists allyl-isothiocyanate and cinnamaldehyde resulted in the release of serotonin.
Moreover, stimulation of STC-1 cells with allyl-isothiocyanate increased intracellular calcium and
significantly stimulated cholecystokinin secretion [18]. The administration of methyl syringate
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suppressed cumulative food intake and gastric emptying in mice [24]. These authors showed that
this response was TRPA1-mediated since HC-030031, a selective TRPA1 antagonist, inhibited the
compound’s induced reduction of food intake and delayed gastric emptying. Moreover, plasma peptide
tyrosine tyrosine (PYY) levels were upregulated. TRPV1’s specific location in the epithelium suggests
involvement in hydrochloric acid production of the stomach [20,25]. Many of the herbal compounds
currently used in animal feeds are used primarily for their antibacterial and antioxidant effects [26–28].
However, since these compounds act as modulators for TRPA1 and TRPV1, and are suggested to affect
GIT function, specifically targeting these channels in the pig might be appealing.

In commercial swine production, the weaned piglet is subjected to environmental, physiological,
and nutritional stresses [29]. This commonly results in reduced feed intake and altered
histo-morphological characteristics, reduced brush-border enzyme activities, and transiently reduced
barrier function of the small intestine (SI), ultimately leading to maldigestion and malabsorption and
risk for infection [29–32]. An important observation in the weaned piglet is that protein digestibility
is reduced, not in the least by the mentioned alterations in the small intestine but also by the
inability to adequately acidify gastric contents, hampering proper pepsin activity [28,33]. Altogether,
reduced foregut protein digestion leads to more undigested proteins reaching the hindgut in the
post-weaning period. Since the metabolism of proteinaceous materials by microbiota leads to an
increase in potentially toxic substances such as ammonia, amines, indoles, phenols, and branched-chain
fatty acids, it is well accepted that protein fermentation contributes significantly to post-weaning
diarrhea [34–36]. Bikker et al. showed this by feeding weaned piglets a lower level of crude protein
with higher digestibility, which resulted in lower ammonia concentrations in the SI and decreased
plasma urea nitrogen, ammonia nitrogen, and volatile fatty acids in the ileal digesta and a reduced
diarrhea incidence [37].

As described above, targeting TRPA1 and TRPV1 could potentially lead to increased gastric
secretions, reduced gastric emptying rates, and an increase in digestive enzyme activities. These effects
could eventually improve protein digestion, gut health, and reduce pathogen proliferation as well
as antibiotic usage in the pig industry. TRPA1 and TRPV1 have not been described in the GIT of
pigs, and recent studies have revealed species-specific activation or blockade of TRPA1 by ligands.
For example, Xiao et al. (2008) showed that human TRPA1 is activated by menthol, whereas TRPA1
from non-mammalian species is insensitive to this herbal compound [38–41]. Considering this,
an in-depth characterization of these channels in the GIT of the pig, combining RT-qPCR [42] and
immunohistochemistry (IHC), was performed. The latter technique was used to verify the endocrine
nature of these channels, by investigating colocalization with enteroendocrine cells. The potential
to modulate gastric function was explored by double staining specifically with GLP-1 positive cells,
a humoral mediator of the “ileal brake” exerting inhibition of the upper gastrointestinal function.

2. Materials and Methods

2.1. Animals and Sampling Procedures

The study was conducted in accordance with the ethical standards and recommendations for the
accommodation and care of laboratory animals, covered by the European Directive 2010/63/EU on
the protection of animals used for scientific purposes and the Belgian Royal Decree KB29.05.13 on the
use of animals for experimental studies. No ethical approval was required for this trial as animals
were kept under farm practices without interventions causing harm equivalent to, or higher than,
that caused by the introduction of a needle in accordance with good veterinary practice, and because
animals were killed solely for the use of their organs or tissues (2010/63/EU). A total of 42 piglets
(Topigs × Piétrain) were used from a commercial swine farm (Bissegem, Belgium). Prior to weaning,
piglets consumed freely sow milk. Commercial weaner diets were fed after weaning. Piglets belonged
to 6 different litters; 7 median body weight piglets from each litter were selected. Piglets were sampled
before, around, and after weaning. More specific, six piglets were sampled at 7 different time points:
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10 days before weaning (w) (w − 10); at weaning (w); 4 h (h) post-weaning (w + 4 h); and 2, 5, 14,
and 28 days post-weaning (w + 2, w + 5, w + 14, and w + 28, respectively). These corresponded to 13,
23, 23 (4 h separated from sow), 25, 28, 37, and 51 days of age, respectively. Piglets were euthanized
by induction of terminal anesthesia with intra-peritoneal sodium pentobarbital (90 mg kg−1 body
weight), followed by exsanguination. Subsequently, the entire GIT was removed and tissue samples
collected. The stomach was incised along the greater curvature and divided longitudinally into two
parts. The contents were removed and each half was divided into cardiac, fundic, and pyloric regions.
From the parietal half of the stomach, samples (2 cm × 6 cm) were excised from the center of each region,
rinsed with saline, and placed on an ice-cold surface. By sharp dissection, the mucosa was separated
from the underlying muscle. From the visceral half, three subsamples were taken at similar location,
by cutting a piece from each region (2 cm × 6 cm), immersed into 4% formaldehyde for 18–24 h at room
temperature for IHC. Three different regions from the SI were sampled, i.e., at 2.5%, 25%, and 75% of
total SI length, further referred to as SI1, SI2, and SI3. A small piece (6 cm) from each location was
taken and immersed in 4% formaldehyde for 18–24 h at room temperature for IHC. A second segment
(30 cm) was collected, rinsed with saline, and placed on an ice-cold surface. The tissue was dissected
along its length and mucosa was obtained by gently scraping with a glass slide. All mucosal samples
were immediately snap-frozen in liquid nitrogen and stored at −80 ◦C.

2.2. RNA Isolation and Reverse-Transcription Quantitative Real-Time PCR

The procedures as described by Wang et al. [43] were followed. In brief, mucosal total RNA was
isolated from snap-frozen stomach and SI samples using the Bio-Rad Aurum Total RNA Fatty and
Fibrous Tissue Kit (Bio-Rad Laboratories, Inc., Herculas, CA, USA). An on-column DNase treatment
was performed to remove possible genomic DNA (gDNA) contamination (10 U RQ1 DNase diluted
in 70 µL DNase dilution buffer, 30 min at 37 ◦C). The concentration (ranging between 200 and
1200 ng/mL) and purity (optical density 260A/280A ranging between 1.95 and 2.25) were analyzed
with the NanoDrop ND-1000 (NanoDrop Technologies, Thermo Scientific, Wilmington, DE, USA).
The 18S and 28S bands were evaluated by loading a 0.8% agarose gel, in order to check RNA integrity.
Sharp bands including a background smear were required to be visible. The absence of gDNA
contamination was verified by performing a minus reverse-transcription control PCR using YWHAZ
primers (Table 1). Then, 1 µg gDNA free RNA from each sample was converted to cDNA by using the
ImProm-II cDNA synthesis kit (Promega, Madison, WI, USA), containing both OligodT and Random
Hexamer primers. The obtained cDNA was diluted 10 times with molecular-grade water. Finally,
a verification of the reverse transcription reaction was performed through a control PCR using 2 µL
of the diluted cDNA and the YWHAZ primers as previously mentioned. Primers amplifying the
target genes (TRPA1 and TRPV1; Table 1) were designed using NCBI’s PrimerBLAST, based on the
common sequence which will amplify all described transcript variants of that specific gene family
member. The secondary structures in the target sequences were analyzed using mfold [44]. Agarose gel
(2%) electrophoresis was performed to show successful amplification with specific primer sets and
template (Figure S1). RT-qPCR was performed on the CFX96 Touch Real-Time PCR Detection System
(Bio-Rad Laboratories, Inc.). Then, 2 µL cDNA template was added to obtain a total volume of 10 µL
containing 2× KAPA SYBR FAST qPCR Kit Master Mix (Kapa Biosystems, Inc., Wilmington, MA, USA)
and 0.5 µM each of forward and reverse primers. The following protocol was used for RT-qPCR:
(1) enzyme activation and initial denaturation (95 ◦C for 3 min); (2) denaturation/annealing/extension
and data acquisition, repeated 40 cycles (95 ◦C for 20 s, 40 s at annealing temperature depending on
primer); and (3) melt curve analysis from 70 to 90 ◦C, with 0.5 ◦C increment every 5 s. A fivefold
dilution series (5 points) of cDNA and a no template control was included in each run to determine
PCR efficiency by constructing a relative standard curve. In this study, PCR efficiencies per gene
were between 97% and 102%. The Cq values (calibrated averages of the technical duplicates) were

transformed into quantities, by using the delta-Cq formula
(
1 + e f f iciency

100

)∆CT(highest−sample)
, with the
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highest expression level set to 1. The relative expression for each target gene (TRPA1 and TRPV1;
Table 1) was expressed as a ratio of the transformed Cq-value from the target gene to the geometric
mean of the transformed Cq-values from the three reference genes. The selection of reference genes
was done by using three commonly used reference genes in pig stomach and small intestine: HPRT1,
YWHAZ, and RPL4 (Table 1) [45].

Table 1. Primers used for real-time PCR, annealing temperature (Ta), and amplicon length.

Gene Symbol Accession Number Nucleotide Sequence of Primers, 5′-3′ Ta (◦C) Product Length (bp)

HPRT1 DQ178126 Forward: CCGAGGATTTGGAAAAGGT
Reverse: CTATTTCTGTTCAGTGCTTTGATGT 60 181

YWHAZ DQ178130 Forward: ATGCAACCAACACATCCTATC
Reverse: GCATTATTAGCGTGCTGTCTT 60 178

RPL4 XM_005659862 Forward: CAAGAGTAACTACAACCTTC
Reverse: GAACTCTACGATGAATCTTC 58 122

TRPA1 XM_021089237.1 Forward: GAATTTACTCATTGGTTTGGCAGTTGGTG
Reverse: CGGTGATGGATTTCTGATCGACCTTG 58 155

TRPV1 XM_013981216.2 Forward: GGACAGCGAGTTCAAAGACC
Reverse: CCGTTTTCCACCAGAAGTGT 63 240

2.3. Immunohistochemistry

2.3.1. TRPA1 and TRPV1 in Enteroendocrine Cells

After fixation, tissues were washed three times with phosphate-buffered saline (PBS) for 30 min,
dehydrated, embedded in paraffin, and 4 µm sections were cut. Following deparaffinization and
rehydration, antigen retrieval using a citrate buffer (pH 6.0) was performed, placing the sections for
20 min in a pressure cooker. After washing with tris-buffered saline (TBS), sections were treated
for 10 min with 3% H2O2 in tris-buffered saline (TBS) at room temperature to block endogenous
peroxidase activity, washed with TBS, and subsequently incubated for 30 min at room temperature
with 20% normal goat serum (in TBS) in order to minimize non-specific antibody binding (30 min).
Without washing, sections were incubated with the primary polyclonal antibody (Table 2) diluted in in
TBS containing 0.3% Triton X-100 and 1% bovine serum albumin (BSA) overnight at 4 ◦C. Both TRPA1
and TRPV1 primary antibodies share high homology compared to humans by sequence blast (>80%).
After washing with TBS, incubation with biotinylated polyclonal goat anti-rabbit IgG and streptavidin
horseradish peroxidase (HRP) were each carried out for 30 min at room temperature. Immunoreactivity
(IR) was visualized by applying 3,3′-diaminobenzidine. After washing with phosphate-buffered saline
(PBS), slides were incubated for 2 h with chromogranin A (CgA) polyclonal antibody, as a general
enteroendocrine cell marker, at room temperature. After rinsing, sections were incubated for 1 h with an
Envision Mouse + system-HRP labeled polymer, and positive reactions were visualized by incubating
for 5 min with 3-amino-9-ethylcarbazole+ (AEC+) solution at room temperature. Controls consisted of
(a) sections incubated with TBS containing 0.3% Triton X-100 and 1% BSA, instead of the specific primary
antibody, and (b) sections incubated with normal rabbit serum at the same dilution as the primary
antibody. Negative control slides (omitting the primary antibody) were processed simultaneously
in the same session to eliminate inter-experimental variations and yielded non-detectable staining,
showing specificity of the staining results. As a positive control, duodenal tissue obtained from mice
was stained, following the same procedures as described, and checked for similar expression patterns.
The contribution of TRPV1- or TRPA1-IR cells to the total amount of endocrine cells (IR for CgA) in
the same surface area, defined as the percentage of colocalization, was determined by counting at
least 100 CgA-IR cells (IR for both TRPA/TRPV1 and CgA or IR for CgA only) and calculating the
number of double-stained cells (IR for both CgA and TRPV1/TRPA1). Following this, the number of IR
cells for TRPA1 and TRPV1 that were not colocalized with CgA-IR cells were counted and expressed
relative to the total number of TRPV1- or TRPA1-IR cells (IR for both TRPA1/TRPV1 and CgA and IR
for TRPA1/TRPV1 only). To confine the number of samples, only samples originating from 23(w) and
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51(w + 28)-day-old piglets were used for the IHC study. For the quantitative analysis, an Olympus
BX50 microscope connected to a computer running the software program B-cell (Olympus Belgium)
was utilized.

Table 2. Primary and secondary antibodies, species raised in, clonality, dilution, and research
resource identifier.

Target Species Raised in; Clonality Dilution Research Resource Identifier

Primary antibodies

TRPA1 Rabbit, polyclonal 1:100 Cat#NB110-40763, Novus Bio

TRPV1 Rabbit, polyclonal 1:200 Cat#orb13755, Biorbyt

Chromogranin A Mouse, polyclonal 1:200 Cat#M0869, Dako

GLP-1 Mouse, monocloal 1:5000 Cat#A6104-1, Immun Diagnostik

Secondary antibodies
Anti Rabbit IgG Goat, polyclonal 1:200 Cat#31823, Invitrogen

Envision + System-HRP
labeled polymer Mouse 1:1 Cat#K4001, Dako

2.3.2. TRPA1 and TRPV1 Colocalization with GLP-1 Positive Cells

The same procedures as described above were followed for TRPA1 and TRPV1 double-staining
with GLP-1. Instead of CgA, slides were incubated for 2 h with mouse monoclonal GLP-1 at room
temperature. After rinsing, sections were incubated for 1 h with envision Mouse + system-HRP labeled
polymer, and positive reactions were visualized by incubating for 5 min with 3-amino-9-ethylcarbazole+

(AEC+) solution at room temperature. Negative control slides (omitting the primary antibody) were
processed simultaneously in the same session to eliminate inter-experimental variations and yielded
non-detectable staining, showing specificity of the staining results. As a positive control, duodenal tissue
obtained from mice was stained, following the same procedures as described, and checked for similar
expression patterns.

2.4. Statistics

Normality of data and homogeneity of variance were tested using the Brown–Forsythe test in SAS
Enterprise Guide 6 (SAS Institute, Cary, NC, USA). ANOVA using the GLM procedure of SAS with
a 2-level full factorial design was carried out: age, location in GIT, and interaction, using animal as
experimental unit (n = 6). Piglet’s litter did not exhibit a significant effect and was not further included
in the model. Multiple comparisons were performed by a Tukey test. Data were expressed as means
and SEM, and p < 0.05 was considered significant.

3. Results

3.1. TRPA1 and TRPV1 Expression in the Gut

Using RT-qPCR, the expression of TRPA1 and TRPV1 in the GIT has been confirmed and described.
Regarding TRPV1, age (p < 0.001), GIT location (p = 0.006), and the interaction between both parameters
(age × location) (p < 0.001) had an effect on the mRNA level. In the stomach, expression levels varied
between compartments and age. Piglets at 28 days post-weaning (w + 28) showed higher expression
both in cardia (CAR) and fundus (FUN), compared to the expression level 10 days before weaning
(w − 10). At 28 days post-weaning, the highest expression was found in the fundic region (Figure 1).
In the SI, the expression level increased gradually in all three regions, although the increase was most
notable in SI2 (Figure 2a) and SI3 (Figure 2b). W + 28 piglets exhibited a 15- and 12-fold higher mRNA
level in SI2 and SI3, respectively, as compared to newly weaned counterparts (w + 4 h) (Figure 2a,b).
At 28 days post-weaning (w + 28), the highest expression was found in SI2 (Figure 3). Regarding
TRPA1, age (p < 0.001), location in GIT (p = 0.005), and the interaction (p < 0.001) had an effect on the
expression level. TRPA1 showed sustained expression independent of age and location, except for
higher expression in the pyloric region at weaning (w + 4 h). In this region, higher expression was found
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for piglets euthanized 4 h after weaning compared to piglets sampled at weaning age, but without 4 h
separation from the sow (w) (Figure 4).Animals 2020, 10, x 7 of 15 
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Figure 1. Relative TRPV1 mRNA level in the three regions of the stomach (cardia (CAR), fundus
(FUN) and pylorus (PYL)), 10 days before (w − 10) and 28 days after (w + 28) weaning. Significant
differences within stomach regions from other time points are indicated with asterisks: * p < 0.05;
*** p < 0.001. Significant differences within time points between stomach regions are expressed with a
hash: # p < 0.05. Number of replicates per treatment was n = 6. Error bars express the SEM.
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Figure 2. Relative TRPV1 mRNA level at (a) 25% and (b) 75% of total small intestinal (SI) length, 10 days
before weaning (w − 10); at weaning (w); 4 h (h) post-weaning (w + 4 h); and 2, 5, 14, and 28 days
post-weaning (w + 2, w + 5, w + 14, and w + 28, respectively). Significant differences from other
time points are indicated with asterisks: *** p < 0.001. Number of replicates per treatment was n = 6.
Error bars express the SEM.
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Figure 3. Relative TRPV1 mRNA level 28 days post weaning (w + 28) in the three regions of the SI (SI1:
2.5% of total SI length; SI2: 25% of total SI length; SI3: 75% of total SI length). Significant differences
between regions are indicated with asterisks: *** p < 0.001. Number of replicates per treatment was
n = 6. Error bars express the SEM.
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Figure 4. Relative TRPA1 mRNA level in the pyloric region (PYL), 10 days before weaning (w − 10);
at weaning (w); 4 h (h) post-weaning (w + 4 h); and 2, 5, 14, and 28 days post-weaning (w + 2, w + 5,
w + 14, and w + 28, respectively). Significant differences from other time points are indicated with
asterisks: *** p < 0.001. Number of replicates per treatment was n = 6. Error bars express the SEM.

3.2. Immunohistochemistry

3.2.1. TRPA1 and TRPV1 on Enteroendocrine Cells

CgA-immunoreactive (IR) cells were detected in the three glandular regions of the gastric mucosa
(Figures 5a and 6a,b) and along the SI (Figures 5b,c and 6c) at w and w + 28. Both in stomach and SI,
CgA-IR cells were observed that also stained positive for TRPV1 and TRPA1. Age (w versus w + 28)
did not have an effect on the percentage of colocalization between CgA and TRPV1 and TRPA1 or
on the percentage of TRPA1- and TRPV1-IR cells that did not stain in CgA-IR cells (Figures 7 and 8).
In both cases, only location in the GIT had an effect on the percentage of colocalization (p < 0.001) and
on the percentage of single TRPA1- and TRPV1-IR cells (p < 0.001). Regarding TRPV1, the percentage
of colocalization remained constant in the three glandular regions of the stomach and was highest in
SI1 (48.6 ± 2.9%) (Figure 7a). The percentage TRPV1-IR cells that did not colocalize in CgA-IR cells
(Figure 8a) was highest in the cardia (43.26 ± 3.79%) and fundus (27.17 ± 3.96%) and lowest in the
pylorus (5.60 ± 4.04%). TRPA1-IR cells showed overall high (>72.6%) colocalization with CgA-IR cells,
in all GIT locations, without any significant differences (Figure 7b). The number of TRPA1-IR cells
that did not colocalize with CgA-IR cells remained low (<3.17%) in all regions of the stomach and SI
(Figure 8b). A higher density of cells IR for both TRPA1 or TRPV1 with CgA was observed in the
crypts of the SI compared to the epithelium of the villi (Figures 5b and 6c).
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Figure 5. TRPV1 (blue) and CgA (red)-IR cells in the gastrointestinal tract (GIT). Cell indicated with a
black arrow shows immunoreactivity for both antibodies. (a) Fundus, weaning (w), ×400; (b) SI2 (25% of
total SI length), weaning (w), ×200; (c) SI3 (75% of total SI length), 28 days post-weaning (w + 28), ×400.
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Figure 6. TRPA1 (blue) and CgA (red)-IR cells in the GIT. Cell indicated with a black arrow shows
immunoreactivity for both antibodies. (a) Pylorus, weaning (w),×400; (b) pylorus, 28 days post-weaning
(w + 28), ×400; (c) SI2 (75% of total SI length), weaning (w), ×200.
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Figure 7. %CgA-IR cells IR for (a) TRPV1 and (b) TRPA1 at different locations in the GIT (CAR: cardia,
FUN: fundus, PYL: pylorus, SI1; SI2; SI3: resp. 2.5, 25, 75% of total SI length) at weaning (w) and
28 days post-weaning (w + 28). Significant differences between regions are indicated with asterisks:
* p < 0.05, pooling the two time points. Number of replicates per treatment was n = 6. Error bars
express the SEM.
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Figure 8. (a) %TRPV1-IR cells and (b) %TRPA1-IR cells that did not colocalize on CgA-IR cells (CAR:
cardia, FUN: fundus, PYL: pylorus, SI1; SI2; SI3: resp. 2.5%, 25%, 75% of total SI length) at weaning
(w) and 28 days post-weaning (w + 28). Significant differences between regions are indicated with
asterisks: ** p < 0.01; *** p < 0.001, pooling the two time points. Number of replicates per treatment was
n = 6. Error bars express the SEM.

3.2.2. TRPA1 and TRPV1 on GLP-1 Immunoreactive Cells

GLP-1 positive cells were found in all three small intestinal locations. The highest density was
observed in the distal SI (SI3). Similarly, GLP-1-IR cells in the three SI locations were found to express
TRPA1 and TRPV1 (Figure 9).
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4. Discussion

This is the first report describing the differential gene expression and TRP channel distribution in
the GIT of young pigs. Using RT-qPCR, it was observed that TRPA1 and TRPV1 were expressed in
stomach and SI. Previous studies combined RT-qPCR results with in situ hybridization, both based
on the detection of mRNA [14,15,46]. Since measurements taken from mRNA and protein levels are
complementary, combining RT-qPCR with IHC to characterize TRPV1 and TRPA1, specifically in
the pig as target species, supplies additional information related to the translation from mRNA to
proteins [47]. This was confirmed by immunological staining showing that TRPA1 and TRPV1 proteins
were present in epithelial cells of the stomach and SI. This distribution suggests an important role for
these TRP channels in the GIT of the pig.

4.1. TRPV1 Expression Is Age and Location-Dependent and Colocalizes with GLP-1-IR Cells

The highest age-related increase in TRPV1 mRNA abundance was detected in the fundus and
distal SI. Immunohistochemistry indicated the colocalization with CgA-IR cells and, more specifically,
with GLP-1-IR cells, which are most abundant in the distal SI [48]. Furthermore, Van Ginneken et al. [48]
showed an increase in GLP-1-IR cells in the jejunum and ileum of young pigs, according to the age,
which is confirmed in this study. This suggests that TRPV1 is constitutive to this type of cell and
reveals their enteroendocrine nature. The highest regulatory role for TRPV1 is thus expected to occur
in the distal SI, probably in the release of gut peptides such as GLP-1, which mediates the “ileal brake”
mechanism and stimulates glucose-dependent pancreatic insulin secretion. Dietary factors such as
glucose, fatty acids, and fiber are known to increase the expression and to stimulate the release of
GLP-1 in rodents [49–51]. The increase in feed intake with age observed here could thus be a possible
explanation for the gradual upregulation of both GLP-1 and TRPV1. Piglets are naturally weaned
at a much older age than in commercial settings. In nature, weaning involves a less abrupt switch
from a milk-based to a solid diet. Suckling piglets are not yet exposed to TRPV1 channel activators,
such as capsaicin, that possibly could be harmful. Once piglets become older, the necessity of having
these channels—to detect harmful substances—increases, as the animals become more exposed to
these compounds. TRPV1 has previously been described in parietal cells in the human stomach [20].
The high number of TRPV1 immunoreactive cells that did not stain with CgA cells in the cardia
and fundus, and the age-dependent increase in the expression of the genes of interest in these two
regions, suggests their location on parietal and chief cells, which could indicate a possible role in
HCl production and pepsinogen release. Faussone-Pellegrini et al. indicated that the mitochondrial
location in human parietal cells might be related to the specific function of this cell type, i.e., the HCl
secretion, by considering that: (1) TRPV1 is a non-selective cation channel involved either in Ca2+

binding or mobilization, (2) Ca2+ is stored in the mitochondria of the parietal cells and is necessary to
produce HCl, (3) mitochondria are involved in cation production, and (4) TRPV1 is activated by low pH
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as well as by capsaicin [20,52,53]. Therefore, mitochondrial TRPV1 (as suggested by the cytoplasmatic
staining) could be one of the steps in an intracellular circuit of autoregulation of HCl production by the
parietal cells, yet this needs further confirmation. In the pyloric part, the low percentage of TRPV1-IR
cells that did not colocalize with CgA indicates that they are mostly of endocrine nature. Since gastrin
(G−) cells are abundant in this part of the stomach, the occurrence of TRPV1 on these cell types may
indicate the channel’s role in gastrin release [54]. This peptide hormone stimulates the release of
histamines by enterochromaffin-like cells, which consequently acts in a paracrine manner on parietal
cells, stimulating them to secrete H+ ions. All previous findings suggest an important role of TRPV1 in
the gastric HCl production and pepsinogen release in the pig.

4.2. TRPA1 Exhibits Peak Expression in Pylorus around Weaning and Highly Colocalizes with Enteroendocrine Cells

TRPA1 shows an age-independent sustained expression pattern. However, at weaning, there was
a significant increase in the pyloric region. In addition, in this gastric region, a high colocalization
with CgA-IR cells was observed, including a low number of TRPA1-IR cells lacking the endocrine
nature. G-cells (gastrin-releasing cells) are the most dominant endocrine subtype in the pyloric
region [54]. The act of removing the piglets from the sow caused an upregulation in TRPA1 expression.
This was emphasised by the observation that piglets sampled at the same age, without prior separation
from the sow, did not show this elevated TRPA1 mRNA abundance in the pylorus. Our data are
consistent with the results published by Camacho et al., also observing higher TRPA1 expression in the
pyloric compared to the cardiac region in mice [14]. Furthermore, they observed that the expression
pattern of TRPA1 is similar and proportional to ghrelin expression being higher in the pyloric than
cardiac epithelia. This, combined with the high in vitro expression of TRPA1 in ghrelin secreting cells
(MGN 3-1) with the decrease in ghrelin secretion partially through TRPA1 activation, allowed them to
explain the involvement of TRPA1 in gastric emptying and food intake. Moreover, the high number
of TRPA1-positive cells in the pylorus is consistent with the role of the distal stomach in sensing
nutrients [55]. Asakawa et al. [56] showed that ghrelin expression in the stomach was increased by
tail pinch stress and starvation stress in mice. This suggests that this gut peptide may have a role in
mediating both neuroendocrine and behavioural responses to stressors and that the stomach could
play an important role in the regulation of appetite and anxiety. Notably, the range of newly found
mediators of TRP channels includes oxidative stress. Endogenous reactive oxygen species, generated
during mitochondrial oxidative metabolism as well as in cellular response to cytokines and bacterial
invasion, can activate TRP channels [57]. TRPA1 has a higher sensitivity to these compounds than
TRPV1 due to its higher number of cysteine residues (prone to oxidation) in the longer outstretched
arm of the N-terminus [58]. As shown by our data, TRPA1 expression is affected by the act of weaning
the piglet, where the immature animal is subjected to a variety of stressors linked to changes in social
structure, diet, and environment [27]. Nevertheless, the causal link between higher mRNA and stress
and anxiety is yet only proven in other species than the pig and should thus be further confirmed in
the pig. TRPA1 showed a high (>75.4%) colocalization with enteroendocrine cells in the three parts
of the SI, which indicates a possible mediation in hormone release. The hormone released depends
on the specific enteroendocrine cell type. However, recent work implied that these cell lineages
in the SI exhibit a more flexible hormone repertoire than previously proposed [59]. Furthermore,
higher colocalization of both channels with enteroendocrine cell types in the crypts compared to the
villi was observed, which is in line with previous findings [14]. This also indicates their possible
role in GLP-1 release, since Beumer et al. [59] suggested that enteroendocrine cells could switch
hormone expression along the crypt-to-villus gradient. Cells expressing GLP-1 are restricted to crypts,
whereas PYY enteroendocrine cells are more abundant in the villi [59].

5. Conclusions

Our study showed that both TRPV1 and TRPA1 channels are expressed along the GIT of pigs
and supports the hypothesis that the function of both may be related to an endocrine response,
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possibly resulting in the release of gut peptide hormones such as GLP-1. Moreover, age significantly
affected their gene and protein expression with variable expression patterns, which suggests their
involvement in distinct physiological functions, such as the ability to modulate the gastric function.

This study provides substantially more knowledge and data for pigs considering TRPA1 and
TRPV1 expression in the GIT. We do believe that this is a first step in exploring the possibilities
of targeting TRP channels in the pig’s gut and will contribute to further research. Given that the
functional implications of our findings are deduced by comparison with existing data in other species,
further investigations are needed to elucidate the physiological implications of these findings in the
pig and to identify which compounds are directly involved in their modulation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/12/2417/s1,
Figure S1: Agarose gel (2%) electrophoresis shows successful amplification with specific primer sets and template.

Author Contributions: E.V.L. and J.M. designed research; E.V.L. and G.V. performed research; E.V.L. prepared
the original draft of the manuscript. N.V.N., J.D., M.V.P., L.P., C.V.G., E.R. and J.M. contributed to data curation,
investigation, methodology, reviewing, and editing the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Research Foundation—Flanders (FWO), Brussels, Belgium (strategic
basic research grant for E.V.L.), file number 72932.

Acknowledgments: The authors would like to thank farm Degroote for the smooth cooperation.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Gribble, F.M.; Reimann, F. Enteroendocrine Cells: Chemosensors in the Intestinal Epithelium. Annu. Rev. Physiol.
2016, 78, 277–299. [CrossRef]

2. Roura, E.; Humphrey, B.; Tedó, G.; Ipharraguerre, I. Unfolding the codes of short-term feed appetence in
farm and companion animals. A comparative oronasal nutrient sensing biology review. Can. J. Anim. Sci.
2008, 88, 535–558. [CrossRef]

3. Roura, E.; Fu, M. Taste, nutrient sensing and feed intake in pigs (130 years of research: Then, now and future).
Anim. Feed Sci. Technol. 2017, 233, 3–12. [CrossRef]

4. Pingle, S.; Matta, J.; Ahern, G. Capsaicin receptor: TRPV1 a promiscuous TRP channel. In Transient Receptor
Potential (TRP) Channels; Springer: Berlin/Heidelberg, Germany, 2007; pp. 155–171.

5. Gunthorpe, M.J.; Benham, C.D.; Randall, A.; Davis, J.B. The diversity in the vanilloid (TRPV) receptor family
of ion channels. Trends Pharmacol. Sci. 2002, 23, 183–191. [CrossRef]

6. Bandell, M.; Macpherson, L.J.; Patapoutian, A. From chills to chilis: Mechanisms for thermosensation and
chemesthesis via thermoTRPs. Curr. Opin. Neurobiol. 2007, 17, 490–497. [CrossRef]

7. 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]

8. Julius, D. TRP channels and pain. Annu. Rev. Cell Dev. Biol. 2013, 29, 355–384. [CrossRef]
9. Owsianik, G.; Talavera, K.; Voets, T.; Nilius, B. Permeation and selectivity of TRP channels. Annu. Rev. Physiol.

2006, 68, 685–717. [CrossRef]
10. Chen, J.; Hackos, D.H. TRPA1 as a drug target—Promise and challenges. Naunyn Schmiedeberg’s

Arch. Pharmacol. 2015, 388, 451–463. [CrossRef]
11. Andrei, S.R.; Sinharoy, P.; Bratz, I.N.; Damron, D.S. TRPA1 is functionally co-expressed with TRPV1 in cardiac

muscle: Co-localization at z-discs, costameres and intercalated discs. Channels 2016, 10, 395–409. [CrossRef]
12. Yang, F.; Zheng, J. Understand spiciness: Mechanism of TRPV1 channel activation by capsaicin. Protein Cell

2017, 8, 169–177. [CrossRef] [PubMed]
13. Patapoutian, A.; Tate, S.; Woolf, C.J. Transient receptor potential channels: Targeting pain at the source.

Nat. Rev. Drug Discov. 2009, 8, 55–68. [CrossRef] [PubMed]

http://www.mdpi.com/2076-2615/10/12/2417/s1
http://dx.doi.org/10.1146/annurev-physiol-021115-105439
http://dx.doi.org/10.4141/CJAS08014
http://dx.doi.org/10.1016/j.anifeedsci.2017.08.002
http://dx.doi.org/10.1016/S0165-6147(02)01999-5
http://dx.doi.org/10.1016/j.conb.2007.07.014
http://dx.doi.org/10.1111/j.1476-5381.2012.01851.x
http://dx.doi.org/10.1146/annurev-cellbio-101011-155833
http://dx.doi.org/10.1146/annurev.physiol.68.040204.101406
http://dx.doi.org/10.1007/s00210-015-1088-3
http://dx.doi.org/10.1080/19336950.2016.1185579
http://dx.doi.org/10.1007/s13238-016-0353-7
http://www.ncbi.nlm.nih.gov/pubmed/28044278
http://dx.doi.org/10.1038/nrd2757
http://www.ncbi.nlm.nih.gov/pubmed/19116627


Animals 2020, 10, 2417 13 of 15

14. Camacho, S.; Michlig, S.; De Senarclens-Bezençon, C.; Meylan, J.; Meystre, J.; Pezzoli, M.; Markram, H.;
Le Coutre, J. Anti-obesity and anti-hyperglycemic effects of cinnamaldehyde via altered ghrelin secretion
and functional impact on food intake and gastric emptying. Sci. Rep. 2015, 5. [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. TRPA1 regulates gastrointestinal motility through serotonin release from
enterochromaffin cells. Proc. Natl. Acad. Sci. USA 2009, 106, 3408–3413. [CrossRef] [PubMed]

16. Emery, E.C.; Diakogiannaki, E.; Gentry, C.; Psichas, A.; Habib, A.M.; Bevan, S.; Fischer, M.J.M.; Reimann, F.;
Gribble, F.M. Stimulation of GLP-1 secretion downstream of the ligand-gated ion channel TRPA1. Diabetes
2015, 64, 1202–1210. [CrossRef] [PubMed]

17. Wang, P.; Yan, Z.; Zhong, J.; Chen, J.; Ni, Y.; Li, L.; Ma, L.; Zhao, Z.; Liu, D.; Zhu, Z. Transient receptor potential
vanilloid 1 activation enhances gut glucagon-like peptide-1 secretion and improves glucose homeostasis.
Diabetes 2012, 61, 2155–2165. [CrossRef]

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

19. Kato, S.; Aihara, E.; Nakamura, A.; Xin, H.; Matsui, H.; Kohama, K.; Takeuchi, K. Expression of vanilloid
receptors in rat gastric epithelial cells: Role in cellular protection. Biochem. Pharmacol. 2003, 66, 1115–1121.
[CrossRef]

20. Faussone-Pellegrini, M.-S.; Taddei, A.; Bizzoco, E.; Lazzeri, M.; Vannucchi, M.G.; Bechi, P. Distribution of the
vanilloid (capsaicin) receptor type 1 in the human stomach. Histochem. Cell Biol. 2005, 124, 61–68. [CrossRef]

21. Buckinx, R.; van Nassauw, L.; Avula, L.R.; Alpaerts, K.; Adriaensen, D.; Timmermans, J.P. Transient receptor
potential vanilloid type 1 channel (TRPV1) immunolocalization in the murine enteric nervous system is
affected by the targeted C-terminal epitope of the applied antibody. J. Histochem. Cytochem. 2013, 61, 421–432.
[CrossRef]

22. Watanabe, T.; Terada, Y. Food compounds activating thermosensitive TRP channels in Asian herbal and
medicinal foods. J. Nutr. Sci. Vitaminol. 2015, 61, S86–S88. [CrossRef] [PubMed]

23. Platel, K.; Srinivasan, K. Digestive stimulant action of spices: A myth or reality? Indian J. Med Res. 2004,
119, 167–179. [PubMed]

24. Kim, M.J.; Son, H.J.; Song, S.H.; Jung, M.; Kim, Y.; Rhyu, M.R. The TRPA1 Agonist, Methyl Syringate
Suppresses Food Intake and Gastric Emptying. PLoS ONE 2013, 8. [CrossRef] [PubMed]

25. Boesmans, W.; Owsianik, G.; Tack, J.; Voets, T.; Vanden Berghe, P. TRP channels in neurogastroenterology:
Opportunities for therapeutic intervention. Br. J. Pharmacol. 2011, 162, 18–37. [CrossRef] [PubMed]

26. 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]

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

28. 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]

29. Campbell, J.M.; Crenshaw, J.D.; Polo, J. The biological stress of early weaned piglets. J. Anim. Sci. Biotechnol.
2013, 4, 19. [CrossRef]

30. Nabuurs, M.; Hoogendoorn, A.; Van der Molen, E.; Van Osta, A. Villus height and crypt depth in weaned
and unweaned pigs, reared under various circumstances in the Netherlands. Res. Vet. Sci. 1993, 55, 78–84.
[CrossRef]

31. Yang, H.; Xiong, X.; Wang, X.; Tan, B.; Li, T.; Yin, Y. Effects of weaning on intestinal upper villus epithelial
cells of piglets. PLoS ONE 2016, 11, e0150216. [CrossRef]

32. Lallès, J.P.; Bosi, P.; Smidt, H.; Stokes, C.R. Weaning—A challenge to gut physiologists. Livest. Sci. 2007,
108, 82–93. [CrossRef]

33. Dierick, N.; Decuypere, J.; Molly, K.; Vanderbeke, E. Microbial protease addition to a soybean meal diet for
weaned piglets: Effects on performance, digestion, gut flora and gut function. Publ. Eur. Assoc. Anim. Prod.
2004, 110, 229–234.

http://dx.doi.org/10.1038/srep07919
http://www.ncbi.nlm.nih.gov/pubmed/25605129
http://dx.doi.org/10.1073/pnas.0805323106
http://www.ncbi.nlm.nih.gov/pubmed/19211797
http://dx.doi.org/10.2337/db14-0737
http://www.ncbi.nlm.nih.gov/pubmed/25325736
http://dx.doi.org/10.2337/db11-1503
http://dx.doi.org/10.1016/j.febslet.2007.12.005
http://dx.doi.org/10.1016/S0006-2952(03)00461-1
http://dx.doi.org/10.1007/s00418-005-0025-9
http://dx.doi.org/10.1369/0022155413484764
http://dx.doi.org/10.3177/jnsv.61.S86
http://www.ncbi.nlm.nih.gov/pubmed/26598901
http://www.ncbi.nlm.nih.gov/pubmed/15218978
http://dx.doi.org/10.1371/journal.pone.0071603
http://www.ncbi.nlm.nih.gov/pubmed/23990963
http://dx.doi.org/10.1111/j.1476-5381.2010.01009.x
http://www.ncbi.nlm.nih.gov/pubmed/20804496
http://dx.doi.org/10.2527/jas.2007-0459
http://dx.doi.org/10.1016/j.livsci.2010.06.117
http://dx.doi.org/10.1080/17450390903499915
http://dx.doi.org/10.1186/2049-1891-4-19
http://dx.doi.org/10.1016/0034-5288(93)90038-H
http://dx.doi.org/10.1371/journal.pone.0150216
http://dx.doi.org/10.1016/j.livsci.2007.01.091


Animals 2020, 10, 2417 14 of 15

34. Heo, J.M.; Kim, J.C.; Hansen, C.F.; Mullan, B.P.; Hampson, D.J.; Pluske, J.R. Feeding a diet with a decreased
protein content reduces both nitrogen content in the gastrointestinal tract and post-weaning diarrhoea,
but does not affect apparent nitrogen digestibility in weaner pigs challenged with an enterotoxigenic strain
of Escheri. Anim. Feed Sci. Technol. 2010, 160, 148–159. [CrossRef]

35. Gilbert, M.S.; Ijssennagger, N.; Kies, A.K.; van Mil, S.W.C. Protein fermentation in the gut; implications
for intestinal dysfunction in humans, pigs and poultry. Am. J. Physiol. Gastrointest Liver Physiol. 2018,
315, G159–G170. [CrossRef]

36. Pieper, R.; Villodre Tudela, C.; Taciak, M.; Bindelle, J.; Pérez, J.F.; Zentek, J. Health relevance of intestinal
protein fermentation in young pigs. Anim. Health Res. Rev. 2016, 17, 137–147. [CrossRef]

37. Bikker, P.; Dirkzwager, A.; Fledderus, J.; Trevisi, P.; le Huerou-Luron, I.; Lalles, J.; Awati, A. The effect of
dietary protein and fermentable carbohydrates levels on growth performance and intestinal characteristics
in newly weaned piglets. J. Anim. Sci. 2006, 84, 3337–3345. [CrossRef]

38. Gupta, R.; Saito, S.; Mori, Y.; Itoh, S.G.; Okumura, H.; Tominaga, M. Structural basis of TRPA1 inhibition by
HC-030031 utilizing species-specific differences. Sci. Rep. 2016, 6, 1–14. [CrossRef]

39. Vercelli, C.; Barbero, R.; Re, G. Transient Receptor Potential Vanilloid 1 in animal tissues: An overview to
highlight similarities and differences with human species. Recept. Clin. Investig. 2015, 2, 1–9.

40. Kunert-Keil, C.; Bisping, F.; Krüger, J.; Brinkmeier, H.; Montell, C.; Montell, C.; Birnbaumer, L.; Flockerzi, V.;
Bindels, R.; Bruford, E.; et al. Tissue-specific expression of TRP channel genes in the mouse and its variation
in three different mouse strains. BMC Genom. 2006, 7, 159. [CrossRef]

41. Xiao, B.; Dubin, A.E.; Bursulaya, B.; Viswanath, V.; Jegla, T.J.; Patapoutian, A. Identification of transmembrane
domain 5 as a critical molecular determinant of menthol sensitivity in mammalian TRPA1 channels. J. Neurosci.
2008, 28, 9640–9651. [CrossRef]

42. Bustin, S.A.; Beaulieu, J.-F.; Huggett, J.; Jaggi, R.; Kibenge, F.S.; Olsvik, P.A.; Penning, L.C.; Toegel, S.
MIQE precis: Practical implementation of minimum standard guidelines for fluorescence-based quantitative
real-time PCR experiments. BMC Mol. Biol. 2010, 11, 74. [CrossRef] [PubMed]

43. Wang, W.; Degroote, J.; Van Ginneken, C.; Van Poucke, M.; Vergauwen, H.; Dam, T.M.T.; Vanrompay, D.;
Peelman, L.J.; De Smet, S.; Michiels, J. Intrauterine growth restriction in neonatal piglets affects small
intestinal mucosal permeability and mRNA expression of redox-sensitive genes. FASEB J. 2016, 30, 863–873.
[CrossRef] [PubMed]

44. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 2003,
31, 3406–3415. [CrossRef] [PubMed]

45. Nygard, A.-B.; Jørgensen, C.B.; Cirera, S.; Fredholm, M. Selection of reference genes for gene expression
studies in pig tissues using SYBR green qPCR. BMC Mol. Biol. 2007, 8, 67. [CrossRef]

46. 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]

47. Hatzimanikatis, V.; Choe, L.H.; Lee, K.H. Proteomics: Theoretical and experimental considerations.
Biotechnol. Prog. 1999, 15, 312–318. [CrossRef]

48. Van Ginneken, C.; Verlinden, K.; Van Meir, F.; Sys, S.; Weyns, A. A stereologic evaluation of glucagon-like
peptide-1 (GLP-1) mucosal cells in the small intestine of the developing pig. Anat. Embryol. 2002, 205, 153–157.
[CrossRef]

49. Zhou, J.; Martin, R.J.; Tulley, R.T.; Raggio, A.M.; McCutcheon, K.L.; Shen, L.; Danna, S.C.; Tripathy, S.;
Hegsted, M.; Keenan, M.J. Dietary resistant starch upregulates total GLP-1 and PYY in a sustained day-long
manner through fermentation in rodents. Am. J. Physiol. Endocrinol. Metab. 2008, 295, E1160–E1166.
[CrossRef]

50. Hirasawa, A.; Tsumaya, K.; Awaji, T.; Katsuma, S.; Adachi, T.; Yamada, M.; Sugimoto, Y.; Miyazaki, S.;
Tsujimoto, G. Free fatty acids regulate gut incretin glucagon-like peptide-1 secretion through GPR120.
Nat. Med. 2005, 11, 90. [CrossRef]

51. Tolhurst, G.; Reimann, F.; Gribble, F.M. Nutritional regulation of glucagon-like peptide-1 secretion. J. Physiol.
2009, 587, 27–32. [CrossRef]

52. Caterina, M.J.; Schumacher, M.A.; Tominaga, M.; Rosen, T.A.; Levine, J.D.; Julius, D.J.N. The capsaicin
receptor: A heat-activated ion channel in the pain pathway. Nature 1997, 389, 816. [CrossRef] [PubMed]

53. Dhaka, A.; Uzzell, V.; Dubin, A.E.; Mathur, J.; Petrus, M.; Bandell, M.; Patapoutian, A. TRPV1 is activated by
both acidic and basic pH. J. Neurosci. 2009, 29, 153–158. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.anifeedsci.2010.07.005
http://dx.doi.org/10.1152/ajpgi.00319.2017
http://dx.doi.org/10.1017/S1466252316000141
http://dx.doi.org/10.2527/jas.2006-076
http://dx.doi.org/10.1038/srep37460
http://dx.doi.org/10.1186/1471-2164-7-159
http://dx.doi.org/10.1523/JNEUROSCI.2772-08.2008
http://dx.doi.org/10.1186/1471-2199-11-74
http://www.ncbi.nlm.nih.gov/pubmed/20858237
http://dx.doi.org/10.1096/fj.15-274779
http://www.ncbi.nlm.nih.gov/pubmed/26514167
http://dx.doi.org/10.1093/nar/gkg595
http://www.ncbi.nlm.nih.gov/pubmed/12824337
http://dx.doi.org/10.1186/1471-2199-8-67
http://dx.doi.org/10.1007/s00441-013-1780-x
http://dx.doi.org/10.1021/bp990004b
http://dx.doi.org/10.1007/s00429-002-0235-z
http://dx.doi.org/10.1152/ajpendo.90637.2008
http://dx.doi.org/10.1038/nm1168
http://dx.doi.org/10.1113/jphysiol.2008.164012
http://dx.doi.org/10.1038/39807
http://www.ncbi.nlm.nih.gov/pubmed/9349813
http://dx.doi.org/10.1523/JNEUROSCI.4901-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19129393


Animals 2020, 10, 2417 15 of 15

54. Gunawardene, A.R.; Corfe, B.M.; Staton, C.A. Classification and functions of enteroendocrine cells of the
lower gastrointestinal tract. Int. J. Exp. Pathol. 2011, 92, 219–231. [CrossRef] [PubMed]

55. Priori, D.; Colombo, M.; Clavenzani, P.; Jansman, A.J.M.; Lallès, J.P.; Trevisi, P.; Bosi, P. The olfactory receptor
OR51E1 is present along the gastrointestinal tract of pigs, co-localizes with enteroendocrine cells and is
modulated by intestinal microbiota. PLoS ONE 2015, 10, e0129501. [CrossRef]

56. Asakawa, A.; Inui, A.; Kaga, T.; Yuzuriha, H.; Nagata, T.; Fujimiya, M.; Katsuura, G.; Makino, S.; Fujino, M.A.;
Kasuga, M. A role of ghrelin in neuroendocrine and behavioral responses to stress in mice. Neuroendocrinology
2001, 74, 143–147. [CrossRef]

57. Yamamoto, S.; Shimizu, S. Significance of TRP channels in oxidative stress. Eur. J. Pharmacol. 2016,
793, 109–111. [CrossRef]

58. Kim, S.; Hwang, S.W. Emerging roles of TRPA1 in sensation of oxidative stress and its implications in defense
and danger. Arch. Pharmacal Res. 2013, 36, 783–791. [CrossRef]

59. Beumer, J.; Artegiani, B.; Post, Y.; Reimann, F.; Gribble, F.; Nguyen, T.N.; Zeng, H.; Van den Born, M.;
Van Es, J.H.; Clevers, H. Enteroendocrine cells switch hormone expression along the crypt-to-villus BMP
signalling gradient. Nat. Cell Biol. 2018, 20, 909. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 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/10.1111/j.1365-2613.2011.00767.x
http://www.ncbi.nlm.nih.gov/pubmed/21518048
http://dx.doi.org/10.1371/journal.pone.0129501
http://dx.doi.org/10.1159/000054680
http://dx.doi.org/10.1016/j.ejphar.2016.11.007
http://dx.doi.org/10.1007/s12272-013-0098-2
http://dx.doi.org/10.1038/s41556-018-0143-y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals and Sampling Procedures 
	RNA Isolation and Reverse-Transcription Quantitative Real-Time PCR 
	Immunohistochemistry 
	TRPA1 and TRPV1 in Enteroendocrine Cells 
	TRPA1 and TRPV1 Colocalization with GLP-1 Positive Cells 

	Statistics 

	Results 
	TRPA1 and TRPV1 Expression in the Gut 
	Immunohistochemistry 
	TRPA1 and TRPV1 on Enteroendocrine Cells 
	TRPA1 and TRPV1 on GLP-1 Immunoreactive Cells 


	Discussion 
	TRPV1 Expression Is Age and Location-Dependent and Colocalizes with GLP-1-IR Cells 
	TRPA1 Exhibits Peak Expression in Pylorus around Weaning and Highly Colocalizes with Enteroendocrine Cells 

	Conclusions 
	References

