
Summary. Takeda-G-protein-receptor-5 (TGR5) is a
receptor for bile acids and its expression has been
described in a variety of tissues and species.
Characterization of TGR5 distribution and function has
been investigated in drug discovery for the treatment of
metabolic diseases in humans. Because dogs are one of
the species used in biomedical research and share some
similarities with human gastrointestinal diseases, the
objective of this study was to characterize the
distribution of TGR5 receptor in the canine species. This
study characterizes the distribution of TGR5 receptor in
the gastrointestinal tract, liver, gallbladder, and pancreas
of 8 dogs. The distribution of TGR5 antigen and mRNA
expression was investigated using immunohisto-
chemistry and RNA in situ hybridization, respectively.
TGR5 immunolabeling was located in the cell
membrane or in the cell membrane and cytoplasm.
TGR5 immunolabeling was broadly distributed in
macrophages, endothelial cells, ganglion cells, and
leiomyocytes throughout all the examined tissues.
Epithelial cells from tongue, stomach to rectum, as well
as from gallbladder, biliary and pancreatic ducts
demonstrated TGR5 immunolabeling. In endocrine cells,
TGR5 immunolabeling was observed in intestinal
enteroendocrine cells and islets of Langerhans in the
pancreas. The hepatocytes had a unique pattern of
immunolabeling located on the canalicular surface of the

cell membrane. TGR5 mRNA expression was located
mainly in the nucleus and the only negative cells
throughout all examined tissues were striated muscle
from tongue and esophagus, muscularis mucosae,
esophageal glands, and hepatic sinusoids. These findings
indicate that the bile acid receptor TGR5 is ubiquitously
distributed in the canine gastrointestinal tract.
Key words: GPBAR1, Bile salts, Protein, Nucleic acids,
Dog

Introduction

Primary bile acids are synthesized from cholesterol
in hepatocytes as cholic and chenodeoxycholic acids,
then conjugated with glycine or taurine and secreted
with the bile into the intestinal lumen (Costanzo, 2013).
In the ileum and large intestine, the microbiota
containing 7α-dehydroxylase can modify primary bile
acids to the secondary bile acids deoxycholic and
lithocholic acids (Vlahcevic et al., 1996). Bile acids
(BA) undergo enterohepatic circulation being actively
reabsorbed through the apical sodium dependent bile
acid transporter (ASBT) or through passive diffusion by
the small and large intestinal mucosa (Aldini et al.,
1996). 

Digestive functions of BA include hepatic secretion
of cholesterol, induction of bile flow, and facilitation of
the absorption of cholesterol, triglycerides, and lipid-
soluble vitamins (Chiang, 2009; Russel, 2009). The most
well-understood examples of BA receptors are the
nuclear farnesoid X receptor (FXR) and the
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transmembrane G protein-coupled bile acid receptor
GPBAR-1, also known as TGR5 (Schaap et al., 2014).
FXR is an intestinal and hepatic nuclear receptor and its
activation leads to increased excretion of BA by
hepatocytes and reduced hepatic uptake and de novo
synthesis of BA (Grober et al., 1999). The membranous
receptor TGR5 has a broader distribution in tissues,
including widespread expression in the human
gastrointestinal tract, nervous tissue, and macrophages,
functioning as a regulator of metabolism (Duboc et al.,
2014). TGR5 transmits its signal by increasing
intracellular concentrations of cyclic AMP (cAMP)
(Kawamata et al., 2003). The secondary BA lithocholic
acid is the strongest endogenous agonist for the receptor,
followed by deoxycholic acid, chenodeoxycholic acid,
and cholic acid (Kawamata et al., 2003).

BA and their receptors, including TGR5, represent
novel targets for the treatment of metabolic and
inflammatory disorders (Guo et al., 2016). The function
and expression of TGR5 have been partially investigated
in humans, mice, rats, and rabbits, with variation in the
distribution of the receptor and in bile acid metabolism
among species (van Nierop et al., 2017). Dogs are the
non-rodent species most commonly used in preclinical
drug development (Gad, 2010) and spontaneously
develop diseases that share characteristics with humans,
which make the dog being increasingly recognized in the
field of clinical translational research as an animal model
(Paoloni and Khanna, 2008). Bile acid dysmetabolism is
commonly associated with gastrointestinal diseases in
dogs, similar to humans (Melgarejo et al., 2000; Guard
et al., 2017). The objective of this study was to
characterize the immunohistochemical and mRNA
distribution of TGR5 receptor in the canine
gastrointestinal tract. 
Materials and methods

Samples and tissue preparation

Eight adult dogs (five male and three female of
different breeds; mean age 5 years, range 1-13 years)
were included in this study. The dogs presented to the
Texas A&M Small Animal Emergency Service and were
euthanized due to traumatic injuries, in consensus with
their owners. None of the dogs had clinical signs of
gastrointestinal disease. No animal was euthanized for
the purpose of this study and this was not an animal
experiment as samples were collected postmortem. The
study was carried out in accordance with the Animal
Welfare act (AWA) and was exempted by the Texas
A&M University Institutional Animal Care and Use
Committee. 

Samples from the gastrointestinal tract were
collected 10-20 minutes after euthanasia. Tissue samples
were collected from tongue, esophagus, stomach (fundic
and pyloric region), duodenum, jejunum, ileum, colon,
cecum, rectum, liver, gallbladder, and pancreas. Samples
were fixed in 10% neutral buffered formalin for 24

hours, followed by routine histological processing. For
histological examination, 4 µm thick sections routinely
stained with hematoxylin and eosin were examined by
light microscopy and were scored following the World
Small Animal Veterinary Association (WSAVA)
gastrointestinal guidelines (Day et al., 2008). No
significant histologic changes were found in the
gastrointestinal tract of the eight dogs.
Immunohistochemistry

Immunohistochemistry was performed in samples of
eight dogs. Four µm thick sections were deparaffinized
and hydrated in a series of decreasing ethanol
concentration. Antigen retrieval was performed by
heating the slides to 121°C for 10 min in 10 mM sodium
citrate buffer, pH 6.0. Blocking included incubation with
3% hydrogen peroxide diluted in distilled water for 10
min followed by a protein free blocking buffer (#X0909;
Dako, Carpinteria, CA, USA) diluted 1:10 in distilled
water for 7 min, both at room temperature
(approximately 22°C). Tissues were then incubated with
an anti-human TGR5 polyclonal antibody (#PA5-27076;
Thermo Fisher Scientific, Rockford, IL, USA) diluted
1:100 for 1 h at room temperature. For negative controls,
the primary antibody was substituted with rabbit IgG in
consecutive sections from each tissue. Slides were
washed 3 times for 5 min each in 1x Tris-buffered saline
with Tween 20 (TBST) and detection was performed
using a horseradish peroxidase polymer (#TL-060-HL;
Thermo Fisher Scientific, Fremont, CA, USA), followed
by incubation for 1 min with 1% 3,3'-diaminobenzidine
chromogen (#34002; Thermo Fisher Scientific,
Rockford, IL, USA). Slides were counterstained with
Mayer’s hematoxylin, dehydrated, and mounted with a
xylene-based non-aqueous mounting media. Slides of
tongue, esophagus, stomach (fundic and pyloric region),
duodenum, jejunum, ileum, colon, cecum, rectum, liver,
gallbladder, and pancreas were examined by
conventional light microscopy (Olympus BX43). The
intensity for TGR5 immunolabeling was recorded for
each cell type (i.e., hepatocytes, simple columnar
epithelium, ganglion cells, etc.) in the different tissues as
follows: (-) no positive cells, (+) only membranous
labeling, (++) membranous and weak cytoplasmic
labeling, and (+++) membranous and strong cytoplasmic
labeling. Slides were photographed with a DP73 camera
using the Olympus cellSens Standard platform
(Olympus, Tokyo, Japan) and images were exported into
Adobe Photoshop CC (Adobe, San Jose, CA, USA) for
adjustment of contrast and final preparation of figures.
RNA in situ hybridization

In situ hybridization (ISH) using the RNAscope 2.5
assay (Advanced Cell Diagnostics, Inc., Hayward, CA,
USA) was performed with 18 specific probes targeting
the 46-1,309 region of predicted canine G protein-
coupled bile acid receptor 1/TGR5 (reference sequence:
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XM_005640641.2) for detection of mRNA in individual
cells. The assay was performed in samples of tongue,
esophagus, stomach (fundic and pyloric region),
duodenum, jejunum, ileum, colon, cecum, rectum, liver,
gallbladder, and pancreas of two control dogs. Four µm
thick formalin-fixed, paraffin-embedded sections of the
tissues were mounted on charged slides and incubated in
an oven at 60°C for 1 h, then deparaffinized in xylene,
followed by dehydration with 100% ethanol and distilled
water. Tissue sections were air-dried and incubated with
hydrogen peroxide for 10 min at room temperature and
rinsed in distilled water. Then, samples were boiled for
30 min at 98-102°C in a pretreatment solution and
washed in distilled water followed by 100% ethanol.
Slides were air-dried and incubated with RNAscope
protease reagent for 30 min at 40°C in a hybridization
oven. After being rinsed with distilled water, tissues
were hybridized with GPBAR1 or control probes at
40°C for 2 h in a hybridization oven. Hybridization with
AMP1-AMP6 reagents was performed as follows:
AMP1 (40°C for 30 min), AMP2 (40°C for 15 min),
AMP3 (40°C for 30 min), AMP4 (40°C for 15 min),
AMP5 (room temperature for 1 h), and AMP6 (room
temperature for 15 min). Between each hybridization
step, slides were washed with wash buffer for three
times of 5 min each. The signal amplification was
performed with a horseradish peroxidase-based system
followed by chromogenic detection with 3,3’-
diaminobenzidine. Slides were counterstained with Gill’s
hematoxylin and mounted with a xylene-based non-
aqueous mounting media. Consecutive sections were
incubated with a positive control probe targeting canine
RNA polymerase II subunit A (POLR2A) to verify RNA
quality and a negative control probe targeting non-
specific bacterial RNA (dapB gene). All slides were
examined by conventional light microscopy (Olympus
BX43) and photographed with a digital camera
(Olympus DP73) using Olympus cellSens Standard
platform (Olympus, Tokyo, Japan). For semi-
quantitative evaluation of ISH slides, five 40x fields
with groups of cell types were photographed for each
slide. The number of cells and dots were manually
counted and recorded. Each dot represents one copy of
mRNA (Wang et al., 2012). The mean number of dots
per cell was calculated. The labeling was categorized
into four scores, according with the manufacture’s
guidelines: (-) negative, no staining or less than 1 dot to
every 10 cells; (+) mild, 1-3 dots/cell; (++) moderate, 4-
10 dots/cell with very few dot clusters, (+++) marked,
>10 dots/cell with dot clusters (Wang et al., 2012).
Images were exported into Adobe Photoshop CC
(Adobe, San Jose, CA, USA) for adjustment of contrast
and final preparation of figure panels.
Colocalization of TGR5 mRNA and IBA-1 antigen in
mononuclear cells

Because TGR5-positive mononuclear cells

throughout the gastrointestinal tract had moderate
amount of cytoplasm, we hypothesized that these cells
were macrophages. For characterization of TGR5-
positive mononuclear cells, double labeling for TGR5
using RNA ISH and immunohistochemistry for ionized
calcium-binding adapter molecule 1 (IBA-1)18 was
performed. IBA-1 is considered a pan-macrophage
marker because it is expressed in monocytes and
subpopulations of macrophages (Köhler, 2007). RNA
ISH was performed using a brown chromogen in a
sample of ileum. Slides were rinsed and incubated with
anti-IBA1 antibody (#019-19741, Wako Pure Chemical
Industries, Richmond, USA) diluted to 1:400 for 1 h at
room temperature. The primary antibody incubation was
followed by rinsing with 1x TBST and incubation with a
polymer (#TL-060-HL; Thermo Fisher Scientific,
Fremont, CA, USA). Detection was performed with a
red 3,3'-diaminobenzidine chromogen diluted at 1% and
incubated for 1 min (#SK-5105; Vector Laboratories,
Burlingame, CA, USA), followed by counterstaining
with Mayer’s hematoxylin. Slides were dehydrated and
mounted with a xylene-based non-aqueous mounting
media.
Results

Immunohistochemistry localization and scoring

TGR5-immunoreactive cells were broadly
distributed in gastrointestinal tissues with membranous
or membranous and cytoplasmic immunolabeling (Table
1). In the tongue, the membrane of epithelial cells in the
stratum basale and stratum spinosum was positive (Fig.
1A). In the connective tissue, the cytoplasm and
membrane of ganglion cells, mononuclear cells, and
endothelial cells were labeled. The glossal striated
muscle was negative. 

In the esophagus, throughout the lamina propria of
the mucosa to the adventitia, ganglion cells, endothelial
cells, and mononuclear cells were consistently positive.
Although the submucosal glands were negative,
surrounding myoepithelial cells showed strong
cytoplasmic and membranous immunolabeling (Fig.
1B). In contrast, the stratified squamous epithelium, the
muscularis mucosae, and the muscularis externa were
negative. 

In the stomach, the simple columnar epithelium in
the fundus and pylorus was positive, mainly in the
region of the mucous neck cells of the gastric pits (Fig.
1C). The cytoplasm and membrane of parietal cells
showed a strong signal (Fig. 1D). On the other hand,
chief cells were positive only on the cell membrane (Fig.
1D). Both the inner and outer layers of the muscularis
externa had immunolabeling in the membrane and
cytoplasm of leiomyocytes. Mononuclear cells,
endothelial cells, and ganglion cells in the submucosal
and myenteric plexi were consistently positive. The
muscularis mucosae was negative.
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In the small and large intestine, the distribution was
similar throughout all the segments. The membrane of
enterocytes and goblet cells was positive (Fig. 2A).
Enteroendocrine cells in the crypts and mononuclear
cells distributed in all layers, including Peyer’s patches,
showed a strong cytoplasmic and membranous signal
(Fig. 2B). Ganglion cells (Fig. 2C) and endothelial cells
were consistently positive. In the muscularis externa,
both the inner and outer layers had membranous and
cytoplasmic immunolabeling (Fig. 2D). In contrast, the
muscularis mucosae was negative. 

In the liver, hepatocytes had membranous labeling
on the canalicular surface (Fig. 3A). Kupffer cells,
epithelial cells of bile ducts (Fig. 3B), and endothelial
cells of portal and centrilobular veins (Fig. 3C) as well
as portal arterioles were positive both in the cytoplasm
and the cell membrane. In contrast, hepatic sinusoids
were negative. In the gallbladder, the simple columnar
epithelium (Fig. 3D) and smooth muscle showed
labeling in the membrane and cytoplasm. In the lamina
propria of the gallbladder, mononuclear cells, ganglion
cells, and endothelial cells were also consistently
positive. 

In the pancreas, approximately 40% of the cells in
the islets of Langerhans exhibited membranous and
cytoplasmic labeling (Fig. 3E). Although the epithelial
cells of the pancreatic ducts were labeled (Fig. 3F), the
exocrine acinar cells were consistently negative.
Mononuclear cells, ganglion cells, as well as endothelial
cells were positive. 
Semi-quantitative scoring of RNA in situ hybridization

Throughout the gastrointestinal tract, TGR5 mRNA
expression was located mainly in the nucleus of the
majority of the cells, but occasionally also in the
cytoplasm (Table 1).

In the tongue, esophagus, stomach, and small and
large intestines, mild TGR5 mRNA expression was
detected in epithelial cells (insets of Figs. 1A,D, 2A),
mononuclear cells, endothelial cells, and ganglion cells
(inset of Fig. 2C). Mucous neck cells of the gastric pits
showed moderate expression of TGR5 mRNA (inset of
Fig. 1C). Myoepithelial cells around the esophageal
glands (inset of Fig. 1B), enteroendocrine cells (inset of
Fig. 2B), and the muscularis externa of stomach and
intestines (inset of Fig. 2D) also had mild TGR5 mRNA
expression. The esophageal glands, the muscularis
mucosae from esophagus to rectum and the striated
muscle from tongue and esophagus were negative.

In the liver, mild TGR5 mRNA expression was
detected in hepatocytes (inset of Fig. 3A), epithelium of
bile ducts (inset of Fig. 3B), and endothelium of
centrilobular (inset of Fig. 3C) and portal veins and
portal arterioles. Additionally, Kupffer cells had mild
mRNA expression. In contrast, the hepatic sinusoids
were negative. The smooth muscle in the gallbladder
showed moderate TGR5 mRNA expression, while the
epithelium (inset of Fig. 3D), endothelial cells,
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Table 1. Distribution and scoring of TGR5 protein (immunohisto-
chemistry) and mRNA (in situ hybridization) expression along the canine
gastrointestinal tract.

Tissues/Cells IHCa ISHb

Tongue
Keratinized stratified squamous epithelium + +
Macrophages +++ +
Endothelial cells ++ +
Ganglion cells ++ +
Striated muscle - -

Esophagus
Non-keratinized stratified squamous epithelium - +
Macrophages +++ +
Esophageal glands - -
Myoepithelial cells +++ +
Endothelial cells ++ +
Ganglion cells ++ +
Muscularis mucosae - -
Striated muscle - -

Stomach
Simple columnar epithelium + +
Mucous neck cells ++ ++
Parietal cells +++ +
Chief cells + +
Macrophages +++ +
Endothelial cells ++ +
Ganglion cells (submucosal and myenteric plexi) ++ +
Muscularis mucosae - -
Muscularis externa ++ +

Duodenum, Jejunum, Ileum, Cecum, Colon, Rectum
Enterocytes/goblet cells + +
Enteroendocrine cells +++ +
Macrophages +++ +
Endothelial cells ++ +
Ganglion cells (submucosal and myenteric plexi) ++ +
Muscularis mucosae - -
Muscularis externa ++ +

Liver
Hepatocytes + +
Biliary epithelium ++ +
Kupffer cells +++ +
Sinusoids - -
Endothelial cells of veins and arteries ++ +

Gallbladder
Simple columnar epithelium ++ +
Macrophages +++ +
Endothelial cells ++ +
Ganglion cells ++ +
Smooth muscle ++ ++

Pancreas
Islet cells ++ +
Acinar cells - +
Pancreatic ductular epithelium + +
Macrophages +++ +
Endothelial cells ++ +
Ganglion cells ++ +

a: (-) no positive cells, (+) only membranous labeling, (++) membranous
and weak cytoplasmic labeling, and (+++) membranous and strong
cytoplasmic labeling. b: (-) negative, no staining or less than 1 dot to
every 10 cells; (+) mild, 1-3 dots/cell; (++) moderate, 4-10 dots/cell with
very few dot clusters.



mononuclear cells, and ganglion cells had mild
expression. In the pancreas, the expression of TGR5
mRNA in exocrine acinar cells, islet cells (inset of Fig.
3E), ductular epithelium (inset of Fig. 3F), ganglion
cells, and mononuclear cells was mild.
Colocalization of TGR5 mRNA and IBA-1 antigen in
mononuclear cells

Mononuclear cells in the lamina propria of the ileum
demonstrated both TGR5 mRNA expression in the
nucleus and IBA-1 immunolabeling in the cytoplasm.
This indicates that cells of monocytic/macrophagic
lineage in dogs express TGR5. 

Discussion

Here, we characterized the distribution of TGR5 in
cells of the canine gastrointestinal tract using two in situ
methods: immunohistochemistry and RNA in situ
hybridization (RNA ISH). We elected to investigate
TGR5 expression in the gastrointestinal tract to target
the tissues where BA acids are produced, excreted, and
found with the highest concentration within the body.
We demonstrated that all the cells that expressed TGR5
antigen also expressed TGR5 mRNA. Most of the
previous studies in other species have used real-time
reverse transcription PCR (RT-qPCR) to describe TGR5
expression (Kawamata et al., 2003; Vassileva et al.,
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Fig. 1. Immunohistochemistry and RNA in situ hybridization (insets) for TGR5 in the canine upper gastrointestinal tract. A. Tongue. Epithelial cells of
the stratum basale and spinosum with membranous immunolabeling for TGR5. B. Esophagus. The cytoplasm of myoepithelial cells (arrows)
surrounding esophageal glands is positive. C. Stomach. Superficial simple columnar epithelium with membranous immunolabeling while the mucous
neck cells in the gastric pits are labeled in the membrane and cytoplasm (arrow). D. Stomach. Parietal cells are markedly positive (arrow) while chief
cells (arrowhead) show only membranous labeling. Insets: The same cells that were positive on immunohistochemistry demonstrated mRNA nuclear
expression on in situ hybridization. Scale bars: A, D, 20 µm; B, 15 µm; C, 50 µm.



2006; Watanabe et al., 2006). While RT-qPCR is
considered the gold-standard method to evaluate gene
expression in tissues (Wong and Medrano, 2005) this
technique does not preserve the tissue morphology and
does not allow the localization of RNA within individual
cells (Wang et al., 2012). On the other hand, RNAscope,
a novel RNA ISH, is a highly sensitive and specific
technology to demonstrate and quantify mRNA within
cells (Wang et al., 2012) and therefore was used to cross-
validate the immunohistochemistry results in this study. 
TGR5 receptors were ubiquitously distributed in the
upper and lower gastrointestinal tract as well as in the
liver, gallbladder, and pancreas of dogs. Overall, the
broad distribution of TGR5 in dogs is similar to what has
been described in other species (Stepanov et al., 2013).

In mice, TGR5 mRNA has a high expression in the
gallbladder (Vassileva et al., 2006), liver, intestine, and
brown adipose tissue (Watanabe et al., 2006). In our
study, the gallbladder and stomach were the organs
containing cells with the highest expression of TGR5
mRNA. Beyond the gastrointestinal tract, expression of
TGR5 has been reported in many human and animal
tissues, including heart, blood vessels, spleen, kidney,
nervous system, and placenta (Kawamata et al., 2003). 

Although TGR5 is a membranous receptor,
internalization of the receptor and cytoplasmic
distribution have been previously reported (Kawamata et
al., 2003; Cao et al., 2013). This distribution was
confirmed by our study, where the antigen was observed
on the membrane only, or on the membrane and
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Fig. 2. Immunohistochemistry and RNA in situ hybridization (insets) for TGR5 in the canine lower gastrointestinal tract. A. Enterocytes and goblet cells
with membranous immunolabeling in the ileum. B. Enteroendocrine cells in the crypts (arrows) and macrophage (arrowhead) in the lamina propria of
the duodenum with strong cytoplasmic and membranous immunolabeling. C. Ganglion cells in a submucosal plexus of the duodenum show labeling in
the cytoplasm and membrane. D. Punctate immunolabeling in the membrane and cytoplasm of leiomyocytes in the muscularis externa of the jejunum.
Insets: The same cells with TGR5 antigen demonstrated mRNA nuclear expression. Scale bars: A, B, D, 20 µm; C, 15 µm.
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Fig. 3. Immunohistochemistry and RNA in situ hybridization (insets) for TGR5 in the canine liver, gallbladder, and pancreas. A. Liver. The canalicular
surface of the hepatocellular membrane (arrows) is positive and the sinusoidal surface is negative. B. Liver. Epithelial cells of bile ducts are
immunolabeled in the cytoplasm and membrane. C. Liver. Endothelial cells of a centrilobular vein with granular antigen expression in the cytoplasm and
membrane. D. Gallbladder. Epithelial cells with cytoplasmic and membranous immunolabeling. E. Pancreas. Cells in the islets of Langerhans (arrows)
were positive for TGR5 antigen in the cytoplasm and membrane. F. Pancreas. Epithelial cells of the interlobular ducts are labeled on the membrane.
Insets: The same cells with TGR5 antigen demonstrated mRNA nuclear expression. Scale bars: A, B, D, F, 20 µm; C, E, 15 µm.



cytoplasm. Hepatocytes showed a unique pattern of
immunolabeling, expressing TGR5 on the canalicular
surface of the cell membrane, but not on the sinusoidal
surface. Expression of TGR5 RNA in hepatocytes has
previously been demonstrated in a human cell line
derived from hepatocellular carcinoma (Yang et al.,
2007). Our findings, however, differ from rats, where
TGR5 is not expressed by hepatocytes but it is found in
sinusoidal endothelial cells (Keitel et al., 2007). Despite
the fact that the esophageal mucosa and the acinar cells
of the pancreas were negative on immunohistochemistry,
RNA ISH showed that these cells express TGR5 mRNA.
This divergence could be due to the fact that gene
expression techniques, such as ISH, are more sensitive
than immunohistochemistry or because the levels of
expressed genes are not high enough for translated
protein expression (Pascal et al., 2008). Alternatively,
TGR5 may be transcribed, but not translated, but this
would seem unlikely.

Overall, macrophages and endothelial cells
distributed across all examined gastrointestinal segments
were consistently positive for TGR5, reinforcing the
concept that bile acids present not only in the
gastrointestinal lumen but also in the systemic
circulation are relevant for activation of this receptor
(Schaap et al., 2014). Many tissue macrophages,
including Kupffer cells, alveolar macrophages,
microglia, as well as monocytes of humans, mice, rats,
and rabbits have been shown to express TGR5
(Kawamata et al., 2003; Keitel et al., 2007, 2008;
Yanguas-Casas et al., 2017). TGR5 activation in
macrophages and Kupffer cells has an anti-inflammatory
effect due to inhibition of the nuclear factor NF-κB
pathway, decreasing the expression of inflammatory
interleukins and tumor necrosis factor-α (TNFα) (Keitel
et al., 2008; Pols et al., 2011; Wang et al., 2011). TGR5
expression is increased in the colon of patients with
Crohn’s disease due to infiltration of macrophages
(Cipriani et al., 2011; Yoneno et al., 2013). Interestingly,
in a murine model of colitis, TGR5 agonists have been
shown to shift classically activated macrophages to an
alternatively activated phenotype (Biagioli et al., 2017).
TGR5 agonists increase the production of nitric oxide
and suppress the expression of adhesion molecules in the
endothelial cells of bovine and human vessels (Kida et
al., 2013). A study with infusion of low doses of a TGR5
agonist in dogs provoked an undesirable and marked
reduction in peripheral vascular tone and blood pressure
(Fryer et al., 2014). This might be explained by the
broad expression of TGR5 in endothelial cells of dogs,
with receptor activation possibly leading to vasodilation
and hypotension.

Regarding cells that promote gastrointestinal
motility, TGR5 was widely distributed in ganglion cells
of the submucosal and myenteric plexi and in
leiomyocytes of the muscularis externa of the stomach,
intestines, and gallbladder. Similar expression has been
observed in the muscularis of the gallbladder and
muscularis externa of the small intestine of mice (Poole

et al., 2010; Li et al., 2011) and in the gastrointestinal
ganglion cells of mice (Poole et al., 2010) and rats
(Duboc et al., 2016). TGR5 activation in myenteric
ganglion cells (Poole et al., 2010) or leiomyocytes of the
stomach (Rajagopal et al., 2013) and gallbladder (Lavoie
et al., 2010) causes smooth muscle relaxation. In mice,
TGR5 agonists produce increased gallbladder filling and
can potentially increase the risk of gallstone formation
(Lavoie et al., 2010; Li et al., 2011). In the colon of rats,
TGR5 agonists inhibit ganglion cells of the submucosal
plexi, leading to decreased colonic secretions (Duboc et
al., 2016). The muscularis mucosae of the examined
tissues as well as the striated muscle of tongue and
esophagus did not express TGR5 in dogs. To date, there
are no reports describing TGR5 expression in the
muscularis mucosae of other species. Although the
muscularis mucosae is composed of smooth muscle, its
distinct autonomic innervation and function (Uchida and
Kamikawa, 2007), with independent peristaltic
movement from the muscularis externa (Ross and
Pawlina, 2015), could account for the lack of expression
of TGR5. Despite the expression of TGR5 in the skeletal
muscle of humans (Kawamata et al., 2003; Watanabe et
al., 2006), the predominant type of striated fibers found
in the esophagus of dogs greatly differ from the canine
skeletal striated muscle, which could explain the
differences in expression (Mascarello et al., 1984). 

In the enteric endocrine system, enteroendocrine
cells distributed in the crypts throughout the small and
large intestine expressed TGR5. In humans and mice,
TGR5 is known to be expressed in L cells, where ligands
induce secretion of glucagon-like peptide-1 (GLP-1),
which promotes insulin release from pancreatic β cells
and increases insulin sensitivity (Katsuma et al., 2005).
Although the type of enteroendocrine cells was not
investigated in this study, L cells in dogs can be present
in all portions of small and large intestines (Kubes et al.,
1974; Peranzi and Lehy, 1984). Interestingly, in our
study, cells of the islets of Langerhans were positive for
TGR5. In mice, both α and β islet cells can express
TGR5 (Whalley et al., 2011). The function of TGR5
activation in β cells is to increase insulin secretion
(Kumar et al., 2012). 

As far as gastrointestinal epithelial cells, TGR5
expression has been described in the esophageal (Hong
et al., 2010), gastric (Cao et al., 2013), and gallbladder
epithelium (Keitel et al., 2009) of humans as well as in
biliary (Keitel et al., 2010) and pancreatic ducts (Kowal
et al., 2015). TGR5 is expressed in the small intestine
(Poole et al., 2010), gallbladder (Vassileva et al., 2006),
and in bile duct epithelia (Keitel et al., 2010) of mice as
well as in the large intestine (Ward et al., 2013), bile
ducts (Masyuk et al., 2013), and pancreatic acini of rats
(Kowal et al., 2015), similarly to what we observed in
the dogs. TGR5 activation in colonocytes of rats has
been shown to play an anti-secretory role (Ward et al.,
2013; Duboc et al., 2016). Its activation in
cholangiocytes has a protective effect, inducing secretion
of chloride and bicarbonate as well as regulating cell
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proliferation (Li et al., 2011; Masyuk et al., 2013). In the
pancreatic ductular epithelium, TGR5 can stimulate a
sodium/calcium exchange (Kowal et al., 2015). In
disease, the receptor has been demonstrated to be
overexpressed in esophageal dysplasia, esophageal
adenocarcinoma (Marketkar et al., 2017), and in the
intestinal-type of gastric adenocarcinoma in people (Cao
et al., 2013). TGR5 agonists can induce proliferation in
cells of esophageal adenocarcinoma (Hong et al., 2010).
Noteworthy, the reflux of bile into the stomach and
esophagus is a risk factor for the development of gastric
and esophageal cancer in humans (Lundegårdh et al.,
1994).

Preclinical studies have suggested that targeting
TGR5 might be promising for the treatment of several
metabolic conditions in humans, such as type 2 diabetes,
obesity, and non-alcoholic steatohepatitis (van Nierop et
al., 2017). In addition, the anti-inflammatory effect of
TGR5 in macrophages has drawn attention to a possible
modulatory role of bile acids in patients with
inflammatory conditions, such as colitis and
atherosclerosis (Pols et al., 2011; Biagioli et al., 2017).
Dogs can serve as a model to study type 2 diabetes
(Ionut et al., 2010) as well as develop chronic
enteropathy that shares similarities with inflammatory
bowel disease in humans (Cerquetella et al., 2010). In
addition, clinical cancer research has become more
common in companion animals and the gained
information may ultimately benefit both pets and
humans (Burton and Khanna, 2014). Because dogs are
one of the species used in preclinical studies, it is
imperative to better understand their bile acids
metabolism and distribution of their receptors. The broad
distribution of the TGR5 receptor in multiple tissues as
observed in this study remains the greatest challenge for
drug development and targeted therapy due to systemic
effects. 
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