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Abstract
The animal gut effectively prevents the entry of hazardous substances and microbes while permitting the transfer of nutrients, such as water,
electrolytes, vitamins, proteins, lipids, carbohydrates, minerals and microbial metabolites, which are intimately associated with intestinal
homoeostasis. The gut maintains biological functions through its nutrient-sensing receptors, including the Ca-sensing receptor (CaSR), which
activates a variety of signalling pathways, depending on cellular context. CaSR coordinates food digestion and nutrient absorption, promotes
cell proliferation and differentiation, regulates energy metabolism and immune response, stimulates hormone secretion, mitigates secretory
diarrhoea and enhances intestinal barrier function. Thus, CaSR is crucial to the maintenance of gut homoeostasis and protection of intestinal
health. In this review, we focused on the emerging roles of CaSR in the modulation of intestinal homoeostasis including related underlying
mechanisms. By elucidating the relationship between CaSR and animal gut homoeostasis, effective and inexpensive methods for treating
intestinal health imbalance through nutritional manipulation can be developed. This article is expected to provide experimental data of the
effects of CaSR on animal or human health.
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The intestine is a crucial interface for nutrient and non-nutrient
substances and energy exchange between an animal and its
environment; this part of the digestive system provides the first
barrier against hazardous substances, such as carcinogens,
dietary-derived mutagens and oxidants(1). The primary role of
the intestine is to digest food and absorb nutrients that are
subsequently transported to different tissues and organs via
blood circulation for body growth. Moreover, the intestine can
trigger signals to the central nervous system, thereby influen-
cing the balance among internal environments, substances and
energy. The integrated structures and normal functions of the
intestine are directly related to the overall health status of the
body, suggesting that maintenance of gut homoeostasis is
important for animal growth and development. Intestinal
homoeostasis is a state of dynamic equilibrium achieved
through complex interactions between the intestinal mucosa,
intestinal immune barrier, enteric microorganisms, intestinal
nutrients and intestinal metabolites(2). Gut homoeostasis plays a
significant role in normal physiological functions, such as
nutrient absorption, energy metabolism and reduction of
intestinal infections; thus, imbalance can induce numerous

diseases, including obesity, neurodevelopmental disorder and
inflammatory bowel disease(3,4).

Nutrient-sensing receptors are present in the mammalian
epithelium lining the intestine and can effectively detect and
respond according to the state of the microbial environment,
especially microbial and nutrient composition. The receptors
regulate normal intestinal functions, such as absorption and
secretion, according to the state of digestion and nutrient
availability. The receptors also regulate gut permeability,
integrity and immunity according to the structure of the intest-
inal flora or the organisation of the microbial population. One
of the important nutrient-sensing receptors is the extracellular
Ca-sensing receptor (CaSR).

CaSR, a well-conserved and ancient guanine nucleotide-
binding protein (G protein)-coupled receptor (GPCR), main-
tains systemic extracellular Ca2+ homoeostasis by modulating
parathyroid hormone secretion(5,6). Notably, CaSR plays other
crucial roles in the physiology and pathophysiology of cellular
functions involved in the growth, development and health of
organisms(7–9). CaSR can activate various tissue-specific signal-
ling pathways upon agonist or allosteric activator stimulation
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and thus play critical roles in various biological processes, such
as hormone secretion, cell proliferation, cell differentiation,
apoptosis, ion channel activity, cell membrane potential reg-
ulation and modulation of signalling molecules for gene and
protein expression(5,6,10,11). Abnormal CaSR expression and/or
activity are closely related not only to disorders of the para-
thyroid gland but also to other diseases, such as diarrhoea,
colitis and neoplasia(12–15). Therefore, CaSR is important in the
maintenance of animal health. Elucidating the effects of CaSR
on the modulation of intestinal homoeostasis offers great the-
oretical and practical significance. In this review, we sum-
marised the roles of CaSR in intestinal homoeostasis and
partially offered experimental data for further studies on the
effects and underlying mechanisms of CaSR.

Overview of calcium-sensing receptor

Origin of calcium-sensing receptor

Brown et al.(16) first cloned approximately 5·4 kb-long trans-
membrane receptor gene from a bovine parathyroid gland, and
the receptor utilised Ca2+ as a physiological ligand, conse-
quently naming the receptor CaSR in 1993. CaSR is capable of
sensing minor fluctuations in extracellular Ca2+ concentration
(approximately 200 µmol/l) and can accurately control its
concentration in serum. CaSR mainly regulates parathyroid
hormone secretion and Ca2+ homoeostasis.

Structural characteristics of calcium-sensing receptor

CaSR is an exceptionally large protein that contains 1078 amino
acids and has three intracellular loops and a large carboxyl
terminal domain. CaSR is composed of four major parts with
regard to its structure, namely the extracellular domain (ECD), a
cysteine-rich domain linking the ECD to the first transmem-
brane helix, a seven transmembrane domain and intercellular
C-terminal domain(17–20), as shown in Fig. 1. ECD is a large
domain consisting of approximately 600 amino acids with an
extracellular N terminal domain, equipped with the character-
istic topology of several GPCR – a venus flytrap structure(19).
The cysteine-rich domain linking the ECD to the transmem-
brane domain plays an important role in conducting signals to
the seven transmembrane domain(19). ECD comprises a

hydrophilic amino terminal group (–NH2), which enables the
detection of some nutrients. The venus flytrap structure is
located outside of the cell and detects several nutrients,
including amino acids, peptides and polyamines(21).

Distribution of calcium-sensing receptor

CaSR is widely distributed into the tissues of the animal or
human body. CaSR is not only highly expressed in the kidney,
bone tissues, thyroid, parathyroid and stomach, but also in the
pancreas, marrow, breasts, pituitary gland, liver and vascular
smooth muscle(22–25). CaSR can also be found in the intes-
tine(26–29). CaSR is expressed in the epithelial cells of intestine
and enteric nervous system(30–32). In small intestine, CaSR is
expressed in both apical and basolateral membranes of villus
cells(33). CaSR is identified in the submucosa and muscularis of
the ileum and jejunum(30,34). In the large intestine, CaSR is
primarily expressed in the basal, lateral and apical membranes
of epithelial cells located in the crypt and villus and in the basal
endocrine cells of colonic crypt(35–38).

Roles of calcium-sensing receptor in gut homoeostasis

The intestinal mucosa enables interactions between the internal
and external environments and exhibits vital functions in diges-
tion, absorption, secretion and activity against toxic substances.
Normal digestion and absorption require intact structures of the
intestinal mucosal epithelia(39,40). Many nutrients can bind to the
site of CaSR, activating signalling pathways and regulating animal
growth, development and health status. CaSR can maintain gut
homoeostasis by accelerating development and maturation,
enhance the immune system and preserve barrier functions.

Calcium-sensing receptor and intestinal development

CaSR facilitates epithelial cell proliferation and differentiation in
the intestine. The intestine is the primary site for digestion and
nutrient absorption. Intestinal cells in the mucosal barrier
undergo continuous turnover. Cell proliferation and differ-
entiation occur when cells migrate from the base of the intest-
inal crypt to its apex, and this migration is a determinant
of intestinal growth and development(41). CaSR influences
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Fig. 1. Structure model of monomer of calcium-sensing receptor(13,14,16–18). The extracellular domain contains venus flytrap structure which serves as the major ligand
for agonistic interaction. , Individual cysteine residues that involve the cysteine-rich domain. The carboxyl terminous is extended into the cytoplasm.
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intestinal development and growth by modulating intestinal cell
proliferation and differentiation. Rey et al.(36) first observed that
epithelial CaSR deficiency in vivo results in changes in crypt
structure and expansion of proliferative zones. Researchers
assessed cell differentiation ex vivo by measuring [3H]thymidine
incorporation into cellular DNA and found that CaSR activation
causes Caco-2 cell proliferation(29,42). CaSR expression in mice
fed with a diet high in vitamin D increases colonic apoptosis(43),
suggesting a molecular link supporting positive cross-talk
between the vitamin D system and CaSR. Moreover, cell
apoptosis may be facilitated by CaSR and bone morphogenetic
protein 2 (BMP-2), which can enhance apoptosis in colonic cell
lines(44). In this study, the activation of CaSR by agonists
increased BMP-2 gene and protein expression levels in human
colonic myofibroblasts. However, CaSR knockdown by small
interfering RNA or transient transfection with a dominant nega-
tive CaSR mutant suppressed BMP-2 synthesis and secretion,
suggesting that CaSR promotes cell apoptosis. Apart from cell
apoptosis, intestinal development and growth are intimately
related to its morphological structures. In mice, poly-l-lysine
feeding prevents the shortening of colon length induced by
dextran sulphate sodium salt, although this effect is abrogated
after the injection of a CaSR inhibitor (NPS-2143)(13). Further-
more, spermine serves as an important CaSR agonist. Spermine
supplementation effectively enhances villus height, villus width
and rat jejunum surface area(45). These observations suggest that
CaSR activation by agonists promotes intestinal development.

Underlying mechanisms of intestinal development induced
by calcium-sensing receptor

There is little information about signalling pathways activated
by CaSR that regulate intestinal development. One study
revealed the presence of CaSR on colonic epithelial cells(43). In
mice, the conditional knocking out of CaSR reduced β-catenin
phosphorylation in the colon, whereas CaSR stimulation
increased phosphorylation of β-catenin in a cell line derived
from normal colon mucosal epithelium. Importantly, β-catenin
primarily functions in the modulation of the canonical Wnt/
β-catenin signalling pathway, which is essential to intestinal
development and enhances epithelial proliferation and differ-
entiation(36,46–48). Thus, CaSR activation mediates gut cell pro-
liferation and differentiation probably via β-catenin signalling
and affects intestinal development and growth.
Meanwhile, CaSR regulates multitudinous downstream sig-

nalling pathways in other cells or tissues. CaSR stimulation
activates G protein-mediated phospholipase C (PLC) and
phosphatidylinositol bisophosphate, causing the release of
inositol triphosphate (IP3) and diacylglycerol (DAG)(49); there-
after, CaSR induces IP3-mediated intracellular Ca2+ release
because IP3 can diffuse and bind to the endoplasmic reticulum
while binding to its specific receptors(19). Subsequently, an
increase in intracellular DAG or Ca2+ concentration stimulates
protein kinase C, triggering mitogen-activated protein kinase
(MAPK)-associated signal transduction(50). CaSR activation
also stimulates MAPK-dependent signalling proteins, such as
c-Jun N-terminal kinases (JNK), P38 MAPK and extracellular

signal-regulated kinase 1/2(51). MAPK-dependent signal trans-
duction strongly improves activator protein 1 (AP-1) expression.
AP-1 is a regulatory factor for cell proliferation and plays vital
roles in tissue development. These findings imply that CaSR
participates in cell proliferation and differentiation through
cascades of intracellular signalling transduction (Fig. 2).

Calcium-sensing receptor and intestinal hormone secretion

The intestine is an essential tissue for the survival and growth of
mammals, owing to its primary function in digestion and
nutrient absorption. Different cell types are located in the
mucosa lining the intestine. These cells gradually differentiate
after migrating out of the crypt, which subsequently synthesise
and secrete enzymes and hormones. Intestinal hormones pro-
mote nutrient digestion and absorption, elevating nutrient
availability and reducing the risk of diseases(52) and are thus
closely associated with gut homoeostasis. CaSR can modulate
hormone secretion(53). Understanding changes in hormone
levels under CaSR activation and/or inhibition is fairly mean-
ingful. Liou et al.(31) detected the CaSR from enriched duodenal I
cells that can be allosterically stimulated by a known chole-
cystokinin (CCK) secretagogue, L-phenylalanine. Normal mice
with retained CaSR allele or double-CaSR-knockout mice exhi-
bit distinct CCK secretion. CCK can lead to the release of
digestive enzymes and bile from the pancreas and gallbladder.
Native I cells originating from normal mice with retained CaSR
allele supplemented with appropriate L-phenylalanine showed
enhanced CCK secretion. In contrast, cells derived from double-
CaSR-knockout mice did not secrete CCK, suggesting that CaSR
mediates L-amino acid-induced CCK secretion. In another
experiment involving male rats, the perfused loops of the small
intestine were used for the examination of CaSR-mediated gut
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Fig. 2. Schematic diagram of underlying mechanisms of intestinal
development upon calcium-sensing receptor (CaSR) activation. PLC,
phospholipase C; IP3, inositol triphosphate; DAG, diacylglycerol; PKC,
protein kinase C; MAPK, mitogen-activated protein kinase; JNK, c-Jun
N-terminal kinases; ERK1/2, extracellular signal-regulated kinase 1/2; GP,
G proteins; AP-1, activator protein 1.
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peptide secretion(54). In this study, gluco-insulinotropic peptide
(GIP), glucagon-like peptide-1 (GLP-1) and peptide tyrosine
secretion from K and L cell of the small intestine were stimu-
lated by L-amino acids, such as glutamine, phenylalanine,
tryptophan, asparagine and arginine. However, these effects
were suppressed by CaSR antagonist (i.e. Calhex 231) pre-
treatment but were induced again after the application of a
specific CaSR agonist (i.e. NPS R-685). Notably, the dominating
role of GLP-1 and GIP is to augment glucose-induced insulin
secretion from β cells(21), suggesting that CaSR functions on
nutrient utilisation and energy homoeostasis. As described
above, CaSR expression in small intestinal epithelial cells pos-
sibly plays a significant role in sensing nutrients. Nevertheless,
the detailed mechanisms of CaSR in modulating intestinal hor-
mones secretion need further investigation.

Roles of calcium-sensing receptor in intestinal barrier

Intestinal barrier function involves the intestinal epithelium,
which plays an important role in separating matters by the
lumen and preventing the invasion of pathogenic substances.
Under natural physiological conditions, physical, chemical,
immunological and microbial barriers of the gut work together
to maintain intestinal barrier function. The effects of CaSR on
intestinal barrier function mainly manifest in physical, immu-
nological and microbial barriers of the gut.

Calcium-sensing receptor and intestinal physical barrier

The epithelial monolayer of the intestine primarily serves as the
physical barrier. Intestinal physical barrier refers to intact epi-
thelium structure, which contains junctional complexes, such as
tight junctions, adherens junctions, desmosomes and gap junc-
tions(55). Furthermore, this tissue enables the selective transport
of solutes, essential nutrients and water via two routes: transcel-
lular and paracellular pathways. The selectivity of intestinal epi-
thelium depends on the permeability of paracellular pathway
achieved through the intercellular space between adjacent cells;
this permeability can be determined using fluorescein iso-
thiocyanate (FITC) dextran(56). Recently, an experiment using
CaSR knockout mice showed increased passive transport of
FITC-conjugated dextran in the colon(57), suggesting that CaSR
effectively maintains intestinal permeability by affecting the
paracellular transport pathway. In addition, paracellular pathway
is also associated with the state of the tight junction, which
involves complex interactions between transmembrane proteins
and ion transporter-associated enzymes, such as myosin light-
chain kinase-1 (MLCK1). Transmembrane proteins, especially
occludin and claudin, are important components of intestinal
tight junctions(58). MLCK1 is an enzyme that controls gut epithelial
permeability, and its enhanced expression causes destruction of
intestinal tight junctions(59). Consistent with increased intestinal
permeability, real-time PCR showed decreased claudin two
mRNA level and improved MLCK1 gene expression in the colon
of CaSR− /− mice(57). Notably, the functional state of intestinal tight
junctions partially relies on transepithelial resistance (TEER)(60).
CaSR− /− mice also demonstrate markedly reduced TEER and
increased transepithelial conductance(57). According to the

above-mentioned results, CaSR can modulate the intestinal phy-
sical barrier.

Calcium-sensing receptor and intestinal microbial barrier

In addition to handling many dietary nutrients, the intestine
harbours multiple microorganisms, especially in the colon. These
microorganisms effectively prevent exogenous toxicants from
entering the body. During long-term evolution process, the gut
microbiota and innate intestinal structures work together to form
a micro-ecosystem. Under normal conditions, the living function
of an animal is maintained by a dynamic balance between the
microbiota, host and environment. Consequently, the functions
and health status of the intestine are closely related to its
microbial composition. An increasing number of studies have
illuminated the mutual relationship and bidirectional interactions
between gut microbiota and nutrition through the characterisa-
tion of gut microbiota composition and function by 16S riboso-
mal DNA (rDNA) high-throughput sequencing(61). Many
mechanisms were proposed to explain these interactions. CaSR is
also expressed on immune cells and contributes to their activa-
tion; thus, there is also an interaction between the intestinal
epithelial cells, the small molecules produced by the microbiome
and the organismal immune cells targeted to the area. Based on
these findings, we speculated that CaSR participates in the reg-
ulation of intestinal microbial barrier as a nutrient sensor by
affecting microbiota composition. A previous study analysed the
microbiota composition via 16S rDNA-sequencing technique in
steady-state CaSR− /− and wild-type mice(57). Interestingly, no
significant difference between diversity and the overall richness
of the two gut microbial communities was found. Nevertheless,
the results of comprehensive analyses demonstrate that epithelial
CaSR deficiency alters bacterial composition. At the phylum level,
an outgrowth of Deferribacteraceae was observed, which was
thought to be intimately associated with inflammatory responses
of the colon in Citrobacter rodentium-infected mice – a model of
bacterial-mediated colitis(57). Knockout CaSR mice exhibit a
marked decrease in beneficial lactobacilli and Clostridium(57).
Moreover, deficiency in epithelial CaSR changes the relative
abundance and distribution of the Gram-positive organism
Clostridium coccoides, finding its depletion in the lumen and its
enrichment in the subepithelium(57). In agreement with increased
bacterial translocation and dissemination in host tissues, epithe-
lial CaSR deficiency significantly reduces Reg3β and Reg3γ gene
expressions of the distal colon(57), which plays a vital role in
encoding secreted C-type lectins that bind and protect against
translocation and dissemination of Gram-negative and Gram-
positive bacteria(62,63), respectively. In the light of these obser-
vations, CaSR can regulate the intestinal microbial barrier by
influencing the magnitude and distribution of microbiota. How-
ever, little is known about the detailed mechanisms of this action,
and further studies are thus required to address such problems.

Calcium-sensing receptor and intestinal immune barrier

Effects of calcium-sensing receptor on modulating gut
immune barrier function. The mammalian intestine is not only
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the largest digestive organ but also the largest immune organ.
Numerous chemical substances, including chemokines, digestive
secretions, inflammatory mediators, cytokines and antimicrobial
peptides, participate in intestinal barrier function. The colon
exhibits a steady state of inflammation; the magnitude of which
is mainly modulated by the immune barrier provided by the
intestine. Therefore, we conjectured that the dysbiosis of intestinal
immune barrier causes pathogenic inflammatory immune
responses, and this hypothesis was verified by gene array analyses
of the distal colon of wild-type and knockout CaSR mice(57). This
study revealed that CaSR− /− mice partly demonstrate the rela-
tionship between the development and maturation of intestinal
immune system and CaSR. The enhanced number of B cells and
expression levels of IgA were observed in the colon of CaSR− /−

mice(57). In the mesenteric lymph nodes, epithelial CaSR defi-
ciency significantly increases the number of FoxP3+ regulatory
T cells(57) which is a subgroup of CD4+ T helper cell that play a
central role in intestinal homoeostasis. These results suggest that
CaSR locally maintains the function of intestinal immune barrier by
affecting intestinal immune cells. Moreover, CaSR may be involved
in the regulation of inflammatory responses closely correlated with
immune status. In vitro studies reveal that epithelial CaSR inhibi-
tion increases IL-8 secretion and IL-6 and TNF-α protein expres-
sion in cultured intestinal epithelial cells(13,64). However, epithelial
CaSR activation can decrease TNF-α secretion in colonic myofi-
broblasts(65). Consistently, an in vivo experiment demonstrated
that CaSR− /− mice showed a dramatic enhancement in the mRNA
expression of numerous pro-inflammatory cytokines of the colon,
such as IL-17, IL-6, IL-1β, interferon γ and nitric oxide synthase(57).
Glutathione analogue-induced CaSR stimulation effectively
decreases inflammatory cytokine gene expression and increases
anti-inflammatory cytokine gene expression, including IL-10 in
mice colon(66). Furthermore, CaSR-deficient mice exhibited more
rigorous colitis induced by dextran sodium sulphate with delayed
recovery relative to their littermate counterparts(57), as evidenced
by the increased weight loss, enhanced stool consistency and
incomplete morphology. This result suggests that intestinal CaSR
plays an important role in the alleviation of inflammatory dis-
orders. Collectively, CaSR preserves intestinal immune barrier by
participating in the modulation of intestinal immune cell matura-
tion and inflammatory immune responses.

Underlying mechanisms of intestinal immune barrier upon
calcium-sensing receptor

CaSR agonists recruit various functional signalling proteins and
control diverse signalling networks, including the interference
of TNF-α-stimulated signalling pathways. As a family of such
functional signalling proteins, β-arrestin family comprises mul-
tifunctional scaffold proteins capable of binding receptors
phosphorylated by GPCR kinases. β-Arrestin2 is involved in
CaSR-mediated anti-inflammatory effects(65,67). In β-arrestin2-
deficient Caco-2 and HT-29 cells, CaSR-induced anti-inflam-
matory effects by GSH analogues or L-amino acid are abolished,
thereby enhancing IL-8 levels. This finding implies that
β-arrestin2 expression is required for CaSR-mediated anti-
inflammatory activity. Moreover, the interaction of β-arrestin2
with various downstream signalling components in

inflammatory immune responses, such as those involving JNK
and NF-κB inhibitor protein (IκB), is important(68,69). β-Arrestin2
expression in intestinal epithelial cells is required for JNK and
IκB phosphorylation, as demonstrated by the reduced TNF-α-
induced JNK and IκB phosphorylation after CaSR activation(66).
This result suggests that the underlying mechanisms of CaSR-
mediated anti-inflammation may involve the interaction of
β-arrestin2 with upstream signalling proteins in the TNF-α sig-
nalling pathway. TNF-α receptor (TNFR) is important in reg-
ulating inflammation. Upon the binding of TNF-α to TNFR, a
trimeric complex is generated by interacting with transforming
growth factor (TGF)-β-activated kinase 1 (TAK1), TAK1-binding
protein (TAB)1 and TAB2 in the cytoplasmwhenTNFR-associated
factors disconnect from the receptor, mediating the activation of
NF-κB and AP-1 signalling pathways and resulting in an inflamma-
tory response(70,71). The studies demonstrated that GSH analogues
and L-amino acid can cause an association between β-arrestin2 and
CaSR, resulting in the interaction of β-arrestin2 with TAB1 and
decreased TNF-α-induced TAK1–TAB1 complex generation in
intestinal epithelial cells(64,66). Similarly, CaSR activation fails to
suppress TNF-α-mediated TAB1–TAK1 association in β-arrestin2-
knockdown cells. These findings suggest that CaSR stimulation can
maintain the intestinal immune barrier through the combination of
β-arrestin2withTAB1 toprevent the activationofpro-inflammation-
dependent inflammatory signalling pathways.

In addition, the presence of β-arrestin2 in the modulation of
Wnt/Ca2+ and Wnt/receptor tyrosine kinase like orphan receptor
2 (Ror2) pathways is essential. The activation of Wnt/Ca2+/cal-
modulin-dependent protein kinase II by Wnt5a accelerates NF-
κB stimulation, which evokes endothelial inflammation

(72). This
effect suggests that Wnt secretion and signalling play a central
role in the modulation of innate and adaptive immune responses.
To examine this novel role, researchers demonstrated the rela-
tionship between CaSR-mediated anti-inflammatory effects and
Wnt5a/Ror2 engagement in colonic myofibroblasts and intestinal
epithelial barriers challenged by lipopolysaccharide(65). In the
experiment, CaSR activation can inhibit TNF-α secretion in
colonic myofibroblasts, enhance Ror2 expression in intestinal
epithelia and induce Wnt5a secretion and expression in colonic
myofibroblasts. The interaction of CaSR-mediated Wnt5a with
Ror2 significantly decreased TNFR1 protein expression on intest-
inal epithelia. Decreased TNFR1 can reduce barrier damage by
blocking TNF-α-dependent signalling pathways. Likewise, in vivo
studies showed results as described above(73,74). In summary,
these findings imply that CaSR activation inhibits TNFR1
expression on intestinal epithelia via Wnt5a/Ror2 engagement,
subsequently preserving the gut immune barrier (Fig. 3).

Calcium-sensing receptor and intestinal secretory
diarrhoeas

Calcium-sensing receptor mitigates intestinal secretory
diarrhoeas. Both the submucosal Meissner’s plexus and myen-
teric Auerbach’s plexus cause diarrhoea when disturbed. In
humans and rodents, at least 50% of the fluid secreted in cholera,
rotavirus and other forms of secretory diarrhoea is caused by the
activation of the enteric nervous system(75–78). These fluids are
also present in patients with irritable bowel syndrome(79),

Calcium-sensing receptor of homoeostasis 885

https://doi.org/10.1017/S0007114518002088  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114518002088


inflammatory bowel disease(80) and intestinal allergies. Colonic
epithelial crypts provide a model that supports the entry of
intestine-secreted fluid, and this action is mainly driven by
transepithelial secretion of anions, such as Cl–. In a definitive
study, the role of colonic CaSR in the regulation of intestinal fluid
secretion was established through the comparison of
secretagogue-stimulated Cl– responses with those of CaSR agonist
Ca2+ and R568 in colonic crypts-deficient CaSR mice with wild-
type controls(12). Two effective secretagogs, namely forskolin and
cholera toxin, promote basolateral membrane Cl– entry into
colonocytes by detecting N-(ethoxycarbonylmethyl)-6-methoxy-
quinolinium bromide fluorescence responses sensitive to Cl–;
moreover, this effect is abrogated by CaSR stimulated from either
the mucosal or serosal side by Ca2+ and R568(12). Apart from Cl–

secretion, increased HCO�
3 secretion caused by secretagogue

also contributes to intestinal secretory diarrhoea. Thus, the sup-
pression of HCO�

3 transepithelial secretion by CaSR activation
was investigated(81). Results demonstrated that R568-mediated
CaSR stimulation inhibits forskolin-induced HCO�

3 secretion in
colonic apical and basolateral membranes of wild-type mice but
not in CaSR–/–mice. Notably, CaSR can also be found in absorbing
villus/surface cells, speculating important roles in regulating
intestinal ion absorption. To address this hypothesis, the effects of
CaSR activation on ion absorption in colonic crypts or mucosa
derived from rats and mice are determined(12). CaSR stimulation
enhances Na+-dependent proton extrusion rate of colonocytes
after increasing basolateral bath Ca2+ concentration or adding
R568 in the presence of forskolin, hinting that CaSR increases Na+

absorption. Importantly, the absorption efficiency of water and
some ions, such as Na+ and Cl–, can be regulated by SCFA
absorption, which is conducive for conserving fluid and electro-
lytes. The roles of CaSR in Na+ absorption and Cl– secretion lead to
a hypothesis that CaSR stimulation also plays a crucial role in
modulating SCFA absorption. Thus, an experiment using Ussing

chamber-pHstat techniquewas performed(81). As expected, R568-
mediated CaSR activation improves SCFA absorption in the colon
of wild-type mice but not in intestinal epithelium-deficient CaSR
mice. In summary, these studies reported that CaSR contributes to
the amelioration of intestinal secretory diarrhoeas by blocking
intestinal net fluid secretion and enhancing solute absorption.

Underlying mechanisms of reduced intestinal secretory
diarrhoeas upon calcium-sensing receptor. Many factors may
be involved in the underlying mechanisms of secretory diar-
rhoea, and cyclic nucleotide emerges as a particularly important
one. Phosphodiesterase (PDE) is an enzyme that degrades cyclic
nucleotides in cells(82). CaSR-mediated increase in cyclic
nucleotide degradation and decrease in forskolin-stimulated fluid
secretion in the colon are maintained when intestinal cells were
pretreated with isoform-nonspecific PDE inhibitor 3-isobutyl-1-
methylxanthine(12). In addition, PLC can activate PDE1 activity
and subsequently reverse CaSR-induced increased cyclic
nucleotide degradation(12,82). Moreover, CaSR activation induced
by Ca2+ or R-568 stimulates PLC activity, which generates IP3;
moreover, IP3 causes Ca2+ release in thapsigargin-sensitive
stores. CaSR abrogates secretagogue-induced increase in fluid
secretion by improving cyclic nucleotides destruction(12). These
observations suggest that CaSR can partly alleviate intestinal
secretory diarrhoeas via PLC–PDE pathway. Fluid secretion into
the lumen of colonic crypts largely depends on the role of the
cystic fibrosis transmembrane conductance regulator (CFTR)
chloride channels(83). Secretagogue-induced improvements in
cellular accumulation of cyclic adenosine monophosphate facil-
itate protein kinase A phosphorylation processes that drive the
translocation of stimulated CFTR channels to the luminal plasma
membrane, resulting in Cl– secretion(83). Interestingly, the
bumetanide-sensitive Na-K-2Cl cotransporter (NKCC1) also
enables Cl– entry into the lumen of colonic crypts, inducing
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Agonists Agonists
CaSR CaSR

Fig. 3. Schematic diagram of underlying mechanisms of intestinal immune barrier upon calcium-sensing receptor (CaSR) activation. and T shapes
indicate direct and indirect inhibitory effects, respectively. TNFR, TNF-α receptor; TRAF, TNFR-associated factor; IκB, NF-κB inhibitor protein; TAK1, transforming
growth factor-β-activated kinase 1; GRK, G-protein-coupled cell surface receptor kinase; TAB1, TAK1 binding protein; AP-1, activator protein 1; MAPK, mitogen-
activated protein kinase; IKK, IκB kinase; JNK, c-Jun N-terminal kinases; Ror2, receptor tyrosine kinase like orphan receptor 2.
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continuous Cl– secretion and fluid flow(82). NKCC1 is inhibited
after CaSR activation by Ca2+ or R-568, subsequently mitigating
secretory diarrhoeas(12). Furthermore, parallel Na–H exchanger
(NHE) regulates the activities of the major components of fluid
absorption. Cyclic nucleotides contribute in the suppression of
Na+-dependent fluid absorption by inhibiting NHE activity(84).
Increasing basolateral bath Ca2+ concentration or adding R-568
stimulates CaSR, thereby markedly improving NHE activity up to
8-fold(12). This result implies that CaSR reduces secretory diar-
rhoeas by regulating NHE signalling and partly mitigates intest-
inal secretory diarrhoeas via three mechanisms, namely the PLC–
PDE pathway, NKCC1 signalling and NHE signalling (Fig. 4).

Calcium-sensing receptor activation and nutritional
regulation. Similar to various other cell-surface receptors,
CaSR can evoke a complex array of biological effects only
when it combines with extracellular ligands. Ca2+ is the staple
ligand for CaSR but is only one of numerous activators of this
interesting receptor. Accumulating evidence proves that var-
ious nutrients, including amino acids, peptides, polyamines,
glutathione analogues and alkaline polysaccharides, can be
used to activate CaSR due to its unique structure, thereby
implying that nutritional regulation may be developed to
support CaSR-mediated maintenance of intestinal homo-
eostasis (Table 1).

Ca2+ R-568

CaSR

GP

IP3 PDE

R-568 R-568

CaSR CaSR

NHENKCC1

Fluid secretion

Fluid absorption

Intestine lumen

Secretory diarrhoeas

PLC

Fig. 4. Schematic diagram of underlying mechanisms of reduced intestinal secretory diarrhoeas upon calcium-sensing receptor (CaSR) activation. T shapes
indicate direct inhibitory effect. PLC, phospholipase C; GP, G proteins; PDE, phosphodiesterase; IP3, inositol triphosphate; NKCC1, Na-K-2Cl cotransporter; NHE,
Na–H exchanger.

Table 1. Nutritional species for calcium-sensing receptor activation regulation

Nutrient Type Binding region References

L-Amino acids
Phe Orthosteric agonists Extracellular domain (85–90)

Trp
Tyr
His

Polypeptides
Poly-L-arginine Allosteric modulators Extracellular domain (91–94)

Poly-L-lysine
Protamine
Amyloid

β-Peptides
Polyamines

Spermine Orthosteric agonists Extracellular domain (95)

Spermidine
Putrescine

Glutathione analogues
Glutathione Allosteric modulators Extracellular domain (86,96,97)

S-Methylglutathione
S-Propylglutathione

γ-Glu-Ala
γ-Glu-Cys

Alkaline polysaccharide
Chitosan oligosaccharide Orthosteric agonists Extracellular domain (98)
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Conclusion and future perspectives

Intestinal epithelium CaSR participates in the maintenance of
intestinal homoeostasis, as evidenced by increased intestinal
cell proliferation and differentiation, increased cell apoptosis,
changed intestinal morphology, improved hormone secretion,
recovered physical barrier, enhanced immune barrier, rein-
forced microbial compositions and alleviated secretory diar-
rhoeas, using in vitro, ex vivo or in vivo models. Furthermore,
evidence supports the underlying mechanisms of CaSR which
involve intestinal cell proliferation and differentiation, immune
homoeostasis and secretory diarrhoeas. However, many ques-
tions associated with intestinal homoeostasis remain unsolved
and require further studies. For example, whether CaSR
improves the length, weight and digestive enzymes activities of
the intestine for the acceleration of intestinal development, and
whether it affects intestinal antioxidant status and metabolism for
intestinal homoeostasis remain unknown. The role of CaSR in
intestinal damage and repair, and the specific molecular
mechanism of CaSR in the maintenance of intestinal physical and
microbial barriers are unresolved. CaSR was identified as a novel
and promising therapeutic target for the treatment of various gut
diseases such as inflammatory bowel disease. A fundamental
challenge for future studies is the exploration of the roles of CaSR
in the intestine and the exact mechanisms of CaSR-mediated
intestinal health from the view of nutriology. This research may
provide primary experimental data of the supporting role of
CaSR in the resistance of animals against diseases.
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