
Genes & Diseases (2021) 8, 250e258
Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http: / /ees.elsevier .com/gendis/default .asp
REVIEW ARTICLE
The regulatory roles of aquaporins in the
digestive system

Shengtao Liao a, Li Gan b, Lin Lv a,**, Zhechuan Mei a,*
a Department of Gastroenterology, The Second Affiliated Hospital of Chongqing Medical University,
Chongqing, 400010, PR China
b Teaching and Research Section of Forensic Medicine, College of Basic Medicine, Chongqing Medical
University, Chongqing, 400016, PR China
Received 25 October 2019; received in revised form 15 December 2019; accepted 31 December 2019
Available online 8 January 2020
KEYWORDS
Aquaporins;
Digestive system;
Distribution;
Function;
Water transfer
* Corresponding author. Departmen
Second Affiliated Hospital of Chong
Linjiang Road, Chongqing 400010, PR
** Corresponding author.

E-mail addresses: lin-miaomi
meizhechuan@cqmu.edu.cn (Z. Mei).

Peer review under responsibil
University.

https://doi.org/10.1016/j.gendis.201
2352-3042/Copyright ª 2020, Chongqi
CC BY-NC-ND license (http://creative
Abstract Aquaporins (AQPs) are highly conserved small transmembrane proteins, which are
responsible for the water transport across the cell membrane. AQPs are abundantly expressed
in numerous types of cells such as epithelial and endothelial cells. The expression of AQP-1, -3,
-4, -5, -8 and -9 were found in the digestive system, where these six AQP isoforms serve essen-
tial roles including mediating the transmembrane water transport and regulating the secretion
of gastrointestinal (GI) fluids, consequently facilitating the digestion and absorption of GI con-
tents. In addition, the expression levels of AQPs are controlled by various factors, and AQPs
can stimulate numerous signaling pathways; however, aberrant expression of AQPs in the GI
tracts are associated with the initiation and development of numerous diseases. Thus, this re-
view provides an overview of the expression and functions of AQPs in the digestive system.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Introduction

Aquaporins (AQPs) consist of six transmembrane helices and
two non-transmembrane helices.1 AQPs were discovered by
Agre et al2 on the membranes of human red blood cells with
the molecular weight of 28 kDa, and they are responsible
for the transmembrane water transport. AQPs usually form
tetramers, with each monomer contains an independent
channels to allow the transmembrane water transport
(Fig. 1A); when water pass through these narrow pores, the
selectivity of AQPs was determined by the conformation
and hosting by Elsevier B.V. This is an open access article under the
4.0/).
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Figure 1 Structure of AQPs (A) The three-dimensional structure of AQPs (B) AQPs-dependent water transport.
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and electrostatic force, thus, AQPs serve essential roles in
maintaining water balance.3 AQPs in mammalians are
divided into two major groups according to their osmotic
permeabilities (i) the ‘classical’ water-permeable aqua-
porins with 30e50% conserved sequences at the amino-acid
level (Fig. 1B), including AQP-1, -4 and -5, and (ii) water-
and glycerol-permeable homologs referred to as aqua-
glyceroporins or glycerol facilitation-like proteins (GLP)
with highly conserved amino-acid sequences, including
AQP-3 and -9, which can also allow glycerol and urea to pass
through.4,5 This review emphasizes the differential distri-
bution of AQP-1, -3, -4, -5, -8 and -9 in the gastrointestinal
(GI) tract and the effects of numerous AQPs on digestive
diseases.

Distribution of AQPs in the digestive system

Tissue- and organ-specific expressions of AQPs are found in
the digestive system (6). AQP-1, -8 and -9 are distributed in
the salivary glands. AQP-1, -3, -4, -5 and -8 have been
detected in the GI tract: AQP-1 is mainly expressed in the
endothelial cells of the small blood vessels; AQP-3 and -4
are abundantly distributed in the basolateral membrane of
epithelial cells in the GI tract, whereas AQP-5 is expressed
in the apical membrane; AQP-7, -8, -10 and �11 are
detected in the enterocytes in the intestines; AQP-1, -8 and
-9 are abundantly expressed in the liver, bile duct and
spleen.6 In summary, AQPs are differentially distributed in
the digestive system (Fig. 2), where they exert numerous
regulatory functions (Fig. 3).7

The structure and distribution of AQP-1 in the
digestive system

AQP-1 is a highly conserved membrane-integrated protein
with a molecular weight of w28 kDa, and AQP-1 is located
in 7p14; tetramers of AQPs can be found on the cell
membrane, which consist of 269 amino acids. The main
structure of AQP-1 is characterized by six a-helices trans-
membrane domains, which has been described in a hour-
glass model with each AQP-1 acts as an individual functional
unit, consequently facilitating water to pass through the
channels, which selectively allow water to be transported
along the osmotic gradient.8 Furthermore, AQP-1 is also
involved in the cell proliferation and migration, apoptosis
and signal transduction. Previous studies have revealed
that AQP-1 is widely distributed in the digestive system
including salivary glands, stomach, liver, small and large
intestine, bile duct and spleen, with abundant expression in
the stomach, pylorus, duodenum and ascending colon.9,10

Expression of AQP-1 is detected in the epithelial cells,
capillary endothelium and endothelial cells in the
lymphatic vessel and GI tract. In addition, AQP-1 is pre-
dominantly expressed in the lobular and interlobular bile
ducts, where it regulates the transmembrane water trans-
port.11 In GI tract, AQP-1 is specifically detected in the
endothelial cells such as the endothelium of capillary ves-
sels in the ileum, but not in the epithelium or mucosa.
The association between AQP-1 and digestive
diseases

Previous studies have demonstrated that aberrant expres-
sion or disrupted function of AQP-1 can affect the water
transport, consequently resulting in numerous types of
digestive diseases. The expression level of AQP-1 was
downregulated by 38% in the labial gland of patients with
Sjögren’s syndrome, and AQP-1 expression was increased in
the epithelial cells treated with rituximab monoclonal
antibody, suggesting that AQP-1 could be involved in the
secretion of saliva.12,13 AQP-1 is abundantly distributed in
the digestive system and serves essential roles in the water
transport between the mucosa of GI tract and blood.
Additionally, AQP-1 is expressed in the endothelial cells of
central lacteal in the small intestine, where it facilitates
the formation of chylomicron, and impaired adipose ab-
sorption was detected in AQP-1 knockout mice, indicating
that AQP-1 may be involved in the digestion of lipid.14 The
regularory roles of AQP-1 in the digestive system as well as
the underlying mechanisms require further investigation.

AQP-1 is widely distributed in the basolateral membrane
of bile cyst, intrahepatic cholangiocyte, hepatic duct, he-
patic endothelial barrier, pancreatic duct and centrocyte.15

A previous study revealed that the expression level of AQP-
1 was significantly downregulated in the pancreatic tissue
of rats with acute necrotizing pancreatitis.16 In addition,
impaired secretion of pancreas was observed in the liver-X-
receptor b knockout mice, and the AQP-1 expression in the
epithelial cells of pancreatic ducts was also reduced in this
model, suggesting that the levels of AQP-1 could be regu-
lated by liver-X-receptor b.17 In comparison, upregulated
expression of AQP-1 in the apical and lateral membranes of
pancreatic ducts was detected in the patients with auto-
immune pancreatitis. This variation could be due to the
compensatory upregulation of AQP-1 stimulated by
decreased secretion of the pancreatic juice.



Figure 2 Distribution of AQPs in the digestive system.

Figure 3 Biological functions of AQPs in the digestive system.
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Furthermore, previous studies demonstrated that the
biological behaviour of cancer cells was closely associated
with the transmembrane water transport, and the prolif-
eration, migration and invasion of cancer cells relied on the
rapid transport of water molecules across the membrane.18

Furthermore, AQP-1 was abundantly expressed in the entire
GI system, which regulated the transmembrane transport of
water and other small molecules and participate the cell
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proliferation and migration, consequently contributing to
the initiation and development of numerous types of
tumor.19

Compared with the loss-of function of AQP-1, cancer
cells expressing AQP-1 exhibited migratory and invasive
abilities, and the underlying molecular mechanisms require
further investigation.20e22 Yamazato et al23 revealed that
the expressed level of AQP-1 was increased in esophageal
cancer, which could facilitate cell proliferation and
migration by stimulating the death receptor-mediated
signaling pathways and was associated with the prognosis
of this disease. AQP-1 was broadly distributed in the
endothelial cells of small blood vessels such as small in-
testines, and it was predominantly expressed in the stom-
ach, indication that AQP-1 could be involved in the
proliferation, differentiation and invasion of gastric
adenocarcinoma cells. Upregulated expression of AQP-1 in
cancer cells and blood vessels served essential roles on the
development of gastric cancer.11 Quantitative polymerase
chain reaction (qPCR) and immunohistochemistry analysis
were performed on the tumor tissues from 109 patients
with epithelial gastric neoplasms by Sun et al,24 and the
results revealed that the mRNA and protein levels of AQP-1
were upregulated in epithelial gastric neoplasms. The
elevated expression of AQP-1 was associated with the
poorer prognosis and higher recurrence in the patients, and
Cox’s proportional hazards analysis suggested that AQP-1 is
a potential prognostic biomarker of gastric cancer. In
addition, knockout of AQP-1 in osteosarcoma cells could
inhibit cell growth and induce of G1 phase cell cycle arrest,
indicating that AQP-1 expression was involved in the initi-
ation and development of tumor. Thus, AQP-1 could be a
promising therapeutic target and prognostic marker in the
treatment of cancer.
The structure and distribution of AQP-3 in the
digestive system

AQP-3 gene is located in 9q13 and consists of four exons and
three introns. AQP-3 protein contains 292 amino acids with
a molecular weight of w32 kDa, and it can facilitate the
transport of water and other small molecules.25 In the
digestive system, AQP-3 is abundantly detected in the
esophagus and colon, and selectively expressed in certain
types of cells of the gastric antrum and mucosa. Tissue-
specific expression of AQP-3 was found in the epithelial
and goblet cells, and basolateral membrane of paneth cells
in the small intestine.26 Immunohistochemistry study of rat
GI tract tissues revealed that AQP-3 was also expressed in
the basolateral membrane of mouth and perineum.27

However, the expression levels of AQP-3 in the aforemen-
tioned tissues still need to be evaluated and the regulatory
functions of AQP-3 require further investigation.
The association between AQP-3 and digestive
diseases

Colonic epithelial cells are able to absorb 1.5e2 L of water
to maintain the osmotic gradient. Under the physiological
and pathological conditions, colonic epithelial cells could
secret water and electrolyte. The epithelial cells in colonic
mucosa are tightly connected, and AQPs are involved in the
transmembrane water transport. AQP-3 is abundantly
expressed in the apical and lateral membranes of epithelial
cells in the proximal colon, where it serves important roles
in transmembrane water transport; it can assist the trans-
fer of water and other small molecules from the lateral
membranes to intercellular space and reduce the water
level in colon.28 Thus, the expression level of AQP-3 in
colonic mucosa is associated with the appearance of
excrement.

A recently study reported that downregulated expres-
sion of AQP-3 was associated with numerous digestive dis-
eases such as diarrhea; cholera toxin could reduce AQP-3-
mediated water permeability in human small intestine and
disrupt the water transport, subsequently resulting in the
occurrence of diarrhea.29 Increased water content in the
excrement or diarrhea was observed in mice treated with
AQP-3 inhibitor. Furthermore, vasoactive intestinal peptide
could regulate the water permeability and stimulate the
secretion of water and electrolytes in the colon by altering
the transmembrane AQPs levels via protein kinase A sig-
nalling pathway.30

AQP-3 is a target of the vasoactive intestinal peptide,
and it can stimulate the secretion of water in the intestine
and induce diarrhea by upregulating AQP-3.31 Additionally,
the expression levels of AQP-3 are associated with con-
stipation. Niu et al32 revealed that in rats treated with
loperamide, which was used as a murine model of slow
transit constipation, the excrement was extremely dry and
the expression level of AQP-3 was increased in the colon.
These results suggested that AQP-3 could stimulate the
water absorption of colon and consequently resulted in the
occurrence of constipation. Morphine is broadly used as an
anti-inflammatory drug in clinic, with the side effects of
reduced bowel movement and constipation. A recent study
indicated that treatment with morphine could stimulate
the expression of AQP-3.33 Thus, further investigation on
the underlying mechanisms of AQP-3-mediated water
transport may provide novel insight on the treatment of
diarrhea and constipation.

A previous study revealed that dysregulated expression
of AQP-3 served essential roles on the initiation and
development of chronic gastritis, and the levels of AQP-3
were correlated with the severity and stage of this disease.
In nitrobenzenesulfonic acid-induced colitis model, the
expression levels of AQP-3 were reduced due to the
increased inflammation and injury.27 Furthermore, it was
reported that the absence of AQP-3 could stimulate the
production of E. coli, disturb the integrity of intestinal
barrier, which may be associated with the pathogenesis of
inflammatory bowel diseases.34 AQP-3 is a member of the
aquaglyceroporins family; it is involved in complex biolog-
ical processes including cell proliferation, tumorgenesis,
lipid metabolism and ATP synthesis by regulating the glyc-
erol levels in keratinocytes, adipose and other tissues. A
previous study demonstrated that AQP-3 served essential
roles in the development of gastrointestinal tumors. Gao
et al35 reported that knockdown of AQP-3 lead to elevated
apoptosis and reduced proliferation in gastric cancer cells.
Furthermore, downregulation of AQP-3 resulted in reduced
autophagy, suggesting that AQP-3 knockdown may inhibit
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cell proliferation by suppressing autophagy in gastric can-
cer cells.
The structure and distribution of AQP-4 in the
digestive system

AQP-4 is one of the most predominantly water permeable
proteins in the AQPs family. Four monomers that are able to
assist water transport are incorporated into a AQP-4
tetramer, with a molecular weight of w30 kDa. Human
AQP-4 is located between 18q11.2 and q12.1 and contains
four exons. AQP-4 protein contains two repeated
membrane-spanning domains and two pore-forming loops
with the signature Asn-Pro-Ala motif, which can overlap
and form the pore to facilitate the transmembrane trans-
port of a water molecule.36 AQP-4 is selectively expressed
in the basolateral membrane of gastric epithelial cells and
serves essential roles in the regulation of gastric acid
secretion.37 In addition, AQP-4 is also distributed in the
epithelial cells of intestinal crypt and colonic mucosa and
the basolateral membrane of goblet cells, participating the
transport of colonic fluid.
The association between AQP-4 and digestive
diseases

AQP-4 was first detected in human stomach by Misaka et al
in 1996. The secretion of gastric juice was not affected in
AQP-4 knockout mice, which may be due to the compen-
satory overexpression of other AQPs caused by the absence
of AQP-4.38 AQP-4 could serve important roles on the
secretion of gastric juice by regulating the cell volume and
maintaining the osmotic pressure. Thus, further investiga-
tion on the regulatory roles of AQP-4 in the secretion of
gastric juice may provide novel insight on the discovery of
novel gastric acid inhibitors. In addition, the water
permeability was reduced in the proximal colon of AQP-4
knockout mice; however, water contents in the excre-
ment remained unchanged. It has been reported that AQP-4
is able to facilitate water transport, increase the water
permeability of cellular membrane and induce the migra-
tion of cancer cells, subsequently contributing to cell
migration and invasion, tumor growth and angiogenesis.
The structure and distribution of AQP-5 in the
digestive system

AQP-5 consists of 265 amino acids with a molecular weight
of w28 kDa. Human AQP-5 gene is located in 12q13. AQP-5
retains the tetrameric structure, and each monomer is
capable of facilitating transmembrane water transport
independently. AQP-5 monomer consists of single peptide
chain with intracellular N- and C-terminus, which contains
six tandom transmembrane a-helices that are connected by
five loops.39 AQP-5 was firstly isolated from the salivary
glands and is abundantly expressed in numerous types of
glands, including salivary and acrimal glands and pancreas;
in the digestive system, AQP-5 is predominantly distributed
in the stomach and duodenum.

The association between AQP-5 and digestive
diseases

In the salivary gland, AQP-5 is expressed in the apical
membrane of serous acinar cells, such as the intercellular
secretory tubule of acinous cells.40 A previous study
revealed that the secretion of saliva was notably reduced
and the level of salivary hydrochloric acid was remarkably
increased in AQP-5 knockout mice, suggesting that AQP-5
served essential roles in the regulation of saliva secre-
tion.41 Furthermore, pilocarpine-stimulated secretion of
saliva was reduced by 60% and the viscosity of the saliva
was elevated in AQP-5 knockout mice.42 In rat lingual gland,
AQP-5 participated in the regulation of acinar secretory
granules.43 A recent study reported that AQP-5 expression
in the saliva could be a promising diagnostic predictor of
xerostomia-related diseases. Additionally, aberrant
expression and impaired distribution of AQP-5, inflamma-
tory infiltration and disrupted salivary gland vacuoles were
observed in the salivary gland of patients and murine model
with Sjögren’s syndrome.44 Various factors including Toll-
like receptors and TNF-a could affect the secretion of
AQP-5 in salivary glands and xerostomia in the patients with
Sjögren’s syndrome.45 Thus, aberrant expression of AQP-5
could be involved in the pathogenesis of Sjögren’s syn-
drome. Diabetes is also able to cause the xerostomia, the
secretion of salivary gland was reduced in streptozotocin-
stimulated type I diabetic mice; however, the levels of
AQP-5 were not affected.46 The regulatory functions of
AQP-5 in diabetes-induced xerostomia require further
investigation.

In the pancreas, AQP-5 is distributed in the apical
membrane of the centro-acinar and tubules cells, which
may contribute to the occurrence of diabetes and pancre-
atitis.47 In the stomach, AQP-5 is expressed in the apical
membrane of pyloric gland secretory cells, but not in the
fundus gland; in the duodenum, AQP-5 is detected in the
apical membrane of duodenal gland secretory cells.
Furthermore, qPCR revealed that AQP-5 was not expressed
in other tissues of the digestive system. AQP-5 could facil-
itate the rapid transmembrane water transport; AQP-5 also
stimulated the migration of cancer cells and vascular
endothelial cells, consequently lead to the invasion and
metastasis of tumor, which was associated with the clini-
copathological characteristics of patients with cancer.48

Additionally, Kang et al49 demonstrated that AQP-5
expression was increased in the patients with early stage
colorectal cancer, and the upregulation of AQP-5 was more
significant in the patients with advanced cancer and liver
metastasis. Huang et al50 revealed that AQP-5 could induce
the migratory and invasive abilities of gastric cancer cells,
which may contribute to the initiation and development of
gastric tumor, suggesting that AQP-5 was a potential ther-
apeutic target in the treatment of this disease. Further-
more, overexpression of AQP-5 could induce the
phosphorylation of retinoblastoma protein and activate
Ras/ERK/Rb signaling pathway in colon cancer cells,
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subsequently contributing to the initiation and develop-
ment of colonic carcinoma.

The structure and distribution of AQP-8 in the
digestive system

AQP-8 was discovered in 1997 with the length of 1447 bp
containing the coding region of 783 bp, encoding a protein
with the molecular weight of w28 kDa that consists of 261
amino acids. There are six exons and five introns in AQP-8
gene, which is distinct from other members of the AQPs
family.51 AQP-8 was first isolated from the pancreas, liver
and testicle, and it transcripts are broadly distributed in
the digestive system, including the salivary glands, small
intestine, colon, pancreas and liver.

The association between AQP-8 and digestive
diseases

In the digestive glands, AQP-8 is distributed in the epithelial
cells of acinus and membrane duct. The levels of AQP-8
transcripts were increased in the salivary glands of AQP-8
knockout mice; however, the protein levels of AQP-8 and
the secretion of saliva were not affected compared with
the wild type. AQP-8 was predominantly expressed in the
apical membrane of acinous cells in human and rat
pancreas, where it is responsible for 90% of the water
permeability;52 however, the pancreatic functions were not
affected in AQP-8 knockout mice, which could be due to the
compensatory secretion of membrane duct cells in the
pancreas.

In the GI tract, AQP-8 was abundantly detected in the
apical membrane of epithelial cells in the duodenum,
jejunum and colon.53 AQP-8 facilitated the transport of
water and small molecules on the apical membrane of rat
small intestine; however, AQP-8 is rarely expressed in
human proximal small intestine. Yang et al54 demonstrated
that the appearance, growth, body weight, organ weight,
urine concentrating ability, salivary gland secretion and
intestinal fluid transport remained unchanged in AQP-8�/�

mice compared with the wild type; however, the volume
and weight of testicles and the metabolism after high-fat
diet exhibited significant difference.

A previous study revealed that the effects of AQP-8 on
the absorption and secretion in small intestine and colon
were not remarkable. The secretion of cholera toxin was
not affected in the small intestine of AQP-8 knock out mice;
absence of AQP-8 exhibited no effects on the colonic ab-
sorption and water contents in the excrement. In the mu-
rine colonitis model, the expression level of AQP-8 was
reversely correlated with the occurrence of inflammation
and injury, suggesting that AQP-8 expression may be asso-
ciated with the initiation and development of inflammatory
bowel diseases.55

The structure and distribution of AQP-9 in the
digestive system

AQP-9 is a type of glycoprotein with the molecular weight
of w31 kDa that has been recently discovered. AQP-9
protein consists of four homologues monomers, and each
monomer contains six transmembrane domains and 295
amino acids with one glycosylation site, three intracellular
and four extracellular loops at the C- and N-terminus,
respectively. AQP-9 gene contains five introns and six
exons. It has been reported that, AQP-9 is expressed in the
basolateral membrane of goblet cells in murine ileum,
whereas in human digestive system, AQP-9 is distributed in
the small intestine and liver, and is abundantly detected in
the cytoplasmic surface of hepatocyte.
The association between AQP-9 and digestive
diseases

AQP-9 is a member of the aquaglyceroporins family, which
can assist the transmembrane transport of small molecules
including water, glycerol and urea. AQP-9 was predomi-
nantly expressed in the basolacteral membrane of
mammalian liver cells and served essential roles on the
absorption of arsenite, whose accumulation could lead to
damaged liver cells and hepatocellular carcinoma.56 A
recent study revealed that upregulated expression of AQP-9
was detected in the patients with liver cancer, which may
be associated with the poor prognosis; knockdown of AQP-9
induced the activation of PI3K/Akt and Caspase 3 signaling
pathways, consequently suppressing the proliferation,
migration and invasion and stimulating the apoptosis of
cancer cells. Furthermore, the expression levels of AQP-9 in
the basolacteral membrane of liver cells were reduced in
extrahepatic cholestasis induced by bile duct ligation,
indicating that AQP-9 could participate in the transport of
bile.57 In addition, AQP-9 is involved in the metabolism of
glycerol in the liver; glycerol is produced by triacylglycerols
catabolism in the adipose tissue, and it enters the liver via
portal vein and participates in glyconeogenesis.58 The
expression levels of AQP-9 were increased after fasting and
reduced following food intake; AQP-9 expression was
closely correlated with the levels of glycerol kinase.59 In
H4IIE cells, insulin was able to inhibit the expression of
AQP-9 in a time- and dose-dependent manner. In addition,
insulin could suppress the expression of AQP-9 by binding to
the -496/-502 promoter region.60

Insulin negative regulatory element has been identified
on the promoter of AQP-9. Additionally, the expression
levels of AQP-9 were upregulated in the liver of insulin-
resisteant mice despite of the hyperinsulinemia and high
levels of plasma glycerol and blood sugar, indicating that
AQP-9 could be involved in the metabolism of liver glycerol;
AQP-9 levels were reduced in liver cells treated with insu-
lin; the expression of AQP-9 was also affected by food
intake; AQP-9�/� mice exhibited hypertriglyceridemia and
high blood sugar compared with AQP-9þ/� mice. AQP-9�/�

mice were crossed with obese mice with type-II diabetes
(Leprdb/Leprdb), and the blood sugar levels were reduced in
Leprdb/Leprdb AQP9�/� compared with Leprdb/Leprdb

AQP9þ/� mice following 3 h of fasting; the amounts of
plasma glycerol was decreased in AQP-9�/� mice compared
with AQP-9þ/- mice.56 In addition, treatment with strep-
tozocin could stimulate the upregulation of plasma glycerol
and liver AQP-9 and induce gluconeogenesis in the mice
with insulin deficiency, suggesting that AQP-9 may serve
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essential roles on glucose metabolism and the glycerol up-
take in the liver.

The discovery of aquaglyceroporins advanced our
knowledge of associated physiological processes and path-
ogenesis of numerous diseases. Previous studies on the
structures and functions of AQPs were performed, and the
results revealed that AQPs assisted water and glycerol to
transport across the membrane, which may help to under-
stand the underlying mechanisms of metabolism. Further-
more, studies on AQPs-dependent glycerol metabolism may
provide novel insight on the development of novel thera-
peutic strategies on the treatment of metabolism
dysfunction; however, the association between AQPs
expression and glycerol metabolism requires further
investigation.
The roles of AQPs on water transport in the GI
tract

Large amount of fluids are transported by the digestive
system, and the epithelial cells of GI tract serve important
roles on regulating the water and electrolytes balance.6

Water in the intestine is from food intake (w2L/day) and
the secretion of digestive juice (w7L/day), which is
absorbed by the small intestine and colon, and w100 mL
was excreted every day. Intestinal epithelial cells allowed
the fluids to pass through in both directions and partici-
pated in the biological processes including absorption and
secretion. Following food intake, water and nutrient were
absorbed in the upper GI tract, which induce the rapid
osmotic balance of the intestinal contents and elevated
gastrointestinal recirculation of the fluids. Water absorbed
by the small and large intestine is isotonic and anti-
osmotic, respectively; the fine-tuned balance is regu-
lated by the neurotransmitter, gastrointestinal hormone
and inflammatory factors, and AQPs are essential regula-
tors of the fluid transport in GI tract.
Figure 4 AQPs-related diseas
AQPs facilitate the transmembrane water transport in
the digestive system; investigation on the cellular and
subcellular distribution of AQPs in the GI epithelium could
provide novel insight on the diagnosis and treatment of
digestive diseases. There are two pathways of AQPs-
dependent water transport: (1) paracellular pathway that
takes place in the intercellular space; (2) transcellular
pathway, which is through the apical and basolateral
membranes. These two pathways are not completely in-
dependent, lateral intercellular space is the barrier be-
tween them; water can only be transported by capillary
blood vessels when the two pathways were entirely inde-
pendent.4 Paracellular pathway has been considered as the
main route of water transport and nutrient absorption;
however, there is some limitation in paracellular water
transport, especially in the epithelial cells of small intes-
tine. There are three mechanisms of transcellular water
transport via the apical and basolateral membranes: (1)
passive diffusion by phospholipid bilayer; (2) co-transport
with ion and nutrient; (3) AQPs-dependent diffusion.61

Inconsistent findings of AQPs were revealed in human and
murine models; as numerous types of AQPs are often co-
expressed, it is difficult to investigate the distribution and
function of individual AQP in the GI tract. Gastric epithelial
cells exhibited low permeability against water and small
non-electrolyte and served protective roles when the cell
volume suddenly increased; as the extracellular osmotic
pressure changed, large amount of water pass through the
gastric mucous to stimulate the secretion of gastric juice,
consequently maintain the osmotic balance of the gastric
contents.

Summary and prospects

AQPs are widely expressed in the GI tract, and AQP-1, -3,
-4, -5 and -9 are strongly associated with the initiation and
development of various types of digestive diseases (Fig. 4).
AQP-1 is involved in the digestion of adipose, secretion of
es in the digestive system.
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saliva and is also associated with the pathogenesis of
esophageal and gastric cancer. AQP3 is mainly responsible
for the regulation of water transport in the digestive sys-
tem, which is closely related to diarrhea, constipation,
inflammatory bowel diseases and gastric tumor. AQP-4 is
able to modulate the secretion of gastric juice and associ-
ated with the initiation and development of gastric cancer.
AQP-5 can stimulate the secretion of saliva and is involved
in the pathogenesis of diabetes, pancreatitis and colorectal
cancer. AQP-8 can regulate the secretion of pancreatic
juice and is associated with the development of inflam-
matory bowel diseases. AQP-9 facilitates the per-
meabilization of small molecules including water, glycerol
and urea, and is involved in the lipid transport, insulin
resistance, fatty liver, diabetes and liver cell carcinoma.
The regulatory functions of AQPs in the digestive system
remain unknown, investigation on the roles of AQPs could
not only provide novel insights on the diagnosis and prog-
nosis of digestive diseases, but also facilitate the devel-
opment of potential therapeutic targets for the treatment
of these diseases.
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