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Abstract: Aquaporins are a family of transmembrane proteins permeable to water. In mammals,
they are subdivided into classical aquaporins that are permeable to water; aquaglyceroporins that
are permeable to water, glycerol and urea; peroxiporins that facilitate the diffusion of HO: through
cell membranes; and so called unorthodox aquaporins. Aquaporins ensure important physiological
functions in both exocrine and endocrine pancreas. Indeed, they are involved in pancreatic fluid
secretion and insulin secretion. Modification of aquaporin expression and/or subcellular localization
may be involved in the pathogenesis of pancreatic insufficiencies, diabetes and pancreatic cancer.
Aquaporins may represent useful drug targets for the treatment of pathophysiological conditions
affecting pancreatic function, and/or diagnostic/predictive biomarker for pancreatic cancer. This
review summarizes the current knowledge related to the involvement of aquaporins in the pancreas

physiology and physiopathology.
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1. Introduction

Pancreas is a gland with endocrine and exocrine function and represents a key organ for overall
body homeostasis. Indeed, endocrine pancreatic $-islets are responsible for insulin secretion in
response to hyperglycemia, therefore contributing to glucose homeostasis [1]. Furthermore, exocrine
pancreatic acinar and ductal cells ensure pancreatic fluid secretion composed of water, ions and
enzymes involved in food digestion [2].

Various diseases can affect physiological functions or arise from pancreatic dysfunction. The
diseases include diabetes [3,4], acute and chronic pancreatitis [5], cystic fibrosis [6], pancreatic cancers
[7] and pancreatic insufficiency leading to malabsorption syndrome [8].

AQPs are expressed in both endocrine and exocrine pancreas and ensure important
physiological functions related to insulin secretion and pancreatic fluid secretion [9-14].

Aquaporins (AQPs) are a family of transmembrane water channel proteins that are ubiquitously
expressed among animals, plants and microorganism [15]. Mammalian AQPs are classified as
classical AQPs permeable to water (AQPO, AQP1, AQP2, AQP4, AQP5, AQP6 and AQPS);
aquaglyceroporins (AQP3, AQP7, AQP9, AQP10 and AQP11) permeable to small solutes such as
glycerol and urea in addition to water [16]; and unorthodox AQPs (AQP11 and AQP12) with still
uncertain permeability (Table 1) [17]. Another sub-group of AQPs has been described recently,
named peroxiporins, consisting of aquaporins that facilitate the diffusion of H20: through cell
membranes. Several AQPs belonging to classical or aquaglyceroporins have been described as
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peroxiporins, namely AQP1, AQP3, AQP5, AQP8, AQP9 and AQP11 [18-22]. However, recent
reports suggest that all AQPs should exhibit H202 permeability, although at varying degrees [23].

AQPs are present in all living organisms. They have evolved from a commune ancestor by initial
internal duplication and inversion of a transmembrane portion containing three helices, yielding the
hexa-helical structure. Two critical transmembrane peptide motifs, asparagine-proline-arginine
(NPA), evolved ensuring pore selectivity. Indeed, NPA motifs evolved as a cationic selectivity filter
and an aromatic residue and arginine (ar/R) region as a proton selectivity filter. Modification of the
ar/R portion, namely in transmembrane domain 5, resulted in variable pore restriction leading to
subfamilies such as the more permissive aquaglyceroporins [24]. Whole chromosome duplications,
local duplications, horizontal transfer, provided variable number of copies that evolved over time
and speciation events [25]. Individual gene sequences changed, yielding structural and thus
functional variants, through selective adaptive pressure, in response to environmental cues such as
energy source availability and also internal physiological needs and constraints [26]. The latter has
led over time to structural variations determining functional specificities in terms of permeating
solutes, tissue distribution and specificity.

Consequently, in mammals and humans in particular, AQPs facilitate water transport to ensure
the maintenance of water balance, facilitate glycerol transport to ensure glycerol metabolism, and
participate to other cell processes including cellular migration, cellular expansion and cellular
adhesion occurring notably in tumor cells [27,28]. Thereby, AQPs are expressed in a wide range of
tissues and organs participating to fluid secretion and/or absorption (such as kidneys, lungs, eyes,
central nervous system and exocrine glands including pancreas), in glycerol metabolism (such as
adipose tissue, liver, heart and endocrine pancreas) and in a wide variety of cancer cells. Namely,
AQPs are expressed in a pancreatic tumor as well [29,30].

From a clinical point of view, AQPs potentially represent new therapeutic targets for the
treatment of diseases [31-34]. As a consequence, AQPs inhibitors and gene therapy using viral vectors
encoding AQPs have been developed [31,33-38]. In addition, AQPs are potential biomarkers for the
diagnosis and prognosis of diseases, and in particular of cancers [29,39-50].

This review summarizes the current knowledge on the expression and functions of AQPs in both
endocrine and exocrine pancreas, as well as the current potential interest to use AQPs as new useful
tools for diagnosis, prognosis and treatment for pancreatic-related diseases and pancreatic cancers.

Table 1. Mammalian aquaporin (AQP) classification.

Mammalian AQPs

AQP P T
classes QPs ermeability

AQPO0, AQP1, AQP2, AQP4, AQP5,

AQP6, AQP8 Water

Classical AQPs

Aquaglyceroporins AQP3, AQP7, AQP9, AQP10, AQP11 "V ater glycerol, urea, small

solutes
Unorthodox AQPs AQP11, AQP12 Uncertain for AQP12
L. AQP1, AQP3, AQP5, AQPS, AQP9, .
Peroxiporins AQPI1 Hydrogen peroxide

2. Endocrine Pancreas

2.1. Morphology and AQPs Distribution

Endocrine pancreas accounts for circa 10% of total pancreatic cells and is composed of f-islets
containing around 60% £3-cells producing insulin, 30% o-cells producing glucagon and 10% of other
y-cells, §-cells (or PP-cells) and e-cells producing respectively somatostatin, pancreatic polypeptide
(PP) and ghrelin [51]. Human f-islets are made of all the endocrine cells types mentioned above
distributed randomly, whereas rodent 3-islets are made of 5-cells surrounded by the other three types
of endocrine cells [51].
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Divergent results obtained using distinct methodologies suggested at first an uneven
distribution of fi-islets in human [52] and rodent [51,53] pancreas, and more recently an even
distribution of s-islets in human pancreas [54]. However, the region of the pancreas that is removed
during human pancreatectomy had distinct metabolic consequences [55]. Indeed, the removal of the
pancreatic head led to improved tolerance to glucose while the removal of the pancreatic tail led to
elevated glucose concentration after fasting or the glucose-tolerance test [55]. In light of these data, it
was hypothesized that not all f-islets are alike [51]. This hypothesis was based on distinct
developmental origins of the head and the tail of the pancreas, distinct metabolic behavior of the f3-
islets originating from these regions, and molecular heterogeneity. Indeed, the head arises from the
dorsal and ventral pancreatic buds while the tail and the central portion arises from the ventral
pancreatic bud [56]. In addition, rodent -islets showed greater capacity to synthesize and secrete
insulin when originating from the dorsal pancreatic bud as compared to when originating from the
ventral pancreatic bud [57]. Furthermore, single-cell profiling of both the messenger RNA and
protein levels revealed the existence of four distinct groups of £3-cells with unique antigenic and
molecular characteristics [58]. In the future, therapeutic interventions may have to take into account
the heterogeneity of f3-islets cellular composition.

To the best of our knowledge, AQP distribution remains unknown in human endocrine
pancreas. However, the expression of several AQPs has been documented in mouse and rat 3-cells,
but to date, not in other 3-islet cell types. Indeed, the expression of the aquaglyceroporins AQP7 was
detected on mouse and rat 3-cells [59-62] ,as well as rat 3-cell lines BRIND-BD11 and RIN-m5F [63—
65]. In addition, the expression of AQP5 and AQPS, two classical AQPs, was also detected on mouse
3-cells, and AQP12 was detected in £3-cells of rat Langerhans islets (Table 2) [60,65].

Table 2. AQPs expression in endocrine pancreas.

AQP Endocrine pancreas

AQP5 $-cells (m)
AQP7 3-cells (m, r)
AQP8 B-cells (m)
AQP12 B-cells (r)

m—mouse; r—rat.

2.2. Physiology and AQPs Functions

Due to the sole documented expression of AQPs within 5-cells, this section will then only focus
on the physiology of £3-cells and the involvement of AQPs in 3-cells physiology.

f3-cell physiology has been extensively studied owing to its capacity to synthetize and secrete
insulin, playing a key role in the control of glucose homeostasis, but also in diabetes linked to either
insulin insufficiency or resistance [51,66,67]. Briefly, insulin secretion is induced postprandially by
an increase in blood glucose, free fatty acids and amino acids concentrations. In the current model of
stimulus-secretion coupling, $-cells behave as electrically excitable fuel sensors to trigger insulin
secretion in a biphasic manner in response to glucose stimulation [1,68]. Indeed, upon glucose entry
in -cells and its metabolization, subsequent events include ATP/ADP ratio increase, closure of ATP-
sensitive potassium (Karr) channels, depolarization of plasma membrane, opening of voltage-
dependent calcium channels and sodium channels, increase in intracellular calcium concentration,
activation of calcium-binding proteins and finally exocytosis of insulin-containing granules [1,68].
This stimulus-secretion coupling pathway leads to a first phase of insulin secretion occurring rapidly
(within 5-10 minutes) and robustly (accounting for circa 15% of total insulin secretion within 1 h
stimulation) following glucose stimulation due to the recruitment of insulin-containing granules
localized in the close vicinity of the plasma membrane [68]. A second phase of insulin secretion,
recruits insulin-containing granules from intracellular storage pools to the plasma membrane in a
slower (within 1 h following glucose stimulation) but efficient manner (accounting for circa 85% of
total insulin secretion) [68].
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The glucose-elicited insulin secretion results from a triggering pathway (also previously referred
as the Karr-ATP-dependent pathway) and an amplifying pathway (also previously referred as the
Karr-ATP-independent pathway) [1,68]. The latter pathway depends on the initial triggering signal
and increased sensitivity of insulin-containing granules to intracellular calcium concentration
increase [1,68]. Although the triggering and amplifying pathway have been associated with the first
and second phases of insulin secretion, respectively, the amplifying pathway takes part in the first
phase as well [1,68].

In addition to its triggering function played in the stimulus-secretion coupling, increased
glucose concentration has been shown to lead to an augmentation in 5-cell volume [69]. An increase
in £3-cell volume is known to activate the volume-regulated anion channel (VRAC) and induce plasma
membrane depolarization, which in turn stimulates voltage-sensitive calcium channels and leads to
intracellular calcium concentration increase and insulin release [70,71].

While functional studies have been conducted to assess the role of AQP7 (an aquaglyceroporin)
in 5-cells, such studies have been lacking to assess the role of both AQP5 and AQPS (classical AQPs)
in these cells. Consequently, only the physiological role of AQP7 in 3-cells will be primarily discussed
hereafter.

Aqp7 knockout mice displayed hyperinsulinemia [61,62] with either hyperglycemia [62] or
normoglycemia [61], or normal insulin and glucose levels [60]. In addition, some Agp7 knockout mice
are characterized by -cells displaying reduced mass and size, decreased insulin content, increased
basal and glucose-induced insulin secretions, increased glycerol and triglycerides contents, elevated
glycerol kinase activity, and lowered glycerol release upon lipolysis stimulation [61]. However, other
Aqp7 knockout mice displayed decreased basal and glucose-stimulated insulin secretions [60] and
did not corroborate basal and glucose-stimulated insulin secretions observed in a previous study [61].
The apparent discrepancies observed among different Agp7 knockout mice could result from distinct
mice genetic background and/or methodologies.

In the light of AQP7 glycerol permeability, the effects of glycerol (acting as an osmolyte), entry
and metabolism have been studied in £-cells. Isosmotic or hyperosmotic addition of glycerol to the
extracellular medium of rat 8-cells sequentially induced cell swelling, VRAC activation, plasma
membrane depolarization, electrical activity and insulin exocytosis [59]. In contrast to the effects of
urea (another molecule acting as an osmolyte that can be transported by AQP?7), the effects of glycerol
were maintained during the exposure of $-cells to osmolytes [70]. The glycerol-induced $-cell
activation was supposed to result from both its cell entry and subsequent metabolization [70].
Incubation of rat f3-cell BRIN-BD11 incubated with extracellular hypotonic medium or isotonic
medium deprived of 50 mM NaCl but replaced with 100 mM urea induced both [2-*H]glycerol entry
and insulin release, as compared to isotonic medium [63]. In addition, insulin released by BRIND-
BD11 cells upon incubation with isotonic medium deprived of 50 mM NaCl but replaced with 100
mM urea or 100 mM glycerol was inhibited following VRAC inhibition [63]. All together these data
showed that urea and glycerol entry upon extracellular isotonicity led to cell swelling, VRAC
activation, and subsequent events leading finally to insulin release [63]. Furthermore, the role of
AQP7 assessed using 3-cells from Agp7+*+ and Aqp7-- mice confirmed that glycerol entry occurred via
AQP?7 and induced subsequent cell swelling, VRAC activation and plasma membrane depolarization
and insulin release [60]. In addition, modification of the AQP7+ -cells response to glucose or
extracellular hypoosmolarity suggested a direct or indirect role for AQP7 at a distal or downstream
site in the stimulus-secretion coupling [60]. Additionally, in RIN-m5F {3-cells, the incretin hormone
glucagon-like peptide-1 (GLP-1) downregulates AQP7, with AQP7 expression being negatively
associated with insulin release [65]. Interestingly, the orexigenic and lipogenic hormone ghrelin
downregulates AQP7, leading to an increased cytosolic glycerol content that promotes triacylglycerol
synthesis [65]. In this regard, it seems plausible that the reduction of AQP7 induced by GLP-1 and
ghrelin might result in intracellular glycerol accumulation, leading to an increased insulin synthesis
and secretion. Therefore, in light of available studies, AQP7 appears to be involved in the control of
insulin release. However, further experiments using conditional Agp7 knockout mice could be useful
to refine our understanding of the role of AQP7 in £3-cells insulin secretion.
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AQP12, an unorthodox AQP, was also found to be expressed in rat £-cells and rat RIN-m5F -
cell line [65]. However, the possible involvement of AQP12 in 3-cell insulin release remains to be
assessed.

Interestingly, due to the similarities in the Aqp7+- and Agp7++ £3-cells response to hypoosmolarity
(rates and degrees of swelling), it seems reasonable to speculate at least one water-facilitated pathway
to be present in addition to AQP7, such as AQP5 or AQP8 [60] or Na-K-2Cl [72] (also shown to
transport water [73]), shown to be expressed as well in $3-cells. However, further studies will be
necessary to assess the function of AQP5 and AQPS, and of Na-K-2C], in $-cells response to
hypoosmolarity.

2.3. Diabetes, Obesity and Metabolic Syndrome

Due to AQP7’s expression, especially in -cells, AQP7 became a protein of interest in light of
pathologies affecting endocrine pancreas, in particular diabetes, obesity and metabolic syndrome
[11-14,74-76].

In humans, the AQP7 gene is localized to a chromosomal region with reported linkage to type 2
diabetes [77] and metabolic syndrome [78]. Single nucleotide polymorphisms in the AQP7 gene have
been associated with obesity and/or type 2 diabetes in Caucasians [79,80] and with type 2 diabetes in
the Chinese Han population [81]. Identified missense (R12C, V59L and G264V) and silent (A103A
and G250G) AQP7 gene mutations in a cohort of Japanese subjects were not linked to obesity or
diabetes [82]. In a cohort of Caucasian subjects, a subject with the G264V mutation in the AQP7 gene
presented type 2 diabetes, overweight and extremely low glycerol levels [79]. Additional studies are
required to deepen the current knowledge concerning the impact of AQP7 loss-of-function mutations
or single nucleotide polymorphism in diabetes, obesity and metabolic syndrome.

The phenotype of Agp7 knockout mice is characterized by adult-onset obesity and
hyperglycemia [61,62,83]. In obese rats, sleeve gastrectomy modified several parameters of the
pancreas or linked to the pancreatic function. Indeed, sleeve gastrectomy decreased £5-cell apoptosis,
pancreatic steatosis, insulinemia, fasting blood glycaemia and improved insulin sensitivity of the
obese rats [65]. In obese rats presenting increased pancreatic AQP7 and AQP12 expression, sleeve
gastrectomy significantly increased AQP7 expression, but not AQP12 expression [65]. The use of
isolated B-cells and/or single cell transcriptome analysis could provide data to assess AQP12
expression in $3-cells, as AQP12 is also expressed in the exocrine pancreas [84]. Finally, additional
investigations are required to assess whether AQP7 and/or AQP12 could become suitable therapeutic
targets for the treatment of obesity and/or type 2 diabetes.

Interestingly, a very recent study showed that epigenetic modification, i.e., the methylation of
the AQP7 gene promoter region in human hypertrophic white adipose tissue correlated with
decreased AQP7 expression [85].

3. Exocrine Pancreas

3.1. Morphology and AQPs Distribution

Exocrine pancreas accounts for circa 90% of total pancreatic cells and consists of acinar and
ductal epithelial cells involved in pancreatic juice secretion, representing daily about 1 to 2 liters and
consisting of fluid and enzymes. Pancreatic juice secretion is required for neutralization of stomach
acid and proper food digestion. Pancreatic juice secretion is controlled by several neurotransmitters
including secretin, cholecystokinin and acetylcholine [86].

AQP1, AQP3, AQP4, AQP5, AQP8 and AQP12 mRNA were found in the human exocrine
pancreas [87,88]. However, only AQP1, AQP5 and AQPS8 protein expression were detected [87,88].
AQP1 expression was localized to centroacinar cells (apical membrane), intercalated ductal cells
(apical membrane), capillary endothelial cells, and pancreatic zymogen granule membrane [87,89,90].
AQP5 was localized to intercalated ductal cells [87], AQP8 was found solely in the apical membrane
of acinar cells [91] and AQP12 localization remained to be assessed.
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Rat exocrine pancreas expresses similar Agps mRNA as the human pancreas, with the exception
of Agp3 [87,88,92]. In rat, AQP1 is localized in intralobular and interlobular ductal cells (apical
membrane, basolateral membrane, caveolae and vesicular structures) [93,94], acinar zymogen
granules [89] endothelia cells [92]. AQP3 is expressed in acinar cells (membrane and intracellular
structures) [48]. In addition, AQP5 is expressed in centroacinar cells (apical membrane) and
intercalated ductal cells (apical membrane) [87], and AQPS8 is expressed in acinar cells (apical
membrane) [88]. Mouse exocrine pancreas was reported to express AQP1 in interlobular ductal cells
(apical membrane) [87], AQP5 in interlobular, intralobular and intercalated ductal cells (apical
membrane) [87] and AQP12 in acinar cells (intracellular structures; Table 3) [84].

Table 3. AQPs expression in exocrine pancreas.

AQP Exocrine pancreas
Acinar cells (r, h)
Ductal cells (m, r, h), Endothelial cells (r, h)
AQP3 Acinar cells (h)
Acinar cells (r)

AQP1

AQP

QP5 Ductal cells (m, 1, h)
AQP8 Acinar cells (r, h)
AQP12 Acinar cells (m)

m—mouse; r—rat; h—human.

3.2. Physiology and AQPs Functions

Pancreatic juice secretion involves two distinct molecular steps: a first step consisting into the
secretion of an isotonic fluid by acinar cells, and a second step consisting in the secretion of most of
the water with sodium, chloride and bicarbonate ions by ductal cells [95]. In this two steps process,
acinar AQPS, (apically located), and both ductal AQP1 (apically and basolaterally located) and AQP5
(apically located) ensure transcellular water flow to the gland lumen [87]. So far, pancreatic fluid
secretion was shown do not be altered in Agp1, Aqp5, Aqp8 or Agp12 knockout mice [96-98], despite
the major involvement of AQP8 and AQP1 in acinar and ductal fluid secretion, respectively [92,93].
However, very recently, fluid secretion measurement performed on isolated pancreatic ducts from
Aqpl knockout and in vivo MRI cholangiopancreatography assessing the rate of pancreatic fluid
secretion supported the involvement of AQP1 in pancreatic ductal fluid and bicarbonate secretion
[99]. Similar techniques could be used for further investigating the respective contribution of other
AQPs to the pancreatic juice secretion process.

3.3. Pancreatic Diseases including Pancreatitis, Cystic Fibrosis and Cancer

AQPs have been involved in several pancreatic diseases including pancreatitis, cystic fibrosis
and cancer [9,29,30,48].

In acute or chronic pancreatitis, considered as inflammatory syndromes, patients suffer from
sudden disease onset characterized by abdominal pain, elevated serum digestive enzymes levels and
abnormal abdominal imaging. In a rat model of acute pancreatitis and in liver X receptor f§ knockout
mice model displaying exocrine pancreatic insufficiency, AQP1 expression was decreased [100,101].
Despite several studies, the role of AQP1 in pancreatitis has not been fully understood [9].
Pancreatitis can cause multiple organ failure including lung and colon displaying the altered
expression of AQPs [102-104]. In a mouse model of autoimmune pancreatitis, it is worth pointing out
that the cystic fibrosis transmembrane conductance regulator (CFTR) corrector C18 and the CFTR
potentiator VX770 rescued CFTR expression, restored AQP5 expression and pancreatic fluid
secretion, and eliminated tissue inflammation [105]. It would be worth assessing whether CFTR
corrector and potentiator are also able to correct AQP1 expression in animal models of pancreatitis.
In the future, treatment with CFTR correctors may offer an additional therapeutic tool to treat
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pancreatitis. In the context of gene therapy for pancreatic disorders such as pancreatitis [106],
adenoviral vectors encoding AQP1 or AQP5 may represent additional tools [32,36,107].

In cystic fibrosis, a genetic disease resulting from CFTR mutation, patients experienced several
manifestations including alteration of pancreatic juice secretion. CFTR is normally expressed in
pancreatic ductal cells and contributes to pancreatic juice secretion [108]. Interestingly, Cftr knockout
guinea-pigs and mice showed decreased AQP1 expression and pancreatic fluid secretion [99,109].
Nevertheless, the underlying causal mechanism remains to be assessed.

In cancer, a leading cause of death worldwide, AQPs have been shown to be involved in cancer
cell migration, adhesion, growth, proliferation, invasion and metastasis, as well as drug resistance,
angiogenesis and epithelial-mesenchymal transition [27,28,49,50,110,111]. Studies have explored the
role of AQPs in pancreatic cancers, especially in pancreatic ductal adenocarcinoma (PDAC)
representing the most common type and being the most aggressive and lethal malignancy, with a
five-year survival of only 7%. Pancreatic cancer is anticipated to become the second leading cause of
cancer-related death by 2030 [112]. Currently, surgery represents the only therapeutic option to cure
PDAC cancer, but one needs to keep in mind, that only a small number of patients present with a
resectable tumor at the time of diagnosis. Early PDAC diagnosis remains difficult due to the lack of
distinct symptoms and the absence of specific clinical markers of early stages of PDAC. Following
the use of PDAC cell lines, AQPs involvement was suggested in PDAC cell migration, cell
proliferation and increased apoptosis [91,113,114]. However, the expression of AQPs has been poorly
studied in PDAC [29,30]. A first study performed using PDAC from a small cohort of Caucasian
patients showed a modification in AQP5 localization and expression in intercalated and intralobular
ductal cells as compared to normal pancreatic tissues [48]. Indeed, AQP5 labeling was localized to
the entire plasma membrane and intracellularly as opposed to the typical apical membrane in normal
pancreatic tissue [48]. In addition AQP5 expression was higher in PDAC and correlated with the
tumor differentiation status and aggressiveness [48]. Furthermore, the same PDAC also displayed
modified AQP3 localization and expression as compared to normal pancreatic tissues [48]. Indeed,
AQP3 labeling was localized to ductal cells (plasma membrane or intracellularly) in PDAC (but
heterogeneous among PDAC samples) while nearly absent in normal pancreatic ductal cells [48]. In
addition, AQP3 expression was inversely correlated with the tumor differentiation status and
aggressiveness [48]. A second study using PDAC from a relative larger cohort of Chinese patients
displayed higher AQP1 and AQP3 expression as compared to benign pancreatic tissue, and the
expression level was inversely correlated with the tumor, node metastasis stage of the disease [115].
In addition, positive AQP1 and AQP3 expression were significantly associated with patients survival
but represent poor-prognosis factors in PDAC [115]. Further studies using larger cohort of PDAC
patients are required to assess further the beneficial value of using AQPs as markers of PDAC stages
and prognosis, and to support the possible involvement of AQPs in epithelial-mesenchymal
transition occurring in PDAC. Finally, additional studies will be required to decipher the molecular
mechanisms underlying AQPs differential expression in PDAC, and the benefit of using appropriate
therapeutic tools to target AQPs in PDAC [31,50,111].

4. AQPs as Useful Tools for Clinicians

4.1. AQPs as A Target for Therapy

Due to their involvement in various cellular physiological and pathophysiological processes,
AQPs represent targets for drug, phyto-compounds, antibody immunotherapy and gene therapy.

A variety of small molecules targeting AQPs have been extensively studied [11,31,33,34]. Indeed,
AQPs can be inhibited by metal ions, gold(IlI) compounds, metalloids, antidiabetic drugs and other
drugs or phyto-compounds [11,31,33,34,116]. In addition, AQPs expression can be modulated by
various phyto-compounds including flavonoids, curcuminoids, stilbenes, chalcones, isoflavonoids,
triterpenes, monoterpenoids and capsininoids [116-118]. Moreover, antibodies could also represent
a useful tool to target AQPs [34]. Indeed, gene therapy using adenoviral vectors encoding AQP has
already been used to restore AQP function [32,36,107,119].
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Although all these tools have not been tested yet for their potential beneficial effects for the
treatment of pancreatic pathologies, some of the tools could be evaluated for the treatment of
diabetes, pancreatitis, cystic fibrosis and cancer [11,13,14,31,33,74,116]. Due to epigenetic
modifications of AQPs genes, tools controlling such processes might also be useful to modulate AQPs
expression [85,120,121]. In the future, additional studies will determine if AQPs can become new
useful therapeutic targets for the treatment of pancreatic pathologies.

4.2. AQPs as Biomarkers

Predictive and prognostic biomarkers are valuable tools in cancer diagnosis and therapy
monitoring. A very recent study assessed the expression of AQPs on 106 PDAC resected tissues
samples and showed higher expression of AQP1 and AQP3 in PDAC compared with peritumoral
tissue and normal pancreatic tissue. Both AQP1 and AQP3 are proposed as diagnostic markers of
PDAC and a predictive marker of poor prognosis in PDAC patients [115]. Another study, conducted
on 35 PDAC patients suggests AQP3 to be related with late and more aggressive stages of PDAC
while AQPS5 is proposed as a potential histological marker for early stages of PDAC [48].

Another report suggested that AQP3 expression in PDAC is negatively regulated by miR-874,
and resulted in the suppression of cell proliferation and increased cell apoptosis in PDAC cell lines
[113]. Further investigation should focus on the prognostic value of AQP3 and/or miR-874 using a
larger cohort of clinical samples.

Furthermore, it is speculated that AQPs regulation may be implicated in the ability of some
cancer cells to respond to treatment. For example, AQP3 overexpression has been shown to contribute
to chemo-resistance to arsenite in melanoma [122], as well as to cisplatin in gastric cancer [123]. In
colorectal cancer cells, knockdown of AQPS5 sensitizes cells to 5-fluorouracil via inhibition of the Wnt-
[3-catenin signaling pathway [124]. Whether the AQPs expression and regulation contribute to PDAC
response to treatment remains an open question that surely deserves further investigation.

5. Conclusions

AQPs are expressed in both endocrine and exocrine pancreas ensuring important physiological
functions related to insulin secretion and pancreatic fluid secretion. Several AQPs present modified
expression in various pancreatic pathological conditions, making them exciting potential new drug
target for pancreatic disorders. Furthermore, several recent studies suggest involvement of various
AQPs in pancreatic cancer development. However, further studies are needed to understand fully
the role of AQPs in the development of pancreatic malignancies and to confirm their potential use as
prognostic and/or predictive biomarkers in pancreatic cancer.

Author Contributions: T.A,, J.P,, J.-L.V.L. and C.D. wrote the paper.

Funding: This work was supported by David and Alice van Buuren Fund (Belgium).

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

Abbreviations
AQP Aquaporin
CFTR Cystic fibrosis transmembrane conductance regulator
Karr channels ~ ATP-sensitive potassium channels
PDAC Pancreatic ductal adenocarcinoma
PP Pancreatic polypeptide
VRAC Volume-regulated anion channel

References



Int. ]. Mol. Sci. 2019, 20, 5052 9 of 14

10.
11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

Henquin, J.-C. The dual control of insulin secretion by glucose involves triggering and amplifying
pathways in B-cells. Diabetes Res. Clin. Pr. 2011, 93, S27-S31.

Hegyi, P.; Petersen, O.H. The exocrine pancreas: the acinar-ductal tango in physiology and
pathophysiology. Rev. Physiol. Biochem. Pharmacol. 2013, 165, 1-30.

Hu, F.; Qiu, X.; By, S. Pancreatic islet dysfunction in type 2 diabetes mellitus. Arch. Physiol. Biochem. 2018,
1-7.

Alexandre-Heymann, L.; Mallone, R.; Boitard, C.; Scharfmann, R.; Larger, E. Structure and function of the
exocrine pancreas in patients with type 1 diabetes. Rev. Endocr. Metab. Disord. 2019, 20, 129-149.

Weiss, F.U.; Laemmerhirt, F.; Lerch, M.M. Etiology and Risk Factors of Acute and Chronic Pancreatitis.
Visc. Med. 2019, 35, 73-81.

Madacsy, T.; Pallagi, P.; Maleth, ]J. Cystic Fibrosis of the Pancreas: The Role of CFTR Channel in the
Regulation of Intracellular Ca2+ Signaling and Mitochondrial Function in the Exocrine Pancreas. Front.
Physiol. 2018, 9, 1585.

Conroy, T.; Bachet, ].-B.; Ayav, A,; Huguet, F.; Lambert, A.; Caramella, C.; Maréchal, R.; Van Laethem, J.-
L.; Ducreux, M. Current standards and new innovative approaches for treatment of pancreatic cancer. Eur.
J. Cancer Oxf. Engl. 1990 2016, 57, 10-22.

Dominguez-Mufoz, ].E. Management of pancreatic exocrine insufficiency. Curr. Opin. Gastroenterol. 2019,
35, 455-459.

Delporte, C. Aquaporins in salivary glands and pancreas. Biochim. Biophys. Acta 2014, 1840, 1524-1532.
Delporte, C. Aquaporins and Gland Secretion. Adv. Exp. Med. Biol. 2017, 969, 63-79.

Calamita, G.; Perret, J.; Delporte, C. Aquaglyceroporins: Drug Targets for Metabolic Diseases? Front.
Physiol. 2018, 9, 851.

Laforenza, U.; Bottino, C.; Gastaldi, G. Mammalian aquaglyceroporin function in metabolism. Biochim.
Biophys. Acta 2016, 1858, 1-11.

Méndez-Giménez, L.; Ezquerro, S.; da Silva, L.V.; Soveral, G.; Frithbeck, G.; Rodriguez, A. Pancreatic
Aquaporin-7: A Novel Target for Anti-diabetic Drugs? Front. Chem. 2018, 6, 99.

da Silva, I.V.; Rodrigues, ].S.; Rebelo, I.; Miranda, J.P.G.; Soveral, G. Revisiting the metabolic syndrome: the
emerging role of aquaglyceroporins. Cell. Mol. Life Sci. 2018, 75, 1973-1988.

Agre, P. Aquaporin water channels (Nobel Lecture). Angew. Chem. Int. Ed Engl. 2004, 43, 4278-4290.

Rojek, A.; Praetorius, ]J.; Frekiaer, J.; Nielsen, S.; Fenton, R.A. A current view of the mammalian
aquaglyceroporins. Annu. Rev. Physiol. 2008, 70, 301-327.

Ishibashi, K.; Kondo, S.; Hara, S.; Morishita, Y. The evolutionary aspects of aquaporin family. Am. |. Physiol.
Regqul. Integr. Comp. Physiol. 2011, 300, R566-576.

Bienert, G.P.; Moller, A.L.; Kristiansen, K.A.; Schulz, A.; Meller, LM.; Schjoerring, ].K.; Jahn, T.P. Specific
aquaporins facilitate the diffusion of hydrogen peroxide across membranes. J. Biol. Chem. 2007, 282, 1183—
1192.

Marinelli, R.A.; Marchissio, M.J]. Mitochondrial aquaporin-8: a functional peroxiporin? Antioxid. Redox
Signal. 2013, 19, 896.

Geng, X.; Yang, B. Transport Characteristics of Aquaporins. In Aquaporins; Yang, B., Ed.; Advances in
Experimental Medicine and Biology; Springer Netherlands: Dordrecht, 2017; pp. 51-62 ISBN 978-94-024-
1057-0.

Prata, C.; Hrelia, S.; Fiorentini, D. Peroxiporins in Cancer. Int. J. Mol. Sci. 2019, 20, E1371.

Bestetti, S.; Galli, M.; Sorrentino, I.; Pinton, P.; Rimessi, A.; Sitia, R.; Medrano-Fernandez, I. Human
aquaporin-11 guarantees efficient transport of H202 across the endoplasmic reticulum membrane. Redox
Biol. 2019, 28, 101326.

Almasalmeh, A.; Krenc, D.; Wu, B.; Beitz, E. Structural determinants of the hydrogen peroxide permeability
of aquaporins. FEBS ]. 2014, 281, 647-656.

Finn, R.N.; Cerda, J. Evolution and functional diversity of aquaporins. Biol. Bull. 2015, 229, 6-23.

Abascal, F.; Irisarri, I.; Zardoya, R. Diversity and evolution of membrane intrinsic proteins. Biochim. Biophys.
Acta 2014, 1840, 1468-1481.

Laloux, T.; Junqueira, B.; Maistriaux, L.C.; Ahmed, J.; Jurkiewicz, A.; Chaumont, F. Plant and Mammal
Aquaporins: Same but Different. Int. J. Mol. Sci. 2018, 19, E521.

Papadopoulos, M.C.; Saadoun, S. Key roles of aquaporins in tumor biology. Biochim. Biophys. Acta 2015,
1848, 2576-2583.



Int. ]. Mol. Sci. 2019, 20, 5052 10 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Verkman, A.S.; Hara-Chikuma, M.; Papadopoulos, M.C. Aquaporins--new players in cancer biology. J. Mol.
Med. Berl. Ger. 2008, 86, 523-529.

Nagaraju, G.P.; Basha, R.; Rajitha, B.; Alese, O.B.; Alam, A.; Pattnaik, S.; El-Rayes, B. Aquaporins: Their role
in gastrointestinal malignancies. Cancer Lett. 2016, 373, 12-18.

Moosavi, M.-S.; Elham, Y. Aquaporins 1, 3 and 5 in Different Tumors, their Expression, Prognosis Value
and Role as New Therapeutic Targets. Pathol. Oncol. Res. POR 2019, doi: 10.1007/512253-019-00646-9.
Aikman, B.; de Almeida, A.; Meier-Menches, SM.; Casini, A. Aquaporins in cancer development:
opportunities for bioinorganic chemistry to contribute novel chemical probes and therapeutic agents. Met.
Integr. Biometal Sci. 2018, 10, 696-712.

Delporte, C.; Bryla, A.; Perret, J. Aquaporins in Salivary Glands: From Basic Research to Clinical
Applications. Int. ]. Mol. Sci. 2016, 17, E166.

Soveral, G.; Casini, A. Aquaporin modulators: a patent review (2010-2015). Expert Opin. Ther. Pat. 2017, 27,
49-62.

Tradtrantip, L.; Jin, B.-].; Yao, X.; Anderson, M.O.; Verkman, A.S. Aquaporin-Targeted Therapeutics: State-
of-the-Field. Adv. Exp. Med. Biol. 2017, 969, 239-250.

Abir-Awan, M.; Kitchen, P.; Salman, M.M.; Conner, M.T.; Conner, A.C.; Bill, R.M. Inhibitors of Mammalian
Aquaporin Water Channels. Int. ]. Mol. Sci. 2019, 20, E1589.

Delporte, C.; O’Connell, B.C,; He, X.; Lancaster, H.E.; O’Connell, A.C.; Agre, P.; Baum, B.]. Increased fluid
secretion after adenoviral-mediated transfer of the aquaporin-1 cDNA to irradiated rat salivary glands.
Proc. Natl. Acad. Sci. U. S. A. 1997, 94, 3268-3273.

Alevizos, I.; Zheng, C.; Cotrim, A.P.; Liu, S.; McCullagh, L.; Billings, M.E.; Goldsmith, C.M.; Tandon, M.;
Helmerhorst, E.J.; Catalan, M.A; et al. Late responses to adenoviral-mediated transfer of the aquaporin-1
gene for radiation-induced salivary hypofunction. Gene Ther. 2017, 24, 176-186.

Marrone, J.; Soria, L.R.; Danielli, M.; Lehmann, G.L.; Larocca, M.C.; Marinelli, R.A. Hepatic gene transfer
of human aquaporin-1 improves bile salt secretory failure in rats with estrogen-induced cholestasis.
Hepatol. Baltim. Md 2016, 64, 535-548.

Wang, J.; Feng, L.; Zhu, Z,; Zheng, M.; Wang, D.; Chen, Z,; Sun, H. Aquaporins as diagnostic and
therapeutic targets in cancer: How far we are? J. Transl. Med. 2015, 13, 96.

Tang, G.; Yang, G.-Y. Aquaporin-4: A Potential Therapeutic Target for Cerebral Edema. Int. ]. Mol. Sci. 2016,
17, E1413.

Ikarashi, N.; Kon, R.; Sugiyama, K. Aquaporins in the Colon as a New Therapeutic Target in Diarrhea and
Constipation. Int. J. Mol. Sci. 2016, 17, E1172.

Delporte, C.; Perret, J.; Soyfoo, M.S. Primary Sjogren’s syndrome: Current pathophysiological, diagnostic
and therapeutic advances. In Autoimmune Disorders; Huang, F.P., Ed.; Intech Publishers Inc., Rijeka, Croatia,
Vol. pp. 41-66 ISBN: 978-953-307-653-9.

Seay, M.; Rucker, J.C. Neuromyelitis Optica: Review and Utility of Testing Aquaporin-4 Antibody in
Typical Optic Neuritis. Asia-Pac. J. Ophthalmol. Phila. Pa 2018, 7, 229-234.

Lan, Y.-L.; Wang, X.; Lou, J.-C.; Ma, X.-C.; Zhang, B. The potential roles of aquaporin 4 in malignant
gliomas. Oncotarget 2017, 8, 32345-32355.

Jakowiecki, J.; Sztyler, A.; Filipek, S.; Li, P.; Raman, K.; Barathiraja, N.; Ramakrishna, S.; Eswara, ].R.; Altaee,
A.; Sharif, A.O.; et al. Aquaporin-graphene interface: relevance to point-of-care device for renal cell
carcinoma and desalination. Interface Focus 2018, 8, 20170066.

He, J.; Yang, B. Aquaporins in Renal Diseases. Int. |. Mol. Sci. 2019, 20, E366.

Direito, I.; Madeira, A.; Brito, M.A.; Soveral, G. Aquaporin-5: from structure to function and dysfunction
in cancer. Cell. Mol. Life Sci. CMLS 2016, 73, 1623-1640.

Direito, I.; Paulino, J.; Vigia, E.; Brito, M.A.; Soveral, G. Differential expression of aquaporin-3 and
aquaporin-5 in pancreatic ductal adenocarcinoma. . Surg. Oncol. 2017, 115, 980-996.

Tomita, Y.; Dorward, H.; Yool, AJ.; Smith, E.; Townsend, AR.; Price, T.J.; Hardingham, J.E. Role of
Aquaporin 1 Signalling in Cancer Development and Progression. Int. . Mol. Sci. 2017, 18, E299.

Dajani, S.; Saripalli, A.; Sharma-Walia, N. Water transport proteins-aquaporins (AQPs) in cancer biology.
Oncotarget 2018, 9, 36392-36405.

Da Silva Xavier, G. The Cells of the Islets of Langerhans. J. Clin. Med. 2018, 7, E54.



Int. ]. Mol. Sci. 2019, 20, 5052 11 of 14

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

Wang, X.; Misawa, R.; Zielinski, M.C.; Cowen, P.; Jo, J.; Periwal, V.; Ricordi, C.; Khan, A.; Szust, J.; Shen, ].;
et al. Regional differences in islet distribution in the human pancreas--preferential beta-cell loss in the head
region in patients with type 2 diabetes. PloS One 2013, 8, e67454.

Hoérnblad, A.; Cheddad, A.; Ahlgren, U. An improved protocol for optical projection tomography imaging
reveals lobular heterogeneities in pancreatic islet and -cell mass distribution. Islets 2011, 3, 204-208.
Ionescu-Tirgoviste, C.; Gagniuc, P.A.; Gubceac, E.; Mardare, L.; Popescu, I.; Dima, S.; Militaru, M. A 3D
map of the islet routes throughout the healthy human pancreas. Sci. Rep. 2015, 5, 14634.

Menge, B.A.; Schrader, H.; Breuer, T.G.K.; Dabrowski, Y.; Uhl, W.; Schmidt, W.E.; Meier, J.]. Metabolic
consequences of a 50% partial pancreatectomy in humans. Diabetologia 2009, 52, 306-317.

Pandol, S.J. The Exocrine Pancreas. In Colloquium Series on Integrated Systems Physiology: From Molecule to
Function to Disease; Granger D.N., Granger ].P., Eds.; Morgan & Claypool Life Sciences: San Rafael, CA,
USA, 2010.

Gittes, G.K. Developmental biology of the pancreas: a comprehensive review. Dev. Biol. 2009, 326, 4-35.
Avrahami, D.; Wang, Y.J.; Klochendler, A.; Dor, Y.; Glaser, B.; Kaestner, K.H. 3-Cells are not uniform after
all-Novel insights into molecular heterogeneity of insulin-secreting cells. Diabetes Obes. Metab. 2017, 19,
147-152.

Best, L.; Brown, P.D.; Yates, A.P.; Perret, ].; Virreira, M.; Beauwens, R.; Malaisse, W.].; Sener, A.; Delporte,
C. Contrasting effects of glycerol and urea transport on rat pancreatic beta-cell function. Cell. Physiol.
Biochem. Int. . Exp. Cell. Physiol. Biochem. Pharmacol. 2009, 23, 255-264.

Louchami, K.; Best, L.; Brown, P.; Virreira, M.; Hupkens, E.; Perret, ].; Devuyst, O.; Uchida, S.; Delporte, C.;
Malaisse, W.].; et al. A new role for aquaporin 7 in insulin secretion. Cell. Physiol. Biochem. Int. ]. Exp. Cell.
Physiol. Biochem. Pharmacol. 2012, 29, 65-74.

Matsumura, K.; Chang, B.H.-J.; Fujimiya, M.; Chen, W.; Kulkarni, R.N.; Eguchi, Y.; Kimura, H.; Kojima, H.;
Chan, L. Aquaporin 7 is a beta-cell protein and regulator of intraislet glycerol content and glycerol kinase
activity, beta-cell mass, and insulin production and secretion. Mol. Cell. Biol. 2007, 27, 6026—-6037.

Hibuse, T.; Maeda, N.; Funahashi, T.; Yamamoto, K.; Nagasawa, A.; Mizunoya, W.; Kishida, K.; Inoue, K,;
Kuriyama, H.; Nakamura, T.; et al. Aquaporin 7 deficiency is associated with development of obesity
through activation of adipose glycerol kinase. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 10993-10998.
Delporte, C.; Virreira, M.; Crutzen, R.; Louchami, K.; Sener, A.; Malaisse, W.].; Beauwens, R. Functional
role of aquaglyceroporin 7 expression in the pancreatic beta-cell line BRIN-BD11. J. Cell. Physiol. 2009, 221,
424-429.

Virreira, M.; Perret, ].; Delporte, C. Pancreatic beta-cells: Role of glycerol and aquaglyceroporin 7. Int. ].
Biochem. Cell Biol. 2011, 43, 10-13.

Meéndez-Giménez, L.; Becerril, S.; Camdes, S.P.; da Silva, I.V.; Rodrigues, C.; Moncada, R.; Valenti, V.;
Cataldn, V.; Gémez-Ambrosi, J.; Miranda, J.P.; et al. Role of aquaporin-7 in ghrelin- and GLP-1-induced
improvement of pancreatic (3-cell function after sleeve gastrectomy in obese rats. Int. . Obes. 2005 2017, 41,
1394-1402.

Bakhti, M.; Bottcher, A.; Lickert, H. Modelling the endocrine pancreas in health and disease. Nat. Rev.
Endocrinol. 2019, 15, 155.

Song, T.; Jo, J. Tripartite cell networks for glucose homeostasis. Phys. Biol. 2019, 16, 051001.

Kalwat, M.A.; Cobb, M.H. Mechanisms of the amplifying pathway of insulin secretion in the (3 cell.
Pharmacol. Ther. 2017, 179, 17-30.

Miley, H.E.; Sheader, E.A.; Brown, P.D.; Best, L. Glucose-induced swelling in rat pancreatic beta-cells. J.
Physiol. 1997, 504 (Pt 1), 191-198.

Best, L.; Miley, H.E.; Yates, A.P. Activation of an anion conductance and beta-cell depolarization during
hypotonically induced insulin release. Exp. Physiol. 1996, 81, 927-933.

Drews, G.; Krippeit-Drews, P.; Diifer, M. Electrophysiology of islet cells. Adv. Exp. Med. Biol. 2010, 654, 115—
163.

Majid, A.; Speake, T.; Best, L.; Brown, P.D. Expression of the Na+K+-2CI- cotransporter in alpha and beta
cells isolated from the rat pancreas. Pflugers Arch. 2001, 442, 570-576.

Hamann, S.; Herrera-Perez, ]J.J.; Zeuthen, T.; Alvarez-Leefmans, F.J. Cotransport of water by the Na+-K+-
2Cl(-) cotransporter NKCC1 in mammalian epithelial cells. . Physiol. 2010, 588, 4089-4101.

da Silva, I.V.; Soveral, G. Aquaporins in Obesity. Adv. Exp. Med. Biol. 2017, 969, 227-238.



Int. ]. Mol. Sci. 2019, 20, 5052 12 of 14

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Iena, F.M.; Lebeck, J. Implications of Aquaglyceroporin 7 in Energy Metabolism. Int. . Mol. Sci. 2018, 19,
E154.

Maeda, N. Implications of aquaglyceroporins 7 and 9 in glycerol metabolism and metabolic syndrome. Mol.
Aspects Med. 2012, 33, 665-675.

Lindgren, C.M.; Mahtani, M.M.; Widén, E.; McCarthy, M.I,; Daly, M.].; Kirby, A.; Reeve, M.P.; Kruglyak,
L.; Parker, A.; Meyer, J.; et al. Genomewide search for type 2 diabetes mellitus susceptibility loci in Finnish
families: the Botnia study. Am. ]. Hum. Genet. 2002, 70, 509-516.

Loos, R.J.F.; Katzmarzyk, P.T.; Rao, D.C.; Rice, T.; Leon, A.S.; Skinner, ].S.; Wilmore, ].H.; Rankinen, T.;
Bouchard, C.; HERITAGE Family Study Genome-wide linkage scan for the metabolic syndrome in the
HERITAGE Family Study. J. Clin. Endocrinol. Metab. 2003, 88, 5935-5943.

Ceperuelo-Mallafré, V.; Miranda, M.; Chacén, M.R.; Vilarrasa, N.; Megia, A.; Gutiérrez, C.; Fernandez-Real,
JM.; Gémez, J.M.; Caubet, E.; Frithbeck, G.; et al. Adipose tissue expression of the glycerol channel
aquaporin-7 gene is altered in severe obesity but not in type 2 diabetes. ]. Clin. Endocrinol. Metab. 2007, 92,
3640-3645.

Prudente, S.; Flex, E.; Morini, E.; Turchi, F.; Capponi, D.; De Cosmo, S.; Tassi, V.; Guida, V.; Avogaro, A.;
Folli, F.; et al. A functional variant of the adipocyte glycerol channel aquaporin 7 gene is associated with
obesity and related metabolic abnormalities. Diabetes 2007, 56, 1468-1474.

Wang, Y.; Chen, G.; Tu, Q.; Wu, J.; Qin, Y.; Zhu, Z.; Shen, Y.; Yan, L.; Han, A.; Xiang, Q.; et al. Associations
between Aquaglyceroporin Gene Polymorphisms and Risk of Type 2 Diabetes Mellitus. BioMed Res. Int.
2018, 2018, 8167538.

Kondo, H.; Shimomura, I.; Kishida, K.; Kuriyama, H.; Makino, Y.; Nishizawa, H.; Matsuda, M.; Maeda, N.;
Nagaretani, H.; Kihara, S.; et al. Human aquaporin adipose (AQPap) gene. Genomic structure, promoter
analysis and functional mutation. Eur. |. Biochem. 2002, 269, 1814-1826.

Maeda, N.; Funahashi, T.; Hibuse, T.; Nagasawa, A.; Kishida, K.; Kuriyama, H.; Nakamura, T.; Kihara, S.;
Shimomura, I.; Matsuzawa, Y. Adaptation to fasting by glycerol transport through aquaporin 7 in adipose
tissue. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 17801-17806.

Itoh, T.; Rai, T.; Kuwahara, M.; Ko, S.B.H.; Uchida, S.; Sasaki, S.; Ishibashi, K. Identification of a novel
aquaporin, AQP12, expressed in pancreatic acinar cells. Biochem. Biophys. Res. Commun. 2005, 330, 832-838.
Kerr, A.G,; Sinha, I; Dadvar, S.; Arner, P.; Dahlman, I. Epigenetic regulation of diabetogenic adipose
morphology. Mol. Metab. 2019, 25, 159-167.

Konturek, S.J.; Zabielski, R.; Konturek, ].W.; Czarnecki, J. Neuroendocrinology of the pancreas; role of
brain-gut axis in pancreatic secretion. Eur. ]. Pharmacol. 2003, 481, 1-14.

Burghardt, B.; Nielsen, S.; Steward, M.C. The role of aquaporin water channels in fluid secretion by the
exocrine pancreas. |. Membr. Biol. 2006, 210, 143-153.

Isokpehi, R.D.; Rajnarayanan, R.V.; Jeffries, C.D.; Oyeleye, T.O.; Cohly, H.-H.P. Integrative sequence and
tissue expression profiling of chicken and mammalian aquaporins. BMC Genomics 2009, 10, S7.

Cho, S.-].; Sattar, A KM.A; Jeong, E.-H.; Satchi, M.; Cho, J.A.; Dash, S.; Mayes, M.S.; Stromer, M.H.; Jena,
B.P. Aquaporin 1 regulates GTP-induced rapid gating of water in secretory vesicles. Proc. Natl. Acad. Sci.
U. S. A. 2002, 99, 4720-4724.

Abu-Hamdabh, R.; Cho, W.-]; Cho, S.-].; Jeremic, A.; Kelly, M.; Ilie, A.E.; Jena, B.P. Regulation of the water
channel aquaporin-1: isolation and reconstitution of the regulatory complex. Cell Biol. Int. 2004, 28, 7-17.
Burghardt, B.; Elkaer, M.-L.; Kwon, T.-H.; Racz, G.Z.; Varga, G.; Steward, M.C.; Nielsen, S. Distribution of
aquaporin water channels AQP1 and AQP5 in the ductal system of the human pancreas. Gut 2003, 52, 1008—
1016.

Hurley, P.T.; Ferguson, C.J.; Kwon, T.H.; Andersen, M.L.; Norman, A.G.; Steward, M.C.; Nielsen, S.; Case,
R.M. Expression and immunolocalization of aquaporin water channels in rat exocrine pancreas. Am. J.
Physiol. Gastrointest. Liver Physiol. 2001, 280, G701-709.

Ko, S.B.H.; Naruse, S.; Kitagawa, M.; Ishiguro, H.; Furuya, S.; Mizuno, N.; Wang, Y.; Yoshikawa, T.; Suzuki,
A.; Shimano, S.; et al. Aquaporins in rat pancreatic interlobular ducts. Am. ]. Physiol. Gastrointest. Liver
Physiol. 2002, 282, G324-331.

Furuya, S.; Naruse, S.; Ko, S.B.H.; Ishiguro, H.; Yoshikawa, T.; Hayakawa, T. Distribution of aquaporin 1
in the rat pancreatic duct system examined with light- and electron-microscopic immunohistochemistry.
Cell Tissue Res. 2002, 308, 75-86.



Int. ]. Mol. Sci. 2019, 20, 5052 13 of 14

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.
113.

114.

115.

116.

Lee, M.G.; Ohana, E.; Park, HW.; Yang, D.; Muallem, S. Molecular mechanism of pancreatic and salivary
gland fluid and HCO3 secretion. Physiol. Rev. 2012, 92, 39-74.

Yang, B.; Song, Y.; Zhao, D.; Verkman, A.S. Phenotype analysis of aquaporin-8 null mice. Am. J. Physiol.
Cell Physiol. 2005, 288, C1161-1170.

Ma, T.; Jayaraman, S.; Wang, K.S.; Song, Y.; Yang, B.; Li, J.; Bastidas, ].A.; Verkman, A.S. Defective dietary
fat processing in transgenic mice lacking aquaporin-1 water channels. Am. |. Physiol. Cell Physiol. 2001, 280,
C126-134.

Ohta, E.; Itoh, T.; Nemoto, T.; Kumagai, ].; Ko, S.B.H.; Ishibashi, K.; Ohno, M.; Uchida, K.; Ohta, A.; Sohara,
E.; et al. Pancreas-specific aquaporin 12 null mice showed increased susceptibility to caerulein-induced
acute pancreatitis. Am. J. Physiol. Cell Physiol. 2009, 297, C1368-1378.

Venglovecz, V.; Pallagi, P.; Kemény, L.V.; Balazs, A; Balla, Z.; Becskehazi, E.; Gdl, E.; Téth, E.; Zvara, A
Puskas, L.G.; et al. The Importance of Aquaporin 1 in Pancreatitis and Its Relation to the CFTR Cl- Channel.
Front. Physiol. 2018, 9, 854.

Feng, D.; Peng, W.; Chen, Y.; Chen, T.; Tian, J.; Si, H,; Cai, J.; Rao, Y.; Han, F.; Zhao, R. Down-regulation of
aquaporin 1 in rats with experimental acute necrotizing pancreatitis. Pancreas 2012, 41, 1092-1098.

Gabbi, C.; Kim, H.-J.; Hultenby, K.; Bouton, D.; Toresson, G.; Warner, M.; Gustafsson, J.-A. Pancreatic
exocrine insufficiency in LXRbeta-/- mice is associated with a reduction in aquaporin-1 expression. Proc.
Natl. Acad. Sci. U. S. A. 2008, 105, 15052-15057.

Xu, J.; Huang, B.; Wang, Y.; Tong, C.; Xie, P.; Fan, R.; Gao, Z. Emodin ameliorates acute lung injury induced
by severe acute pancreatitis through the up-regulated expressions of AQP1 and AQP5 in lung. Clin. Exp.
Pharmacol. Physiol. 2016, 43, 1071-1079.

Liang, X.; Zhang, B.; Chen, Q.; Zhang, ].; Lei, B.; Li, B.; Wei, Y.; Zhai, R,; Liang, Z.; He, S.; et al. The
mechanism underlying alpinetin-mediated alleviation of pancreatitis-associated lung injury through
upregulating aquaporin-1. Drug Des. Devel. Ther. 2016, 10, 841-850.

Xie, R.; Wang, J.; Yao, Y.; Qi, M.; Huang, S.; Zhao, Z.; Chen, Y.; Yang, Z.; Sheng, H.; Fei, J.; et al. Fluid
resuscitation via the rectum ameliorates hemodynamic disorders through adjusting aquaporin expression
in an experimental severe acute pancreatitis model. Exp. Ther. Med. 2019, 17, 437-443.

Zeng, M.; Szymczak, M.; Ahuja, M.; Zheng, C.; Yin, H.; Swaim, W.; Chiorini, J.A.; Bridges, R.J.; Muallem,
S. Restoration of CFTR Activity in Ducts Rescues Acinar Cell Function and Reduces Inflammation in
Pancreatic and Salivary Glands of Mice. Gastroenterology 2017, 153, 1148-1159.

Kamimura, K.; Yokoo, T.; Terai, S. Gene Therapy for Pancreatic Diseases: Current Status. Int. J. Mol. Sci.
2018, 19, E3415.

Delporte, C.; O’Connell, B.C.; He, X.; Ambudkar, I.S.; Agre, P.; Baum, B.J. Adenovirus-mediated expression
of aquaporin-5 in epithelial cells. J. Biol. Chem. 1996, 271, 22070-22075.

Saint-Criq, V.; Gray, M.A. Role of CFTR in epithelial physiology. Cell. Mol. Life Sci. CMLS 2017, 74, 93-115.
Ko, S.B.H.; Yamamoto, A.; Azuma, S.; Song, H.; Kamimura, K.; Nakakuki, M.; Gray, M.A,; Becq, F.;
Ishiguro, H.; Goto, H. Effects of CFTR gene silencing by siRNA or the luminal application of a CFTR
activator on fluid secretion from guinea-pig pancreatic duct cells. Biochem. Biophys. Res. Commun. 2011, 410,
904-909.

Morishita, K.; Watanabe, K.; Ichijo, H. Cell volume regulation in cancer cell migration driven by osmotic
water flow. Cancer Sci. 2019, 110, 2337-2347.

Wang, L.; Zhang, Y.; Wu, X.; Yu, G. Aquaporins: New Targets for Cancer Therapy. Technol. Cancer Res.
Treat. 2016, 15, 821-828.

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA. Cancer ]. Clin. 2018, 68, 7-30.

Huang, X.; Huang, L.; Shao, M. Aquaporin 3 facilitates tumor growth in pancreatic cancer by modulating
mTOR signaling. Biochem. Biophys. Res. Commun. 2017, 486, 1097-1102.

Liu, W.; Wang, K.; Gong, K.; Li, X.; Luo, K. Epidermal growth factor enhances MPC-83 pancreatic cancer
cell migration through the upregulation of aquaporin 3. Mol. Med. Rep. 2012, 6, 607-610.

Zou, W.;Yang, Z.;Li, D.; Liu, Z.; Zou, Q.; Yuan, Y. AQP1 and AQP3 Expression are Associated With Severe
Symptoms and Poor-prognosis of the Pancreatic Ductal Adenocarcinoma. Appl. Immunohistochem. Mol.
Morphol. 2019, 27, 40-47.

Portincasa, P.; Calamita, G. Phytocompounds modulating Aquaporins: Clinical benefits are anticipated.
Food Chem. 2019, 274, 642—-650.



Int. ]. Mol. Sci. 2019, 20, 5052 14 of 14

117.

118.

119.

120.

121.

122.

123.

124.

Cataldo, I.; Maggio, A.; Gena, P.; de Bari, O.; Tamma, G.; Portincasa, P.; Calamita, G. Modulation of
Aquaporins by dietary patterns and plant bioactive compounds. Curr. Med. Chem. 2019, 26, 3457-3470.
Tesse, A.; Grossini, E.; Tamma, G.; Brenner, C.; Portincasa, P.; Marinelli, R.A.; Calamita, G. Aquaporins as
Targets of Dietary Bioactive Phytocompounds. Front. Mol. Biosci. 2018, 5, 30.

Baum, B.J.; Zheng, C.; Cotrim, A.P.; Goldsmith, C.M.; Atkinson, J.C.; Brahim, ].S.; Chiorini, J.A.; Voutetakis,
A.; Leakan, R.A.; Van Waes, C.; et al. Transfer of the AQP1 cDNA for the correction of radiation-induced
salivary hypofunction. Biochim. Biophys. Acta 2006, 1758, 1071-1077.

Gomes, A.; da Silva, L.V.; Rodrigues, CM.P.; Castro, R.E.; Soveral, G. The Emerging Role of microRNAs in
Aquaporin Regulation. Front. Chem. 2018, 6, 238.

Schwenk, RW.; Vogel, H.; Schiirmann, A. Genetic and epigenetic control of metabolic health. Mol. Metab.
2013, 2, 337-347.

Gao, L.; Gao, Y.; Li, X.; Howell, P.; Kumar, R.; Su, X,; Vlassov, A.V; Piazza, G.A.; Riker, A.L; Sun, D.; et al.
Aquaporins mediate the chemoresistance of human melanoma cells to arsenite. Mol. Oncol. 2012, 6, 81-87.
Dong, X.; Wang, Y., Zhou, Y.; Wen, J: Wang, S.; Shen, L. Aquaporin 3 facilitates chemoresistance in gastric
cancer cells to cisplatin via autophagy. Cell Death Discov. 2016, 14, 16087.

Li, Q.; Yang, T,; Li, D.; Ding, F.; Bai, G.; Wang, W.; Sun, H. Knockdown of aquaporin-5 sensitizes colorectal
cancer cells to 5-fluorouracil via inhibition of the Wnt—f3-catenin signaling pathway. Biochem. Cell Biol. 2018,
96, 572-579.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



