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v

The mechanisms and physiological functions of water transport across bio-
logical membranes are subjects of long-standing interest. Recent advances in 
the molecular biology and physiology of water transport have yielded new 
insights into how and why water moves across cell membranes. Aquaporins 
(AQPs) are a group of water channel proteins that are specifically permeable 
to water and some other small molecules, such as glycerol, urea, etc. Thirteen 
water channel proteins (AQP0–AQP12) have been cloned, and gene organi-
zation, protein crystal structure, expression localization, and physiological 
functions of some AQPs have been studied and determined. In recent years, 
the studies in AQP knockout mouse models suggest that AQPs may be 
involved in some disease development and be useful targets for drug discov-
ery of selective inhibitors. Our aim in writing this book is to stimulate further 
research in new directions by providing novel provocative insights into fur-
ther mechanisms and physiological significance of water and some small 
molecule transport in mammals.

This book provides a state-of-the-art report on what has been learned 
recently about AQPs and where the field is going. Although some older work 
is cited, the main focus of this book is on advances made over the past 
30 years on the biophysics, genetics, protein structure, molecular biology, 
physiology, pathophysiology, and pharmacology of AQPs in mammalian cell 
membranes. It is likely that advances in understanding molecular biology and 
physiology of AQPs will yield new insights into biology and medicine.

In listing names, one always lives in fear of having forgotten someone. 
I thank all authors and colleagues for their contribution to this book.

Beijing, China Baoxue Yang

Preface
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Molecular Biology of Aquaporins

Chunling Li and Weidong Wang

Abstract

Aquaporins (AQPs) are a family of membrane water channels that basi-
cally function as regulators of intracellular and intercellular water flow. 
To date, thirteen AQPs, which are distributed widely in specific cell 
types in various organs and tissues, have been characterized in humans. 
Four AQP monomers, each of which consists of six membrane-spanning 
alpha- helices that have a central water-transporting pore, assemble to 
form tetramers, forming the functional units in the membrane. AQP 
facilitates osmotic water transport across plasma membranes and thus 
transcellular fluid movement. The cellular functions of aquaporins are 
regulated by posttranslational modifications, e.g. phosphorylation, ubiq-
uitination, glycosylation, subcellular distribution, degradation, and pro-
tein interactions. Insight into the molecular mechanisms responsible for 
regulated aquaporin trafficking and synthesis is proving to be fundamen-
tal for development of novel therapeutic targets or reliable diagnostic 
and prognostic biomarkers.

Keywords

Aquaporin • Posttranslational modification • Endocytosis • Exocytosis

1.1  Classification of Aquaporins 
(AQPs)

1.1.1  Discovery of the First Water 
Channel

The existence of a water channel protein had 
been predicted for a long time. In early 1980s last 
century, people believed that a protein migrating 
as band 3 on the electrophoretogram of red blood 
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cell membrane was a common pore for water and 
electrolytes [214]. The membrane water channel 
was not identified until the pioneering discovery 
of AQP1 by Peter Agre and colleagues around 
late 1980s and early 1990s. During that period, 
Agre and coworkers had purified by chance a 
novel protein from the red blood cell membrane 
[47], with a non-glycosylated component of 
28 kDa and a glycosylated component migrating 
as a diffuse band of 35~60 kDa, which displayed 
a number of biochemical characteristics. The 
28-kDa polypeptide was found to exist as an 
oligomeric protein with the physical characteris-
tics of a tetramer. The amino acid sequence was 
later identified [213] and cDNA was subse-
quently cloned [190]. The new protein was ini-
tially called CHIP28 (CHannel-like Integral 
Protein of 28 kDa), but was later redubbed aqua-
porin- 1 or AQP1 [2].

The AQP1 was identified by injecting its 
cRNA into Xenopus laevis oocytes, which exhib-
ited remarkably high osmotic water permeability 
causing the cells to swell rapidly and explode in 
hypotonic buffer [190]. To test the role of AQP1 
as a molecular water channel, highly purified 
AQP1 protein from human red blood cells was 
reconstituted with pure phospholipid into proteo-
liposomes and were compared with liposomes 
without AQP1 [260, 261]. The unit water perme-
ability (conductance per monomeric AQP1) was 
extremely high in the liposomes with AQP1 when 
compared with controls, in addition, AQP1 pro-
teoliposomes were not permeable to various 
small solutes or protons, thus suggesting that 
AQP1 was water selective (although later studies 
found that AQP1 is indeed gas permeable). These 
results confirmed that AQP1 is a molecular water 
channel and strongly suggested that AQP1 water 
channels were of fundamental importance for 
transmembrane or transcellular water transport in 
tissues where it is expressed. The discovery of 
AQP1 also laid the ground for the identification 
of other water channel family members by 
homology cloning and other means, which has 
led to the understanding that aquaporins play 
essential roles in water transport in tissues.

1.1.2  Classification of AQPs

A large number of evidences have shown an 
unexpected diversity of AQPs in both prokaryotic 
and eukaryotic organisms [1, 58] since the dis-
covery of AQP1. More than 300 different aqua-
porins have been discovered so far in which 
thirteen isoforms have been identified (AQP0–
AQP12) in human. AQPs are integral, hydropho-
bic, transmembrane proteins that primarily 
facilitate the passive transport of water depend-
ing on the osmotic pressure on both sides of 
membrane. Subsequent studies showed that 
AQPs can transport not only water molecules but 
also other small, uncharged molecules, i.e., glyc-
erol, urea, down their concentration gradients.

Structural analysis of several AQPs has estab-
lished that these protein channels share common 
structural features. The functional aquaporin unit 
is a homotetramer, which comprises six α-helix 
transmembrane domains with two conserved 
asparagine–proline–alanine (NPA) motifs 
embedding into the plasma membrane, a signa-
ture sequence of water channels, five loops (A-E) 
and intracellular N- and C-termini. The amino 
acid sequences of human AQPs are approxi-
mately 30–50% identical. Conformational 
changes of AQP protein permit other molecules 
passing through plasma membrane, i.e. urea, 
glycerol, H2O2, NH3, CO2, etc.

According to their structural and functional 
similarities, AQPs are initially subdivided into 
two subfamilies, classical AQPs (water-selective) 
and aquaglyceroporins (glycerol channel, Glps) 
aquaporins. However, this viewpoint was chal-
lenged by recent evidence revealing that both 
subfamilies overlap functionally, for examples, 
some classical AQPs transport water and other 
small solutes e.g. glycerol. In addition, a new 
group of AQPs discovered recently showed that 
their structure is highly deviated from the previ-
ous AQPs especially around the AQP NPA box 
[95, 104, 107]. This subfamily was later named 
superaquaporin (also called unorthodox aquapo-
rin) as it has very low homology with the previ-
ous two subfamilies [104]. This classification is 

C. Li and W. Wang
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generally accepted and will be discussed in the 
current review. Aquaporins may also be  organized 
into four categories, classical aquaporins, Aqp8-
type aquaammoniaporins, unorthodoxaquapo-
rins, and Glps, according to the phylogenetic tree 
(Fig. 1.1) or phylogenetic topology inferred from 
Bayesian inference [58, 104].

The first subfamily is that of aquaporins, the 
water selective or specific water channels, also 
named as “orthodox”, “classical” aquaporins, 
including AQP0, AQP1, AQP2, AQP4, AQP5, 
AQP6 and AQP8. This subfamily of AQPs has 
been extensively studied, which help us define 
regulation of AQP expression in the body and 
their potential roles in physiological and patho-
physiological states. Recent literature, however, 
appears to suggest that AQP6 and AQP8 be clas-
sified as unorthodox auquaporins, due to low 
water permeability of AQP6 [62, 256] and 
unique, different phylogenetics of AQP8 from 
others [122, 152].

The second subfamily is represented by aqua-
glyceroporins that are permeable to water and 
other small uncharged molecules (ammonia, 
urea, in particular glycerol). They also facilitate 
the diffusion of arsenite and antimonite and play 
a crucial role in metalloid homeostasis [15]. The 
aquaglyceroporins, including AQP3, AQP7, 
AQP9 and AQP10, can be distinguished from 
aquaporins based on amino acid sequence align-
ments [21]. AQP3 is the first mammalian aqua-
glyceroporin to be cloned, and it is permeable to 
glycerol and water [50, 252]. AQP7, AQP9, and 
AQP10 transport water, glycerol, and urea when 
expressed in Xenopus oocytes [100, 103, 232]. 
AQP9 is also permeable to a wide range of other 
solutes in oocytes [232]. Most aquaglyceroporins 
which transport glycerol and urea are less under-
stood yet.

The third subfamily of related proteins have 
low conserved amino acid sequences around the 
NPA boxes unclassifiable to the first two subfam-
ilies [104]. Mammalian AQP11 and AQP12 are 

Fig. 1.1 The phylogenetic tree of 13 human AQPs. The 
tree shows the classical AQPs (AQP0, AQP1, AQP2, 
AQP4, AQP5, AQP6, AQP8, note that AQP8 is also 
named as AQP8-related AQPs, as in phylogeny it is differ-

ent from other classical AQPs, light pink square); the 
aquaglyceroprins (AQP3, AQP7, AQP9, AQP10, light 
green square); and the superaquaporins (AQP11, AQP12, 
light yellow square) (Modified from Ref. [104])

1 Molecular Biology of Aquaporins
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the only two members in this subfamily, which 
have been called “superaquaporins” or “unortho-
dox aquaporins”. The NPA boxes of these two 
AQPs are highly deviated from those of other 
classical AQPs with homology less than 20%, 
indicating that they belong to a supergene family 
of AQPs. The structure and function of AQP11 
and AQP12 are currently poorly understood.

1.2  Isoforms of AQPs

To date, at least 13 isoforms of AQPs have been 
discovered in humans (Table 1.1). The biological 
roles of these proteins have been thoroughly 
investigated in the past 30 years after the discov-
ery of the first AQP. We have learned substantial 
base of knowledge on the structure, cellular 
localization, biological function, and potential 
pathophysiological significance of these mam-
malian AQPs, although there are some questions 
still undetermined.

1.2.1  Classical Aquaporins

1.2.1.1  AQP0
AQP0 is the protein in the fiber cells of the eye 
lens where it is required for homeostasis and 
transparency of the lens [40, 65]. AQP0 showed 
lower water permeability than AQP1, about to 
1/40 that of AQP1 [36]. The water transport via 
AQP0 is regulated by C-terminal cleavage [64], 
pH and Ca2+/calmodulin (CaM) [168]. Lowering 
internal Ca2+ concentration or inhibiting calmod-
ulin increased AQP0 water permeability. The 
most latest molecular dynamics and functional 
mutation studies reveal that binding to calmodu-
lin inhibits AQP0 water permeability by allosteri-
cally closing the cytoplasmic gate of AQP0 [198]. 
A PKC dependent phosphorylation at Ser235 
appears to cause the translocation of AQP0 to the 
plasma membrane [63].

1.2.1.2  AQP1
AQP1 is the first water channel discovered [47, 
190, 191] and the first AQP that was found to 
function as a gas channel [166, 189]. AQP1 is 
widely distributed water channel in the body [43] 
where it plays a central role in regulation of water 
transport through those tissues. AQP1 also plays 
an important role in angiogenesis, cell migration 
and cell growth [170], e.g. reduction of AQP1 
expression blocked angiogenesis and slowed the 
progression of tumors [17]. Aside of facilitating 
water movement, studies have revealed that 
AQP1 could enhance CO2 and NH3 permeability 
[62, 200] and function as a non-selective 

Table 1.1 Mammalian AQPs and their distributions

Transport Distributions

Aquaporins
AQP0 Water Eye

AQP1 Water Brain, eye, kidney, heart, 
lung, gastrointestinal tract, 
salivary gland, liver, ovary, 
testis, muscle, erythrocytes, 
spleen

AQP2 Water Kidney, ear, ductus 
deferens

AQP4 Water Brain, kidney, salivary 
gland, heart, 
gastrointestinal tract, 
muscle

AQP5 Water Salivary gland, lung, 
gastrointestinal tract, ovary, 
eye, kidney

AQP6 Water, urea 
(+/−), anion

Brain, kidney

AQP8 Water, urea 
(+/−), 
ammonia

Testis, liver, pancreas, 
ovary, lung, kidney

Aquaglyceroporins
AQP3 Water, urea, 

glycerol, 
ammonia

Kidney, heart, ovary, eye, 
salivary gland, 
gastrointestinal tract, 
Respiratory tract, brain, 
erythrocyte, fat

AQP7 Water, urea, 
glycerol, 
ammonia

Testis, heart, kidney, ovary, 
fat

AQP9 Water, urea, 
glycerol

Liver, spleen, testis, ovary, 
leukocyte

AQP10 Water, urea, 
glycerol

Gastrointestinal tract

Superaquaporins
AQP11 Water? Testis, heart, kidney, ovary, 

muscle, gastrointestinal 
tract, leukocytes, liver, 
brain

AQP12 Unknown Pancreas

Refs. [43] and [104]

C. Li and W. Wang
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 monovalent cation channel when activated by 
intracellular cGMP [5]. Phosphorylation of tyro-
sine Y253 in the C-terminus is involved in regu-
lation of AQP1 as a cGMP-gated cation channel 
[32]. Early evidence showed that threonine and 
serine kinase activity also regulates AQP1 ion 
channel activity [264].

1.2.1.3  AQP2
AQP2 is an arginine vasopressin (AVP)-regulated 
aquaporin which is probably the most thoroughly 
studied to date. AQP2 displays permeability only 
to H2O but not any other small molecules. AQP2 is 
expressed in principal cells of the collecting ducts 
and is abundant both in the apical plasma mem-
brane and subapical vesicles [59, 148, 171] in the 
kidney where it deeply involved in urine concen-
tration. Translocation of AQP2 from intracellular 
compartment to the apical membrane is dependent 
on the binding of vasopressin to its V2 receptor 
[148, 171] located in the basolateral plasma mem-
brane, by which vasopressin increases the water 
permeability. Regulation of AQP2 expression, 
posttranscriptional modification, and trafficking is 
well studied and will be discussed in following 
parts in the present review (see below). A number 
of other local or systemic factors or chemicals 
have been reported to regulate AQP2 expression or 
trafficking, such as atrial natriuretic peptide (ANP) 
[22, 23, 243],  nitric oxide (NO) [22], protagland-
ing E2 [262], angiotensin II [17, 131], oxytocin 
[130], purine [265], statin [17, 194] etc.

1.2.1.4  AQP4
AQP4 is a predominant AQP located in central 
nervous system and is permeable to water [250, 
251] and CO2 [62]. Both short-term regulation 
and trafficking have been reported for AQP4. 
Vasopressin [154] or histamine exposure [33] is 
suggested inducing translocation of AQP4. 
Phosphorylation of AQP4 at cytosolic serine resi-
dues (Ser111 and Ser180) is indicated mediating 
water permeability by gating [69], however, 
recent evidence was not able to support phos-
phorylation of Ser111 in vivo [8]. Studies indeed 
suggests that phosphorylation at AQP4 
C-terminus by protein kinase C (PKC) is required 
for Golgi transition [8].

1.2.1.5  AQP5
AQP5 is expressed in glandular epithelia, alveo-
lar epithelium and secretory glands where it is 
involved in the generation of saliva, tears and pul-
monary secretions [215, 216]. AQP5 is perme-
able to water and CO2 [62, 164]. AQP5 can be 
directly phosphorylated at Ser156 and Thr259 by 
protein kinase A (PKA) in the cytoplasmic loop 
and the C-terminus [78, 246]. However, it is 
increased intracellular Ca2+, but not PKA-induced 
phosphorylation, that induces AQP5 trafficking 
to plasma membrane [106, 223].

1.2.1.6  AQP6
AQP6 colocalizes with the H+-ATPase in intra-
cellular vesicles in the renal collecting duct type-
 A intercalated cells [256], indicating that AQP6 
may functionally interact with H+-ATPase in the 
vesicles to regulate intra-vesicle pH. In response 
to acid-base changes H+-ATPase in the interca-
lated cells is observed translocating from the 
cytoplasmic vesicles to the apical plasma mem-
brane [239], where no AQP6 is found, indicating 
that AQP6 lacks intracellular trafficking and 
functions exclusively at the intracellular sites. 
The N-terminus of AQP6 seems critical for the 
trafficking of the protein to the intracellular sites 
and intracellular vesicles localization [12]. 
Interestingly calmodulin can bind AQP6 in a 
calcium- dependent manner at the N-terminus 
[196], indicating that calcium signals may be 
involved in internalization of AQP6. AQP6 
appears impermeable to H2O [62, 133], but in the 
presence of HgCl2 or at acidic pH (<5.5) the 
water and anion permeability of AQP6 in oocytes 
was rapidly increased [256]. Moreover, AQP6 
also enables transport of urea, glycerol, and 
nitrate [89, 94].

1.2.1.7  AQP8
AQP8 is a water channel first found in intracel-
lular domains of the proximal tubule and the col-
lecting duct cells [53]. Several studies showed 
that AQP8 transports water [30, 62] and ammo-
nia [62, 207]. Although AQP8 was shown ultra-
structurally localized at inner mitochondrial 
membrane (IMM) in the liver and functionally 
permeable to water [30], this was not supported 
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by a later study that found no difference in water 
permeability between wild-type and AQP8- 
deleted mice liver cell inner mitochondrial mem-
brane preparations [253]. In the kidney, 
mitochondria AQP8 was demonstrated play an 
important role in the adaptive response of proxi-
mal tubule to acidosis recently. AQP8 facilitates 
transport of NH3 released from glutamine and 
glutamate out of the IMM [217] for secretion into 
the tubule lumen, where the NH3 buffers acid 
excreted by epithelia cells, particularly during 
metabolic acidosis [160]. AQP8 may also facili-
tate the diffusion of hydrogen peroxide across 
membranes of mitochondrial in situations when 
reactive oxygen species is generated, e.g. elec-
tron transport chain is highly reduced [14, 16].

1.2.2  Aquaglyceroporins

1.2.2.1  AQP3
AQP3 has a wide tissue distribution. It is perme-
able to water, glycerol, and urea. Recent studies 
revealed the pH gating of human AQP3 on both 
water and glycerol permeabilities using a human 
red blood cell model and in silico [44]. AQP3 is 
the most abundant skin aquaglyceroporin, where 
AQP3 facilitated water and glycerol transport 
plays an important role in hydration of mamma-
lian skin epidermis and proliferation and differ-
entiation of keratinocytes [18, 25, 165]. In the 
kidney AQP3 is localized in the basolateral 
plasma membranes of cortical and outer medul-
lary collecting duct principal cells [101], where 
they are thought to mediate the basolateral exit of 
water that enters apically via AQP2. Upon long- 
term vasopressin stimulation, expression levels 
of both apical AQP2 and basolateral AQP3 
increase, which raises transepithelial water trans-
port capacity of collecting duct principal cells. 
However, unlike AQP2, there is no evidence for 
shuttling of AQP3 as no subbasolateral AQP3- 
containing vesicles have been demonstrated [49]. 
Emerging evidence showed that AQP3 is regu-
lated on short-term basis likely via cAMP-PKA 
pathway [90, 109, 147]. In the kidney the 
increased basolateral diffusion of AQP3 induced 
by elevated intracellular cAMP likely altered 

AQP3 interactions with other proteins or lipids in 
the plasma membrane, which may be a physio-
logical adaptation to the increased water flow 
mediated by apical AQP2 [147]. AQP3 was 
recently shown to transport H2O2 through the 
plasma membrane [4, 16], which likely play an 
important role in initiating intracellular signal-
lings in cell migration [75], inflammation [76], 
and cancer progression [77, 210].

1.2.2.2  AQP7
AQP7 facilitates transport of water, glycerol, 
urea, ammonia, arsenite, and NH3 [62, 100, 134]. 
AQP7 is abundantly expressed in adipose tissue, 
where it mediates the efflux of newly generated 
glycerol. Abnormal regulation of glycerol is a 
remarkable contributing factor to the develop-
ment of metabolic disease. It is thus plausible 
that deficiency of AQP7 causes obesity [74, 84] 
and insulin resistance [201]. It is recently reported 
that lipolysis activation induces AQP7 transloca-
tion from the cortical to inner membranes in 
white adipocytes [153], in contrast to a previous 
study showing the opposite translocation of 
AQP7 [114], probably due to variations in tech-
niques used and different experimental condi-
tions. Six prospective sites of AQP7 for PKA 
phosphorylation have been identified based on 
database analysis [143], but the direct regulation 
by PKA remains to be elucidated.

1.2.2.3  AQP9
AQP9 is expressed at the sinusoidal plasma 
membrane of hepatocytes [52], where it serves as 
a conduit for the uptake of NH3 and mediates the 
efflux of newly synthesized urea. AQP9 may also 
function as a glycerol channel to facilitate glyc-
erol uptake in the liver. AQP9 is also permeable 
to water, glycerol, urea, carbamides, CO2, and 
NH3, moreover, AQP9 is suggested playing a cru-
cial role in metalloid homeostasis by transporting 
antimonite and arsenite [58, 202]. Interestingly, it 
also transports much larger substrates such as 
lactate, purine, pyrimidine [58, 232], probably 
due to a larger pore size disclosed by a 3D struc-
ture analysis [240]. A latest report showed that 
AQP9 facilitates the membrane transport of H2O2 
in human and mice cells. Deficiency of AQP9 
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attenuated H2O2-induced cytotoxicity in human 
and mice cells, indicating that AQP9-mediated 
H2O2 may regulate redox-regulated downstream 
cell signalling [244]. Human AQP9 has a poten-
tial N-glycosylation site at Asn142, a potential 
PKC phosphorylation sites at Ser11 and Ser222, 
a potential casein kinase II phosphorylation site 
at Ser28 [135, 232]. However, little is known 
about short-term regulation of AQP9.

1.2.2.4  AQP10
AQP10 is an aquaglyceroporin expressed only in 
the human gastrointestinal tract, but not in the 
mouse small intestine where it has been demon-
strated to be a pseudogene [103, 161]. AQP10 is 
able to transport water, glycerol and urea when 
expressed in Xenopus oocytes [103]. A recent 
study provided evidence that AQP10 is another 
glycerol channel expressed in the plasma mem-
brane of human adipocytes [124]. Silence of 
AQP10 in human differentiated adipocytes 
resulted in a 50% decrease of glycerol and 
osmotic water permeability, suggesting that 
AQP10, together with AQP7, is particularly 
important for the maintenance of normal or low 
glycerol contents inside the adipocyte, thus pro-
tecting humans from obesity [124]. Three poten-
tial glycosylated sites for AQP10 were predicted, 
at least one of them Asn133 in the extracellular 
loop of AQP10 was confirmed. Glycosylation at 
Asn133 may increase thermostability of AQP10 
when challenged with low temperature, indicat-
ing a stabilizing effect of the N-linked glycan 
[179].

1.2.3  Superaquaporins

1.2.3.1  AQP11
AQP11 has a conventional N-terminal Asn-Pro- 
Ala (NPA) signature motif and an unique amino 
acid sequence pattern that includes an Asn-Pro- 
Cys (NPC) motif, which appears essential for full 
expression of molecular function [95]. Recent 
evidence strongly suggest that Cys227 of AQP11 
plays an important role in formation of its quater-
nary structure and molecular function [226]. One 
reconstruction vesicle study has clearly shown 

that AQP11 is indeed a water channel that trans-
ports water as efficient as AQP1 [247, 248]. 
Although detailed subcellular localization of 
AQP11 remains unknown, AQP11 has been 
observed colocalizes with markers of the endo-
plasmic reticulum in transiently transfected cells 
[162] and in the kidney from HA-tagged AQP11- 
transgenic mice [98]. Deficiency of AQP11 is 
associated with endoplasmic reticulum stress and 
apoptosis in the kidney proximal tubules [162].

1.2.3.2  AQP12
AQP12 is more closely related to AQP11 than to 
other aquaporins. With regard to the signature 
motifs, the first NPA motif of AQP12 is substi-
tuted by an Asn-Pro-Thr NPT motif and the 
C-terminal NPA motif is conserved [31, 107]. 
AQP12 seems to be expressed specifically in pan-
creatic acinar cells and retained in intracellular 
structures, the physiological role of AQP12 
remains to be clarified [107]. One study suggests 
that AQP12 may function as controlling the 
proper secretion of pancreatic fluid following 
rapid and intense stimulation [180].

1.3  Gene Structures of AQPs

Table 1.2 shows chromosome localization and 
numbers of exons of 13 human AQPs.

The gene of AQP0 spans 3.6 kb, contains 4 
exons, and is present in single copy in the haploid 
human genome. Transcription is initiated from a 
single site 26 nucleotides downstream from the 
TATA box [186].

Genomic Southern analysis indicated the exis-
tence of a single AQP1 gene that was localized to 
human 7p14 by in situ hybridization [2, 45, 237]. 
AQP2 cDNA was cloned as the water channel of 
the apical membrane of the kidney collecting 
tubule in the rat [59], which shows 42% identity 
in amino acid sequence to AQP1. Human AQP2 
encodes a deduced protein with 89.7–91% amino 
acid identity to the rat protein [45, 46, 151, 208]. 
By in situ hybridization, AQP2 gene was mapped 
to chromosome 12q13 [46, 208], very close to the 
site of major intrinsic protein (MIP) [65].

1 Molecular Biology of Aquaporins
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Using a rat AQP3 probe, Ishibashi [99] 
screened a human kidney cDNA library and iso-
lated a cDNA coding for human AQP3 protein. 
AQP3 gene is located on 9p13 and appeared to 
exist as a single copy with 6 exons. The initiation 
site of transcription was identified to be located 
64-bp upstream of the first ATG codon. The 
5-prime flanking region contained a TATA box, 2 
Sp1 sequences, and some consensus sequences 
including AP-2 sites [96].

Human AQP4 (initially called mercurial- 
insensitive water channel, MIWC) cDNA cloned 
from a fetal brain cDNA library showed that the 
longest open reading frame encoded 301 amino 
acids with 94% identity to rat AQP4. Analysis of 
MIWC genomic indicated 2 distinct but overlap-
ping transcription units from which multiple 
MIWC mRNAs are transcribed. Later reports 
revealed that the AQP4 gene is composed of 4 
exons encoding 127, 55, 27, and 92 amino acids 
separated by introns of 0.8, 0.3, and 5.2 kb. 
Genomic Southern blot analysis indicated the 
presence of a single MIWC gene, localized on 
chromosome 18q [140, 250].

Human AQP5 cDNA and gene was isolated 
and characterized from a human submaxillary 
gland library, which contained a 795-bp open 
reading frame encoding a 265-amino acid poly-

peptide with a transcription initiation site 518 bp 
upstream of the initiating methionine. AQP5 
gene was mapped to chromosome 12q13 [126].

Ma et al. isolated the cDNA by using degener-
ate PCR from a human kidney cDNA library that 
was related to AQP2, having 4 exons and was 
organized similarly to AQP0 and AQP2 and later 
was referred to this gene as AQP6, assigned to 
chromosome 12q13 [141, 142].

Human AQP7 gene contains 10 exons. An Alu 
repetitive sequence and binding sites for several 
different transcription factors within the AQP7 
promoter was determined, including a putative 
peroxisome proliferator response element 
(PPRE) and a putative insulin response element, 
indicating potential involvement of AQP7 in 
energy metabolism [120].

Like the genes of non-water-selective aquapo-
rins, the AQP8 gene contains 6 exons; however, 
its exon-intron boundaries are different from the 
boundaries of those other aquaporin genes.  
AQP8 gene was mapped to chromosome 16p12 
[122, 241].

A partial AQP9 cDNA was isolated by using 
RT-PCR of leukocyte RNA with primers based 
on conserved regions of aquaporins [102]. AQP9 
shares greater sequence identity with AQP3 and 
AQP7 than with other members of the family, 
suggesting that these three proteins belong to a 
subfamily.

The cDNA encoding AQP10 was isolated 
from jejunum cDNA library. Sequence analysis 
predicted that the 264-amino acid protein, which 
is approximately 53% identical to AQP3 and 
AQP9, Northern blot analysis revealed expres-
sion of a 2.3-kb AQP10 transcript in jejunum but 
not liver [81].

Human AQP11 gene contains 3 exons and 
spans 8 kb and was mapped to chromosome 
11q14. Human AQP12A gene contains 4 exons 
and encodes a 1.5-kb transcript only in pancreas 
[105, 162].

Genetic variants of AQPs may result in distur-
bance of molecule selection and transport by 
AQPs; disruption of the formation of tetramers or 
arrays; and misfolding, faulty sorting of AQPs, or 
other dysfunction [217]. Cellular and human 

Table 1.2 Genes of human AQPs

Aquaporins
Exon 
numbers Location OMIM

AQP0 8 12q13.3 154050

AQP1 7 7p14.3 107776

AQP2 4 12q13.12 107777

AQP3 6 9p13.3 600170

AQP4 6 18q11.2-q12.1 600308

AQP5 5 12q13.12 600442

AQP6 4 12q13.12 601383

AQP7 10 9p13.3 602974

AQP8 6 16q12 603750

AQP9 6 15q21.3 602914

AQP10 6 1q21.3 606578

AQP11 3 11q14.1 609914

AQP12 4 2q37.3 609789

References from www.ncbi.nlm.nih.gov/gene/, and omim.
org/entry/

C. Li and W. Wang
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studies of naturally-occurring and synthetic 
mutations have provided great insight into the 
biology and phenotypic associations of these 
proteins.

1.4  Crystal Structure of AQPs

Overall AQP structure is largely conserved 
among the various AQP classes and species iso-
forms, despite significant differences in sequence 
similarities (Table 1.3). Structural studies have 
provided a relevant insight regarding the deter-
mining requirements that enable homotetramer 
formation, the quaternary structure that actually 
enables water transport activity in animal AQPs 
[150, 213]. Elucidation of 3-D structures of AQP 
has confirmed the hourglass fold previously sug-
gested by sequence analysis [110].

The AQPs as a class are tetrameric proteins 
composed of identical 30-kDa monomers, each 
of which functions as an independent water  
channel. The monomer has six transmembrane 
helices (H1–6, tilted at about 30° with respect to 
the membrane normally), connected by five loops 
(A–E), and hydrophilic terminal amino and car-
boxyl groups always located in the cell cytoplasm 
[192]. An AQP has three extracellular loops (A, 
C, and E) and two intracellular loops (B and D) 
with the asparagine-proline-alanine (Asn-Pro- 
Ala, NPA) sequences highly conserved [3, 110, 
173, 192, 238] (Table 1.3, Figs. 1.2 and 1.3).

The channel is actually a narrow aqueous 
pathway through the membrane, enclosed by the 
bundle formed by the six transmembrane 
domains. The six transmembrane a-helices sur-
round a single, narrow aqueous pore [220], where 
half transmembrane helices formed by loop B 
and E (NPA signature motif) fold into the chan-
nel from opposite sides of the membrane, associ-
ating with substrates selectivity. The positions of 
loops B and E are stabilized through ion pairs and 
hydrogen bonds with neighboring transmem-
brane helices. This pore has electrostatic interac-
tions, where the water molecule, while in 
Brownian motion (random movement) in the 
extracellular environment, renders the AQP outer 

cone walls in a hydrophobic state, causing repul-
sion [204] (Figs. 1.2 and 1.3a).

Two short helices B and E, together with the 
tightly stacked NPA motifs, form the central con-
striction of AQP. The constriction lined with 
hydrophobic amino acid residues. The diameter 
of the constriction is about 3 Å , therefore, only 
one water molecule can pass through the con-
striction, driven by hydrogen-bond formation 
with the Asn residues, which lowers the energy 
barrier for the water molecule entering the con-
striction [13, 230]. Molecular dynamics simula-
tion of aquaporins revealed how water molecule 
moves through the channel. The water molecules 
are forced to pass through the channel in a single 
fine manner [220] and orientate themselves in the 
local electrical field formed by the atoms of the 
channel. Upon entering the channel from the 
extracellular mouth, the water molecules face 
with their oxygen atom down the channel. At the 
level of the central constriction they reverse ori-
entation, facing with the oxygen atom up [13, 
163] (Fig. 1.3b).

There is another conserved structural feature 
of AQP family, which is the aromatic/arginine 
(ar/R) constriction site located at the extracellular 
side of the channel. The ar/R constriction site 
contains highly conserved aromatic and arginine 
residues [13], acting as a selectivity filter. Having 
a diameter of 3 Å, which is only slightly larger 
than the 2.8 Å diameter of the water molecule, 
the pore constriction prevents permeation of all 
molecules bigger than water [13, 163]. Therefore 
the ar/R constriction site is also called the “selec-
tivity filter”. In comparison with aquaporins, 
aquaglyceroporins present much bigger selectiv-
ity size (pore size), which can reach ~3.4 Å in 
diameter [205] (Figs. 1.2 and 1.3a).

Most members of aquaporins possess a cyste-
ine residue in the E loop, which is situated near the 
pore responsible for functional sensitivity to mer-
cury [192]. In AQP1, the residue Cys189 has been 
shown to be the site of mercurial binding and 
water transport inhibition [110, 191]. This inhibi-
tion mechanism was elucidated recently by molec-
ular dynamics simulations [85], which shows that 
the pore is collapsed by conformational changes at 

1 Molecular Biology of Aquaporins
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the ar/R region where the mercury- sensitive cyste-
ine residue is located. However, not all AQPs are 
inhibited by HgCl2, for examples, AQP4 [251] and 
AQP6, the water permeability of AQP6, on the 
contrary, is actually increased in the presence of 
this mercurial agent [256].

The protein can self-assembles into a tetra-
meric biological unit by which an additional tet-
rameric pore is formed, which is thought to be 
responsible for the translocation of dissolved 
gasses and ionic species [91]. AQP4, on the other 
hand, forms larger oligomeric structures in the 
plasma membrane, also called orthogonal arrays 
(clusters of intramembrane particles in a special 
geometric organization) [251], which may sug-
gest a possible role of AQP4 in membrane junc-
tion formation in vivo [242].

1.5  Protein Modification of AQPs

Proteins can be regulated after translation by the 
reversible or irreversible addition of functional 
groups (e.g., phosphorylation, acetylation, and 
methylation), peptides (e.g., ubiquitination, 
SUMOylation) or other complex molecules (e.g., 
glycosylation). Through changes in protein con-
formation, these post-translational modifications 
(PTMs) have been shown to modulate the local-
ization, stability, activity, and interacting partners 
of their substrate proteins, thus playing pivotal 
roles in intracellular signalling, protein matura-
tion and folding. The precise effect of PTMs 
depends on the nature of the covalent modifica-
tion, the identity of the substrate and the residue 
that is specifically targeted by the chemical  

Fig. 1.2 A secondary structure and topology of AQP 
molecule. (a) AQP1 monomer has six membrane- 
spanning regions (1–6), five loops (A–E) with intracellular 
ammino and carboxy termini as well as internal tandem 
repeats. (b) In the monomer, the hydrophilic loops B and 

E are bent back into the cavity and meet in the middle to 
form the putative water-selective gate that contains two 
consensus NPA motifs (Asn-Pro-Ala). ar/R region is 
shown close to the entrance of the pore (Modified from 
Ref. [266])

1 Molecular Biology of Aquaporins
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reaction [149]. This section of the review mainly 
focuses on PTMs of the arginine vasopressin 
(AVP)-regulated AQP2 that is one the best 
 understood and discusses modification of other 
AQPs at the end.

1.5.1  Phosphorylation

The modulation of protein abundance in plasma 
membrane requires a delicately regulated translo-
cation (trafficking) from intracellular compart-
ment to the membrane, which is achieved through 
multiple sorting signals and PTMs. 
Phosphorylation is one of the most well-studied 
PTMs, which often involved in regulation of pro-
tein function and cellular distribution, AQP2 
phosphorylation is one of the best characterized 
examples.

AQP2 is expressed in the principal cells of the 
kidney collecting duct [45, 171, 172], its intracel-
lular distribution is finely regulated by 
AVP. Stimulation with AVP results in a predomi-
nant translocation of AQP2 to apical membrane 
localization from subapical compartments. This 
renders the apical membrane highly permeable to 
water and is a key event in formation of concen-
trated urine and thus in regulation of body water 
balance. This intracellular re-distribution of 
AQP2 induced by AVP is closely associated  
with phosphorylation/dephosphorylation (and/or 
ubiquitination) of AQP2.

Phosphorylation of AQP2 at multiple sites in 
the C-terminus governs its translocation to the 
apical membrane from intracellular vesicles [86, 
236]. AQP2 contains numerous putative phos-
phorylation sites for various protein kinases, e.g., 
PKA, PKG, PKC, and casein kinase II [27] based 

Fig. 1.3 Schematic architecture of AQP1. (a) A ribbon 
model of AQP1 using a rainbow colour scheme from blue 
(N-terminal) to red (C-terminal). The narrowest region in 
the AQP1 pores, previously termed ar/R, is located close 
to the extracellular entrance of the pore. The Arg195 and 
NPA motifs are shown in magenta and light blue, respec-
tively. (Reproduced with permission from Ref. [230]). (b) 
Schematic architecture of the channel within an AQP1 

subunit (sagittal section). a, Diagram illustrating how 
water molecules pass through the constriction of the pore. 
b and c, four water molecules shown represent transient 
interactions with Asn 76 and/or Asn 192. Note water 
dipole reorientation. Two partial helices meet at the mid-
point of the channel, providing positively charged dipoles 
that reorient a water molecule as it traverses this point 
(Reproduced with permission from Ref. [163])
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upon bioinformatic analysis. Phosphorylation of 
the serine at position 256 (S256) of AQP2 in the 
C-terminal tail of AQP2 was the first to be 
 identified and the best characterized phosphory-
lation site of AQP2 [59, 112, 236]. Large scale 
phospho- proteomic analysis later demonstrated 
that beside S256 phosphorylation site, the poly-
phosphorylated region of AQP2 contains S261, 
S264, and S269 (Fig. 1.4a). S256-AQP2 is a tar-
get for PKA- induced phosphorylation, which 
was evidenced by in vitro phosphorylation assays 
of AQP2 C-terminal peptides [88]. Kinases other 
than PKA may also be involved in AQP2 
C-terminal phosphorylation. PKG is proposed to 
modulate AQP2 trafficking. The agonist of PKG, 
cGMP, has been shown to mediate translocation 
of AQP2 to the plasma membrane in AQP2-
transfected LLC-PK1 cells and in isolated kidney 
slices [22]. Activators of the cGMP pathway, 
such as atrial natriuretic peptide (ANP), 
L-arginine, cGMP phosphodiesterase type 5 
(PDE5) inhibitors sildenafil citrate, elevated 
intracellular cGMP levels, resulting accumula-
tion of AQP2 in plasma membrane [19, 22, 243]. 
These data suggests a positive role of PKG on 
AQP2 trafficking. However, one study showed 

that ANP and NO (nitric oxide) signalling 
deceased S256-AQP2 phosphorylation, reduced 
AQP2 in the plasma membrane, antagonizing 
vasopressin-mediated water permeability in inner 
medullary collecting duct cells [116]. In addition, 
activation of PKC pathway mediates endocytosis 
of AQP2 that was independent of the phosphory-
lation state of AQP2 at serine 256 [236]. AKT 
(also known as PKB) was recently shown to 
mediate vasopressin- stimulated AQP2 membrane 
accumulation [113]. The protein kinases respon-
sible for S261, S264, and S269 phosphorylation 
appears more complex [86–88, 199].

Phosphorylated AQP2 at S256 (pS256) is 
detected in both intracellular vesicles and the api-
cal plasma membrane in the collecting duct, 
where its abundance is increased in response to 
AVP treatment [39]. The expression of phosphor-
ylated AQP2 at S264 was found in plasma 
membrane- associated compartments and early 
endocytic pathways. This phosphoform of AQP2 
was found to increase in abundance in both the 
apical and basolateral plasma membrane of prin-
cipal cells after acute dDAVP treatment [55]. 
Similar to pS256 of AQP2, pS269 was associated 
with membrane accumulation of AQP2, indicat-

Fig. 1.4 Illustration of the topology of AQP2 and time 
course studies of AQP2 C-terminal phosphorylation. 
(a) Schematic illustration of the topology of AQP2 and 
the C-terminal phosphorylation (S256, S261, S264, S269) 
and ubiquitination sites (K270) of AQP2 (Modified from 
Ref. [157], originally from Pisitkun T, Physiology 
(Bethesda), 2007). (b) Time course of changes in AQP2 
phosphorylation at S256, S261, S264, and S269 in 
response to 1 nm dDAVP (a V2R agonist) in rat inner 

medullary collecting duct (IMCD) tubule suspensions. 
Note that maximal phosphorylation at S256 occurs 
quickly, whereas it takes longer for maximal phosphoryla-
tion to occur at the other S264 and S269. Phosphorylation 
at the S256, S264, and S269 sites remains high as long as 
the agonist is present. In contrast, dDAVP stimulation 
results in decreased phosphorylation at S261 (Reproduced 
with permission from Ref. [88])
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ing a role in AQP2 plasma membrane targeting 
[88, 139, 156]. pS261-AQP2 is predominantly 
localized within the cell in compartments 
 different from the endoplasmic reticulum, Golgi 
apparatus, and lysosomes [87].

In IMCD tubule suspensions, the specific V2R 
agonist dDAVP or exogenous cAMP increased 
phosphorylation of AQP2 at S256, S264, and 
S269, which remains high as long as the agonist 
is present [88]. Phosphorylation of S256 increases 
initially and maximal phosphorylation at S256 
occurs rapidly, whereas maximal phosphoryla-
tion at the other sites (S264 and S269) occur rela-
tively slow. In contrast, dDAVP stimulation 
results in decreased phosphorylation at S261 [88] 
(Fig. 1.4b).

S256 phosphorylation appears required and 
strongly facilitates phosphorylation of S264 and 
S269 [88], as the S264 and S269 phosphoforms 
of AQP2 are not observed in cells expressing the 
S256 mutated form of AQP2 or in kidney sec-
tions from a mouse model with a mutation of 
S256 to leucine [88, 155]. Recent evidence dem-
onstrated that S256 phosphorylation alone is nec-
essary and sufficient for regulated membrane 
accumulation of AQP2 induced by AVP (or 
cAMP), independently of the phosphorylation 
state of any other sites in the C terminus, e.g. 
S264 or S269 [7]. These observations strongly 
suggest that S256 phosphorylation is a priming 
event for phosphorylation of S264 and S269 and 
play a critical role in intracellular translocation of 
AQP2. Both S256 and S269 phosphorylation are 
involved in the insertion of AQP2 into the apical 
plasma membrane [157], although the phospho-
form of AQP2-pS269 has a distinct cellular local-
ization in the apical plasma membrane [155]. The 
role of AQP2 phosphorylation at S264 in subcel-
lular distribution of AQP2 in the cell remains 
unclear [55]. Earlier studies revealed that the 
increased monophosphorylation of AQP2 at 
S256 with vasopressin stimulation of rat IMCD 
coincided with decreased phosphorylation of 
AQP2 at S261, which was associated with intra-
cellular vesicle distribution, suggesting that 
phosphorylation of S256 and S261 may inversely 
regulate AQP2 trafficking [55, 86, 87, 228].

1.5.2  Ubiquitination

It is known that two major protein degradative 
pathways to function in mammalian cells, the 
ubiquitin proteasome pathway and lysosomal 
proteolysis pathway. Ubiquitin (Ub), a 76-amino 
acid peptide, plays a key role in proteasome- 
mediated protein degradation. Ubiquitin labels 
protein through a conjugation system comprising 
E1 activation, E2 conjugation, and E3 ligation 
enzymes. Following conjugation to proteins, 
ubiquitin serves to target them for degradation by 
cytosolic proteasome complex. Ubiquitination of 
certain plasma membrane proteins can promote 
their internalization via endocytotic pathway, fol-
lowed by their degradation in lysosomes [69]. 
Protein ubiquitination is reversed by deubiquiti-
nating enzymes (DUBs), which is essential for 
cellular homeostasis.

The first example of ubiquitination of an AQP 
was reported more 10 years ago. The studies 
demonstrated that AQP1 was able to be ubiquiti-
nated and degraded by the proteasome. Exposure 
to hypertonic medium induced decrease of AQP1 
ubiquitination and markedly increased stability 
of AQP1 protein, thereby contributing to overall 
protein induction [128].

There are three putative potential attachment 
sites (cytosolic lysine residues) for AQP2 ubiqui-
tination at positions 228, 238, and 270, but site 
mutation study revealed that K270 is the only 
substrate for ubiquitination, with one to three 
ubiquitins added in a K63-linked chain [111] 
(Fig. 1.4a). The ubiquitination of AQP2 at the 
plasma membrane results in the internalization of 
AQP2, transport to intracellular multivesicular 
bodies and subsequent proteasomal degradation 
[111]. Transcriptome analysis and liquid 
chromatography- tandem mass spectrometry pro-
teomic analysis identified that five common iso-
forms of E3 ligases (UBR4, UHRF1, NEDD 4, 
BRE1B, and Cullin-5) are putatively associated 
with dDAVP (1-deamino-8-D-arginine vasopres-
sin, a vasopressin V2 receptor agonist)-induced 
AQP2 regulation [127]. For examples, a 
vasopressin- activated calcium-mobilizing recep-
tor Cullin-5, a member of the cullin gene family 
of scaffold proteins of the E3 complex [185], was 
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observed to be upregulated during dDAVP with-
drawal, which was associated with increased 
prevalence of AQP2 among the ubiquitinated 
proteins in intracellular vesicles fractions. This 
finding suggests that CUL5 may play a role in the 
attachment of Ub to AQP2, resulting in an ubiq-
uitination of AQP2, internalization of AQP2 and 
reduction of AQP2 abundance after dDAVP with-
drawal, presumably via lysosomal and/or proteo-
somal degradation [127].

Phosphorylation of AQP2 at S256 and dephos-
phorylation at S261 cause its translocation from 
intracellular vesicles to the apical membrane, 
whereas ubiquitination of AQP2 at K270 induces 
its internalization and lysosomal degradation, or 
released in exosomes into the urine via exocyto-

sis. Phosphorylation and ubiquitination are 
highly dynamic in the cell. A cross-talk between 
phosphorylation and ubiquitination has been pro-
posed [92]. Phosphorylation and ubiquitination 
likely act in concert and could greatly increase 
fine regulation of protein function. Together with 
the plasma membrane targeting signal of S256, 
S264, and S269 phosphorylation as well as intra-
cellular S261 phosphorylation, K270 ubiquitina-
tion fine tunes the subcellular distribution of 
AQP2 (Fig. 1.5).

Recently, two studies examined the potential 
interplay between polyubiquitylation and poly-
phosphorylation of AQP2 [159, 228]. Stimulation 
with dDAVP or forskolin induces pS256 on 
AQP2 monomers, followed by increased S269 

Fig. 1.5 Phosphorylation and ubiquitination of AQP2 
determines the intracellular localization. Arginine- 
vasopressin (AVP) induced phosphorylation at S256 on 
AQP2 monomers, followed by increased S269 and S264 
phosphorylation and reduced S261 phosphorylation, 
resulting in steady redistribution of AQP2 from intracel-
lular vesicles to the apical plasma membrane. AQP2 is 

ubiquitinated with one or more ubiquitin proteins at K270. 
Ubiquitination occurs in the membrane after removal of 
AVP stimulation and mediates steady redistribution AQP2 
to intracellular vesicles. Ubiquitination of AQP2 may be 
sorted to the multivesicular body (MVB), where AQP2 is 
either degraded in lysosomes or released in exosomes into 
the urine via exocytosis
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and S264 phosphorylation and reduced S261 
phosphorylation, resulting in steady-state redis-
tribution of AQP2 from vesicles to the apical 
membrane, whereas increased AQP2 ubiquitina-
tion induced endocytosis and steady-state redis-
tribution of AQP2 to intracellular vesicles. 
Interestingly, phosphorylation of S261 on AQP2 
occurs after ubiquitin-mediated endocytosis, sug-
gesting that phosphorylation of S261 does not 
induce AQP2 ubiquitination itself, but likely sta-
bilize ubiquitinated AQP2 (Fig. 1.5).

Phosphorylation often occurs as a priming 
event for ubiquitination and ubiquitination can 
regulate protein phosphorylation by regulation of 
kinase activity [92]. AQP2 phosphorylation was 
demonstrated to be able to override dominant 
endocytic signal of K63-linked polyubiquity-
lation. In polarized epithelial cells and kidney tis-
sue, distribution of AQP2 on the plasma 
membrane is regulated by phosphorylation at 
S256 and S269. The rate of AQP2 endocytosis 
was reduced by prolonging phosphorylation spe-
cifically at S269. AQP2 phosphorylation at S269 
and ubiquitylation at K270 can occur in parallel, 
with increased S269 phosphorylation and 
decreased AQP2 endocytosis occurring when 
K270 polyubiquitylation levels are maximal 
[159]. The study suggests that site-specific phos-
phorylation can counteract polyubiquitylation to 
determine its final localization.

1.5.3  SUMOylation

Beside from ubiquitin, the best-studied ubiquitin- 
like protein is Small Ubiquitin-like MOdifier 
(SUMO). SUMOylation is a reversible PTM 
where SUMOs are covalently attached to lysine 
residues in the target proteins, similar to ubiquiti-
nation. Sumoylation has been found to be 
involved in multiple nuclear processes, such as 
chromatin organization, transcription and DNA 
repair. Sumoylated proteins also play important 
roles in the regulation of channel activity, recep-
tor function, G-protein signalling, cytoskeletal 
organization, exocytosis, and autophagy. So far 
there is no evidence showing involvement of 
Sumoylation in regulation of AQP expression.

1.5.4  Glutathionylation

As an important PTM, S-Glutathionylation exerts 
protection of cysteine residues against irrevers-
ible oxidation during redox imbalance. The rela-
tionship between AQP2 and S-glutathionylation 
is of potential interest because reactive oxygen 
species (ROS) may influence the expression and 
the activity of different transporters and chan-
nels, including aquaporins. Recent evidence sug-
gested that in mpkCCD cells, vasopressin 
stimulated translation of seven glutathione 
S-transferase (GST) proteins functioning to con-
jugate the tripeptide glutathione to substrates e.g. 
cysteine, likely indicating the involvement of 
redox into vasopressin-activated signal transduc-
tion pathway [206]. Glutathione is one of the 
major cellular antioxidant molecules that are 
continuously converted into the reduced form of 
GSH. Topological analysis of AQP2 suggests 
that Cys75 and Cys79 on cytosolic B-loop might 
be target of S-glutathionylation [229]. 
Subsequently, the study later demonstrated that 
AQP2 is subjected to S-glutathionylation both in 
kidney tissue and in HEK cells stably expressing 
AQP2 [229]. The S-glutathionylation of AQP2 is 
tightly modulated by changes in cellular ROS 
content both in renal tissue and in HEK cells sta-
bly expressing AQP2, specifically, an oxidant 
inducer caused a significant increase in AQP2 
S-glutathionylation secondary to an increases in 
ROS content, indicating that this redox sensitive 
PTM is linked to the redox condition of the tis-
sue, however, whether S-glutathionylation affects 
the localization and the activity of AQP2 is not 
reported [229].

1.5.5  Glycosylation

In their extracellular loops, AQPs contain 
N-linked glycosylation consensus sites, some of 
which are not efficiently recognized during pro-
tein synthesis by oligosaccharyltransferase, gen-
erating a mixture of glycosylated and 
nonglycosylated species. N-glycosylation is not 
believed to be important in the transport function 
of aquaporins. In AQP1, the site of N-glycosylation 
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is Asn42, which lies in a potential N-glycosylation 
consensus sequence. The early study using site- 
directed mutant of Asn42 showed that the non- 
glycosylation of AQP1 failed to affect water 
permeability in oocytes [192]. In AQP2, the gly-
coslated form has a shorter half-life than the non-
glycosylated form [206], indicating that N-linked 
glycosylation is not necessary for the stability of 
AQP2. The glycosylation seems important for 
cell surface expression of AQP2 [82] but is not 
essential for routing, evidenced by that inhibition 
of glycosylation does not prevent delivery of 
AQP2 to the plasma membrane in response to 
increased cAMP [11]. In addition, glycosylation 
appears not essential for tetramerization of AQP2 
in the endoplasmic reticulum, as part of tetra-
meric complexes with one or more nonglycosyl-
ated AQP2 molecules [82]. However, early data 
indeed suggested that addition of a single 
N-linked oligosaccharide moiety can partially 
compensate for ER folding defects induced by 
disease-related mutations [28].

1.5.6  Several Other PTMs

N-terminal acetylation has been proposed to be a 
determinant of protein stability [93]. AQP2 was 
one of the proteins identified with N-terminal 
acetylation [206]. Recently, N-linked acetylation, 
carbamylation, and oleoylation was discovered 
on AQP0 at the N-terminal amino acid residues 
by using direct tissue profiling method designed 
for membrane protein analysis [72]. Although 
biological and physiological significance of these 
PTM is still undetermined, it might play potential 
roles in protein-protein interactions and thus reg-
ulation of water permeability in the eye. Another 
study revealed that the N-terminal cysteines of 
AQP4 are post-translationally modified with pal-
mitic acid, and this palmitoylation likely inhib-
ited the formation of AQP4 square arrays in 
Chinese hamster ovary cells transfected with 
AQP4 [222].

A reduction in histone H4 acetylation level of 
AQP5 induced by TNF-α caused decrease of 
AQP5 expression and the fluid secretion from 
salivary acinar cells [249]. Insulin treatment 

resulted in a marked reduction in the acetylation 
and a significant increase methylation of histone 
H3 at the AQP9 promoter in hepatocytes, which 
was associated with downregulation of AQP9 
protein [195]. However, these studies about acet-
ylation and methylation mainly focus on histones 
and their roles in modulating chromatin structure 
and gene transcription, which more belongs to 
epigenetic regulation but not PTM.

1.5.7  PTM of Several Other AQPs

Here are a few examples about phosphorylation 
regulation of several AQPs, in particular, AQP1, 
AQP4, AQP5 and AQP8, which have been impli-
cated to trigger membrane specific trafficking.

1.5.7.1  AQP1
AQP1 water permeability has been shown to be 
dynamically regulated by several hormones. In 
Xenopus oocyte expression system, water perme-
ability of AQP1 was increased by vasopressin 
and decreased by ANP [184]. Early data from in 
vitro and in vivo studies suggest that phosphory-
lation by PKA result in trafficking of AQP1 from 
an intracellular compartment to the apical mem-
brane [73, 145, 146]. In addition, PKC positively 
regulates both water permeability and ionic con-
ductance of AQP1 channels by phosphorylating 
Thr157 and Thr239 [264]. A quite recent study 
demonstrated that the signaling molecules cAMP 
and cGMP promote trafficking of AQP1 into the 
brush border membrane of proximal tubular 
cells from intact endosomal compartment [188]. 
In the same study, cAMP and cGMP have both 
reduced the ubiquitination of AQP1 and 
increased AQP1 protein stability, as two poten-
tial ubiquitination sites (Lys-243 and Lys-267) 
were indicated in the AQP1 amino acid sequence 
[69, 128].

Recent data have shown that a hypotonicity- 
induced translocation of AQP1 occurs rapidly, 
which is Ca2+/calmodulin, PKC, and microtubule 
dependent [41, 42]. On the other hand, interest-
ingly, exposure to hypertonicity also increases 
AQP1 expression in cultured renal proximal and 
inner medullary cells [108, 235]. The effect of 
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hypertonicity may be mediated by promoter- 
mediated activation of AQP1 synthesis [234] and 
by inhibition of AQP1 protein degradation [128].

1.5.7.2  AQP4
It is well established that AQP4 water permeabil-
ity can be regulated by reversible protein phos-
phorylation. There are several potential 
phosphorylation sites of AQP4 for PKA, PKC, 
PKG, casein kinase (CK) and calcium/calmodu-
lin dependent protein kinases (CaMK).

The Ser111 residue of AQP4 is a potential site 
for both PKA phosphorylation and calcium- 
dependent CaMKII phosphorylation. The phos-
phorylation of Ser111 by PKA increases water 
permeability of AQP4 [69, 71, 263]. Agents that 
stimulate cAMP production including forskolin, 
AVP, and V2 receptor agonist were reported to 
increase the water permeability in a renal cell line 
transfected with AQP4 [69]. The increased mem-
brane water permeability of an astrocyte cell line 
transfected with AQP4 cDNA induced by Ser111 
phosphorylation was able to be reversed by a 
Ca2+/CaMKII inhibitor, suggesting that phos-
phorylation of Ser111 via CaMKII increases the 
water permeability of AQP4 [70]. It is therefore 
reasonable to speculate that Ser111 is phosphory-
lated by PKA in kidney cells and by CaMKII in 
astrocytes, both phosphorylation leads to 
increased permeability of AQP4. Early studies 
have suggested that Ser111 could also be phos-
phorylated by PKG via CaMKII-NO-cGMP- 
PKG signalling [71]. In contrast to 
phosphorylation of Ser111, phosphorylation of 
Ser180 by PKC downregulates AQP4 water per-
meability both in Xenopus oocyte expression sys-
tem and in cultured kidney epithelial cells [73, 
263], which is previously considered due to a gat-
ing effect, since expression of AQP4 in the cyto-
solic compartment is negligible both under basal 
conditions and in hormone-stimulated cells [263].

However, recent evidence from crystal struc-
ture, functional studies, and molecular dynamics 
simulations against phosphorylation dependent 
gating of AQP4 via Ser111 and Ser180 [9, 154, 

204]. One latest study by using mass spectrome-
try demonstrated that AQP4 plasma membrane 
trafficking or channel gating is not significantly 
modulated by phosphorylation at COOH- 
terminal serine residues [9].

1.5.7.3  AQP5
AQP5 membrane trafficking has been shown to 
be affected by cAMP in a PKA-dependent man-
ner [121, 254]. Elevated intracellular cAMP 
appears to have distinct acute and chronic effects, 
which cause a decrease in AQP5 membrane 
abundance in short-term (minutes) and increased 
total AQP5 protein in long-term (hours) [211]. 
Two consensus PKA sites in AQP5 that are able 
to be phosphorylated have been identified, 
Ser156 in cytoplasmic loop D [34] and Thr 259 
[78, 121] in the carboxy-terminus. However, 
mutation of these phosphorylation sites resulted 
in constructs with the same membrane abundance 
as wild-type AQP5, indicating that phosphoryla-
tion may not occur under basal conditions. In 
contrast, AQP5 phosphorylation at Thr259 by 
cAMP-PKA was recently shown to be associated 
with lateral diffusion of AQP5, potentially regu-
lating water flow in glandular secretions [119]. 
Recent data demonstrated that membrane expres-
sion of AQP5 is affected by Ser156 phosphoryla-
tion, either by increased targeting or decreased 
internalization or both [115].

1.5.7.4  AQP8
AQP8 is primarily located within the liver cell in 
a vesicular compartment [29, 61] and in mito-
chondria [57]. The expression of AQP8 on cell- 
surface is very low under basal conditions [61, 
67], however, hormone glucagon or its second 
messenger cAMP strongly induced redistribution 
of AQP8 to the plasma membrane from intracel-
lular compartment [67]. Thereby, the water per-
meability of plasma membrane is increased, 
facilitating osmotic water transport and canalicu-
lar bile formation. These studies suggest that 
both PKA and PI3K pathways are involved in 
glucagon-induced trafficking of AQP8 [67, 68].
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1.6  Expression Regulation 
of AQPs

AQPs are expressed in a wide range of tissues 
and usually spatially located within a certain 
region of the cell. AQPs mediate the bidirectional 
water flow driven by an osmotic gradient. The 
transport of water mediating by AQPs is regu-
lated either by gating, a conformational change, 
or by altering the AQP density in particular mem-
brane. The trafficking of AQPs is regulated at the 
transcriptional and/or translational level, and also 
involves shuttles of AQPs between intracellular 
storage vesicles and the target membrane. PTMs, 
especially phosphorylation, are one of important 
mechanisms regulating redistribution of AQPs in 
the cell. The regulation of AQPs, either through 
gating or trafficking, allow for rapid and specific 
regulation in a tissue-dependent manner. There is 
another relatively long-term regulation by which 
increased/decreased protein abundance of AQPs 
is affected by systemic hormones (e.g. vasopres-
sin, insulin, ANP, angiotensin II), local molecules 
(e.g. purine [265], prostaglandins [182, 262], bra-
dykinin [227], dopamine [20], and other common 
microenvironment signals including pH [37, 
167], divalent cation concentrations [70] and 
osmolality [125, 129, 235]. These regulations of 
AQPs are often associated with certain physio-
logical or pathophysiological conditions. In this 
section, regulatory mechanisms of AQP2 are dis-
cussed mainly, based on the fact that regulation 
of AQP2 is well characterized.

1.6.1  Gating of AQP2

In plants and yeast, the plasma membrane- 
localized AQPs are gated in response to environ-
mental stress [123]. In mammals, gating regulates 
the water permeability of AQP0, in a pH- 
dependent and Ca2+-calmodulin dependent man-
ner [169, 198]. Gating of AQP4 via 
phosphorylation has also been suggested [71]. 
Data on gating of AQP2 via phosphorylation is 
still debatable. Studies from different research 
groups by using similar systems or different sys-
tems have failed to unanimously agree [54, 155, 

156]. In fact, the predominant regulatory mecha-
nism of mammalian aquaporins is trafficking. 
AQP2 trafficking is a canonical example.

1.6.2  Trafficking of AQP2 
to the Membrane

Facilitated transport processes across epithelia 
require an apically to basally polarized distribu-
tion of transmembranous transport proteins like 
AQP. AQPs must be transported in vesicles spe-
cifically to the apical or basolateral plasma mem-
brane domain, which requires trafficking 
machineries, including exocytosis, endocytosis, 
sorting, clustering, and the maintenance of inte-
gral membrane proteins at the plasma membranes 
[51].

Following translation, AQP2 is folded into its 
monomeric conformation, and subsequently a 
tetrameric complex, in the endoplasmic reticu-
lum. These tetramers are later transported to the 
Golgi apparatus where two monomers are 
N-glycosylated before they are transported 
through the trans-Golgi network to different sub-
cellular compartments [158]. A large proportion 
of AQP2 that exits the trans-Golgi network stored 
in some form of endosomal vesicles and upon 
relevant stimulus (e.g. AVP) is transported to the 
apical plasma membrane [158, 172]. Trafficking 
of intracellular vesicular containing AQP2 to the 
membrane, docking and fusion of AQP2 vesicles 
with the apical plasma membrane (exocytosis), 
and removal of AQP2 from the membrane (endo-
cytosis) is likely attributed to total plasma mem-
brane abundance of AQP2 [158].

1.6.2.1  The cAMP-Mediated Effect 
of Vasopressin on AQP2 
Trafficking

AQP2 is present in the principal cells of the renal 
collecting ducts, and its abundance and intracel-
lular localization in response to the AVP deter-
mine water reabsorption in this segments [59, 
158, 172]. In the absence of vasopressin, AQP2 is 
localized in subapical vesicles. Upon to stimula-
tion of AVP, a predominantly apical membrane 
localization of AQP2 is induced. Classically, 
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AVP binds to the basolaterally located vasopres-
sin V2 receptor (V2R), which is coupled to ade-
nylate cyclase by the heterotrimeric G-protein, 
Gs. The binding of vasopressin to its receptor 
causes α subunit of G-protein to release GDP, 
bind to GTP, and dissociate from the β and γ sub-
units. This G αGTP complex, in turn, activates 
adenylate cyclase (AC) to synthesize cAMP 
which activates PKA. PKA in turn directly or 
indirectly phosphorylates AQP2 at Ser256, which 
is important for AQP2 trafficking as described 
above. The phosphorylation of AQP2 then 

increases transport or trafficking via the cytoskel-
eton from the storing cytoplasmic vesicles to the 
apical membrane [59, 60, 112, 172, 174, 236] 
(Fig. 1.6).

As PKA has many cellular targets, localiza-
tion of PKA to specific sites of targets is neces-
sary for a timely and spatially effective 
phosphorylation of target protein. This is medi-
ated by PKA-anchoring proteins (AKAP). For 
the phosphorylation of AQP2, anchoring of PKA 
by AKAP in close proximity to AQP2 is a prereq-
uisite [51, 177]. Several splice variant of 

Fig. 1.6 Protein regulation of AQP2 by AVP. AVP 
binds to the vasopressin type-2 receptor (V2R), present 
on the basolateral membrane of renal collecting duct 
principal cells. This induces a signaling cascade, involv-
ing Gs protein mediated activation of adenylate cyclase 
(AC), a rise in intracellular cAMP, activation of protein 
kinase A (PKA) and subsequent phosphorylation of 
AQP2. This results in the redistribution of AQP2 from 
intracellular vesicles to the apical membrane. AVP 
 stimulation also results in increased intracellular Ca2+ 
levels via Ca2+ release from calmodulin-dependent 
ryanodine-sensitive intracellular stores, which induces 

apical membrane expression of AQP2. On the long 
term, vasopressin increases AQP2 expression via acti-
vating transcriptional factors, which stimulates tran-
scription of AQP2 at the AQP2 promoter. Once the 
water balance is restored, AVP levels drop and AQP2 is 
internalized via ubiquitination. Internalized AQP2 can 
either be targeted to recycling pathways or to degrada-
tion via lysosomes. Driven by the transcellular osmotic 
gradient, water enters principal cells through AQP2 and 
pass through basolateral plasma membrane via AQP3 
and AQP4 to the blood. N nuclear, ER endoplasmic 
reticulum, G Golgi apparatus

C. Li and W. Wang



21

AKAP18, AKAP18delta, and AKAP220 has 
been reported to be involved in the shuttling of 
AQP2 [83, 117, 118].

1.6.2.2  The Role of Calcium 
in Vasopressin-Induced AQP2 
Trafficking

Several studies have demonstrated a role of intra-
cellular Ca2+ mobilization in vasopressin- 
mediated AQP2 trafficking. By binding to V2 
receptors, vasopressin causes a transient increase 
in intracellular Ca2+ concentration and calcium 
oscillations in IMCD cells [35, 38, 257]. Removal 
of extracellular Ca2+ in perfused IMCD did not 
prevent the initial rise of intracellular Ca2+ levels 
induced by vasopressin but inhibited the sus-
tained oscillations [257]. Ryanodine inhibitors, 
calmodulin inhibitors, or intracellular Ca2+ chela-
tors were shown to block vasopressin-stimulated 
translocation of AQP2 to the plasma membrane 
and increase of osmotic water permeability in 
primary cultured IMCD cells [35, 38, 257]. These 
observations suggest that vasopressin-induced 
intracellular increase of Ca2+ is important for 
AQP2 translocation to the apical membrane. This 
involves intracellular Ca2+ released from 
ryanodine- sensitive stores and the influx of extra-
cellular Ca2+. In contrast, data from other studies 
in primary cultured epithelial cells from renal 
inner medulla showed that cAMP is sufficient for 
triggering the exocytic recruitment of AQP2, 
which is not evoked by vasopressin-induced 
intracellular calcium increases [136].

1.6.2.3  Vesicles Bearing AQP2 
Transport to the Membrane

For the co-ordinated delivery of vesicles to spe-
cific sites their transport along the cytoskeleton is 
needed [51]. In the case of AQP2, the reorganiza-
tion of microtubules and actin cytoskeletons are 
essential in its trafficking. The actin cytoskeleton 
provides a cage anchoring AQP2 in unstimulated 
cells, preventing their exocytosis. The binding of 
AVP to V2R causes the depolymerization of 
F-actin in collecting duct cells, which is critical 
in promoting the trafficking and fusion of AQP2- 
bearing vesicles with the apical membrane [212, 
259]. Indeed, AQP2 itself can directly modulate 

the local actin cytoskeleton depolymerization 
and subsequent exocytosis. PKA-induced phos-
phorylation of AQP2 at S256 reduced the direct 
binding of AQP2 to G-actin, but increased the 
affinity of AQP2 to myosin-Vb, one of the central 
regulators in apical trafficking. This interaction 
results in a reduced quantity of myosin-Vb that 
bounds to F-actin, resulting in F-actin destabili-
zation that allows translocation of AQP2 vesicles 
to the plasma membrane (Fig. 1.5) [175, 176, 
178]. The A-kinase anchoring protein 220 
(AKAP220) is a ubiquitously expressed vesicular 
and membrane-associated anchoring protein that 
positively regulate actin polymerization and 
microtubule stability during membrane protru-
sion [245]. Early studies showed that AKAP220 
is physically associated with AQP2 in the princi-
pal cells of the kidney collecting ducts [181]. A 
very lately study demonstrated that loss of 
AKAP220 leads to accumulation of AQP2 at the 
plasma membrane and reduces urine-diluting 
capacity during overhydration [245]. This study 
supports the role of actin-barrier dynamics in the 
subcellular localization of AQP2 in the kidney 
(Fig. 1.7).

It should be noted that there are some binding 
proteins at C-terminus of AQP2 (or in AQP2- 
bearing vesicles) that mediate AQP2 sorting and 
the destination of AQP2. A large-scale proteomic 
analysis showed that more than 180 proteins 
were identified, including SNARE proteins, 
trans-Golgi network markers, motor proteins etc. 
These proteins interact with AQP2 via direct 
binding, indirect linkage, forming a protein com-
plex, or colocalization in the same vesicles [10, 
209], which is actively involved in regulation of 
AQP2 dynamics.

1.6.2.4  Docking and Fusion of Vesicles 
Bearing AQP2 with the Apical 
Membrane (Exocytosis)

Fusion of AQP2-bearing vesicles with the plasma 
membrane is a key terminal step in vasopressin- 
regulated water transport. The docking and fus-
ing of AQP2-bearing vesicles is mediated by 
SNARE (Soluble N-ethylmaleimidesensitive fac-
tor attachment protein receptors) mechanisms 
[158] which involves vesicle (v) SNAREs (solu-
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ble NSF attachment protein receptors) and target 
membrane (t) SNAREs. Multiple components of 
the SNARE system are found in the collecting 
duct principal cell. The v-SNARE proteins 
vesicle- associated membrane protein (VAMP)-2 
and VAMP-3 are found in AQP2-containing ves-
icles [10, 172], and t-SNARES (syntaxin-4, syn-
taxin 3, SNAP23, and SNAP25) are observed in 
the apical membrane of principal cells [97, 144]. 
Snapin, an intermediate scaffolding molecule, 
was found to serve as a linker between AQP2 and 
the t-SNARE complex and can aid AQP2 traf-
ficking from storage vesicles to the apical plasma 
membrane [97, 144]. The cleavage of VAMP-2 
by tetanus toxin blocked the AVP-mediated 
AQP2 translocation to the plasma membrane, 

suggesting a role of v-SNARS in AQP2 docking 
[66]. Knockdown of Munc18, a protein- inhibiting 
SNARE mediated membrane fusion, increased 
AQP2 membrane accumulation, whereas, knock-
down of VAMP-2, VAMP-3, syntaxin 3, and 
SNAP23 inhibited AQP2 fusion at the apical 
membrane [193]. These studies strongly suggest 
involvement of SNARE in AQP2 docking and 
fusion to the membrane. It is noted that many 
other proteins (e.g. annexin-2, GTPase, AKT 
substrate) are also involved in AQP2 trafficking 
and exocytosis, although their precise roles and 
how they interact with AQP2 (or AQP2-bearing 
vesicles) remains to be fully established [158] 
(Fig. 1.7).

Fig. 1.7 Exocytosis and endocytosis of AQP2. AVP 
triggers cAMP signaling and induces phosphorylation of 
AQP2 at S256, which dissociates G-actin from AQP2 and 
promotes AQP2 interaction with myocin-Vb. This releases 
myocin-Vb from F-actin and induces destabilization and 
depolymeriztion of the F-actin network, allowing vesicles 

bearing-AQP2 transport to the membrane. AQP2-bearing 
vesicles contain specific v-SNAREs that bind to specific 
t-SNAREs on the apical plasma membrane, AQP2 is thus 
fused with the apical plasma membrane. After AVP wash-
out, AQP2 localizes to clathrin-coated pits and undergoes 
clathrin-mediated endocytosis
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1.6.2.5  Removal of AQP2 
from the Membrane 
(Endocytosis) and Degradation

Regulated endocytosis of AQP2 contributes sig-
nificantly to final plasma membrane levels of 
AQP2. Inhibition of endocytosis can increase the 
amount of AQP2 at the apical membrane [24, 
137, 158, 203], indicating another way to increase 
the water permeability of collecting ducts.

In the endocytotic process, AQP2 accumulates 
in clathrin-coated pits and is internalized via a 
clathrin-mediated process in a dynamin- 
dependent manner [26, 218, 221]. hsc70, a heat 
shock protein, which is important for uncoating 
clathrin-coated vesicles, may bind to the 
C-terminus of non-phosphorylated AQP2 and is 
reported to be required for AQP2 endocytosis 
[138]. Mimicking phosphorylation of AQP2 at 
S256 and S269 decreased their interaction with 
clathrin, hsp/hsc70 and dynamin alongside a 
decreased rate of endocytosis [138, 156], thus, 
phosphorylation of AQP2 may alter the efficiency 
of pit maturation and clathrin-coated vesicle and 
modulate quantity of AQP2 in clathrin-coated 
pits and internalization [56].

Lately, AQP2 was shown to interact with 
caveolin-1, a principal component of caveolae 
membranes that are involved in receptor- 
independent endocytosis [6]. Both AQP2 and 
caveolin-1 were internalized in response to for-
skolin removal [6], indicating that AQP2 is inter-
nalized through caveolae/caveolin-1 dependent 
mechanisms. In addition, evidences support the 
role of membrane rafts in regulation of AQP2 
endocytosis. Reagents depleting membrane cho-
lesterol induces plasma membrane accumulation 
of AQP2 in vivo and in vitro, likely a result of 
decreased AQP2 internalization [132, 137, 194, 
203].

After endocytosis, AQP2 is retrieved to early 
endosomes through a PI3K dependent mecha-
nism and then is transferred to Rab11-positive 
storage vesicles [209, 224, 225]. Ubiquitination 
works as a signal for endocytosis and subsequent 
degradation by multivesicular body or protea-
some, as discussed above. Some AQP2 trans-
ferred to multivesicular body is excreted into the 
urine as exosomes [183, 187, 219] (Fig. 1.7).

1.6.3  Protein Synthesis of AQP2

Aside from intracellular trafficking and PTM, the 
protein levels of AQP2 are also regulated tran-
scriptionally. Several different transcription fac-
tors, such as CREB, the AP1 [255], NFAT family 
(TonEBP and NFATc) [79, 80], and NF-γB [80] 
have been involved in this regulation. Vasopressin 
treatment or dehydration for a certain time results 
in increased water permeability of the collecting 
ducts, a response called “long-term regulation”. 
This response is mainly attributed to an increased 
abundance of AQP2 protein due to stimulated 
transcription of the AQP2 gene [231], which is 
mediated by the vasopressin-V2R signaling cas-
cade [48]. Sequencing of the 5-flanking region of 
the AQP2 gene revealed several putative cis- 
binding element motifs including a cAMP- 
response element (CRE) and an SP-1 site [197, 
233]. CRE present in the AQP2 gene regulates 
transcription of the gene [79, 151]. Hypertonicity 
affects transcription of many genes through the 
interaction between the tonicity-responsive 
enhancer (TonE) and its transcription factor 
TonEBP. TonEBP knockout mice show down-
regulated protein expression of AQP2, confirm-
ing the role of TonE/ToneEBP in AQP2 
transcription [79] (Fig. 1.6). A Systems-level 
analysis of cell-specific AQP2 gene expression in 
renal collecting duct revealed many transcrip-
tional regulators and transcriptional regulators 
binding elements that were involved in the tran-
scription of the AQP2 gene. The transcriptional 
regulators that bind to ETS (Ets-like factors), 
HOX (homeobox-binding factors), RXR(retinoid 
X receptor family), CREB, and GATA (GATA- 
binding factors) of the AQP2 gene are likely to be 
involved in cell-specific regulation of AQP2 gene 
expression [258], providing further insight into 
the transcription regulation of the AQP2 gene.

1.7  Concluding Remarks

The past three decades have seen substantial 
progress in our understanding of AQPs. In this 
review, we have focused on the structure, molec-
ular characteristics, the intracellular trafficking, 
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posttranslational modification, and regulation 
mechanisms of aquaporins, in particular, AQP2. 
Novel technologies and well-designed experi-
mental strategy will continue to improve our 
understanding on aquaporin structure, function, 
regulation, and roles in disease at a cell biologi-
cal, physiological, and pathophysiological level.

References

 1. Abascal F, Irisarri I, Zardoya R (2014) Diversity and 
evolution of membrane intrinsic proteins. Biochim 
Biophys Acta 1840:1468–1481

 2. Agre P, Preston GM, Smith BL, Jung JS, Raina S, 
Moon C, Guggino WB, Nielsen S (1993) Aquaporin 
CHIP: the archetypal molecular water channel. Am 
J Phys 265:F463–F476

 3. Agre P, King LS, Yasui M, Guggino WB, Ottersen 
OP, Fujiyoshi Y, Engel A, Nielsen S (2002) 
Aquaporin water channels – from atomic structure to 
clinical medicine. J Physiol 542:3–16

 4. Almasalmeh A, Krenc D, Wu B, Beitz E (2014) 
Structural determinants of the hydrogen peroxide 
permeability of aquaporins. FEBS J 281:647–656

 5. Anthony TL, Brooks HL, Boassa D, Leonov S, 
Yanochko GM, Regan JW, Yool AJ (2000) Cloned 
human aquaporin-1 is a cyclic GMP-gated ion chan-
nel. Mol Pharmacol 57:576–588

 6. Aoki T, Suzuki T, Hagiwara H, Kuwahara M, Sasaki 
S, Takata K, Matsuzaki T (2012) Close association 
of aquaporin-2 internalization with caveolin-1. Acta 
Histochem Cytochem 45:139–146

 7. Arthur J, Huang J, Nomura N, Jin WW, Li W, Cheng 
X, Brown D, Lu HJ (2015) Characterization of the 
putative phosphorylation sites of the AQP2 C termi-
nus and their role in AQP2 trafficking in LLC-PK1 
cells. Am J Physiol Ren Physiol 309:F673–F679

 8. Assentoft M, Kaptan S, Fenton RA, Hua SZ, de 
Groot BL, MacAulay N (2013) Phosphorylation of 
rat aquaporin-4 at Ser(111) is not required for chan-
nel gating. Glia 61:1101–1112

 9. Assentoft M, Larsen BR, Olesen ET, Fenton RA, 
MacAulay N (2014) AQP4 plasma membrane traf-
ficking or channel gating is not significantly modu-
lated by phosphorylation at COOH-terminal serine 
residues. Am J Phys Cell Physiol 307:C957–C965

 10. Barile M, Pisitkun T, Yu MJ, Chou CL, Verbalis MJ, 
Shen RF, Knepper MA (2005) Large scale protein 
identification in intracellular aquaporin-2 vesicles 
from renal inner medullary collecting duct. Mol Cell 
Proteomics 4:1095–1106

 11. Baumgarten R, Van De Pol MH, Wetzels JF, Van Os 
CH, Deen PM (1998) Glycosylation is not essential 
for vasopressin-dependent routing of aquaporin-2 in 
transfected Madin-Darby canine kidney cells. J Am 
Soc Nephrol 9:1553–1559

 12. Beitz E, Liu K, Ikeda M, Guggino WB, Agre P, 
Yasui M (2006) Determinants of AQP6 trafficking to 
intracellular sites versus the plasma membrane in 
transfected mammalian cells. Biol Cell 98:101–109

 13. Benga G (2012) The first discovered water channel 
protein, later called aquaporin 1: molecular charac-
teristics, functions and medical implications. Mol 
Asp Med 33:518–534

 14. Bienert GP, Moller AL, Kristiansen KA, Schulz A, 
Moller IM, Schjoerring JK, Jahn TP (2007) Specific 
aquaporins facilitate the diffusion of hydrogen per-
oxide across membranes. J Biol Chem 
282:1183–1192

 15. Bienert GP, Thorsen M, Schussler MD, Nilsson HR, 
Wagner A, Tamas MJ, Jahn TP (2008) A subgroup 
of plant aquaporins facilitate the bi-directional diffu-
sion of As(OH)3 and Sb(OH)3 across membranes. 
BMC Biol 6:26

 16. Bienert GP, Chaumont F (2014) Aquaporin- 
facilitated transmembrane diffusion of hydrogen 
peroxide. Biochim Biophys Acta 1840:1596–1604

 17. Bin K, Shi-Peng Z (2011) Acetazolamide inhibits 
aquaporin-1 expression and colon cancer xenograft 
tumor growth. Hepato-Gastroenterology 
58:1502–1506

 18. Bollag WB, Xie D, Zheng X, Zhong X (2007) A 
potential role for the phospholipase D2-aquaporin-3 
signaling module in early keratinocyte differentia-
tion: production of a phosphatidylglycerol signaling 
lipid. J Invest Dermatol 127:2823–2831

 19. Boone M, Kortenoeven M, Robben JH, Deen PM 
(2010) Effect of the cGMP pathway on AQP2 
expression and translocation: potential implications 
for nephrogenic diabetes insipidus. Nephrol Dial 
Transplant 25:48–54

 20. Boone M, Kortenoeven ML, Robben JH, Tamma G, 
Deen PM (2011) Counteracting vasopressin- 
mediated water reabsorption by ATP, dopamine, and 
phorbol esters: mechanisms of action. Am J Physiol 
Ren Physiol 300:F761–F771

 21. Borgnia M, Nielsen S, Engel A, Agre P (1999) 
Cellular and molecular biology of the aquaporin 
water channels. Annu Rev Biochem 68:425–458

 22. Bouley R, Breton S, Sun T, McLaughlin M, Nsumu 
NN, Lin HY, Ausiello DA, Brown D (2000) Nitric 
oxide and atrial natriuretic factor stimulate cGMP- 
dependent membrane insertion of aquaporin 2 in 
renal epithelial cells. J Clin Invest 106:1115–1126

 23. Bouley R, Pastor-Soler N, Cohen O, McLaughlin M, 
Breton S, Brown D (2005) Stimulation of AQP2 
membrane insertion in renal epithelial cells in vitro 
and in vivo by the cGMP phosphodiesterase inhibi-
tor sildenafil citrate (viagra). Am J Physiol Ren 
Physiol 288:F1103–F1112

 24. Bouley R, Hawthorn G, Russo LM, Lin HY, Ausiello 
DA, Brown D (2006) Aquaporin 2 (AQP2) and vaso-
pressin type 2 receptor (V2R) endocytosis in kidney 
epithelial cells: AQP2 is located in 

C. Li and W. Wang



25

 ‘endocytosis- resistant’ membrane domains after 
vasopressin treatment. Biol Cell 98:215–232

 25. Boury-Jamot M, Sougrat R, Tailhardat M, Le Varlet 
B, Bonte F, Dumas M, Verbavatz JM (2006) 
Expression and function of aquaporins in human 
skin: Is aquaporin-3 just a glycerol transporter? 
Biochim Biophys Acta 1758:1034–1042

 26. Brown D, Weyer P, Orci L (1988) Vasopressin stim-
ulates endocytosis in kidney collecting duct princi-
pal cells. Eur J Cell Biol 46:336–341

 27. Brown D (2003) The ins and outs of aquaporin-2 traf-
ficking. Am J Physiol Ren Physiol 284:F893–F901

 28. Buck TM, Eledge J, Skach WR (2004) Evidence for 
stabilization of aquaporin-2 folding mutants by 
N-linked glycosylation in endoplasmic reticulum. 
Am J Phys Cell Physiol 287:C1292–C1299

 29. Calamita G, Mazzone A, Bizzoca A, Cavalier A, 
Cassano G, Thomas D, Svelto M (2001) Expression 
and immunolocalization of the aquaporin-8 water 
channel in rat gastrointestinal tract. Eur J Cell Biol 
80:711–719

 30. Calamita G, Ferri D, Gena P, Liquori GE, Cavalier 
A, Thomas D, Svelto M (2005) The inner mitochon-
drial membrane has aquaporin-8 water channels and 
is highly permeable to water. J Biol Chem 
280:17149–17153

 31. Calvanese L, Pellegrini-Calace M, Oliva R (2013) In 
silico study of human aquaporin AQP11 and AQP12 
channels. Protein Sci 22:455–466

 32. Campbell EM, Birdsell DN, Yool AJ (2012) The 
activity of human aquaporin 1 as a cGMP-gated cat-
ion channel is regulated by tyrosine phosphorylation 
in the carboxyl-terminal domain. Mol Pharmacol 
81:97–105

 33. Carmosino M, Procino G, Tamma G, Mannucci R, 
Svelto M, Valenti G (2007) Trafficking and phos-
phorylation dynamics of AQP4 in histamine-treated 
human gastric cells. Biol Cell 99:25–36

 34. Chae YK, Kang SK, Kim MS, Woo J, Lee J, Chang 
S, Kim DW, Kim M, Park S, Kim I, Keam B, Rhee J, 
Koo NH, Park G, Kim SH, Jang SE, Kweon IY, 
Sidransky D, Moon C (2008) Human AQP5 plays a 
role in the progression of chronic myelogenous leu-
kemia (CML). PLoS One 3:e2594

 35. Champigneulle A, Siga E, Vassent G, Imbert-Teboul 
M (1993) V2-like vasopressin receptor mobilizes 
intracellular Ca2+ in rat medullary collecting 
tubules. Am J Phys 265:F35–F45

 36. Chandy G, Zampighi GA, Kreman M, Hall JE 
(1997) Comparison of the water transporting proper-
ties of MIP and AQP1. J Membr Biol 159:29–39

 37. Choi HJ, Jung HJ, Kwon TH (2015) Extracellular 
pH affects phosphorylation and intracellular traffick-
ing of AQP2 in inner medullary collecting duct cells. 
Am J Physiol Ren Physiol 308:F737–F748

 38. Chou CL, Yip KP, Michea L, Kador K, Ferraris JD, 
Wade JB, Knepper MA (2000) Regulation of aqua-
porin- 2 trafficking by vasopressin in the renal col-

lecting duct. Roles of ryanodine-sensitive Ca2+ 
stores and calmodulin. J Biol Chem 
275:36839–36846

 39. Christensen BM, Zelenina M, Aperia A, Nielsen S 
(2000) Localization and regulation of PKA- 
phosphorylated AQP2 in response to V(2)-receptor 
agonist/antagonist treatment. Am J Physiol Ren 
Physiol 278:F29–F42

 40. Clemens DM, Nemeth-Cahalan KL, Trinh L, Zhang 
T, Schilling TF, Hall JE (2013) In vivo analysis of 
aquaporin 0 function in zebrafish: permeability regu-
lation is required for lens transparency. Invest 
Ophthalmol Vis Sci 54:5136–5143

 41. Conner MT, Conner AC, Brown JE, Bill RM (2010) 
Membrane trafficking of aquaporin 1 is mediated by 
protein kinase C via microtubules and regulated by 
tonicity. Biochemistry 49:821–823

 42. Conner MT, Conner AC, Bland CE, Taylor LH, 
Brown JE, Parri HR, Bill RM (2012) Rapid aquapo-
rin translocation regulates cellular water flow: mech-
anism of hypotonicity-induced subcellular 
localization of aquaporin 1 water channel. J Biol 
Chem 287:11516–11525

 43. Day RE, Kitchen P, Owen DS, Bland C, Marshall L, 
Conner AC, Bill RM, Conner MT (2014) Human 
aquaporins: regulators of transcellular water flow. 
Biochim Biophys Acta 1840:1492–1506

 44. de Almeida A, Martins AP, Mosca AF, Wijma HJ, 
Prista C, Soveral G, Casini A (2016) Exploring the 
gating mechanisms of aquaporin-3: new clues for the 
design of inhibitors? Mol BioSyst 12:1564–1573

 45. Deen PM, Verdijk MA, Knoers NV, Wieringa B, 
Monnens LA, van Os CH, van Oost BA (1994) 
Requirement of human renal water channel aquapo-
rin- 2 for vasopressin-dependent concentration of 
urine. Science 264:92–95

 46. Deen PM, Weghuis DO, Sinke RJ, Geurts van Kessel 
A, Wieringa B, van Os CH (1994) Assignment of the 
human gene for the water channel of renal collecting 
duct Aquaporin 2 (AQP2) to chromosome 12 region 
q12-->q13. Cytogenet Cell Genet 66:260–262

 47. Denker BM, Smith BL, Kuhajda FP, Agre P (1988) 
Identification, purification, and partial characteriza-
tion of a novel Mr 28,000 integral membrane protein 
from erythrocytes and renal tubules. J Biol Chem 
263:15634–15642

 48. DiGiovanni SR, Nielsen S, Christensen EI, Knepper 
MA (1994) Regulation of collecting duct water 
channel expression by vasopressin in Brattleboro rat. 
Proc Natl Acad Sci U S A 91:8984–8988

 49. Ecelbarger CA, Terris J, Frindt G, Echevarria M, 
Marples D, Nielsen S, Knepper MA (1995) 
Aquaporin-3 water channel localization and regula-
tion in rat kidney. Am J Phys 269:F663–F672

 50. Echevarria M, Windhager EE, Tate SS, Frindt G 
(1994) Cloning and expression of AQP3, a water 
channel from the medullary collecting duct of rat 
kidney. Proc Natl Acad Sci U S A 91:10997–11001

1 Molecular Biology of Aquaporins



26

 51. Edemir B, Pavenstadt H, Schlatter E, Weide T (2011) 
Mechanisms of cell polarity and aquaporin sorting in 
the nephron. Pflugers Arch 461:607–621

 52. Elkjaer M, Vajda Z, Nejsum LN, Kwon T, Jensen 
UB, Amiry-Moghaddam M, Frokiaer J, Nielsen S 
(2000) Immunolocalization of AQP9 in liver, epi-
didymis, testis, spleen, and brain. Biochem Biophys 
Res Commun 276:1118–1128

 53. Elkjaer ML, Nejsum LN, Gresz V, Kwon TH, Jensen 
UB, Frokiaer J, Nielsen S (2001) Immunolocalization 
of aquaporin-8 in rat kidney, gastrointestinal tract, 
testis, and airways. Am J Physiol Ren Physiol 
281:F1047–F1057

 54. Eto K, Noda Y, Horikawa S, Uchida S, Sasaki S 
(2010) Phosphorylation of aquaporin-2 regulates its 
water permeability. J Biol Chem 285:40777–40784

 55. Fenton RA, Moeller HB, Hoffert JD, Yu MJ, Nielsen 
S, Knepper MA (2008) Acute regulation of aquapo-
rin- 2 phosphorylation at Ser-264 by vasopressin. 
Proc Natl Acad Sci U S A 105:3134–3139

 56. Fenton RA, Pedersen CN, Moeller HB (2013) New 
insights into regulated aquaporin-2 function. Curr 
Opin Nephrol Hypertens 22:551–558

 57. Ferri D, Mazzone A, Liquori GE, Cassano G, Svelto 
M, Calamita G (2003) Ontogeny, distribution, and 
possible functional implications of an unusual aqua-
porin, AQP8, in mouse liver. Hepatology 
38:947–957

 58. Finn RN, Cerda J (2015) Evolution and functional 
diversity of aquaporins. Biol Bull 229:6–23

 59. Fushimi K, Uchida S, Hara Y, Hirata Y, Marumo F, 
Sasaki S (1993) Cloning and expression of apical 
membrane water channel of rat kidney collecting 
tubule. Nature 361:549–552

 60. Fushimi K, Sasaki S, Marumo F (1997) 
Phosphorylation of serine 256 is required for cAMP- 
dependent regulatory exocytosis of the aquaporin-2 
water channel. J Biol Chem 272:14800–14804

 61. Garcia F, Kierbel A, Larocca MC, Gradilone SA, 
Splinter P, LaRusso NF, Marinelli RA (2001) The 
water channel aquaporin-8 is mainly intracellular in 
rat hepatocytes, and its plasma membrane insertion 
is stimulated by cyclic AMP. J Biol Chem 
276:12147–12152

 62. Geyer RR, Musa-Aziz R, Qin X, Boron WF (2013) 
Relative CO(2)/NH(3) selectivities of mammalian 
aquaporins 0-9. Am J Phys Cell Physiol 
304:C985–C994

 63. Golestaneh N, Fan J, Zelenka P, Chepelinsky AB 
(2008) PKC putative phosphorylation site Ser235 is 
required for MIP/AQP0 translocation to the plasma 
membrane. Mol Vis 14:1006–1014

 64. Gonen T, Cheng Y, Kistler J, Walz T (2004) 
Aquaporin-0 membrane junctions form upon proteo-
lytic cleavage. J Mol Biol 342:1337–1345

 65. Gorin MB, Yancey SB, Cline J, Revel JP, Horwitz 
J (1984) The major intrinsic protein (MIP) of the 
bovine lens fiber membrane: characterization and 
structure based on cDNA cloning. Cell 39:49–59

 66. Gouraud S, Laera A, Calamita G, Carmosino M, 
Procino G, Rossetto O, Mannucci R, Rosenthal W, 
Svelto M, Valenti G (2002) Functional involvement 
of VAMP/synaptobrevin-2 in cAMP-stimulated 
aquaporin 2 translocation in renal collecting duct 
cells. J Cell Sci 115:3667–3674

 67. Gradilone SA, Garcia F, Huebert RC, Tietz PS, 
Larocca MC, Kierbel A, Carreras FI, Larusso NF, 
Marinelli RA (2003) Glucagon induces the plasma 
membrane insertion of functional aquaporin-8 water 
channels in isolated rat hepatocytes. Hepatology 
37:1435–1441

 68. Gradilone SA, Carreras FI, Lehmann GL, Marinelli 
RA (2005) Phosphoinositide 3-kinase is involved in 
the glucagon-induced translocation of aquaporin-8 
to hepatocyte plasma membrane. Biol Cell 
97:831–836

 69. Gunnarson E, Zelenina M, Aperia A (2004) 
Regulation of brain aquaporins. Neuroscience 
129:947–955

 70. Gunnarson E, Axehult G, Baturina G, Zelenin S, 
Zelenina M, Aperia A (2005) Lead induces increased 
water permeability in astrocytes expressing aquapo-
rin 4. Neuroscience 136:105–114

 71. Gunnarson E, Zelenina M, Axehult G, Song Y, 
Bondar A, Krieger P, Brismar H, Zelenin S, Aperia 
A (2008) Identification of a molecular target for glu-
tamate regulation of astrocyte water permeability. 
Glia 56:587–596

 72. Gutierrez DB, Garland D, Schey KL (2011) Spatial 
analysis of human lens aquaporin-0 post- translational 
modifications by MALDI mass spectrometry tissue 
profiling. Exp Eye Res 93:912–920

 73. Han Z, Patil RV (2000) Protein kinase A-dependent 
phosphorylation of aquaporin-1. Biochem Biophys 
Res Commun 273:328–332

 74. Hara-Chikuma M, Sohara E, Rai T, Ikawa M, Okabe 
M, Sasaki S, Uchida S, Verkman AS (2005) 
Progressive adipocyte hypertrophy in aquaporin- 7- 
deficient mice: adipocyte glycerol permeability as a 
novel regulator of fat accumulation. J Biol Chem 
280:15493–15496

 75. Hara-Chikuma M, Chikuma S, Sugiyama Y, 
Kabashima K, Verkman AS, Inoue S, Miyachi Y 
(2012) Chemokine-dependent T cell migration 
requires aquaporin-3-mediated hydrogen peroxide 
uptake. J Exp Med 209:1743–1752

 76. Hara-Chikuma M, Satooka H, Watanabe S, Honda T, 
Miyachi Y, Watanabe T, Verkman AS (2015) 
Aquaporin-3-mediated hydrogen peroxide transport 
is required for NF-kappaB signalling in keratino-
cytes and development of psoriasis. Nat Commun 
6:7454

 77. Hara-Chikuma M, Watanabe S, Satooka H (2016) 
Involvement of aquaporin-3 in epidermal growth 
factor receptor signaling via hydrogen peroxide 
transport in cancer cells. Biochem Biophys Res 
Commun 471:603–609

C. Li and W. Wang



27

 78. Hasegawa T, Azlina A, Javkhlan P, Yao C, Akamatsu 
T, Hosoi K (2011) Novel phosphorylation of aqua-
porin- 5 at its threonine 259 through cAMP signaling 
in salivary gland cells. Am J Phys Cell Physiol 
301:C667–C678

 79. Hasler U, Jeon US, Kim JA, Mordasini D, Kwon 
HM, Feraille E, Martin PY (2006) Tonicity- 
responsive enhancer binding protein is an essential 
regulator of aquaporin-2 expression in renal collect-
ing duct principal cells. J Am Soc Nephrol 
17:1521–1531

 80. Hasler U, Leroy V, Jeon US, Bouley R, Dimitrov M, 
Kim JA, Brown D, Kwon HM, Martin PY, Feraille E 
(2008) NF-kappaB modulates aquaporin-2 tran-
scription in renal collecting duct principal cells. 
J Biol Chem 283:28095–28105

 81. Hatakeyama S, Yoshida Y, Tani T, Koyama Y, Nihei 
K, Ohshiro K, Kamiie JI, Yaoita E, Suda T, 
Hatakeyama K, Yamamoto T (2001) Cloning of a 
new aquaporin (AQP10) abundantly expressed in 
duodenum and jejunum. Biochem Biophys Res 
Commun 287:814–819

 82. Hendriks G, Koudijs M, van Balkom BW, Oorschot 
V, Klumperman J, Deen PM, van der Sluijs P (2004) 
Glycosylation is important for cell surface expres-
sion of the water channel aquaporin-2 but is not 
essential for tetramerization in the endoplasmic 
reticulum. J Biol Chem 279:2975–2983

 83. Henn V, Edemir B, Stefan E, Wiesner B, Lorenz D, 
Theilig F, Schmitt R, Vossebein L, Tamma G, 
Beyermann M, Krause E, Herberg FW, Valenti G, 
Bachmann S, Rosenthal W, Klussmann E (2004) 
Identification of a novel A-kinase anchoring protein 
18 isoform and evidence for its role in the 
vasopressin- induced aquaporin-2 shuttle in renal 
principal cells. J Biol Chem 279:26654–26665

 84. Hibuse T, Maeda N, Funahashi T, Yamamoto K, 
Nagasawa A, Mizunoya W, Kishida K, Inoue K, 
Kuriyama H, Nakamura T, Fushiki T, Kihara S, 
Shimomura I (2005) Aquaporin 7 deficiency is asso-
ciated with development of obesity through activa-
tion of adipose glycerol kinase. Proc Natl Acad Sci 
U S A 102:10993–10998

 85. Hirano Y, Okimoto N, Kadohira I, Suematsu M, 
Yasuoka K, Yasui M (2010) Molecular mechanisms 
of how mercury inhibits water permeation through 
aquaporin-1: understanding by molecular dynamics 
simulation. Biophys J 98:1512–1519

 86. Hoffert JD, Pisitkun T, Wang G, Shen RF, Knepper 
MA (2006) Quantitative phosphoproteomics of 
vasopressin-sensitive renal cells: regulation of aqua-
porin- 2 phosphorylation at two sites. Proc Natl Acad 
Sci U S A 103:7159–7164

 87. Hoffert JD, Nielsen J, Yu MJ, Pisitkun T, Schleicher 
SM, Nielsen S, Knepper MA (2007) Dynamics of 
aquaporin-2 serine-261 phosphorylation in response 
to short-term vasopressin treatment in collecting 
duct. Am J Physiol Ren Physiol 292:F691–F700

 88. Hoffert JD, Fenton RA, Moeller HB, Simons B, 
Tchapyjnikov D, McDill BW, Yu MJ, Pisitkun T, 
Chen F, Knepper MA (2008) Vasopressin-stimulated 
increase in phosphorylation at Ser269 potentiates 
plasma membrane retention of aquaporin-2. J Biol 
Chem 283:24617–24627

 89. Holm LM, Klaerke DA, Zeuthen T (2004) Aquaporin 
6 is permeable to glycerol and urea. Pflugers Arch 
448:181–186

 90. Hua Y, Ding S, Zhang W, Zhou Q, Ye W, Chen M, 
Zhu X (2015) Expression of AQP3 protein in hAECs 
is regulated by Camp-PKA-CREB signalling path-
way. Front Biosci (Landmark Ed) 20:1047–1055

 91. Huber VJ, Tsujita M, Nakada T (2012) Aquaporins 
in drug discovery and pharmacotherapy. Mol Asp 
Med 33:691–703

 92. Hunter T (2007) The age of crosstalk: phosphoryla-
tion, ubiquitination, and beyond. Mol Cell 
28:730–738

 93. Hwang CS, Shemorry A, Varshavsky A (2010) 
N-terminal acetylation of cellular proteins creates 
specific degradation signals. Science 327:973–977

 94. Ikeda M, Beitz E, Kozono D, Guggino WB, Agre P, 
Yasui M (2002) Characterization of aquaporin-6 as a 
nitrate channel in mammalian cells. Requirement of 
pore-lining residue threonine 63. J Biol Chem 
277:39873–39879

 95. Ikeda M, Andoo A, Shimono M, Takamatsu N, Taki 
A, Muta K, Matsushita W, Uechi T, Matsuzaki T, 
Kenmochi N, Takata K, Sasaki S, Ito K, Ishibashi K 
(2011) The NPC motif of aquaporin-11, unlike the 
NPA motif of known aquaporins, is essential for full 
expression of molecular function. J Biol Chem 
286:3342–3350

 96. Inase N, Fushimi K, Ishibashi K, Uchida S, Ichioka 
M, Sasaki S, Marumo F (1995) Isolation of human 
aquaporin 3 gene. J Biol Chem 270:17913–17916

 97. Inoue T, Nielsen S, Mandon B, Terris J, Kishore BK, 
Knepper MA (1998) SNAP-23 in rat kidney: colo-
calization with aquaporin-2 in collecting duct vesi-
cles. Am J Phys 275:F752–F760

 98. Inoue Y, Sohara E, Kobayashi K, Chiga M, Rai T, 
Ishibashi K, Horie S, Su X, Zhou J, Sasaki S, Uchida 
S (2014) Aberrant glycosylation and localization of 
polycystin-1 cause polycystic kidney in an AQP11 
knockout model. J Am Soc Nephrol 25:2789–2799

 99. Ishibashi K, Sasaki S, Saito F, Ikeuchi T, Marumo F 
(1995) Structure and chromosomal localization of a 
human water channel (AQP3) gene. Genomics 
27:352–354

 100. Ishibashi K, Kuwahara M, Gu Y, Kageyama Y, 
Tohsaka A, Suzuki F, Marumo F, Sasaki S (1997) 
Cloning and functional expression of a new water 
channel abundantly expressed in the testis permeable 
to water, glycerol, and urea. J Biol Chem 
272:20782–20786

 101. Ishibashi K, Sasaki S, Fushimi K, Yamamoto T, 
Kuwahara M, Marumo F (1997) Immunolocalization 
and effect of dehydration on AQP3, a basolateral 

1 Molecular Biology of Aquaporins



28

water channel of kidney collecting ducts. Am J Phys 
272:F235–F241

 102. Ishibashi K, Kuwahara M, Gu Y, Tanaka Y, Marumo 
F, Sasaki S (1998) Cloning and functional expres-
sion of a new aquaporin (AQP9) abundantly 
expressed in the peripheral leukocytes permeable to 
water and urea, but not to glycerol. Biochem Biophys 
Res Commun 244:268–274

 103. Ishibashi K, Morinaga T, Kuwahara M, Sasaki S, 
Imai M (2002) Cloning and identification of a new 
member of water channel (AQP10) as an aquaglyc-
eroporin. Biochim Biophys Acta 1576:335–340

 104. Ishibashi K, Tanaka Y, Morishita Y (2014) The role 
of mammalian superaquaporins inside the cell. 
Biochim Biophys Acta 1840:1507–1512

 105. Ishibashi K, Kuwahara M, Kageyama Y, Sasaki S, 
Suzuki M, Imai M (2000) Molecular cloning of a 
new aquaporin superfamily in mammals: AQPX1 
and AQPX2. In: Hohmann S, Nielson S (eds) 
Molecular biology and physiology of water and sol-
ute transport, 1st edn. Kluwer Academic/Plenum 
Publishers, New York, pp 123–126

 106. Ishikawa Y, Skowronski MT, Inoue N, Ishida H 
(1999) alpha(1)-adrenoceptor-induced trafficking of 
aquaporin-5 to the apical plasma membrane of rat 
parotid cells. Biochem Biophys Res Commun 
265:94–100

 107. Itoh T, Rai T, Kuwahara M, Ko SB, Uchida S, Sasaki 
S, Ishibashi K (2005) Identification of a novel aqua-
porin, AQP12, expressed in pancreatic acinar cells. 
Biochem Biophys Res Commun 330:832–838

 108. Jenq W, Cooper DR, Bittle P, Ramirez G (1999) 
Aquaporin-1 expression in proximal tubule epithe-
lial cells of human kidney is regulated by hyperos-
molarity and contrast agents. Biochem Biophys Res 
Commun 256:240–248

 109. Jourdain P, Becq F, Lengacher S, Boinot C, 
Magistretti PJ, Marquet P (2014) The human k pro-
tein expressed in CHO cells activates aquaporin-3 in 
a cAMP-dependent pathway: study by digital holo-
graphic microscopy. J Cell Sci 127:546–556

 110. Jung JS, Preston GM, Smith BL, Guggino WB, Agre 
P (1994) Molecular structure of the water channel 
through aquaporin CHIP. The hourglass model. 
J Biol Chem 269:14648–14654

 111. Kamsteeg EJ, Hendriks G, Boone M, Konings IB, 
Oorschot V, van der Sluijs P, Klumperman J, Deen 
PM (2006) Short-chain ubiquitination mediates the 
regulated endocytosis of the aquaporin-2 water 
channel. Proc Natl Acad Sci U S A 
103:18344–18349

 112. Katsura T, Gustafson CE, Ausiello DA, Brown D 
(1997) Protein kinase A phosphorylation is involved 
in regulated exocytosis of aquaporin-2 in transfected 
LLC-PK1 cells. Am J Phys 272:F817–F822

 113. Kim HY, Choi HJ, Lim JS, Park EJ, Jung HJ, Lee YJ, 
Kim SY, Kwon TH (2011) Emerging role of Akt 
substrate protein AS160 in the regulation of AQP2 

translocation. Am J Physiol Ren Physiol 
301:F151–F161

 114. Kishida K, Kuriyama H, Funahashi T, Shimomura I, 
Kihara S, Ouchi N, Nishida M, Nishizawa H, 
Matsuda M, Takahashi M, Hotta K, Nakamura T, 
Yamashita S, Tochino Y, Matsuzawa Y (2000) 
Aquaporin adipose, a putative glycerol channel in 
adipocytes. J Biol Chem 275:20896–20902

 115. Kitchen P, Oberg F, Sjohamn J, Hedfalk K, Bill RM, 
Conner AC, Conner MT, Tornroth-Horsefield S 
(2015) Plasma membrane abundance of human 
aquaporin 5 is dynamically regulated by multiple 
pathways. PLoS One 10:e0143027

 116. Klokkers J, Langehanenberg P, Kemper B, Kosmeier 
S, von Bally G, Riethmuller C, Wunder F, Sindic A, 
Pavenstadt H, Schlatter E, Edemir B (2009) Atrial 
natriuretic peptide and nitric oxide signaling antago-
nizes vasopressin-mediated water permeability in 
inner medullary collecting duct cells. Am J Physiol 
Ren Physiol 297:F693–F703

 117. Klussmann E, Maric K, Wiesner B, Beyermann M, 
Rosenthal W (1999) Protein kinase A anchoring pro-
teins are required for vasopressin-mediated translo-
cation of aquaporin-2 into cell membranes of renal 
principal cells. J Biol Chem 274:4934–4938

 118. Klussmann E, Rosenthal W (2001) Role and identi-
fication of protein kinase A anchoring proteins in 
vasopressin-mediated aquaporin-2 translocation. 
Kidney Int 60:446–449

 119. Koffman JS, Arnspang EC, Marlar S, Nejsum LN 
(2015) Opposing effects of cAMP and T259 phos-
phorylation on plasma membrane diffusion of the 
water channel aquaporin-5 in Madin-Darby Canine 
kidney cells. PLoS One 10:e0133324

 120. Kondo H, Shimomura I, Kishida K, Kuriyama H, 
Makino Y, Nishizawa H, Matsuda M, Maeda N, 
Nagaretani H, Kihara S, Kurachi Y, Nakamura T, 
Funahashi T, Matsuzawa Y (2002) Human aquapo-
rin adipose (AQPap) gene. Genomic structure, pro-
moter analysis and functional mutation. Eur 
J Biochem 269:1814–1826

 121. Kosugi-Tanaka C, Li X, Yao C, Akamatsu T, 
Kanamori N, Hosoi K (2006) Protein kinase 
A-regulated membrane trafficking of a green fluo-
rescent protein-aquaporin 5 chimera in MDCK cells. 
Biochim Biophys Acta 1763:337–344

 122. Koyama N, Ishibashi K, Kuwahara M, Inase N, 
Ichioka M, Sasaki S, Marumo F (1998) Cloning and 
functional expression of human aquaporin8 cDNA 
and analysis of its gene. Genomics 54:169–172

 123. Kreida S, Tornroth-Horsefield S (2015) Structural 
insights into aquaporin selectivity and regulation. 
Curr Opin Struct Biol 33:126–134

 124. Laforenza U, Scaffino MF, Gastaldi G (2013) 
Aquaporin-10 represents an alternative pathway for 
glycerol efflux from human adipocytes. PLoS One 
8:e54474

 125. Lanaspa MA, Andres-Hernando A, Li N, Rivard CJ, 
Cicerchi C, Roncal-Jimenez C, Schrier RW, Berl T 

C. Li and W. Wang



29

(2010) The expression of aquaporin-1 in the medulla 
of the kidney is dependent on the transcription factor 
associated with hypertonicity, TonEBP. J Biol Chem 
285:31694–31703

 126. Lee MD, Bhakta KY, Raina S, Yonescu R, Griffin 
CA, Copeland NG, Gilbert DJ, Jenkins NA, Preston 
GM, Agre P (1996) The human Aquaporin-5 gene. 
Molecular characterization and chromosomal local-
ization. J Biol Chem 271:8599–8604

 127. Lee YJ, Lee JE, Choi HJ, Lim JS, Jung HJ, Baek 
MC, Frokiaer J, Nielsen S, Kwon TH (2011) E3 
ubiquitin-protein ligases in rat kidney collecting 
duct: response to vasopressin stimulation and with-
drawal. Am J Physiol Ren Physiol 301:F883–F896

 128. Leitch V, Agre P, King LS (2001) Altered ubiquiti-
nation and stability of aquaporin-1 in hypertonic 
stress. Proc Natl Acad Sci U S A 98:2894–2898

 129. Li C, Wang W, Summer SN, Cadnapaphornchai MA, 
Falk S, Umenishi F, Schrier RW (2006) 
Hyperosmolality in vivo upregulates aquaporin 2 
water channel and Na-K-2Cl co-transporter in 
Brattleboro rats. J Am Soc Nephrol 17:1657–1664

 130. Li C, Wang W, Summer SN, Westfall TD, Brooks 
DP, Falk S, Schrier RW (2008) Molecular mecha-
nisms of antidiuretic effect of oxytocin. J Am Soc 
Nephrol 19:225–232

 131. Li C, Wang W, Rivard CJ, Lanaspa MA, Summer S, 
Schrier RW (2011) Molecular mechanisms of angio-
tensin II stimulation on aquaporin-2 expression and 
trafficking. Am J Physiol Ren Physiol 
300:F1255–F1261

 132. Li W, Zhang Y, Bouley R, Chen Y, Matsuzaki T, 
Nunes P, Hasler U, Brown D, Lu HA (2011) 
Simvastatin enhances aquaporin-2 surface expres-
sion and urinary concentration in vasopressin- 
deficient Brattleboro rats through modulation of Rho 
GTPase. Am J Physiol Ren Physiol 301:F309–F318

 133. Liu K, Kozono D, Kato Y, Agre P, Hazama A, Yasui 
M (2005) Conversion of aquaporin 6 from an anion 
channel to a water-selective channel by a single 
amino acid substitution. Proc Natl Acad Sci U S A 
102:2192–2197

 134. Liu Z, Shen J, Carbrey JM, Mukhopadhyay R, Agre 
P, Rosen BP (2002) Arsenite transport by mamma-
lian aquaglyceroporins AQP7 and AQP9. Proc Natl 
Acad Sci U S A 99:6053–6058

 135. Loitto VM, Huang C, Sigal YJ, Jacobson K (2007) 
Filopodia are induced by aquaporin-9 expression. 
Exp Cell Res 313:1295–1306

 136. Lorenz D, Krylov A, Hahm D, Hagen V, Rosenthal 
W, Pohl P, Maric K (2003) Cyclic AMP is sufficient 
for triggering the exocytic recruitment of aquaporin-
 2 in renal epithelial cells. EMBO Rep 4:88–93

 137. Lu H, Sun TX, Bouley R, Blackburn K, McLaughlin 
M, Brown D (2004) Inhibition of endocytosis causes 
phosphorylation (S256)-independent plasma mem-
brane accumulation of AQP2. Am J Physiol Ren 
Physiol 286:F233–F243

 138. Lu HA, Sun TX, Matsuzaki T, Yi XH, Eswara J, 
Bouley R, McKee M, Brown D (2007) Heat shock 
protein 70 interacts with aquaporin-2 and regulates 
its trafficking. J Biol Chem 282:28721–28732

 139. Lu HJ, Matsuzaki T, Bouley R, Hasler U, Qin QH, 
Brown D (2008) The phosphorylation state of serine 
256 is dominant over that of serine 261 in the regula-
tion of AQP2 trafficking in renal epithelial cells. Am 
J Physiol Ren Physiol 295:F290–F294

 140. Lu M, Lee MD, Smith BL, Jung JS, Agre P, Verdijk 
MA, Merkx G, Rijss JP, Deen PM (1996) The human 
AQP4 gene: definition of the locus encoding two 
water channel polypeptides in brain. Proc Natl Acad 
Sci U S A 93:10908–10912

 141. Ma T, Yang B, Kuo WL, Verkman AS (1996) cDNA 
cloning and gene structure of a novel water channel 
expressed exclusively in human kidney: evidence for 
a gene cluster of aquaporins at chromosome locus 
12q13. Genomics 35:543–550

 142. Ma T, Yang B, Umenishi F, Verkman AS (1997) 
Closely spaced tandem arrangement of AQP2, 
AQP5, and AQP6 genes in a 27-kilobase segment at 
chromosome locus 12q13. Genomics 43:387–389

 143. Maeda N (2012) Implications of aquaglyceroporins 
7 and 9 in glycerol metabolism and metabolic syn-
drome. Mol Asp Med 33:665–675

 144. Mandon B, Chou CL, Nielsen S, Knepper MA 
(1996) Syntaxin-4 is localized to the apical plasma 
membrane of rat renal collecting duct cells: possible 
role in aquaporin-2 trafficking. J Clin Invest 
98:906–913

 145. Marinelli RA, Pham L, Agre P, LaRusso NF (1997) 
Secretin promotes osmotic water transport in rat 
cholangiocytes by increasing aquaporin-1 water 
channels in plasma membrane. Evidence for a 
secretin- induced vesicular translocation of aquapo-
rin- 1. J Biol Chem 272:12984–12988

 146. Marinelli RA, Tietz PS, Pham LD, Rueckert L, Agre 
P, LaRusso NF (1999) Secretin induces the apical 
insertion of aquaporin-1 water channels in rat chol-
angiocytes. Am J Phys 276:G280–G286

 147. Marlar S, Arnspang EC, Koffman JS, Locke EM, 
Christensen BM, Nejsum LN (2014) Elevated cAMP 
increases aquaporin-3 plasma membrane diffusion. 
Am J Phys Cell Physiol 306:C598–C606

 148. Marples D, Knepper MA, Christensen EI, Nielsen S 
(1995) Redistribution of aquaporin-2 water channels 
induced by vasopressin in rat kidney inner medullary 
collecting duct. Am J Phys 269:C655–C664

 149. Mateo Sanchez S, Freeman SD, Delacroix L, 
Malgrange B (2016) The role of post-translational 
modifications in hearing and deafness. Cell Mol Life 
Sci 73:3521–3533

 150. Mathai JC, Agre P (1999) Hourglass pore-forming 
domains restrict aquaporin-1 tetramer assembly. 
Biochemistry 38:923–928

 151. Matsumura Y, Uchida S, Rai T, Sasaki S, Marumo F 
(1997) Transcriptional regulation of aquaporin-2 

1 Molecular Biology of Aquaporins



30

water channel gene by cAMP. J Am Soc Nephrol 
8:861–867

 152. Michalek K (2016) Aquaglyceroporins in the kid-
ney: present state of knowledge and prospects. 
J Physiol Pharmacol 67:185–193

 153. Miyauchi T, Yamamoto H, Abe Y, Yoshida GJ, 
Rojek A, Sohara E, Uchida S, Nielsen S, Yasui M 
(2015) Dynamic subcellular localization of aquapo-
rin- 7 in white adipocytes. FEBS Lett 589:608–614

 154. Moeller HB, Fenton RA, Zeuthen T, Macaulay N 
(2009) Vasopressin-dependent short-term regulation 
of aquaporin 4 expressed in Xenopus oocytes. 
Neuroscience 164:1674–1684

 155. Moeller HB, Knepper MA, Fenton RA (2009) Serine 
269 phosphorylated aquaporin-2 is targeted to the 
apical membrane of collecting duct principal cells. 
Kidney Int 75:295–303

 156. Moeller HB, Praetorius J, Rutzler MR, Fenton RA 
(2010) Phosphorylation of aquaporin-2 regulates its 
endocytosis and protein-protein interactions. Proc 
Natl Acad Sci U S A 107:424–429

 157. Moeller HB, Olesen ET, Fenton RA (2011) 
Regulation of the water channel aquaporin-2 by 
posttranslational modification. Am J Physiol Ren 
Physiol 300:F1062–F1073

 158. Moeller HB, Fenton RA (2012) Cell biology of 
vasopressin-regulated aquaporin-2 trafficking. 
Pflugers Arch 464:133–144

 159. Moeller HB, Aroankins TS, Slengerik-Hansen J, 
Pisitkun T, Fenton RA (2014) Phosphorylation and 
ubiquitylation are opposing processes that regulate 
endocytosis of the water channel aquaporin-2. J Cell 
Sci 127:3174–3183

 160. Molinas SM, Trumper L, Marinelli RA (2012) 
Mitochondrial aquaporin-8 in renal proximal tubule 
cells: evidence for a role in the response to metabolic 
acidosis. Am J Physiol Ren Physiol 303:F458–F466

 161. Morinaga T, Nakakoshi M, Hirao A, Imai M, 
Ishibashi K (2002) Mouse aquaporin 10 gene 
(AQP10) is a pseudogene. Biochem Biophys Res 
Commun 294:630–634

 162. Morishita Y, Matsuzaki T, Hara-chikuma M, Andoo 
A, Shimono M, Matsuki A, Kobayashi K, Ikeda M, 
Yamamoto T, Verkman A, Kusano E, Ookawara S, 
Takata K, Sasaki S, Ishibashi K (2005) Disruption of 
aquaporin-11 produces polycystic kidneys following 
vacuolization of the proximal tubule. Mol Cell Biol 
25:7770–7779

 163. Murata K, Mitsuoka K, Hirai T, Walz T, Agre P, 
Heymann JB, Engel A, Fujiyoshi Y (2000) Structural 
determinants of water permeation through aquapo-
rin- 1. Nature 407:599–605

 164. Musa-Aziz R, Chen LM, Pelletier MF, Boron WF 
(2009) Relative CO2/NH3 selectivities of AQP1, 
AQP4, AQP5, AmtB, and RhAG. Proc Natl Acad Sci 
U S A 106:5406–5411

 165. Nakahigashi K, Kabashima K, Ikoma A, Verkman 
AS, Miyachi Y, Hara-Chikuma M (2011) 
Upregulation of aquaporin-3 is involved in keratino-

cyte proliferation and epidermal hyperplasia. J Invest 
Dermatol 131:865–873

 166. Nakhoul NL, Davis BA, Romero MF, Boron WF 
(1998) Effect of expressing the water channel aqua-
porin- 1 on the CO2 permeability of Xenopus 
oocytes. Am J Phys 274:C543–C548

 167. Nemeth-Cahalan KL, Hall JE (2000) pH and cal-
cium regulate the water permeability of aquaporin 0. 
J Biol Chem 275:6777–6782

 168. Nemeth-Cahalan KL, Kalman K, Hall JE (2004) 
Molecular basis of pH and Ca2+ regulation of aqua-
porin water permeability. J Gen Physiol 
123:573–580

 169. Nemeth-Cahalan KL, Clemens DM, Hall JE (2013) 
Regulation of AQP0 water permeability is enhanced 
by cooperativity. J Gen Physiol 141:287–295

 170. Nico B, Ribatti D (2010) Aquaporins in tumor 
growth and angiogenesis. Cancer Lett 294:135–138

 171. Nielsen S, DiGiovanni SR, Christensen EI, Knepper 
MA, Harris HW (1993) Cellular and subcellular 
immunolocalization of vasopressin-regulated water 
channel in rat kidney. Proc Natl Acad Sci U S A 
90:11663–11667

 172. Nielsen S, Chou CL, Marples D, Christensen EI, 
Kishore BK, Knepper MA (1995) Vasopressin 
increases water permeability of kidney collecting 
duct by inducing translocation of aquaporin-CD 
water channels to plasma membrane. Proc Natl Acad 
Sci U S A 92:1013–1017

 173. Nielsen S, Frokiaer J, Marples D, Kwon TH, Agre P, 
Knepper MA (2002) Aquaporins in the kidney: from 
molecules to medicine. Physiol Rev 82:205–244

 174. Nishimoto G, Zelenina M, Li D, Yasui M, Aperia A, 
Nielsen S, Nairn AC (1999) Arginine vasopressin 
stimulates phosphorylation of aquaporin-2 in rat 
renal tissue. Am J Phys 276:F254–F259

 175. Noda Y, Horikawa S, Katayama Y, Sasaki S (2004) 
Water channel aquaporin-2 directly binds to actin. 
Biochem Biophys Res Commun 322:740–745

 176. Noda Y, Horikawa S, Katayama Y, Sasaki S (2005) 
Identification of a multiprotein “motor” complex 
binding to water channel aquaporin-2. Biochem 
Biophys Res Commun 330:1041–1047

 177. Noda Y, Sasaki S (2006) Regulation of aquaporin-2 
trafficking and its binding protein complex. Biochim 
Biophys Acta 1758:1117–1125

 178. Noda Y, Horikawa S, Kanda E, Yamashita M, Meng 
H, Eto K, Li Y, Kuwahara M, Hirai K, Pack C, Kinjo 
M, Okabe S, Sasaki S (2008) Reciprocal interaction 
with G-actin and tropomyosin is essential for aqua-
porin- 2 trafficking. J Cell Biol 182:587–601

 179. Oberg F, Sjohamn J, Fischer G, Moberg A, Pedersen 
A, Neutze R, Hedfalk K (2011) Glycosylation 
increases the thermostability of human aquaporin 10 
protein. J Biol Chem 286:31915–31923

 180. Ohta E, Itoh T, Nemoto T, Kumagai J, Ko SB, 
Ishibashi K, Ohno M, Uchida K, Ohta A, Sohara E, 
Uchida S, Sasaki S, Rai T (2009) Pancreas-specific 
aquaporin 12 null mice showed increased 

C. Li and W. Wang



31

 susceptibility to caerulein-induced acute pancreati-
tis. Am J Phys Cell Physiol 297:C1368–C1378

 181. Okutsu R, Rai T, Kikuchi A, Ohno M, Uchida K, 
Sasaki S, Uchida S (2008) AKAP220 colocalizes 
with AQP2 in the inner medullary collecting ducts. 
Kidney Int 74:1429–1433

 182. Olesen ET, Rutzler MR, Moeller HB, Praetorius HA, 
Fenton RA (2011) Vasopressin-independent target-
ing of aquaporin-2 by selective E-prostanoid recep-
tor agonists alleviates nephrogenic diabetes 
insipidus. Proc Natl Acad Sci U S A 
108:12949–12954

 183. Oshikawa S, Sonoda H, Ikeda M (2016) Aquaporins 
in Urinary Extracellular Vesicles (Exosomes). Int 
J Mol Sci 17

 184. Patil RV, Han Z, Wax MB (1997) Regulation of 
water channel activity of aquaporin 1 by arginine 
vasopressin and atrial natriuretic peptide. Biochem 
Biophys Res Commun 238:392–396

 185. Petroski MD, Deshaies RJ (2005) Function and reg-
ulation of cullin-RING ubiquitin ligases. Nat Rev 
Mol Cell Biol 6:9–20

 186. Pisano MM, Chepelinsky AB (1991) Genomic clon-
ing, complete nucleotide sequence, and structure of 
the human gene encoding the major intrinsic protein 
(MIP) of the lens. Genomics 11:981–990

 187. Pisitkun T, Shen RF, Knepper MA (2004) 
Identification and proteomic profiling of exosomes 
in human urine. Proc Natl Acad Sci U S A 
101:13368–13373

 188. Pohl M, Shan Q, Petsch T, Styp-Rekowska B, 
Matthey P, Bleich M, Bachmann S, Theilig F (2015) 
Short-term functional adaptation of aquaporin-1 sur-
face expression in the proximal tubule, a component 
of glomerulotubular balance. J Am Soc Nephrol 
26:1269–1278

 189. Prasad GV, Coury LA, Finn F, Zeidel ML (1998) 
Reconstituted aquaporin 1 water channels transport 
CO2 across membranes. J Biol Chem 
273:33123–33126

 190. Preston GM, Agre P (1991) Isolation of the cDNA 
for erythrocyte integral membrane protein of 28 
kilodaltons: member of an ancient channel family. 
Proc Natl Acad Sci U S A 88:11110–11114

 191. Preston GM, Carroll TP, Guggino WB, Agre P 
(1992) Appearance of water channels in Xenopus 
oocytes expressing red cell CHIP28 protein. Science 
256:385–387

 192. Preston GM, Jung JS, Guggino WB, Agre P (1993) 
The mercury-sensitive residue at cysteine 189 in the 
CHIP28 water channel. J Biol Chem 268:17–20

 193. Procino G, Barbieri C, Tamma G, De Benedictis L, 
Pessin JE, Svelto M, Valenti G (2008) AQP2 exocy-
tosis in the renal collecting duct – involvement of 
SNARE isoforms and the regulatory role of 
Munc18b. J Cell Sci 121:2097–2106

 194. Procino G, Barbieri C, Carmosino M, Rizzo F, 
Valenti G, Svelto M (2010) Lovastatin-induced cho-
lesterol depletion affects both apical sorting and 

endocytosis of aquaporin-2 in renal cells. Am 
J Physiol Ren Physiol 298:F266–F278

 195. Qiu LW, Gu LY, Lu L, Chen XF, Li CF, Mei ZC 
(2015) FOXO1-mediated epigenetic modifications 
are involved in the insulin-mediated repression of 
hepatocyte aquaporin 9 expression. Mol Med Rep 
11:3064–3068

 196. Rabaud NE, Song L, Wang Y, Agre P, Yasui M, 
Carbrey JM (2009) Aquaporin 6 binds calmodulin in 
a calcium-dependent manner. Biochem Biophys Res 
Commun 383:54–57

 197. Rai T, Uchida S, Marumo F, Sasaki S (1997) Cloning 
of rat and mouse aquaporin-2 gene promoters and 
identification of a negative cis-regulatory element. 
Am J Phys 273:F264–F273

 198. Reichow SL, Clemens DM, Freites JA, Nemeth- 
Cahalan KL, Heyden M, Tobias DJ, Hall JE, Gonen 
T (2013) Allosteric mechanism of water-channel 
gating by Ca2+−calmodulin. Nat Struct Mol Biol 
20:1085–1092

 199. Rinschen MM, Yu MJ, Wang G, Boja ES, Hoffert 
JD, Pisitkun T, Knepper MA (2010) Quantitative 
phosphoproteomic analysis reveals vasopressin 
V2-receptor-dependent signaling pathways in renal 
collecting duct cells. Proc Natl Acad Sci U S A 
107:3882–3887

 200. Ripoche P, Goossens D, Devuyst O, Gane P, Colin Y, 
Verkman AS, Cartron JP (2006) Role of RhAG and 
AQP1 in NH3 and CO2 gas transport in red cell 
ghosts: a stopped-flow analysis. Transfus Clin Biol 
13:117–122

 201. Rodriguez A, Catalan V, Gomez-Ambrosi J, 
Fruhbeck G (2011) Aquaglyceroporins serve as met-
abolic gateways in adiposity and insulin resistance 
control. Cell Cycle 10:1548–1556

 202. Rojek A, Praetorius J, Frokiaer J, Nielsen S, Fenton 
RA (2008) A current view of the mammalian aqua-
glyceroporins. Annu Rev Physiol 70:301–327

 203. Russo LM, McKee M, Brown D (2006) Methyl- 
beta- cyclodextrin induces vasopressin-independent 
apical accumulation of aquaporin-2 in the isolated, 
perfused rat kidney. Am J Physiol Ren Physiol 
291:F246–F253

 204. Sachdeva R, Singh B (2014) Phosphorylation of Ser- 
180 of rat aquaporin-4 shows marginal affect on 
regulation of water permeability: molecular dynam-
ics study. J Biomol Struct Dyn 32:555–566

 205. Sales AD, Lobo CH, Carvalho AA, Moura AA, 
Rodrigues AP (2013) Structure, function, and local-
ization of aquaporins: their possible implications on 
gamete cryopreservation. Genet Mol Res 
12:6718–6732

 206. Sandoval PC, Slentz DH, Pisitkun T, Saeed F, 
Hoffert JD, Knepper MA (2013) Proteome-wide 
measurement of protein half-lives and translation 
rates in vasopressin-sensitive collecting duct cells. 
J Am Soc Nephrol 24:1793–1805

1 Molecular Biology of Aquaporins



32

 207. Saparov SM, Liu K, Agre P, Pohl P (2007) Fast and 
selective ammonia transport by aquaporin-8. J Biol 
Chem 282:5296–5301

 208. Sasaki S, Fushimi K, Saito H, Saito F, Uchida S, 
Ishibashi K, Kuwahara M, Ikeuchi T, Inui K, 
Nakajima K et al (1994) Cloning, characterization, 
and chromosomal mapping of human aquaporin of 
collecting duct. J Clin Invest 93:1250–1256

 209. Sasaki S (2012) Aquaporin 2: from its discovery to 
molecular structure and medical implications. Mol 
Asp Med 33:535–546

 210. Satooka H, Hara-Chikuma M (2016) Aquaporin-3 
controls breast cancer cell migration by regulating 
hydrogen peroxide transport and its downstream cell 
signaling. Mol Cell Biol 36:1206–1218

 211. Sidhaye V, Hoffert JD, King LS (2005) cAMP has 
distinct acute and chronic effects on aquaporin-5 in 
lung epithelial cells. J Biol Chem 280:3590–3596

 212. Simon H, Gao Y, Franki N, Hays RM (1993) 
Vasopressin depolymerizes apical F-actin in rat 
inner medullary collecting duct. Am J Phys 
265:C757–C762

 213. Smith BL, Agre P (1991) Erythrocyte Mr 28,000 
transmembrane protein exists as a multisubunit 
oligomer similar to channel proteins. J Biol Chem 
266:6407–6415

 214. Solomon AK, Chasan B, Dix JA, Lukacovic MF, 
Toon MR, Verkman AS (1983) The aqueous pore in 
the red cell membrane: band 3 as a channel for 
anions, cations, nonelectrolytes and water. In: 
Kumerow FA, Benga GH, Holmes RP (eds) 
Biomembranes and cell function. The New York 
Academy of Sciences, New York, pp 97–124

 215. Song Y, Verkman AS (2001) Aquaporin-5 dependent 
fluid secretion in airway submucosal glands. J Biol 
Chem 276:41288–41292

 216. Song Y, Sonawane N, Verkman AS (2002) 
Localization of aquaporin-5 in sweat glands and 
functional analysis using knockout mice. J Physiol 
541:561–568

 217. Soria LR, Fanelli E, Altamura N, Svelto M, Marinelli 
RA, Calamita G (2010) Aquaporin-8-facilitated 
mitochondrial ammonia transport. Biochem Biophys 
Res Commun 393:217–221

 218. Strange K, Willingham MC, Handler JS, Harris HW 
Jr (1988) Apical membrane endocytosis via coated 
pits is stimulated by removal of antidiuretic hormone 
from isolated, perfused rabbit cortical collecting 
tubule. J Membr Biol 103:17–28

 219. Street JM, Birkhoff W, Menzies RI, Webb DJ, Bailey 
MA, Dear JW (2011) Exosomal transmission of 
functional aquaporin 2 in kidney cortical collecting 
duct cells. J Physiol 589:6119–6127

 220. Sui H, Han BG, Lee JK, Walian P, Jap BK (2001) 
Structural basis of water-specific transport through 
the AQP1 water channel. Nature 414:872–878

 221. Sun TX, Van Hoek A, Huang Y, Bouley R, 
McLaughlin M, Brown D (2002) Aquaporin-2 local-
ization in clathrin-coated pits: inhibition of endocy-

tosis by dominant-negative dynamin. Am J Physiol 
Ren Physiol 282:F998–1011

 222. Suzuki H, Nishikawa K, Hiroaki Y, Fujiyoshi Y 
(2008) Formation of aquaporin-4 arrays is inhibited 
by palmitoylation of N-terminal cysteine residues. 
Biochim Biophys Acta 1778:1181–1189

 223. Tada J, Sawa T, Yamanaka N, Shono M, Akamatsu 
T, Tsumura K, Parvin MN, Kanamori N, Hosoi K 
(1999) Involvement of vesicle-cytoskeleton interac-
tion in AQP5 trafficking in AQP5-gene-transfected 
HSG cells. Biochem Biophys Res Commun 
266:443–447

 224. Tajika Y, Matsuzaki T, Suzuki T, Aoki T, Hagiwara 
H, Kuwahara M, Sasaki S, Takata K (2004) 
Aquaporin-2 is retrieved to the apical storage com-
partment via early endosomes and phosphatidylino-
sitol 3-kinase-dependent pathway. Endocrinology 
145:4375–4383

 225. Tajika Y, Matsuzaki T, Suzuki T, Ablimit A, Aoki T, 
Hagiwara H, Kuwahara M, Sasaki S, Takata K 
(2005) Differential regulation of AQP2 trafficking in 
endosomes by microtubules and actin filaments. 
Histochem Cell Biol 124:1–12

 226. Takahashi S, Muta K, Sonoda H, Kato A, Abdeen A, 
Ikeda M (2014) The role of Cysteine 227 in subcel-
lular localization, water permeability, and multimer-
ization of aquaporin-11. FEBS Open Bio 
4:315–320

 227. Tamma G, Carmosino M, Svelto M, Valenti G 
(2005) Bradykinin signaling counteracts cAMP- 
elicited aquaporin 2 translocation in renal cells. 
J Am Soc Nephrol 16:2881–2889

 228. Tamma G, Robben JH, Trimpert C, Boone M, Deen 
PM (2011) Regulation of AQP2 localization by S256 
and S261 phosphorylation and ubiquitination. Am 
J Phys Cell Physiol 300:C636–C646

 229. Tamma G, Ranieri M, Di Mise A, Centrone M, 
Svelto M, Valenti G (2014) Glutathionylation of the 
aquaporin-2 water channel: a novel post- translational 
modification modulated by the oxidative stress. 
J Biol Chem 289:27807–27813

 230. Tani K, Mitsuma T, Hiroaki Y, Kamegawa A, 
Nishikawa K, Tanimura Y, Fujiyoshi Y (2009) 
Mechanism of aquaporin-4’s fast and highly selec-
tive water conduction and proton exclusion. J Mol 
Biol 389:694–706

 231. Terris J, Ecelbarger CA, Nielsen S, Knepper MA 
(1996) Long-term regulation of four renal aquapo-
rins in rats. Am J Phys 271:F414–F422

 232. Tsukaguchi H, Weremowicz S, Morton CC, Hediger 
MA (1999) Functional and molecular characteriza-
tion of the human neutral solute channel aquaporin-
 9. Am J Phys 277:F685–F696

 233. Uchida S, Sasaki S, Fushimi K, Marumo F (1994) 
Isolation of human aquaporin-CD gene. J Biol Chem 
269:23451–23455

 234. Umenishi F, Schrier RW (2002) Identification and 
characterization of a novel hypertonicity-responsive 

C. Li and W. Wang



33

element in the human aquaporin-1 gene. Biochem 
Biophys Res Commun 292:771–775

 235. Umenishi F, Schrier RW (2003) Hypertonicity- 
induced aquaporin-1 (AQP1) expression is mediated 
by the activation of MAPK pathways and 
hypertonicity- responsive element in the AQP1 gene. 
J Biol Chem 278:15765–15770

 236. van Balkom BW, Savelkoul PJ, Markovich D, 
Hofman E, Nielsen S, van der Sluijs P, Deen PM 
(2002) The role of putative phosphorylation sites in 
the targeting and shuttling of the aquaporin-2 water 
channel. J Biol Chem 277:41473–41479

 237. van Lieburg AF, Verdijk MA, Knoers VV, van Essen 
AJ, Proesmans W, Mallmann R, Monnens LA, van 
Oost BA, van Os CH, Deen PM (1994) Patients with 
autosomal nephrogenic diabetes insipidus homozy-
gous for mutations in the aquaporin 2 water-channel 
gene. Am J Hum Genet 55:648–652

 238. Verkman AS, Mitra AK (2000) Structure and func-
tion of aquaporin water channels. Am J Physiol Ren 
Physiol 278:F13–F28

 239. Verlander JW, Madsen KM, Tisher CC (1987) Effect 
of acute respiratory acidosis on two populations of 
intercalated cells in rat cortical collecting duct. Am 
J Phys 253:F1142–F1156

 240. Viadiu H, Gonen T, Walz T (2007) Projection map of 
aquaporin-9 at 7 A resolution. J Mol Biol 
367:80–88

 241. Viggiano L, Rocchi M, Svelto M, Calamita G (1999) 
Assignment of the aquaporin-8 water channel gene 
(AQP8) to human chromosome 16p12. Cytogenet 
Cell Genet 84:208–210

 242. Walz T, Fujiyoshi Y, Engel A (2009) The AQP struc-
ture and functional implications. Handb Exp 
Pharmacol 190:31–56

 243. Wang W, Li C, Nejsum LN, Li H, Kim SW, Kwon 
TH, Jonassen TE, Knepper MA, Thomsen K, 
Frokiaer J, Nielsen S (2006) Biphasic effects of ANP 
infusion in conscious, euvolumic rats: roles of AQP2 
and ENaC trafficking. Am J Physiol Ren Physiol 
290:F530–F541

 244. Watanabe S, Moniaga CS, Nielsen S, Hara-Chikuma 
M (2016) Aquaporin-9 facilitates membrane trans-
port of hydrogen peroxide in mammalian cells. 
Biochem Biophys Res Commun 471:191–197

 245. Whiting JL, Ogier L, Forbush KA, Bucko P, Gopalan 
J, Seternes OM, Langeberg LK, Scott JD (2016) 
AKAP220 manages apical actin networks that coor-
dinate aquaporin-2 location and renal water reab-
s o r p t i o n . 
Proc Natl Acad Sci U S A 113:E4328–E4337

 246. Woo J, Lee J, Kim MS, Jang SJ, Sidransky D, Moon 
C (2008) The effect of aquaporin 5 overexpression 
on the Ras signaling pathway. Biochem Biophys Res 
Commun 367:291–298

 247. Yakata K, Hiroaki Y, Ishibashi K, Sohara E, Sasaki 
S, Mitsuoka K, Fujiyoshi Y (2007) Aquaporin-11 
containing a divergent NPA motif has normal water 

channel activity. Biochim Biophys Acta 
1768:688–693

 248. Yakata K, Tani K, Fujiyoshi Y (2011) Water perme-
ability and characterization of aquaporin-11. J Struct 
Biol 174:315–320

 249. Yamamura Y, Motegi K, Kani K, Takano H, Momota 
Y, Aota K, Yamanoi T, Azuma M (2012) TNF-alpha 
inhibits aquaporin 5 expression in human salivary 
gland acinar cells via suppression of histone H4 
acetylation. J Cell Mol Med 16:1766–1775

 250. Yang B, Ma T, Verkman AS (1995) cDNA cloning, 
gene organization, and chromosomal localization of 
a human mercurial insensitive water channel. 
Evidence for distinct transcriptional units. J Biol 
Chem 270:22907–22913

 251. Yang B, Brown D, Verkman AS (1996) The mercu-
rial insensitive water channel (AQP-4) forms orthog-
onal arrays in stably transfected Chinese hamster 
ovary cells. J Biol Chem 271:4577–4580

 252. Yang B, Verkman AS (1997) Water and glycerol per-
meabilities of aquaporins 1-5 and MIP determined 
quantitatively by expression of epitope-tagged con-
structs in Xenopus oocytes. J Biol Chem 
272:16140–16146

 253. Yang B, Zhao D, Verkman AS (2006) Evidence 
against functionally significant aquaporin expression 
in mitochondria. J Biol Chem 281:16202–16206

 254. Yang F, Kawedia JD, Menon AG (2003) Cyclic 
AMP regulates aquaporin 5 expression at both tran-
scriptional and post-transcriptional levels through a 
protein kinase A pathway. J Biol Chem 
278:32173–32180

 255. Yasui M, Zelenin SM, Celsi G, Aperia A (1997) 
Adenylate cyclase-coupled vasopressin receptor 
activates AQP2 promoter via a dual effect on CRE 
and AP1 elements. Am J Phys 272:F443–F450

 256. Yasui M, Hazama A, Kwon TH, Nielsen S, Guggino 
WB, Agre P (1999) Rapid gating and anion perme-
ability of an intracellular aquaporin. Nature 
402:184–187

 257. Yip KP (2002) Coupling of vasopressin-induced 
intracellular Ca2+ mobilization and apical exocyto-
sis in perfused rat kidney collecting duct. J Physiol 
538:891–899

 258. Yu MJ, Miller RL, Uawithya P, Rinschen MM, 
Khositseth S, Braucht DW, Chou CL, Pisitkun T, 
Nelson RD, Knepper MA (2009) Systems-level 
analysis of cell-specific AQP2 gene expression in 
renal collecting duct. Proc Natl Acad Sci U S A 
106:2441–2446

 259. Yui N, Lu HJ, Bouley R, Brown D (2012) AQP2 is 
necessary for vasopressin- and forskolin-mediated 
filamentous actin depolymerization in renal epithe-
lial cells. Biol Open 1:101–108

 260. Zeidel ML, Ambudkar SV, Smith BL, Agre P (1992) 
Reconstitution of functional water channels in lipo-
somes containing purified red cell CHIP28 protein. 
Biochemistry 31:7436–7440

1 Molecular Biology of Aquaporins



34

 261. Zeidel ML, Nielsen S, Smith BL, Ambudkar SV, 
Maunsbach AB, Agre P (1994) Ultrastructure, phar-
macologic inhibition, and transport selectivity of 
aquaporin channel-forming integral protein in pro-
teoliposomes. Biochemistry 33:1606–1615

 262. Zelenina M, Christensen BM, Palmer J, Nairn AC, 
Nielsen S, Aperia A (2000) Prostaglandin E(2) inter-
action with AVP: effects on AQP2 phosphorylation 
and distribution. Am J Physiol Ren Physiol 
278:F388–F394

 263. Zelenina M, Zelenin S, Bondar AA, Brismar H, 
Aperia A (2002) Water permeability of aquaporin-4 
is decreased by protein kinase C and dopamine. Am 
J Physiol Ren Physiol 283:F309–F318

 264. Zhang W, Zitron E, Homme M, Kihm L, Morath C, 
Scherer D, Hegge S, Thomas D, Schmitt CP, Zeier 
M, Katus H, Karle C, Schwenger V (2007) 
Aquaporin-1 channel function is positively regulated 
by protein kinase C. J Biol Chem 282:20933–20940

 265. Zhang Y, Peti-Peterdi J, Muller CE, Carlson NG, 
Baqi Y, Strasburg DL, Heiney KM, Villanueva K, 
Kohan DE, Kishore BK (2015) P2Y12 receptor 
localizes in the renal collecting duct and its blockade 
augments arginine vasopressin action and alleviates 
nephrogenic diabetes insipidus. J Am Soc Nephrol 
26:2978–2987

 266. Zeuthen T (2001) How water molecules pass through 
aquaporins. Trends Biochem Sci. Feb 26(2):77–79

C. Li and W. Wang



35© Springer Science+Business Media B.V. 2017 
B. Yang (ed.), Aquaporins, Advances in Experimental Medicine and Biology 969, 
DOI 10.1007/978-94-024-1057-0_2

The Evolutionary Aspects 
of Aquaporin Family

Kenichi Ishibashi, Yoshiyuki Morishita, 
and Yasuko Tanaka

Abstract

Aquaporins (AQPs) are a family of transmembrane proteins present in 
almost all species including virus. They are grossly divided into three sub-
families based on the sequence around a highly conserved pore-forming 
NPA motif: (1) classical water-selective AQP (CAQP), (2) glycerol- 
permeable aquaglyceroporin (AQGP) and (3) AQP super-gene channel, 
superaquaporin (SAQP). AQP is composed of two tandem repeats of con-
served three transmembrane domains and a NPA motif. AQP ancestors 
probably started in prokaryotes by the duplication of half AQP genes to be 
diversified into CAQPs or AQGPs by evolving a subfamily-specific 
carboxyl- terminal NPA motif. Both AQP subfamilies may have been 
carried over to unicellular eukaryotic ancestors, protists and further to mul-
ticellular organisms. Although fungus lineage has kept both AQP subfami-
lies, the plant lineage has lost AQGP after algal ancestors with extensive 
diversifications of CAQPs into PIP, TIP, SIP, XIP, HIP and LIP with a pos-
sible horizontal transfer of NIP from bacteria. Interestingly, the animal lin-
eage has obtained new SAQP subfamily with highly deviated NPA motifs, 
especially at the amino-terminal halves in both prostomial and deuterosto-
mial animals. The prostomial lineage has lost AQGP after hymenoptera, 
while the deuterostomial lineage has kept all three  subfamilies up to the 
vertebrate with diversified CAQPs (AQP0, 1, 2, 4, 5, 6, 8) and AQGPs 
(AQP3, 7, 9, 10) with limited SAQPs (AQP11, 12) in mammals. Whole-
genome duplications, local gene duplications and horizontal gene transfers 
may have produced the AQP diversity with adaptive selections and func-
tional alternations in response to environment changes. With the above 
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evolutionary perspective in mind, the function of each AQP could be specu-
lated by comparison among species to get new insights into physiological 
roles of AQPs. This evolutionary guidance in AQP research will lead to 
deeper understandings of water and solute homeostasis.

Keywords

MIP family • Classical AQP • Aquaglyceroporin • Super-gene family • 
Internal tandem repeat

2.1  Introduction

Aquaporin (AQPs) is an ancient channel that 
transports water and small molecules such as 
urea and glycerol for the maintenance of fluid 
homeostasis in various environments [3, 40, 48, 
49, 76, 90, 112]. Moreover, some AQPs transport 
nutrients, metabolic precursors, waste products, 
toxins and gases [15, 34, 67, 96]. AQPs are ubiq-
uitous in almost all living systems including a 
virus [33] with exceptions for some prokaryotes 
and protozoa. This is consistent with their funda-
mental roles in homeostasis and long history in 
evolution. Based on their wide distribution, the 
evolutionary pathways for AQPs have been pro-
posed by combining a phylogenetic analysis of 
both AQPs and species [1, 23, 27, 28, 38, 50, 79, 
80, 82, 88, 92, 109, 110]. This approach will be 
insightful to speculate the function and physio-
logical significance of uncharacterized AQPs.

The primary structure of AQP indicates that it 
has a relatively conserved overall structure with 
six transmembrane domains and five connecting 
loops (A–E) (Fig. 2.1). They form a tetramer and 
the each monomer has a pore that is made of two 
highly conserved hydrophobic short stretches of 
~20 amino acid residues named asparagine- 
proline- alanine (NPA) motifs in loops B and E to 
simulate a hour-glass structure (Table 2.1). The 
NPA motif is highly conserved in AQPs and des-
ignated as a signature sequence for AQP family. 
Before bioinformatic tools were available, this 
amino acid sequences were exploited to design 
degenerative primers to clone new AQPs by PCR.

Accumulating databases from genome proj-
ects have facilitated the identification of AQPs 
with powerful bioinformatic tools that automati-

cally find new AQPs using conserved signature 
sequences: NPA motifs and transmembrane 
domains [38]. If these AQP-like proteins function 
as a water channel when properly expressed, they 
will be included in AQP family. However, most of 
their function is unknown and they will be 
grouped as MIP (Major Intrinsic Protein) multi-
gene family. MIP was originally identified as a 
dominant protein at bovine lens fiber junction 
membranes with unknown channel function 
before the identification of AQP1 [30, 35]. This is 
because AQP was originally proposed as the 
name for a functionally defined water channel [3].

As many MIP proteins have been identified by 
genome projects and they transport water, MIP 
family and AQP family are often used inter-
changeably. Moreover, the acronym of MIP also 
comes from a couple of other proteins such as 
‘macrophage inflammatory protein’ and ‘mito-
chondrial intermediate precursor-processing 
proteinase’. Thus, in this review, AQP family 
was used instead of MIP family to avoid the 
above confusion. The usage of AQP family irre-
spective of its function can also evade the discus-
sion on the functional discrepancies of AQPs in 
the literature.

In fact, MIP has been renamed to be AQP0 
after the discovery of AQP1 although it is a poor 
water channel [35]. Another member of MIP 
family cloned and characterized before AQP1 is 
a bacterial glycerol channel or glycerol diffusion 
facilitator, GlpF. The homolog of GlpF in mammals 
was later identified as AQP3. GlpF, however, was 
not renamed but included in aquaglyceroporin 
family together with AQP3.

We overview the evolution of AQP family 
based primarily on the amino acid sequences but 
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not on the function. However, relevant advanta-
geous functions will be discussed as they are 
important for the selection bias to survive through 
evolution. Many detailed reviews on the evolu-
tion of AQP family are available in the literature 
trying to find clues to functionally critical resi-
dues and physiological roles through adapting to 
changing environments through evolution [1, 27, 
38, 82, 109]. This review, however, does not 
intend to provide a detailed analysis of the evolu-
tion of AQP family but to present a general and 
simplified view on the evolution and origins of 
diversified AQP family through evolution to 
obtain basic ideas on the history of AQPs. 
Moreover, the review will update our previous 
review during five years [50].

2.2  The Classification of AQP 
Family into Three 
Subfamilies

AQP has a paired stretch of highly conserved sig-
nature sequences, NPA motifs, which form a pore 
structure and primarily define the selectivity of 
transport as a charge and size obstacle [10, 43, 
66, 103]. Moreover, AQP is composed of an 
internal tandem repeat of three transmembrane 

segments (TMS) speculated by the fact that the 
amino terminal half (hemipore-1) and the car-
boxyl terminal half (hemipore-2) are related with 
each other at the level of ~20% amino acid 
homology to face each other to form a pore 
(Fig. 2.1) [80, 88]. The amino-terminal half is 
relatively well conserved among AQPs, while the 
carboxyl-terminal half is less conserved possibly 
for the purpose of specifying its unique pore 
selectivity. Each half has two loops in which the 
second loop, loop B or loop E, has a highly con-
served hydrophobic residues, NPA motif that 
forms the pore (Fig. 2.1). This structure suggests 
that AQP originated from a tandem duplication 
of a half AQP gene (hemipore) [79, 88]. 
Alternatively, both hemipore may have evolved 
independently to produce unique structures 
(hemipore-1 and hemipore-2) and fused to form 
AQPs (Fig. 2.1).

After the identification of AQP3 as a mamma-
lian homolog of GlpF, a bacterial homolog of 
AQP1 was found to be AQPZ [17]. With the dis-
covery of these two sets of AQP family in bacte-
ria and mammals, AQPZ vs. AQP1 and GlpF vs. 
AQP3, the evolutional pathway of AQP family 
from bacteria to human seemed to be apparent 
and straight forward [3, 47]. Moreover, the differ-
ence in primary sequence also reflects the func-

Fig. 2.1 Hypothetical formation of AQPs. AQPs may 
have been formed by duplication of a hemipore gene [88] 
or a fusion of two similar genes (hemipore-1 and hemi-
pore- 2). AQGP may have been transformed to CAQP by 

the shortening of loop D and the disrupting mutation of 
the signature D residue of AQGP in microbes. SAQP may 
have been produced by the transformation of CAQP in 
multicellular organisms
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Table 2.1 Sequence of AQPs at the first and the second NPA boxes

First NPA box Second NPA box

CAQP
AQPZ -VGHISGGHF NPA VTIGLWAG- -SIPVTNTSV NPA RSTAVAIFQG-

Meth -FGRISGCHI NPA VTIALFAT- -IGNLTGASL NPA RTFGPYLGDW-

Chl.T -MGTVSGAHL NPA VTLAFAMR- -AAPVSGASM NPV RSLAPALVCG-

Chl.P -MGTVSGAHL NPA VTIAFAMR- -AAPISGASM NPV RSLAPALVCG-

Cript -FFRVSGGLF NPA VSLGMVLA- -GVPYSGGAL NPV RSLGPAVVTH-

Tryp1 -FGYISGGHF NPA VTMAVFLV- -VGRISGGAF NPA AATGLQLALC-

Tryp2 -FGYISGAHF NPA ITFATFIN- -VGGFTGGAF NPA VATGTQLVGC-

Leish -FGYISSSHF NPA VSIAVFLV- -AGRISGGAF NPA AASGLQVAMC-

D.disA -VSGVSGCNL NPA VTLANLLS- -GFNFSGGAL NPV RVLGPSIISG-

D.disB -ISGISGCQL NPA VTVGCVTT- -LNLFTGGSL NPA RSFGPAVFSD-

D.disC -FADVSGAHF NPA VTFATCVT- -GGSVSGGAF NPA RVFGTALVGN-

D.disD -CAPVSGGHL NPS ITLATFFA- -IAPNYIFGF NIA RCLSPAIVLS-

D.disE -CAPVSGGHL NPS ITIATFFS- -ISPNYIFGF NMA RCLCPAIVTG-

XIP1.1 –APATSGGHV NPC ITWTEMLT- -FSGYGGAGI NPG RCIGPAVVLG-

TIP1.1 -GANISGGHV NPA VTFGAFIG- -GGAFSGASM NPA VAFGPAVVSW-

PIP2.6 -TAGISGGHI NPA VTFGLFLA- -TIPITGTGI NPA RSFGAAVIYN-

HIP1.1 -TGAISGGHI NPA VTLAFVVA- -GVPYTGASM NPA RSFGPALVSG-

NIP1.2 -LGHISGAHF NPA VTIAFASC- -AGPVSGASM NPG RSLGPAMVYS-

SIP1.1 -TVIFGSASF NPT GSAAFYVA- -GSKYTGPAM NPA IAFGWAYMYS-

LIP -DIVSGGSQV NPS VSVAMFVH- -GTPYTGPAM NPM IAFGWAVQSD-

AQP1 -VGHISGAHL NPA VTLGLLLS- -AIDYTGCGI NPA RSFGSAVLTR-

AQP8 -LGNISGGHF NPA VSLAVTVI- -GGSISGACM NPA RAFGPAVMAG-

AQGP
AQPV1 -FGFVS-AHL NPA MCLALFIL- -MGGVTSIAA NPA R D FSPRLAHF-

GlpF -TAGVSGAHL NPA VTIALWLF- -MGPLTGFAM NPA R D FGPKVFAW-

Entero -LFVFGGVCI NPA MALAQAIL- -LGGTTGFAM NQA R D LGPRIAYQ-

Ustil -CATTSGTQF HPA FTIAQVVF- -CFSSSNVVA NSA R D IGARLVCS-

P.viv -AAKLSGAHL NLA VTVGFATI- -FGGNTGFAL NPS R D LGARLLSL-

GIP -VGHISG-FF NPA VALAAAVV- -GGGMTGPAL NPA R D LGPALVSG-

AQP3 -AGQVSGAHL NPA VTFAMCFL- -MGFNSGYAV NPA R D FGPRLFTA-

SAQP
CeAQP9 -IEFQRDAVA HPC PLVTNCYR- -GINYTGMYA NPI VAWACTFN C L-

CeAQP10 -NIFNRGAMT NCA PIFEQFVF- -LYVVGVPGL NPI VATARLYG C R-

CeAQP11 -ALCNRTAFC SPL APIEQYLF- -VTFVGDQAL DPL VASTLFFG C R-

MtAQP11 –TFTFQDGTC DPS ECYEKFCK- -GLFVSGGYF NPT LSFAMEYG C Q

Dros -GRVWGDASA CPY THMEDVVE- -AFNFSGGYF NPV LATALKWG C R-

Urch1 -LTFDGDSTA NTC MIWQSMLK- -GLEWTGMMF NPA LAAGITLN C G-

Urch2 -NEELSNAGD APL GQAVQVQP- -GLEYTGAPM NPI LGFASGWG C K-

ZF11 -GFSFRGAIC NPT GALELLSR- -GGRLTGAVF NPA LAFSIQFP C P-

ZF12 -TAVMQDVSG NPA VTLLRLLQ- -ANNYTSGYV NPA LAYAVTLT C P-

Xenopus -GFTFNKASG NSA VSLQDFLL- -AGSYTGAFF NPT LAAALTFQ C S-

Chic11 -GLTLPGSTC NPC GTLQPLWG- -GGNLTGAIF NPA LAFSLHPH C F-

Chic12 -AACANGAAS NPT VSLQEFLL- -AAPATGAFF NPA LATASTFL C A-

AQP11 -GLTLVGTSS NPC GVMMQMML- -GGSLTGAVF NPA LALSLHFM C F-

AQP12 -GVTLDGASA NPT VSLQEFLM- -AGPFTSAFF NPA LAASVTFA C S-

The table was modified from Ref. [50]
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tional dichotomy of AQPs: water-selective vs. 
solute-permeable.

The fact that the dichotomy of AQP family 
seemed to start early in bacteria suggests that 
AQP family is ancient and conserved in evolution 
possibly for its critical roles in water and solute 
homeostasis for survival since water is vital for 
every living organism. It is particularly true with 
GlpF whose gene is located in the functional 
gene complex, glpFK operon, encoding glycerol 
kinase as well. However, the role of AQPZ is not 
clear as its absence produces little defect though 
controversial [93]. Furthermore, ~90% of bacte-
ria are even devoid of GlpF nor AQPZ as is the 
case of most archaebacteria [98]. As majority of 
prokaryotes do not have AQPs, AQPs in bacteria 
could have been derived from horizontal gene 
transfer from eukaryotes and accumulated muta-
tions to produce diverse NPA motifs due to the 
absence of functional constraints on the primary 
sequences.

The original division of AQP family into two 
subfamilies was based on their permeability 
function: water-selective vs. glycerol-permeable. 
Each was then named a classical AQP (CAQP) or 
an aquaglyceroporin (AQGP), respectively [40, 
90]. Although this classification is based on the 
function, it is also related to the primary sequence. 
As the functional data are sometimes controver-
sial and they are not available in most AQPs, the 
classification is usually conducted based on the 
primary sequence using signature sequences. The 
signature sequence for AQGP is the aspartic acid 
residue (D) in the second NPA motif that is 
expected to expand the pore to permeate larger 
molecules such as glycerol [32, 103] (Fig. 2.2). 
The signature sequence for CAQP, however, is 
not readily apparent due to several variations in 
the second NPA motifs. Thus the absence of D 
suggests CAQPs. It is true that the pore size and 
characteristics are not determined simply by 
this D residue alone, but the relevant combina-
tion of conserved residues of AQGPs such as a 
longer loop D always coexist with this D residue, 
indicating the phylogenetic sequence conserva-
tion of AQGP subfamily through evolution. On 
the other hand, CAQPs may have come from 
multiple phylogenetic sources although some 

critical residues for water-selective transport 
have been conserved [10, 31].

The amino and carboxyl terminal halves of 
CAQPs are conserved at the level of ~30% while 
those of AQGPs are less conserved at the level of 
~20% due to the longer residues at the loop D 
[88] (Fig. 2.1). Nevertheless, as both amino- 
terminal halves are relatively conserved at the 
level of 30~40%, CAQP and AQGP may have a 
common ancestral AQP. It is also possible that 
the duplication of a half-sized AQP gene may 
have produced CAQP and AQGP independently 
with the carboxyl-half diversification [66, 102] 
(Fig. 2.1). As the role of AQGP with glpFK 
operon in bacteria is more apparent than CAQP, 
CAQP could have been produced by the isolation 
of AQGP from glpFK operon or by a remaining 
component of deleted glpFK operon. The first 
AQP, most likely AQGP, may have had a larger 
pore permitting the uptake of nutrients or the 
excretion of waste products in bacteria. Then, the 
mutation of the signature Asp (D) in the second 

Fig. 2.2 The classification of AQPs into three subfami-
lies. The signature sequence for AQGP is the aspartic acid 
residue (D) in the second NPA motif. The signature 
sequence for SAQP is Cys (C) residue at the downstream 
of the second NPA motif. The partner Cys residue for 
disulfide binding is present in the loop C. The absence of 
these D and C residues indicates CAQP (See text for more 
details)
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NPA motif and the deletion in the loop D may 
have converted AQGP to CAQP specialized for 
water transport with a newly-formed narrow pore 
[43] (Fig. 2.1). However, the identification of 
original AQP in bacteria will be difficult because 
a major fraction of prokaryotic genes have been 
derived from horizontal gene transfer among 
microbes.

The subsequent discovery of AQP11 and 
AQP12 in mammals has challenged the above 
dichotomy classification of AQP family because 
they have highly degenerative NPA motifs with 
very low overall amino acid homology (<15%), a 
level of super-gene family [45, 46, 51, 52, 74, 75, 
77]. Such AQPs were not identified by PCR clon-
ing because degenerative primers based on NPA 
motifs did not work. Instead, AQP11 and AQP12 
were identified by BLAST search of EST libraries 
because their first and sixth transmembrane 
domains are relatively conserved with CAQPs and 
AQGPs. As previous phylogenetic trees have been 
drawn from CAQPs and AQGPs with relatively 
higher amino acid identity (>25%), the inclusion 
of AQP11 and AQP12 in the tree has broadly 
expanded AQP phylogenetic trees (Fig. 2.3).

The identification of super-gene family of 
AQPs stimulated the search for more members in 
genomic data bases. In fact, such AQPs have been 
identified in the database of multicellular animals 
whose amino acid upstream sequence from the 
first NPA and NPA itself are completely different 
from other AQPs (Table 2.1). Interestingly, they 
are absent in bacteria, unicellular eukaryotes, and 
plants (Table 2.2). Three members in a nematode, 
C. elegans and one in an insect, D. melanogaster 
are particularly deviated and were not previously 
included in AQP family [42, 55] (Table 2.1). 
Despite their low homology even among them-
selves, all have a signature NPA motif in the car-

Fig. 2.3 Schematic presentation of the phylogenetic 
relationship of AQP subfamilies. SAQP is distantly 
related to CAQP and further away from AQGP

Table 2.2 The distribution of aquaporins in three 
subfamilies

Organisms CAQP AQGP SAQP

Microbe
E. coli 1 1

P. aeruginosa 1

S. typhimurium 1

L. plantarum 6

M. marburgensis 1

Chlorella virus 1

Fungus
S. cerevisiae 2 2

S. pombe 2

A. nidulans 1 4

U. mydis 2 3

M. grisea 3 1

Protist
L. major 4 1

T. cruzi 4

T. brucei 3

T. gondii 1

P. falciparum 1

D. discoideum 5

Invertebrate
C. elegans 3 5 3

M. tardigradum 2 8 1

C. intestinalis 4 1 1

Plant
P. patens 23 (8PIP, 4TIP, 5NIP, 2SIP, 2XIP, 

1HIP)

H. brasiliensis 51 (15PIP, 17TIP, 9NIP, 4SIP, 6XIP)

A. thaliana 35 (13PIP, 10TIP, 9NIP, 3SIP)

P. trichocarpa 55 (15PIP, 17TIP, 11NIP, 6SIP, 6XIP)

Insect
L. salmonis 2 3 2

D. melenogaster 7 1

G. morsitans 9 1

Vertebrate
Zebra fish 11 7 2

Salmon 23 13 6

Clawed frog 12 5 2

Green anole 9 5 2

Turtle 10 3 2

Zebra finch 7 4 2

Platypus 8 5 2

Rat 7 4 2

Humana 7 4(+4) 2(+1)

The table was modified from Refs. [28, 50]
aHuman has four pseugogenes of AQP7 and another copy 
of AQP12
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boxyl-terminal half without D residue and in 
particular they have highly conserved Cys (C) 
residue at the downstream of the second NPA 
motif, NPAxxxxxxxxC (x is any amino acid resi-
due) [36, 50] (Fig. 2.2, Table 2.1). This Cys may 
be important for disulfide binding to construct a 
3D structure and will be functionally indispens-
able as its disruption in AQP11 produced a similar 
phenotype to that of AQP11- deficient mice [75, 
99]. Furthermore, a candidate partner Cys residue 
for disulfide binding has been identified in the 
loop C, which remains to be proved [36] (Fig. 
2.2). Figure 2.4 shows a simple diagram to clas-
sify AQP family into three subfamilies [50].

With this Cys residue as a signature residue, 
this subfamily will be grouped as a supergene 
family of AQP family and named superaquapo-
rins (SAQPs) with the deviated NPA motifs [11, 
107] (Table 2.1). Although many AQP-like pro-
teins have been identified in bacterial genomes 
with deviated NPA motifs, they do not have this 
particular Cys residue and their overall sequences 
are closer to CAQPs. Therefore, these bacterial 
AQP-like proteins with different NPA motifs 
belong to CAQP subfamily. As SAQPs are absent 
in lower organisms and plants, it could have been 
obtained in multicellular animals by horizontal 
gene transfer from cohabitating ancient bacteria 
with deviated NPA motifs because such muta-
tions may have not adversely affected bacteria as 
they were less dependent on AQPs. The gain of 
the Cys residue may have been critical for new or 
altered functions of SAQPs arising from the devi-
ated NPA motifs to form a unique 3D structure 
for the benefit of multicellular animals. The pres-
ence of cell walls in plants in fact has inhibited to 
function as multicellular organisms due to cyto-
plasmic convergence. Consequently, plants might 
have no need for SAQP even if they had a chance 
to obtain SAQP by a horizontal gene transfer 
from symbiotic bacteria. Alternatively, SAQP 
may have been originated in prokaryotes or even 
in unicellular eukaryotes but lost through evolu-
tion due to too extensive deviations to function as 
a water channel. In fact, AQP11 is a relatively 
inefficient water channel [108].

The 3D structural analyses of CAQP and 
AQGP have revealed that they are highly con-

served with each other [103], while such an anal-
ysis of SAQP is not currently available. If SAQP 
indeed has a similar 3D structure as CAQP and 
AQGP, the validity to include SAQP into AQP 
family will become robust. Surprisingly, a recent 
report on 3D structural analysis of a formate 
channel (FocA) in bacteria has indicated a strik-
ing 3D structural similarity to AQPs [21, 106]. 
Although its primary sequence has no homology 
with AQP family, it has pore forming hydropho-
bic amino acid residues similar to NPA motifs 
with six transmembrane domains in 3D structure. 
Therefore, this channel could be another water 
channel although its functional study has failed to 
show water permeability [106]. It is also com-
posed of tandem internal repeats similar to AQPs. 
However, the hemipores have a much lower 
homology with each other at the order of ~7%. 
Moreover, FocA forms a pentamer rather than a 
tetramer to permeate formate, nitrite and hydro-
sulfide. FocA family is only present in prokary-
otes and lower eukaryotes. Although AQP family 
is currently composed of three subfamilies: 
CAQP, AQGP, and SAQP [11, 50], another novel 
water channel family could be identified in the 
future with a similar 3D structure to AQP family 
with little primary sequence homology.

2.3  Clustering and Evolution 
of AQPs

Molecular evolution by gene duplication and 
structural diversification are the basis for the phy-
logenetic framework for AQP family [5, 16, 19, 
24, 44]. However, the presence of horizontal gene 
transfer from bacteria to eukaryotes or vice versa 
has been suggested and should be carefully eval-
uated in the event of missing links between AQPs 
and species in phylogenetic trees [57]. The most 
compelling instance of horizontal gene transfer 
will be the plant acquisition of NOD26-like 
intrinsic proteins (NIPs) from cohabitant bacteria 
at root nodule in the absence of glycerol- 
transporting AQGP in plants [111]. Such a caveat 
of horizontal gene transfer should be carefully 
evaluated when comparing AQP sequences from 
the evolutional point of view [6, 57].
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2.3.1  Microbial AQPs

The first AQP may have been originated in eubac-
teria as indicated by the presence of two AQPs in 
E.coli, AQPZ and GlpF, which may correspond 
to the ancestor forms of CAQP and AQGP, 
respectively. However, most of bacteria do not 
have a set of AQPs. Generally, gram-negative 
bacteria have only CAQPs while gram-positive 
bacteria have only AQGPs. For example, a gram- 
positive Lactobacillus plantarum has six AQPs, 
all AQGPs. Moreover, only ~10% of bacterial 
genomes contain AQPs, and the role of AQPs in 
bacteria is not clear [98]. It is postulated that 
CAQP may be necessary for freeze tolerance to 
prevent intracellular icing in the event of freezing 
by enhancing intracellular osmolality through 
rapid extrusion of water through CAQP. A simi-
lar role has also been reported in the case of 
insect AQPs [53, 83]. AQGP may serve to trans-
port osmolytes, nutrients or toxins of small mol-
ecules rather than water. Therefore, in the event 
of the transfer to hypotonic environments, AQGP 
may serve to excrete rapidly glycerol as an osmo-
lyte to prevent cell swelling. The loss of AQGP 
may have been caused by parasitic life style of 
microorganisms, in which nutrients were easily 
obtained and the environment was osmotically 
stable. The fact that the majority of bacteria do 
not have any AQP suggests that the presence of 
AQPs may be harmful in hypotonic environment 
as the cellular water is rapidly removed through 

CAQP while its absence will be advantageous to 
prevent osmotic water loss from the cell body. 
Moreover, the osmolyte in most bacteria is potas-
sium or amino acids and not glycerol, which may 
make AQGP unnecessary [15].

Genome projects have revealed the absence of 
AQPs in many archaebacteria such as thermo-
philic archaea reflecting limited advantage of 
AQP as in the case of eubacteria. An exceptional 
AQP in archaebacteria is AqpM, a member of 
CAQP, in Methanothermobacter marburgensis 
[63] (Table 2.1). Interestingly, AqpM has a wider 
pore structure to accept larger molecules such as 
H2S instead of water [60]. It could be a primitive 
non-specialized AQP, an ancestor form of more 
specialized CAQP and AQGP. Again, much 
fewer AQPs in archaebacteria suggest minimum 
roles of AQPs in prokaryotes in general through 
evolution despite their survival through harsh 
environments.

It is notable that a chlorella virus has an 
AQGP, AQPV1, which may have been obtained 
by a horizontal gene transfer from bacteria to 
virus, as the virus infect algae at the time of the 
separation of eukaryotes from prokaryotes [33] 
(Table 2.1). AQPV1 may play a role in infection 
and replication of the virus to modulate water 
transport of the host cell.

2.3.2  Protist AQPs

As eukaryotes have evolved from symbiosis of 
prokaryotes, they could have inherited several 
AQPs from prokaryotes to be expressed at the 
plasma membrane [20, 89]. The number of AQP 
genes in protists, however, is diverse and may 
have changed by their environmental constraints 
through the evolution [9, 26, 104]. A cyst- forming 
symbiotic Cryptosporisium parvum does not 
have any AQPs while Plasmodium.falciparum 
has only one AQP (PfAQP), AQGP, for the nutri-
ent uptake from erythrocytes [7, 67, 87, 104]. On 
the other hand, Toxoplasma gondii has only one 
AQP (TgAQP), CAQP, but with a wide range of 
permeability to uptake nutrients by changing its 
pore structure through the alterations of function-
ally critical residues [81]. Some protozoa have 

Fig. 2.4 A simple diagram for the classification of 
AQP family. The characteristics of AQP subfamily shown 
in Fig. 2.2 is the basis for this diagram (See text for more 
details)
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multiple AQPs: Dictyostelium discoideum have 
five AQPs, all CAQPs [50] while Trypanosoma 
brucei has three AQPs, all AQGPs. Three patho-
genic Trypanosomatidae (Leishmania major,T. 
cruzi and T. brucei) have different AQP subfami-
lies possibly caused by the need for different 
nutrient uptakes to adapt to their environments 
beyond evolutional constrains [104]. It seems 
that eukaryotes need AQPs more than prokary-
otes possibly due to their larger size of cell bodies 
which requires more efficient water transport 
system at the plasma membrane. The multiple 
AQPs beyond a genomic AQP subfamily barrier 
may have been produced by gene duplication or 
horizontal gene transfer.

2.3.3  Fungal AQPs

The budding yeast Saccharomyces cerevisiae has 
two CAQPs (ScAqy1 and ScAqy2) and two 
AQGPs (YFL054Cp and ScFps1) suggesting the 
need for AQPs has been increased in eukaryotes 
possibly for osmotic adjustment of yeast cells at 
low temperature [4, 62, 91]. High osmolality 
induces glycerol accumulation in yeast cells by 
the high osmolality glycerol (HOG) pathway to 
accumulate glycerol produced by alcohol fer-
mentation, which is regulated by the closure of an 
AQGP, Fps1 [41, 84]. On the other hand, the role 
of CAQPs is not clear as one of them presents 
inside the cell. A recent comprehensive analysis 
of AQPs in 38 strains of S. cerevisiae has revealed 
various inactivating mutations in both CAQPs 
and AQGPs, which may give a competitive 
advantage in different environmental conditions. 
Therefore, in selected environments, the pres-
ence of AQPs is detrimental for yeasts, suggest-
ing little importance of AQPs even in unicellular 
eukaryotes.

Alternatively, multiple AQPs in yeast could be 
caused by horizontal gene transfer and genome 
fusions of prokaryotes before the separation of 
eukaryotes [89] and by the subsequent endosym-
biosis of prokaryotes into eukaryotes [20]. As the 
current unicellular yeast used to be a multicellu-
lar organism, four AQPs may reflect the combi-
nation of multiple cells fused within the cell wall. 

On the other hand, the baker’s yeast S. pombe has 
only two AQGPs [56, 101]. Much wider distribu-
tion of AQGP than CAQP in fungi suggests that 
glycerol is the major osmolyte in yeasts and 
nutrient imports or toxin exports will be more 
important than water transport as a function of 
AQPs.

2.3.4  Plant AQPs

In contrast to animals, plants have developed 
multiple AQPs due to their polyploids [2, 71]. 
Interestingly, they have only CAQPs that are 
diversified in higher plants [65]. For example, 
Arabidopsis thaliana has 35 AQPs, which are 
further subdivided into four groups: 13 PIPs 
(Plasma membrane Intrinsic Protein), 10 TIPs 
(Tonoplast Intrinsic Protein), 9 NIPs (NOD-26 
like Intrinsic Protein), and 3 SIPs (Short Intrinsic 
basic Proteins) (Table 2.2). The absence of 
AQGPs in plants can be explained by the func-
tional conversion of CAQPs to AQGPs as is the 
case with protozoa or insects [29, 105]. NIPs can 
transport small molecules other than water such 
as glycerol, silicon and boron [96], which are 
thought to be derived from bacteria by a horizon-
tal gene transfer: symbiotic bacteria in the root 
may have had ancestors of NIPs for the uptake of 
nutrients and possibly for the efflux of metabo-
lites and wastes [85, 92, 111]. Some NIPs are 
expressed at the ER membrane, which may be 
reminiscent of previous intracellular symbiotic 
states. The absence of SAQPs in plants is intrigu-
ing and may be related to the presence of intra-
cellular TIPs and SIPs, which may have made 
intracellular SAQPs redundant.

Another subfamily of CAQPs identified in 
poplar trees, but absent in A. thaliana, is XIP 
(uncategorized X Intrinsic Protein) [37, 39, 69] 
(Table 2.2). Similar to SIPs, XIPs have less con-
served NPA boxes but do have conserved Cys 
residue after 2nd NPA box (Table 2.1). However, 
this Cys is located near NPA as NPARC and its 
functional significance has not been clarified. 
Thus both SIP and XIPs do not belong to SAQPs. 
XIPs are expressed at the plasma membrane and 
have a wider selectivity for permeant substrates 
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including glycerol [14]. Interestingly, XIPs are 
also present in protozoa and fungi [22, 37]. More 
recently, further new subfamilies also belonging 
to CAQP, HIP (Hybrid Intrinsic Protein, similar 
to PIPs and TIPs) and LIP (Large Intrinsic 
Protein, similar to SIP) have been identified in 
algae but they are absent in higher plants [23, 58].

Interestingly, an AQGP, GIP, has been found 
in a primitive land plant, a moss Physcomitrella 
patens, functioning as a glycerol channel. 
However, it may have come from bacteria by a 
horizontal gene transfer [22, 39]. It is difficult to 
integrate plant AQPs in evolutionary context as 
there can be a possible contamination of bacterial 
horizontal gene transfer such as NIPs and GIP 
although the absence of AQGPs in plants is 
intriguing.

It is unique for plants to have seven subfami-
lies of CAQP based on the primary sequences 
(PIP, TIP, NIP, SIP, XIP, HIP, LIP), which seems 
to make plant CAQPs functionally comparable to 
animal AQPs. For example, the absence of AQGP 
in plants is in fact compensated by the extended 
functions of NIPs [85, 96]. The absence of SAQP 
might be compensated by SIP, XIP or 
HIP. Detailed phylogenetical analysis of plant 
AQPs has been reported and such a functional 
evolution in concert with minute primary 
sequence changes within CAQP subfamily will 
give novel insights into evolution paradigm 
including structure-function relationships of 
AQPs. Although these results are derived from 
subfamilies of CAQPs, they will be insightful 
into the functions of other AQP subfamilies.

2.3.5  Invertebrate AQPs

SAQPs have first appeared in multicellular ani-
mals both protostome such as insects and deu-
terostome such as vertebrates [18, 36]. 
Caenorhabditis elegans, a deuterostome has 3 
SAQPs, which are highly deviated from mamma-
lian 2 SAQPs (Table 2.1). They are also not much 
homologous with each other suggesting the 
acquisition of SAQPs in C. elegans may be 
through horizontal gene transfers possibly from 
bacteria. Since SAQPs have first appeared in 

multicelular nematodes and not in unicellular 
protozoa, SAQPs may have a role in cellular 
activities specific to multicellular organisms such 
as cellular differentiation, apoptosis, organogen-
esis, mating and intercellular communication. If 
it is the case, the absence of SAQPs in plants may 
reflect the unicellular nature of cytoplasmic com-
munication in plants within the cell wall which is 
absent in animals.

It is notable that C. elegans has abundant 
AQGPs, 5 out of 11 AQPs (45%), suggesting that 
there is some selection advantage to retain mul-
tiple AQGPs [42] (Table 2.2). Although glycerol 
may be important for its osmoregulation and a 
nutrient, their functional studies showed that not 
all AQGPs transport glycerol and one is even 
water selective, while one CAQPs is water selec-
tive but two CAQPs have no transport activities 
[42]. The function of three SAQPs has not yet 
been examined and their subcellular localization 
is not clear. Moreover, the physiological roles of 
nematode AQPs are still unclear as even multiple 
AQP knockouts up to quadruple AQP deletion 
has revealed no abnormalities [42]. Interestingly, 
aqp-1, an AQGP, has been reported to lengthen 
the life in a low-sugar diet suggesting that AQPs 
may play a role in metabolism rather than osmo-
regulation [64].

The unusual tardigrade survives drying and 
dehydration by anhydrobiosis, which may be 
regulated by 11 AQPs: 2 CAQP, 8 AQGPs and a 
single SAQP [36]. Much more AQGPs in this 
animal suggest the importance of glycerol in 
anhydrobiosis. Some of AQGPs in tardigrade 
may have been derived from horizontal gene 
transfers to increase their number. As in the case 
with C. elegans, its SAQP is also highly deviated 
(Table 2.1).

2.3.6  Insect AQPs

Early arthropods, protostomes, have all three 
AQP subfamilies [18]. A non-insect louse, 
Lepeophtherius salmonis, has 7AQPs: 2CAQPs, 
3AQGPs, and 2SAQPs [94] (Table 2.2). A mite, 
Rhipicephalus sanguineus, has an AQGP, 
RsAQP1, although it has a water-selective 
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transport [8, 12]. As the osmolyte in insect is not 
glycerol but trehalose, a remnant AQGP in mites 
might have been functionally converted to a 
water-selective AQP, or it may have been gained 
by a horizontal gene transfer from bacterial 
AQGPs.

Interestingly, insects with feathers have lost 
AQGP while insects without larva stages have 
retained AQGPs. For example, a fruit fly, 
Drosophila melanogaster has lost AQGP from 
eight AQPs: 7 CAQPs and one SAQP (Table 2.2). 
SAQP was not initially included as a member of 
AQP family as the first NPA is unusual CPY with 
deviated its upstream sequences [18, 55] (Table 
2.1). Another fly, Tsetse fly, Glossina morsitans, 
a vector for African trypanosomiasis, has 10 
AQPs: 9 CAQPs and one SAQP. The loss of 
AQGP in higher insects is compensated by the 
functional conversion of CAQPs to become per-
meable to glycerol and urea in dipteran order as 
shown in silkworm larva, Bombyx mori [25, 29, 
53, 54, 105]. Insect CAQP as a water channel 
may also be important for freezing tolerance as in 
the case with bacteria [53, 83].

2.3.7  Vertebrate AQPs

In vertebrates, all three families of AQPs are 
present. In rats, there are thirteen AQPs in total: 
CAQPs (AQP0, 1, 2, 4, 5, 6, 8); AQGPs (AQP3, 
7, 9, 10); and SAQPs (AQP11, 12) (Table 2.2). 
Although two rounds of whole-genome duplica-
tion (WGD) occurred in the common ancestor of 
early vertebrates before ray-fined fish [13, 16, 61, 
72], the total number of AQPs in mammals is 
relatively small compared with nematodes with 
11 AQPs but may be reasonable from the number 
of 7 AQPs in Ciona intestinalis, an ascidian 
(sea squirt) from which vertebrates have been 
derived after a WGD (Table 2.2). Many AQPs 
might have been lost through the evolution. In 
fact, the numbers of AQGPs and SAQPs have 
been decreased in vertebrates compared with 
nematodes. Alternatively, nematode may have 
gained these AQP subfamilies by horizontal gene 
transfers in increase their numbers.

Zebrafish as a teleost have undergone another 
round of WGD to increase the number of AQP 
to 20 [30, 100]. Some fish families such as 
salmon have experienced fourth round of WGD, 
adding further complexity with 42 AQPs [68]. 
Interestingly, the orthologue of AQP6 is missing 
in birds but it has AQP14, CAQP, instead [28]. In 
lower vertebrates, there are AQP13, AQGP, and 
AQP14-16, all CAQPs, which, however, have 
been lost in mammals. Further analyses of the 
tissue distribution and the hormonal regulation 
of each AQP orthologue in vertebrates will be 
useful to obtain an insight into the function and 
role of each mammalian AQP [95].

Although there is not much divergence of 
AQGPs in vertebrates, some AQP10 have been 
lost in turtles [28] or turned to a pseudogene [73]. 
Not only rodents but also cows have a pseudo-
gene of AQP10 without any authentic AQP10 
gene [97]. On the other hand, AQP7 in human 
has four pseudogenes in addition to the authentic 
AQP7 gene [28]. Moreover, a nonfunctional 
splice variant missing sixth transmembrane 
domain has been identified in AQP10 and possi-
bly in AQP3 [46]. These nonfunctional genes 
may represent a transitional stage in their way to 
pseudogenes or deletion. As the role of glycerol 
in the energy metabolism seems to be small in 
higher vertebrates, redundant AQGPs may be 
dispensable and their future lost might be 
expected in some mammals.

Although the role of SAQPs in the vertebrate 
is not well clarified, just 2 SAQPs may not be 
enough as compared with other subfamilies. In 
fact, C. elegans has 3 SAQPs and Atlantic salmon 
has 6 SAQPs [28] (Table 2.2). Interestingly, there 
are two copies of AQP12 gene with local gene 
duplication in human [28]. As AQP12 has limited 
expression in the acinus of the pancreas [78], the 
duplication of AQP12 could be in the process of 
expanding the repertory of SAQPs.

2.4  The Perspectives

The AQP research orientated by an evolutional 
guidance will be insightful as it may lead to a 
comparative analysis of osmoregulation and fluid 

2 The Evolutionary Aspects of Aquaporin Family



46

homeostasis including hormones and their recep-
tors [59, 70, 95]. As water is vital for every living 
organism, some have expanded the AQP reperto-
ries while others have limited its number. Such 
strategic difference for adapting to environmental 
changes will be the basis for the expression pat-
terns and functional diversities of AQPs, which 
may be regulated by osmolarity and hormones. 
Cooperative evolutions of AQPs and hormones 
will be expected and may shed a new light on the 
physiological significance of AQPs [59, 70, 95].

Although AQPs are not usually regulated by 
open-close states, their functions are sometimes 
modulated by trafficking to and from the plasma 
membrane [86]. Such movements of AQPs will 
be regulated by associated proteins that may also 
have evolved together. Currently little is known 
about such associated proteins. Furthermore, the 
driving force for water movement requires 
solute transport such as sodium and potassium. 
Accordingly, co-expression of AQPs with ion 
channels, pumps or transporters will be important 
to enhance the water transport efficiency through 
AQPs. The relevant regulation of ion movements 
as well as their co-evolution will also be intrigu-
ing [33].
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Transport Characteristics 
of Aquaporins

Xiaoqiang Geng and Baoxue Yang

Abstract

Aquaporins (AQPs) are a class of the integral membrane proteins, which 
are permeable to water, some small neutral solutes and certain gases across 
biological membranes. AQPs are considered as critical transport media-
tors that are involved in many physiological functions and pathological 
processes such as transepithelial fluid transport, cell migration, brain 
edema, neuro excitation and carcinoma. This chapter will provide infor-
mation about the transport characteristics of AQPs.
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3.1  Water Transport Mediated 
by Aquaporins

The main physiological function of aquaporins 
(AQPs) is to facilitate the water transport across 
plasma membrane of cells. Each AQP channel is 
composed of six membrane-spanning alpha- 
helices with a central water-transporting pore 
(Fig. 3.1) that is permeable to water molecules at 
various permeability rates [1]. Water transporting 
property of AQPs was first confirmed via bio-
physical function studies of AQP1 possessing 
extremely high water permeability reaching 2~3 
× 109 water molecules per subunit per second [2].

Almost all of rat AQPs are permeable to water 
with various single channel water permeability 
including: AQP0 (0.25 × 10−14 cm3/s) [3], AQP1 
(6.0 × 10−14 cm3/s) [3], AQP2 (3.3 × 10−14 cm3/s) [3], 
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AQP3 (2.1 × 10−14 cm3/s) [3], AQP4 (24 × 10−14 
cm3/s) [3], AQP5 (5.0 × 10−14 cm3/s) [3]. The 
water permeability of other AQPs was measured 
by various groups: human AQP6 was reported to 
be inhibited by HgCl2 [4], nevertheless, when the 
rat AQP6 expressed in oocytes, it was activated 
by Hg2+ to dramatically increase the osmotic 
water permeability (Pf = 93.0 × 10−4 cm/s) [5]. 
The mouse AQP6 was identified to have low 
water permeability activated by Hg2+ [6]. Another 
group confirmed that rat AQP6 lacked water per-
meability [7]. AQP7 was initially found and 
cloned from rat testis, and water permeability 
coefficient of Xenopus oocytes injected with rat 
AQP7-cRNA reached 186 μm/s [8]. The cloning 
and water transport measurement of mouse AQP8 
were performed using Xenopus oocytes, and the 
single channel water permeability of AQP8 was 
up to 8.2 × 10−14 cm3/s [9]. Rat AQP9 cRNA-
injected Xenopus oocytes expressed ~fourfold 
increase of coefficient of osmotic water permea-
bility (Pf) [10]. The function of AQP10 was also 
examined in Xenopus oocyte expression system, 
in which the osmotic water permeability 
increased up to sixfold with AQP10 expression 
[11]. Using CHO cells transfected with GFP-
AQP11 to measure the water permeability of 
AQP11, the osmotic water permeability Pf value 
enhanced up to 8.0 × 10−4 cm/s [12]. Another 
group confirmed that mouse AQP11 was water 
permeable using stopped-flow analysis of vesi-
cles containing mouse AQP11 [13]. Whether 

AQP12 could transport water has not been deter-
mined yet.

With selective pore for the rapid movement of 
water across cell membranes, AQPs are crucial 
for the transport of water and regulation of water 
homeostasis. In body, there are two trans-tissue 
water flow routes: transcellular water flow medi-
ated by AQPs and paracellular flow [14, 15]. 
AQPs are thought to be the specific channels for 
rapid water transport in response to osmotic gra-
dient, making a critical contribution to the regula-
tion of transcellular water flow [16].

When expressed in Xenopus laevis oocytes, 
AQP1 exhibited significantly high osmotic water 
permeability that was 20-fold higher than that of 
the control oocytes [17, 18]. AQP1 protein recon-
stituted into membrane proteoliposomes caused 
the 50-fold raise in water permeability [19, 20]. 
This process occurs with low Arrhenius activa-
tion energy and is inhibited by HgCl2 or other 
mercurial and is reversed by a reducing agent. 
Water permeability mediated by most AQPs can 
be inhibited by mercurial reagents such as HgCl2 
whose mechanism was elucidated by molecular 
dynamics simulations [21]. Mercury inhibits 
water and glycerol transport by mammalian 
AQPs through binding to cysteine residues [22]. 
However, AQP4 and AQP6 are not inhibited by 
HgCl2 [23, 24].

To explain how a simple pore without moving 
parts could allow rapid transit of water without 
movement of protons, the groups of Robert 

Fig. 3.1 Tetrameric 
structure of AQP1. 
AQP1 is organized as a 
tetrameric assembly of 
four identical 
polypeptide subunits. 
Water molecules pass 
through a pore of each 
AQP1 monomer 
(Reproduction from Ref. 
[17])
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Stroud and Bing Jap solved the atomic structures 
of AQP1 from bovine red blood cells at 2.2-Å 
resolution [25]. Later, several groups performed 
molecular dynamics simulations on the basis of 
this solved structure [26, 27]. Now, the essence of 
how AQPs facilitate the movement of water but 
not protons has been revealed. Peter Agre 
explained how AQP1 could selectively accom-
modate water molecules transporting in his Nobel 
lecture [28]: water maintain the bulk solution 
condition at the extracellular vestibule and an 
internal vestibule both have the hourglass struc-
ture of the AQP1 molecule. In a single file, water 
could pass through a 20 Å channel that separates 
vestibules, the water molecules could interact 
with pore-lining residues to prevent the forma-
tion of hydrogen bonds between the water mole-
cules. Especially near the top of the bridged site, 
the channel reaches its narrowest constriction of 
2.8 Å, thus the pore is so narrow that it just 
accommodates a single water molecule. The 
mechanism of repealing proton from its perme-
ation of AQP includes [25, 28–30]: (1) The side 
chain in loop E forms a fixed positive charge and 
a conserved histidine residue of another wall 
forms a partial positive charge, these two positive 
charges collectively repel protons. (2) Moreover, 
a single water molecule could forms hydrogen 
bonds simultaneously when it transiently undergo 
a transient dipole reorientation, also serves to be 
the barrier to protons.

3.2  Glycerol Transport Mediated 
by AQPs

In addition to the primary function of AQPs to 
facilitate water transport, glycerol transport could 
be another significant function of AQPs. 
Aquaglyceroporins, including AQP3, AQP7, 
AQP9 and AQP10, are a subset of aquaporin fam-
ily and the exclusive mammalian proteins with 
the ability to permeate glycerol with their rela-
tively broad solute specificity and sequence 
homology. One of the physiological functions of 
aquaglyceroporins is to facilitate the transport of 
glycerol across the cell membrane. Such glycerol- 
transporting function of aquaglyceroporins is 

involved in the movement of glycerol and energy 
metabolism process.

AQP3 (originally called glycerol intrinsic pro-
tein, GLIP, based on its glycerol-transport func-
tion) was first cloned by three different groups, 
respectively [31–33]. AQP3 is a relatively weak 
transporter of water but functions as an efficient 
glycerol transporter. Measurements of the 10-min 
glycerol uptake of Xenopus oocytes after micro-
injection of 5 ng of AQP3 cRNA and a 24~27-h 
incubation at 18 °C indicate that glycerol uptake 
is remarkably increased compared with control. 
Glycerol uptake in oocytes expressing AQP0, 
AQP1, AQP2, AQP4 or AQP5 is not increased 
significantly above control [3]. AQP3 is mainly 
expressed at the basolateral membrane of epithe-
lial cells in kidney collecting duct, airway and 
intestine, as well as in epidermis, urinary bladder, 
conjunctiva and cornea [34]. As an aquaglycero-
porin, AQP3 mediates glycerol permeability in 
certain organs, tissues and cells. In skin, the stra-
tum corneum (SC) is the most superficial layer 
whose hydration determines skin appearance and 
physical properties [35]. Phenotype analysis of 
AQP3-deficient mice indicates that AQP3 
expressed in epidermal keratinocytes plays 
essential role in hydration process and maintain-
ing biological functions of skin [36, 37]. Study 
on AQP3 null mice showed that deficiency of 
skin AQP3 impaired glycerol transport through 
basal keratinocyte layer into the epidermis and 
SC, resulting in the reduced glycerol content of 
epidermis and SC and therefore impairing hydra-
tion and epidermal biosynthetic functions [37]. 
These data provide us compelling evidence that 
glycerol-transporting property of AQP3 is impor-
tant for the skin function [35].

AQP7 is abundantly expressed in human adi-
pose tissue and acts as an adipose glycerol chan-
nel [38], it is found to act as a facilitative carrier 
for water by tenfold (186 ± 15 μm/s), glycerol by 
fivefold (the calculated Pglycerol was 18.9 × 10−6 
cm/s) and urea by ninefold (the calculated Purea 
was 12.0 × 10−6 cm/s), respectively in Xenopus 
oocytes expressing AQP7 [8].

Rodríguez et al. reported that AQP3 and AQP9 
were also expressed in omental and subcutaneous 
fat depots, in addition to the well-known 
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 expression of AQP7 in adipose tissue [39]. AQP3 
and AQP9 act as glycerol channels in adipocytes 
and the hepatocytes respectively, representing 
novel additional pathways for the glycerol trans-
port in human adipocytes [40, 41]. Studies on 
AQP7 and AQP9 knockout or knockdown mice 
demonstrated the pathophysiological relevance 
of glycerol channels through effects on glycerol 
metabolism. Impairment or lack of AQP7 func-
tion might have a causal role in obesity and dia-
betes mellitus [41].

AQP9 is mainly expressed in liver, testis, 
brain, leukocytes, epididymis and spleen [42–
44]. By injecting rat AQP9-cRNA into oocytes 
and determining the permeability profile of 
AQP9, it is concluded that AQP9 confered high 
permeability for water as well as other solutes 
including carbamides, polyols, purines, pyrimi-
dines and monocarboxylates [44]. Subsequent 
research showed AQP9 mainly facilitated glyc-
erol and urea transport [45]. Further study also 
showed that AQP9 facilitated glycerol influx and 
urea efflux in hepatocytes, providing evidence 
that AQP9 acts as important solute channel asso-
ciated with energy metabolism [10].

In human adipocytes, AQP3, AQP7 and 
AQP9 represent the glycerol channels involved 
in the regulation of lipid and glucose metabolism 
[38, 40]. AQP3 is present in the plasma mem-
brane and cytoplasm, AQP7 is expressed pre-
dominantly in the cytoplasm upon the lipid 
droplets, AQP9 is constitutively expressed in the 
plasma membranes [39]. The role of aquaglyc-
eroporins expressed in adipocytes is to control 
the transport of glycerol into and out of adipo-
cytes, which are critical steps for lipogenesis and 
lipolysis [41]. In the lipogenic process, AQP9-
mediated-glycerol uptake provides glycerol for 
the glycerol-3- phosphate proceeds, and further 
involves in the triacylglycerols synthesis of adi-
pocytes (Fig. 3.2) [40]. In the lipolysis, stimula-
tion of adrenergic receptors by catecholamines 
leads to a translocation of AQP3 and AQP7 to 
the plasma membrane to facilitate the glycerol 
release, which parallels with the translocation of 
HSL to the lipid droplets and its activation, leptin 
(via the PI3K/Akt/mTOR signalling cascade) 
and catecholamines downregulate AQP7 expres-
sion, which restrict glycerol release from adipo-
cytes (Fig. 3.3) [40].

Fig. 3.2 Proposed role 
of aquaglyceroporins 
in lipogenesis. 
Triacylglycerols (TAG) 
is synthesized from FFA 
and glycerol-3-
phosphate in adipocytes. 
Glycerol-3- phosphate 
proceeds from: (1) 
glucose, (2) glycerol 
from HSL-dependent 
lipolysis that is 
phosphorylated by GK 
or (3) AQP9-mediated-
glycerol uptake 
(Reproduction from Ref. 
[39])
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AQP10 is abundantly expressed in the duode-
num and the jejunum [46], which is also  identified 
as aquaglyceroporin on account of its functional 
and structural similarity with other aquaglycero-
porins AQP3, AQP7 and AQP9 [11]. Using 
oocytes, mediated isotopic solutes uptakes by 
AQP10 was detected, resulting that the glycerol 
permeability was significantly increased threefold 
with AQP10, which was inhibited by HgCl2 [11].

3.3  Urea Transport Mediated 
by AQPs

Urea is mainly generated from ammonia in liver 
as a key role in protein catabolism in mammals. 
And as a terminal product, approximately 90% of 
urea is eliminated in urine by the kidney [47]. In 
kidney, urea transport and cycle are vital in uri-
nary concentrating mechanism [48]. Some of 
human AQPs are permeable to urea including 
AQP3 [32], AQP7 [49], AQP9 [42], AQP10 [11], 
and possibly AQP6 [50], but the physiological 
significance of these aquaporins in urea transport 
is not fully revealed.

Whether AQP3 is urea channel remains con-
flicting. With AQP3 expressing in Xenopus 
oocytes and measurement of the urea permeabil-
ity, early work suggested that urea uptake was 
increased to twofold after 30 min incubations 
with radiolabelled urea, which can be completely 
blocked by phloretin, the inhibitor of urea trans-
porters [32]. Controversially, subsequent study 
did not find urea permeability property of rat 
AQP3 [51]. The difference may be resulted from 
the use of diverse concentrations of urea, and the 
AQP3 mediated urea transport was so low that it 
did not induce significant change in volume 
under lower urea concentration (20 mM) [52].

AQP6 possesses water permeability under the 
activation of Hg2+ as described by Yasui et al. [5]. 
AQP6 was determined to be permeable to urea 
using AQP6-expressing oocytes, the uptake of 
[14C]urea stimulated by HgCl2 was initially large 
(Purea = 21.3 × 10−7 cm/s) but decreased with time. 
However, the uptake of [14C]urea into AQP6- 
expressing oocytes not stimulated by HgCl2 was 
about three times less [50].

Ishibashi et al. found that urea uptake was 
increased up to 9-fold in 5 min and 16-fold in 

Fig. 3.3 Proposed role 
of aquaglyceroporins 
in lipolysis. 
Translocation of AQP3 
and AQP7 to the plasma 
membrane is led by 
stimulation of adrenergic 
receptors by 
catecholamines to 
facilitate the glycerol 
release. AQP7 
expression is 
downregulated by leptin 
and catecholamines, 
which represents a 
negative feedback 
regulation in lipolytic 
states to restrict glycerol 
release from adipocytes 
(Reproduction from Ref. 
[39])
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10 min with AQP7 expression in the oocytes, 
whose stimulation effect of urea uptake was 
much higher than that of AQP3 [8].

AQP9 expressed in oocytes showed to increase 
the urea permeability coefficient (Purea) from 1.5 
× 10−6 cm/s to 23.5 × 10−6 cm/s [43].

Urea permeability of AQP10 was measured in 
Xenopus oocyte expression system, and the result 
showed urea uptake was significantly increased 
twofold, which was inhibited by phloretin [11].

AQP3, AQP7 and AQP9 appear to play roles 
in urea transport in skin. AQP3 and AQP9 are 
expressed in the differentiating layers of human 
epidermal skin equivalents [53]. AQP7 localizes 
to superficial epithelial cells of the gastrointesti-
nal tract [54]. Expression of AQP3, AQP7 and 
AQP9 could be upregulated by urea [55] (Fig. 
3.4). Studies revealed that urea transporters and 
AQPs transport exogenous urea into keratino-
cyte, playing a critical role in keratinocyte dif-
ferentiation, lipid synthesis, and maintaining 
epidermal homeostasis. Moreover, AQP3 is pro-

posed the important channel of epidermis in 
which AQP3 facilitates water and glycerol  
transport from blood and sebaceous glands to 
keratinocytes involved in proliferation and differ-
entiation of keratinocytes [17].

AQP3 null mice have nephrogenic diabetes 
insipidus under normal conditions. When given a 
urea load, the concentration of urine reach high 
level, however, the excretion of other solutes 
reduces significantly [56]. The capacity of urea to 
increase the concentration of non-urea solutes 
relies on AQP3 and its function in transporting 
both urea and water [57]. AQP10 is only found in 
duodenum and jejunum [46], and it transports 
water, urea and glycerol when expressed in 
Xenopus oocytes [11]. Further study of AQP10 in 
urea transport is less carried out. AQP9 is a 
 urea- permeable protein localized at the basolat-
eral membrane of hepatocytes, since the liver is a 
major site of urea production [42]. AQP9 also 
abundantly expresses in the peripheral leukocytes 
permeable to water and urea [43].

Fig. 3.4 Proposed 
mechanism of AQP3 
function in epidermis. 
UT-A1, UT-A2 and 
AQP3 facilitate urea 
uptake in skin, which 
may induce keratinocyte 
differentiation and 
improve barrier and 
antimicrobial defense 
function of skin. 
Moreover, AQP3 
facilitates water and 
glycerol transport from 
blood and sebaceous 
glands to keratinocytes 
(Reproduction from Ref. 
[17])
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3.4  Gas Transport Mediated 
by AQPs

AQPs including AQP1, AQP3, AQP4, AQP5, 
AQP8 and AQP9 could potentially transport 
gases such as CO2, NO, NH3 and O2.

3.4.1  Carbon Dioxide (CO2)

Early study showed that permeability of CO2 was 
significantly increased in Xenopus oocytes 
injected with AQP1 cRNA and proteoliposomes 
containing purified AQP1 [58, 59], supporting 
the hypothesis that AQP1 is a pathway for CO2 
transport across the membrane. Also, one study 
adopting 18O-labeled HCO3

− to examine the CO2 
permeability of AQP1-null human erythrocytes 
compared with normal ones verified that AQP1 
was responsible for 60% of the high PCO2 of 
erythrocytes [60], directly suggesting that AQP1 
plays the critical role in mediating CO2 transport. 
It is suggested that gases transport plasma mem-
brane through central space of tetramer of AQP1 
and do not go through water pore (Fig. 3.5).

Further study on cholesterol-containing mem-
branes reconstituted with human AQP1 mediat-
ing CO2 permeability showed significant increase 
in membrane CO2 permeability, suggesting that 
both cholesterol and AQP1 are necessary in CO2 
permeability across biological membranes [61].

When expressed in oocytes, bovine AQP0, 
human AQP1, rat AQP4-M23, rat AQP5, rat 
AQP6, rat AQP6N60G, or rat AQP9 exhibited sig-
nificantly increased permeability to CO2 mea-
sured by microelectrode positioned at the surface 
of the oocytes [7].

However, some studies suggest that AQP1- 
dependent CO2 transport has no physiological 
relevance [62, 63]. Verkman group reported 
experiments in which physiological conse-
quences of CO2 transport by AQP1 were studied 
by comparing CO2 permeability in erythrocytes 
and intact lung of wild-type and AQP1 null mice. 
Results showed no difference in CO2 permeabil-
ity between AQP1 null mice and wild-type mice, 
providing direct evidence against physiological 
significance of CO2 permeability mediated by 
AQP1 [62, 63].

3.4.2  Nitric Oxide (NO)

As another physiologically important gas, NO 
plays critical role in cardiovascular system, uri-
nary system, and central nervous system (CNS). 
Early studies showed that NO produced by the 
endothelial cells relaxed adjacent vascular 
smooth muscle cells to regulate blood flow and 
blood pressure [64–66]. Previous conception that 
the process of NO transporting from endothelial 
cells to the vascular muscle cells occurred by free 
diffusion through the lipid bilayer of the cell 
membrane was challenged by the discovery of 
AQP1 in transporting NO. In the vascular system, 
AQP1 expressed in endothelial cells [67] 
is involved in vascular function. By transfecting 
AQP1 into CHO cells and reconstituting purified 
human AQP1 into the lipid vesicles, transport 
property of NO by AQP1 was measured. In CHO 
cells expressing AQP1, NO permeability was 
identified to be correlated with water permeabil-
ity, the use of AQP1 inhibitor led to a NO trans-
port reduction by 71% and the NO transport is 
saturable. In the reconstituted lipid vesicles 
expressing AQP1, NO influx was increased by 
316% [68]. Results all above support the hypoth-
esis that NO is transported by AQP1.

Using AQP1 null mice, Herrera et al. subse-
quently identified that transport of NO by AQP1 
was required in full expression of endothelium- 
dependent relaxation, though NO free diffusion 
still occurred in the absence of AQP1 slowly 
[69, 70].

Fig. 3.5 CO2 passes through the central space of AQP1 
tetramer in plasma membrane (Reproduction from  
Ref. [17])
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In addition to AQP1, AQP4 located in brain is 
also permeable to NO through its central pore, 
and it even provides a more favorable permeation 
pathway for gas molecules than AQP1 [71]. 
Further investigation is required to clarify the 
role of AQP4 in the control of NO flow in the 
central nervous system.

3.4.3  Ammonia (NH3)

Holm et al. first observed a role of AQPs as NH3 
channels [72]. AQP1, AQP3, AQP8 and AQP9 
expressing in Xenopus oocytes and lipid bilay-
ers have been shown to facilitate NH3 transport 
[72–74]. Another group measured NH3 permea-
bility of the AQPs in Xenopus oocytes, and their 
results indicated that human AQP1, rat AQP3, rat 
AQP6, rat AQP6N60G, human AQP7, human 
AQP8, and rat AQP9 had a significantly increased 
permeability to NH3 [7]. Nevertheless, the physi-
ological significance of AQPs as NH3 transport-
ers remains unclear [70].

3.4.4  Oxygen (O2)

Molecular dynamics (MD) simulations on the 
AQP1-embedded membranes and on the pure 
lipid bilayers indicated that the central pore of 
AQP1 was an ideal channel for the permeation of 
both CO2 and O2. The result of MD simulations 
showed the central pore of APQ1 permeated O2 
with a −0.4~−1.7 kcal/M energy well [75].

3.5  Other Molecule Transport 
Mediated by Aquaporins

3.5.1  Hydrogen Peroxide(H2O2)

Hydrogen peroxide (H2O2) belongs to the group 
of reactive oxygen species (ROS). ROS are gen-
erated in a number of key metabolic processes in 
cells such as the electron transport chain in the 
inner mitochondrial membrane [76]. Because of 
the potential damage of ROS on nucleic acids, 
proteins and lipids, cells have a number of ROS- 

scavenging systems to remove these molecules 
and to maintain a relatively low and constant 
ROS concentration [77]. Although the formation 
and scavenging of ROS has been studied thor-
oughly relatively, little is known about their 
transport mechanism from the site of origin to the 
place of action or detoxification [77]. The obvi-
ous chemical similarity between water and H2O2 
suggests that AQPs could likely be candidates for 
H2O2 permeation and many studies confirmed 
that certain AQPs could mediate H2O2 transmem-
brane transport [77–81]. In 2006, human AQP8 
was evidenced to facilitate the diffusion of H2O2 
across membranes adopting fluorescence assay 
with intact yeast cells and intracellular ROS- 
sensitive fluorescent dye [77]. And as the H2O2 
has been revealed to be an important signaling 
molecule for immune response, growth, differen-
tiation, migration processes, Miller et al. demon-
strated that AQP3 and AQP8 promoted uptake of 
H2O2 in HEK-293 cells transfected with AQP3 or 
AQP8 expression vectors, and that intracellular 
H2O2 accumulation can be modulated by endog-
enous AQP3 expression that influences down-
stream cell signaling cascades [81]. Another 
study showed that the AQP3-meidated H2O2 
uptake is essentially required for the chemokine- 
dependent T cell migration during immune 
response, which revealed a novel physiological 
role of AQP3-mediated H2O2 transport [80].

3.5.2  Some Ions

AQPs were originally regarded as plasma mem-
brane channels that were freely permeable to 
water or small uncharged solutes but not to ions 
[82]. There is increasing evidence that certain 
AQPs have ion channel function [82, 83]. In 
1996, Yool group reported that AQP1 acted as a 
cation channel (K+, Cs+, and Na+ and to a lesser 
degree tetraethylammonium) [84] that was ini-
tially controversial. Subsequent researches by 
Yool group showed that human AQP1 expressed 
in Xenopus oocytes could mediate cationic con-
ductance gated by the activation of cGMP [85] 
and defined not only the ion channel function, but 
also the detailed molecular mechanisms that 
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govern and mediate the multifunctional capabili-
ties of AQP1 [86]. In AQP1, the central pore at 
the fourfold axis of symmetry in the tetramer has 
been proposed as the most likely pathway for cat-
ion conduction [83]. AQP1 functions as a 
 non- selective monovalent cation channel when 
activated by intracellular cGMP, with a large sin-
gle channel conductance of approximately 150 
pS in standard physiological saline conditions [85].

In other AQPs such as AQP0 and AQP6, the 
possible role of the intrasubunit pores as ionic 
conductance pathways was proposed by many 
research groups [5, 86–88]. As the major protein 
component of isolated lens junctions, AQP0 
shows to have ion channel activity when reconsti-
tuted in bilayers [89]. Bovine AQP0 has a con-
ductance of 200 pS in unilamellar vesicles with 
100 mM saline, which supports ion channel activ-
ity [86]. The ion channel of AQP0 was detected to 
be voltage- and pH-sensitive, opened at acidic pH 
and closed permanently at neutral pH [87].

Rat AQP6 was found expressed in intracellu-
lar vesicles of renal epithelia. As a gated channel, 
mammalian AQP6 expressed in oocytes shows 
intermediate conductance (49 picosiemens in 100 
mM NaCl) induced by HgCl2 [88]. At pH lower 
than 5.5, anion conductance is rapidly and revers-
ibly activated in AQP6 oocytes. The cation/anion 
selectivity changed with the site-directed muta-
tion of lysine to glutamate at position 72 in the 
cytoplasmic mouth of the pore leaving low pH 
activation intact [5]. The studies of Ikeda et al. 
indicated that AQP6 exhibited a form of anion 
permeation with significant specificity for nitrate 
[82]. Above all of the researches, the function of 
AQP as gated ion channel and as water channel is 
considered to have physiological and potentially 
translational relevance [90].

3.5.3  Silicon

Silicon is abundantly and differentially distrib-
uted in body, researchers showed that unlike sili-
con transporter existing in plants and algae, 
human aquaglyceroporins (AQP3, AQP7, AQP9 
and AQP10) can mediate silicon transport in 
Xenopus laevis oocytes and HEK-293 cells. 

Further, aquaglyceroporins could act as the rele-
vant silicon permeation pathways in both mice 
and humans, regulating the Si balance in body. 
And this study surprisingly found phloretin stim-
ulated the Si transport of AQP9 [91].

3.6  Conclusion

The transport of various kinds of small molecules 
by AQPs is an interesting topic. However, most 
data about transport characteristics of AQPs are 
derived from in vitro experiments. The physio-
logical significance of AQPs that are permeable 
to gases and other small molecules is necessary 
to be determined by in vivo experiments. Studies 
using knockout mouse models of AQPs have 
confirmed that AQPs, with water and glycerol 
permeability, play important roles in urine con-
centrating mechanism, skin moisture and energy 
metabolism, etc. Aquaporin-mediated transport 
of other small gases (CO2, NH3 and NO) should 
be carefully studied, due to that the high intrinsic 
membrane permeabilities for these gases makes 
aquaporin-facilitated transport not dominant in 
physiological mechanism.
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Aquaporins and Gland Secretion

Christine Delporte

Abstract

Aquaporins (AQPs) are expressed in most exocrine and endocrine secre-
tory glands. Consequently, summarizing the expression and functions of 
AQPs in secretory glands represents a daunting task considering the 
important number of glands present in the body, as well as the number of 
mammalian AQPs – thirteen. The roles played by AQPs in secretory pro-
cesses have been investigated in many secretory glands. However, despite 
considerable research, additional studies are clearly needed to pursue our 
understanding of the role played by AQPs in secretory processes. This 
book chapter will focus on summarizing the current knowledge on AQPs 
expression and function in the gastrointestinal tract, including salivary 
glands, gastric glands, Duodenal Brunner’s gland, liver and gallbladder, 
intestinal goblets cells, exocrine and endocrine pancreas, as well as few 
other secretory glands including airway submucosal glands, lacrimal 
glands, mammary glands and eccrine sweat glands.
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4.1  The Secretory Glands 
from Gastrointestinal Tract

AQP expression has been localized to several 
secretory glands from the gastrointestinal tract 
(Fig. 4.1).

4.1.1  Salivary Glands

Salivary glands comprise major salivary glands, 
namely parotid, submandibular and sublingual 
glands, and minor salivary glands [4, 180]. 
Salivary glands contains several lobes that further 
subdivide into lobules. Salivary glands are made 
of acinar, ductal and myoepithelial cells [136]. 
The acinar cells are either serous, mucous or 
seromucous, based on their secretory products 

and characteristics [136]. The ductal system can 
be subdivided into intralobular (intercalated and 
striated), interlobular, interlobar (excretory) 
ducts.

In all human salivary glands, AQP1 is 
expressed in myoepithelial [117] and endothelial 
[10, 50, 158] cells. In addition, AQP3 is located 
at the basolateral membrane of serous and 
mucous acini, but not the ducts [10, 50]. AQP4, 
AQP6 and AQP7 proteins have not been detected 
in human salivary glands, despite the presence of 
their mRNA [50]. AQP5 is exclusively expressed 
at the apical membrane of serous acinar cells [50, 
158].

Rat submandibular and parotid glands express 
AQP1 and AQP5 respectively in endothelial cells 
[3, 54, 90, 126] and at the apical membrane of 
acinar cells [45, 120, 125, 135, 158]. The expres-

Fig. 4.1 AQP expression in 
gastrointestinal tract 
secretory glands. AQP 
expression has been localized 
to several secretory glands 
from the gastrointestinal tract
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sion of AQP3 and AQP4 in rat salivary glands 
remains a subject of controversy [3, 43, 71, 125]. 
In rat parotid glands, the expression of AQP6 has 
been localized to secretory granule membrane 
[101], while that of AQP8 has been located in 
myoepithelial cells [40, 78, 175].

In all mouse salivary glands, AQP1 is located 
to endothelial and myoepithelial cells [122]. 
Acinar and ductal cells express AQP3, AQP4 and 
AQP8 at their basolateral membrane [122]. AQP5 
is expressed at the apical membrane of acinar 
cells [6, 84, 103]. AQP7 is expressed in endothe-
lial cells [6]. The cell distribution of AQP9 
remains to be determined in mouse salivary 
glands [6, 33, 84]. Ductal cells express AQP11 
[6, 84].

Saliva secretion results from the secretion of 
an isotonic-like fluid rich in NaCl and water by 
acinar cells and its subsequent modification in 
composition when entering the ductal lumen [87, 
109]. This leads to the secretion of a final hypo-
tonic saliva into the oral cavity.

AQP5, located in acinar cells, plays a major 
role in saliva secretion [80, 95]. Indeed, AQP5 
knockout mice displayed a 60% decrease in 
pilocarpine- stimulated saliva secretion, as well as 
a more viscous and hypertonic saliva [80, 95]. In 
addition, when submitted to hypotonic challenge, 
water permeability of parotid and sublingual aci-
nar cells from AQP5 knockout mice decreases by 
65% and 77%, respectively [80]. Despite the use 
of AQP1, AQP4 and AQP8 knockout mice, the 
involvement of these AQPs has not been demon-
strated in saliva secretion [95, 169, 178]. The cur-
rent saliva secretion model suggests that AQP5 is 
responsible for transcellular water movement 
occurring in acinar cells [87, 96, 109, 151]. 
However, an osmosensor feedback model sug-
gest that AQP5 could act as an osmosensor, con-
trolling the tonicity of the transported fluid by 
mixing transcellular and paracellular water flows 
[57]. Indeed, in response to stimuli promoting 
intracellular calcium, AQP5 traffics from intra-
cellular vesicles to plasma membrane [28, 66, 
105].

In salivary glands of patients suffering from 
Sjögren’s syndrome, is an autoimmune disease 
characterized by lymphocytic infiltration of exo-

crine glands. It has been hypothesized that AQP5 
could participate in the pathogenesis of the dis-
ease and the reduction of saliva secretion [158]. 
In salivary glands from Sjögren’s syndrome 
patients and a mouse model of Sjögren’s syn-
drome, AQP5 expression and/or localization has 
been reported to be either altered [41, 76, 92, 
143, 155, 156, 158, 181] or not modified [11, 51, 
161]. AQP5 altered distribution could be linked 
to the presence of inflammatory infiltrates [156]. 
Therefore, cytokines and autoantibodies directed 
against muscarinic M3 receptors may play a role 
in altered distribution and/or expression of 
AQP5 in salivary glands from patients with 
Sjögren’s syndrome [86, 89, 150, 177, 179]. Even 
though altered expression and/or localization of 
AQP5 could not totally account for saliva impair-
ment observed in Sjögren’s syndrome patients, 
nevertheless it could still play a role in the patho-
genesis of the disease.

Interestingly, a naturally occurring point 
mutation of AQP5 has been identified in rats and 
associated with decreased AQP5 production and 
saliva secretion [121]. However, no AQP5 muta-
tion has been associated to defects in saliva flow 
in humans.

Despite decreased AQP1 expression in myo-
epithelial cells of salivary glands from Sjögren’s 
syndrome patients [10] and reestablished saliva 
flow in patients with Sjögren’s syndrome by drug 
increasing AQP1 expression [137], further stud-
ies will be necessary to better understand its role 
in xerostomia.

In patients who received ionizing radiation 
therapy as part of their treatment for head and 
neck cancer, decrease/loss of AQP5 expression 
[30, 159] and impaired AQP5 trafficking [5] may 
participate to xerostomia.

AQPs could be used as either therapeutic tar-
gets or therapeutic agents to treat xerostomia. 
Cevimeline may be a useful drug to treat xerosto-
mia as it restores proper AQP5 trafficking [62, 
67, 172]. Drugs finely tuning DNA methylation 
may also be useful to treat xerostomia as DNA 
demethylation agent increased AQP5 expression 
[176]. Gene therapy using delivery of a recombi-
nant adenovirus vector coding for AQP1 
(AdhAQP1) to irradiated glands of animals and 
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human leads to saliva flow restoration [8, 9, 34, 
127, 145]. Further studies are required to engi-
neer new adenoviral vectors that would allow 
more efficient and persistent expression of a 
transgene, such as for instance hAQP1, in sali-
vary glands. Despite the latter consideration, 
gene therapy using hAQP1 as a therapeutic agent 
still represents a promising therapy for patients 
suffering from xerostomia subsequent to head 
and neck irradiation therapy, as well as for 
Sjögren’s syndrome.

4.1.2  Gastric Glands

In mammals, the gastric glands are located in dis-
tinct regions of the stomach, in gastric pits within 
the gastric mucosa. The gastric glands comprise 
fundic glands (located in the cardia), cardiac 
glands (located in the fundus and body of the 
stomach) and pyloric glands (located in the 
antrum of the pylorus). Gastric glands are com-
posed of foveolar cells producing mucous, pari-
etal cells secreting gastric acid and bicarbonate 
ions, chief cells secreting pepsinogen, G cells 
secreting gastrin and enterochromaffin-like cells 
releasing histamine [74].

The human stomach express several AQPs. 
AQP1, AQP3, AQP4, AQP5, AQP7, AQP8, 
AQP10 and AQP11 mRNA have been identified 
in the fundus, while AQP1, AQP3, AQP5, AQP7 
and AQP11 mRNAs have been located to the 
antrum of the pylorus [82]. Both parietal and 
chief cells express AQP4 protein at the basolat-
eral membrane [43, 44, 58, 79, 114]. In stimu-
lated cells, AQP4 internalization in a 
vesicle-recycling compartment was followed by 
phosphorylation [24]. However, AQP4 knock-
down mice did not exhibited any change in the 
rates of both basal or stimulated acid and fluid 
secretion [174]. Even though other AQPs could 
compensate for the lack of AQP4, AQP4 is 
unlikely to play a major role in gastric acid pro-
duction, but on the other hand may be involved in 
cell volume maintenance. AQP5 has exclusively 
been localized to the apical and lateral mem-
branes of pyloric glands [131].

Several AQPs have been found to promote or 
be involved in stomach pathologies including 
chronic gastritis and gastric cancer [27, 59, 82, 
85, 108, 146, 184].

4.1.3  Duodenal Brunner’s Gland

AQP5 was localized to the apical, lateral and 
secretory granule membranes of the Brunner’s 
gland cells [131]. AQP1 localization was 
restricted to apical and lateral membranes of the 
Brunner’s glands cells [130]. Vasoactive intesti-
nal peptide (VIP) is known to increase secretion 
flow rate as well as bicarbonate and protein out-
put from rat Brunner’s glands [72]. In both rat 
and human, VIP induces subcellular redistribu-
tion, from intracellular granules to apical plasma 
membrane, of AQP5 but not of AQP1 in a cAMP 
and protein kinase-A dependent manner [31, 
130]. Co-localization and co-trafficking of cystic 
fibrosis transmembrane conductance regulator 
(CFTR) and AQP5 provides a parallel pathway 
for electrolyte secretion and osmotic water move-
ment [31]. In celiac disease-affected Brunner’s 
glands, AQP5 expression was almost absent, 
while AQP5 expression was reduced in cystic 
fibrosis [31]. Therefore, AQP5 may participate to 
the pathophysiology of these diseases character-
ized by altered duodenal secretion.

4.1.4  Liver and Gallbladder

Liver comprises hepatocytes, as well hepatic ducts 
made of cholangiocytes, endothelial cells and 
Kupffer cells [88]. Hepatocytes secrete canalicular 
bile containing bile salts, organic and inorganic 
solutes and 95% water. Hepatic ducts facilitates 
bile flow towards intestine and gallbladder, but 
also modify the composition of bile [128]. In the 
gallbladder, bile is concentrated or directly deliv-
ered to the intestinal lumen [16]. Humans produce 
daily about 17 μL/g liver/h, while the production is 
about 6 times higher in rats [16].

Rat hepatocytes express AQP0 and AQP8 
intracellularly and at the canalicular plasma 
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membrane [19, 40, 60]. Human hepatocytes also 
express AQP8 [49]. Upon secretin stimulation 
and intracellular cAMP increase, AQP8, but not 
AQP0, traffics from intracellular vesicles to the 
canalicular plasma membrane [22, 47, 48, 60, 
162]. AQP8 is also located in rat hepatocyte 
mitochondria [20]. AQP9 is expressed at the 
basolateral membrane of both rat, mouse and 
human hepatocytes [39, 49, 138, 160]. AQP11 
mRNA has been detected in mouse and human 
liver [49, 119]. AQP7 has been located to human 
hepatocytes [49].

Cholangiocytes express AQP1 in intracellular 
vesicles and AQP4 at their basolateral membrane 
[99, 133]. Upon secretin stimulation and intracel-
lular cAMP increase, AQP1 traffics from intra-
cellular vesicles to the plasma membrane of 
cholangiocytes [157, 163]. Mice cholangiocytes 
also express AQP3 and AQP8 at their plasma 
membrane [132, 168].

Endothelial cells express AQP1 [126] and 
AQP7 [49]. Kupffer cells express AQP3 [49].

Human and mouse gallbladder epithelial cells 
express AQP1 at their apical and basolateral 
membranes, while AQP8 is located intracellu-
larly and at the plasma membrane [20, 126].

Hepatocyte secrete bile by a mechanism of fil-
tration in response to osmotic gradients created 
by the transport of osmotically active solutes in 
the bile canalicular lumen [16, 20, 22]. Water and 
small solutes enter passively the canalicular 
lumen, in response to the osmotic gradient. Water 
flows through both transcellular and paracellular 
pathways [16, 22]. Cholangiocytes are responsi-
ble for less than 10% bile production in rodents, 
whereas it humans it may account for about 30% 
of daily bile production [16]. Cholangiocytes 
account for secretin-induced ductal bile secretion 
and extrude Cl− and HCO3

− into the canalicular 
lumen, providing the driving force for osmotic 
water movement into the ductal lumen [16, 22]. 
In addition, cholangiocytes reabsorb solutes and 
fluid from the primary secretion of hepatocytes 
[16]. Considerable species differences exist with 
the respect of cholangiocytes in modifying hepa-
tocyte bile [16]. Gallbladder concentrates bile by 
reabsorbing water, thereby allowing the concen-
tration of bile acids [167]. Gallbladder contracts 

and expulses bile into the intestinal lumen in 
response to cholecystokinin [16].

AQP8 subcellular distribution and trafficking 
suggested its participation in bile formation by 
the hepatocytes. However, AQP8 knockout mice 
did not confirm this hypothesis [178]. 
Compensatory mechanisms and/or species differ-
ences could account for this result. While the 
involvement of AQP8 in mitochondrial volume 
expansion occurring during active oxidative 
phosphorylation remains controversial, it is likely 
to play a role in rat liver mitochondrial ammonia 
transport [154]. In addition, AQP8 present in 
smooth endoplasmic reticulum could be involved 
in glycogen synthesis and degradation in mice 
[42]. As AQP9 knockout mice display increased 
plasma glycerol and triglycerides levels as well 
as decreased hepatocyte glycerol permeability, 
AQP9 is likely involved in glycerol metabolism 
and energy balance [21, 97, 110, 139]. AQP11 
knockout mice display hepatocyte vacuolization, 
suggesting that AQP11 is involved in rough endo-
plasmic reticulum homeostasis and liver regen-
eration [64, 138]. In cholangiocytes, AQP1 is 
thought to play a key role in basal and secretin- 
induced bile secretion [22, 100]. However, AQP1 
knockout mice studies do not support a role of 
AQP1 in bile formation [94, 111]. AQP4 and sev-
eral other AQPs are expressed in hepatocytes and 
cholangiocytes, where they could be involved in 
compensatory mechanism occurring following 
the deletion of a given AQP. Therefore, further 
studies are necessary to clarify the roles of AQPs 
in bile secretion, involving both hepatocytes and 
cholangiocytes. In gallbladder, AQP1 and AQP8 
may participate to water movement. However, 
their roles in gallbladder function remain unclear 
due to oppose findings [22, 91]. Therefore, addi-
tional studies will be required to address the role 
played by AQPs in gallbladder function.

4.1.5  Intestinal Goblet Cells

In the intestine, a subset of mucus-secreting gob-
let cells have been shown to express AQP9 
mRNA [129]. However, the presence of AQP9 
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protein and its function in goblet cells remain to 
be determined.

4.1.6  Exocrine Pancreas

Exocrine pancreas, accounting for 90% of total 
pancreatic cells, possesses a morphology very 
similar to salivary glands, albeit the presence of 
few differences. Exocrine pancreas is only made 
of serous acinar cells, centroacinar cells represent 
an extension of intercalated ducts into each aci-
nus, and the exocrine pancreatic fluid secretion 
drains into a main collecting duct. Human pan-
creatic fluid secreted daily (1–2 l) contributes to 
both the neutralization of the stomach acid and 
the digestion of food. Several neurotransmitters 
including acetylcholine, cholecystokinin and 
secretin are involved in pancreatic juice secre-
tion. They induce both pancreatic enzyme and 
fluid secretion or mainly fluid secretion, and exert 
potentiated effects [77].

Human exocrine pancreas has been shown to 
express AQP1, AQP3, AQP4, AQP8 and AQP12 
mRNAs, while only AQP1, AQP5 and AQP8 pro-
teins were detected [17, 68]. AQP1 is expressed 
in capillaries, centroacinar cells and intercalated 
ductal cells [17]. In addition, pancreatic zymogen 
granule membranes express AQP1 [2, 29]. AQP5 
and AQP1 are localized to the apical membrane 
of respectively intercalated ductal cells and aci-
nar cells [17]. The precise localization of AQP12 
expression has not yet been determined [68].

Rat exocrine pancreas expresses AQP1, AQP4, 
AQP5, AQP8, but not AQP12, mRNAs [17, 61, 
68]. AQP1 is localized to the apical and basolat-
eral membranes as well as caveolae and vesicle- 
like structures of intralobular and intralobular 
ductal cells [46, 73]. In addition, AQP1 is 
expressed in acinar zymogen granules [29] and in 
endothelial cells [61]. AQP5 is located at the api-
cal membrane of centroacinar and intercalated 
ductal cells [18], while AQP8 is expressed at the 
apical membrane of acinar cells [68].

In mouse exocrine pancreas, interlobular duc-
tal cells express both AQP1 and AQP5 at their 
apical membrane, while intercalated and intra-
lobular ductal cells only express AQP5 at their 

apical membrane [18]. Acinar cells express 
AQP12 intracellularly [69].

The mechanisms leading to pancreatic juice 
secretion involve a first step during which acinar 
cells secrete a small volume of isotonic fluid, and 
a second step in which ductal cells secrete ions 
(Na+, Cl− and HCO3

−) as well as most of the 
water [87, 107]. Transcellular water movement to 
the acinus lumen is ensured by the AQP8 located 
at the apical membrane, while AQP1 (located at 
both apical and basolateral membranes) and 
AQP5 (located at the apical membrane) ensure 
ductal transcellular movement to the ductal 
lumen [18]. While AQP8 accounts for 90% of 
water permeability in rat pancreatic acinar cells 
[61], AQP8 knockout mice display normal exo-
crine pancreatic function likely because acinar 
cells generate small amount of fluid compared to 
ductal cells [178]. AQP1, expressed in rat pancre-
atic acinar zymogen granules, contributes to 
basal and GTP-mediated vesicle water entry and 
swelling [2, 29]. In rat interlobular ductal cells, 
AQP1 accounts for 80–90% of secretin- 
stimulated pancreatic juice secretion [73]. 
However, AQP1 and AQP5 knockout mice dis-
play normal exocrine pancreatic function [17]. 
Weak level of AQP1 and AQP5 expression or 
function redundancy may account for this obser-
vation. Nevertheless, double AQP1 and AQP5 
knockout mice could be valuable to determine 
the possible contribution of these AQPs to the 
pancreatic juice secretion. Finally, additional 
experiments will also be required to elucidate the 
role of AQP12 in exocrine pancreatic fluid 
secretion.

4.1.7  Endocrine Pancreas

Endocrine pancreatic cells, accounting for 10% 
of total pancreatic cells, are organized in islets of 
Langerhans made of insulin-producing ß-cells 
surrounded by glucagon-producing α-cells, 
somatostatin-producing δ-cells, and pancreatic 
polypeptide-producing PP cells [83]. Human 
endocrine pancreas is responsible for post- 
prandial insulin secretion [55, 144].
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While no data are currently available concern-
ing the expression of AQPs in human, AQP7 is 
expressed in both rat and mouse ß-cells [12, 93, 
102]. In addition, mouse ß-cells express AQP5 
and AQP8 [93].

The classically-described sequential mecha-
nisms involved in insulin secretion in response to 
increased glucose levels are: massive glucose 
uptake by the glucose transporter type 2 
(GLUT2), glucose metabolization, increase in 
intracellular ATP concentration, inhibition of 
ATP-sensitive K+ channels, membrane depolar-
ization, opening of voltage-dependent Ca2+ chan-
nels, increase in intracellular calcium 
concentration, exocytosis of insulin-containing 
granules [55]. In addition, glucose induces an 
increase in ß-cell volume that may affect ß-cell 
activity as well [112]. Indeed, ß-cell swelling in 
response to hypoosmotic stress induces volume- 
regulated anion channel (VRAC) activation and 
cell membrane depolarization leading to activa-
tion of voltage-dependent Ca2+ channels, calcium 
entry and insulin secretion [13, 38].

AQP7 emerged as playing a key role in intra-
cellular glycerol content regulation, as well as 
insulin production and secretion. Indeed, AQP7 
knockout mice display reduced ß-cells size, 
mass, insulin content and cAMP-induced glyc-
erol release [56, 102]. In addition, these mice had 
increased rates of both basal and glucose- 
stimulated insulin secretion, glycerol and triglyc-
eride contents and glycerol kinase activity [102]. 
However, most likely related to the different 
genetic background of the AQP knockout mice, 
the mice presented different phenotypes. Some 
AQP7 knockout mice presented hyperinsu-
linemia [56, 102] accompanied [56] or not [102] 
with hyperglycaemia, while other had normal 
glycaemia with undetermined insulin levels 
[149]. In both ß-cells and BRIN-BD cells, extra-
cellular isosmotic addition of glycerol induces 
sequential cell swelling, VRAC activation, mem-
brane depolarization, electrical activity and insu-
lin secretion [12, 35, 171]. Both glycerol entry 
and glycerol metabolization are likely to contrib-
ute to ß-cell activation [12]. In response to 
increased D-glucose concentration, extracellular 
hypotonicity or extracellular isosmotic addition 

of glycerol, AQP7 knockout mice displayed 
lower insulin released than wild type mice [93]. 
AQP7 likely plays a dual role in the regulation of 
insulin released by allowing both glycerol entry 
and exit, and by acting directly or indirectly at a 
distal downstream site in the insulin exocytosis 
pathway [93]. While association between muta-
tions or single-nucleotide polymorphisms of 
AQP7 with diabetes and/or obesity have been 
investigated, no clear conclusion has been drawn 
[25, 26, 75, 113, 134]. Additional studies will be 
required to further clarify the role of AQP7 in 
ß-cells physiology and physiopathology.

4.2  Other Secretory Glands

4.2.1  Airway Submucosal Glands

Submucosal glands are present in the trachea and 
bronchial airways in humans, while only in the 
trachea in rats and mice [7]. Submucosal glands 
are made of serous and mucous acinar cells orga-
nized is secretory tubules, and ductal cells orga-
nized in lateral and collecting ducts. Submucosal 
gland secrete a mixture of water, ions and mucins 
ensuring the hydration of the airway surfaces, 
supporting mucociliary transport, and serving as 
a fluid matrix for secreted molecules including 
the gel-forming mucins [7]. Submucosal gland 
secretion is mainly induced by acetylcholine and 
VIP stimulations [7].

AQP5 is expressed at the apical membrane of 
submucosal serous epithelial cells [81, 170].

The mechanisms of submucosal fluid secre-
tion involve the secretion of Cl− and HCO3

− cre-
ating an electrical gradient for cations such as 
Na+ to passively follow through a paracellular 
pathway. The resulting osmotic gradient drives 
the passive flux of water across the glandular epi-
thelia [7]. Knockout mice studies have revealed 
that AQP5 is involved in submucosal fluid secre-
tion, as the latter decreased by more than 50% in 
AQP5 knockout mice as compared to wild type 
mice [153]. In submucosal glands from patients 
suffering from chronic obstructive pulmonary 
disease, AQP5 expression is decreased and 
related to the severity of the disease [173]. In 
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submucosal glands of asthmatic patients, AQP5 
is overexpressed [147]. In addition, in an animal 
model of asthma characterized by hypersecretion 
of mucins and increase in inflammatory cyto-
kines levels, AQP5 deletion induced a decrease 
of both parameters [147]. These data suggest that 
AQP5 is likely involved in the development of 
mucous hyperproduction and inflammation dur-
ing chronic asthma [147]. Further studies are 
required to confirm the possible trafficking of 
AQP5 and the regulation of such process by 
physiological stimuli in submucosal glands. In 
addition, there is a need for a better understand-
ing of the role of submucosal AQP5 in pulmo-
nary diseases.

4.2.2  Lacrimal Glands

Lacrimal glands are composed of several lobules 
containing acinar cells secreting a fluid into intra-
lobular, interlobular, intralobar, inerlobar and 
finally excretory ducts. Acinar cells are sur-
rounded by myoepithelial cells. Lacrimal gland 
secretion is under the control of acetylcholinergic 
and adrenergic fibers. Lacrimal glands secrete a 
tear film rich in water and proteins ensuring cor-
nea transparency, as well as the quality of the 
image projected onto the retina [164].

In rat lacrimal glands, endothelial cells express 
AQP1 and AQP5, while acinar cells express 
AQP3 (basolateral membrane), AQP4 (lateral 
membrane), AQP5 (apical membrane) and 
AQP11 (intracellularly) [182]. In mouse lacrimal 
acinar cells, AQP4 and AQP5 are localized to the 
basolateral and apical membranes, respectively 
[65, 135]. In addition, AQP5 is also expressed by 
mouse lacrimal ductal cells [141].

Lacrimal fluid is produced in two steps: for-
mation of a primary isotonic fluid by acinar cells 
and modification of the primary fluid composi-
tion during its transit through the ductal system 
[37]. Depending on the flow rates, the final lacri-
mal fluid has much higher K+ and Cl− concentra-
tions in rats, and higher K+ concentration but 
similar Cl− concentration in rabbits [37]. In lacri-

mal glands, electrolytes and water secretion 
occur in ductal cells [32]. Therefore, AQPs 
expressed in ductal cells are likely to contribute 
to tear secretion. However, knockout mice for 
AQP1, AQP3, AQP4 or AQP5 do not present 
defects in basal or stimulated tear secretion by 
lacrimal glands [118, 141]. Direct in situ mea-
surement of major ions in tear fluid in AQP5 
knockout mice revealed a significant tear film 
hypertonicity as compared to wild type mice 
[140]. It was proposed that AQPs are most likely 
not required for fluid secretion when fluid trans-
port rates are low, such as in lacrimal glands 
[165].

In Sjögren’s syndrome, characterized by sicca 
syndrome where tear fluid secretion is decreased, 
defective cellular trafficking of AQP5 has been 
shown in acinar cells [166]. In an animal model 
of Sjögren’s syndrome, both AQP5 mRNA and 
protein levels were increased in ductal cells but 
decreased in acinar cells and AQP4 expression 
was decreased in ductal cells [36]. Some of these 
modifications could be due to autoantibodies 
directed against muscarinic M3 receptors [52], 
altered calcium signaling and volume regulation 
occurring in Sjögren’s syndrome [41]. Additional 
studies will be needed to elucidate the functional 
role of AQPs in both the physiology and pathol-
ogy of lacrimal glands.

4.2.3  Mammary Glands

Mammary glands are apocrine glands made of 
alveoli lined with milk-secreting cuboidal acinar 
cells surrounded by myoepithelial cells, and lac-
tiferous ducts (intralobular and interlobular 
ducts) draining milk to the openings in the nipple 
[98].

Mammalian mammary glands produce and 
secrete milk. Milk consist of sugars, lipids, pro-
teins, vitamins and minerals dissolved in water 
[148]. The percentage of water may vary depend-
ing on the species and their physiological status 
[106].
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In rat and mouse mammary glands, AQP3 is 
localized at the basolateral membrane of secre-
tory epithelial cells, as well as intralobular and 
interlobular ductal cells, while AQP1 is 
expressed at the apical and basolateral mem-
branes of endothelial cells [104]. In addition, 
AQP5 is expressed at the apical membrane of 
acinar cells [123].

In bovine mammary glands, AQP3 is expressed 
at the basolateral membrane of acinar cells and 
AQP4 is located at the apical membrane of 
selected ductal cells [116]. In addition, AQP5 is 
expressed at the apical membrane of selected aci-
nar and ductal cells and AQP7 is located at the 
apical membrane of selected acinar cells [116]. 
Finally, AQP1 is expressed in both endothelial 
cells, as well as selected myoepithelial cells 
[116].

AQP3 may be involved in both water and 
glycerol transport that are essential for milk syn-
thesis and secretion [104]. Glycerol uptake via 
AQP3 may participate to milk triglycerides syn-
thesis [104]. While AQPs are likely to play a role 
in milk secretion, additional experiments using 
knockout mice will be necessary to the under-
standing of the underlying molecular mecha-
nisms involved in this physiological process.

Altered expression of AQPs has been reported 
in mammary tumors and breast cancer cells lines 
[85, 115]. However, it is unclear whether this is a 
causal or a consequence of neoplasia [110]. In 
this respect, further studies are required to better 
understand the role of AQPs in mammary neo-
plasia and assess if they could be used as either 
therapeutic targets or diagnostic/prognostic 
biomarkers.

4.2.4  Eccrine Sweat Glands

Eccrine sweat glands consist of single tubular 
structure made of secretory acinar cells and duc-
tal cells.

AQP5 is located at the apical membrane of 
mouse, rat and human eccrine sweat gland acinar 
cells [63, 124, 183]. In addition, during induced- 
sweating, AQP5 translocates from intracellular 

vesicles to the apical plasma membrane of acinar 
cells [63].

Sweat secretion occurs generally into two 
steps: a primary fluid is secreted by acinar cells 
due to the action of active salt transporters fol-
lowed by movement of water, and the primary 
fluid draining into ductal lumen undergoes salt 
reabsorption [142].

Using AQP5 knockout mice, the functional 
involvement of AQP5 in sweat secretion remains 
a subject to controversy due to opposing sets of 
data generated using distinct mouse strains and 
methodologies [124, 152]. Additional studies are 
needed to clarify the contribution of AQP5, and 
possible other AQPs, in sweat secretion.

Modified AQP5 expression is related to vari-
ous skin pathologies [15, 53, 70]. In addition, 
mutations of AQP5 gene are responsible for pal-
moplantar keratoderma [1, 14, 23].

4.3  Conclusions

AQPs are expressed in most exocrine and endo-
crine secretory glands. By participating to trans-
cellular water flow, AQPs are involved in the 
mechanisms leading to exocrine glandular fluid 
secretion. The general mechanism of exocrine 
secretion usually occurs in two steps (Fig. 4.2). A 
first step involves the creation of a transepithelial 
osmotic gradient, formed by the accumulation of 
ions, mostly NaCl. A second step involves the 
movement of water from epithelial cells to the 
gland lumen though AQPs. Water flows from 
secretory epithelial cells according to a transepi-
thelial osmotic gradient. In addition, AQPs could 
participate to some endocrine secretion. Despite 
considerable scientific advances, further studies 
are still clearly needed to clarify our understand-
ing of the role played by AQPs in glandular secre-
tory processes.
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Aquaporins in Nervous System

Mengmeng Xu, Ming Xiao, Shao Li, 
and Baoxue Yang

Abstract

Aquaporins (AQPs) mediate water flux between the four distinct water 
compartments in the central nervous system (CNS). In the present chapter, 
we mainly focus on the expression and function of the 9 AQPs expressed 
in the CNS, which include five members of aquaporin subfamily: AQP1, 
AQP4, AQP5, AQP6, and AQP8; three members of aquaglyceroporin sub-
family: AQP3, AQP7, and AQP9; and one member of superaquaporin sub-
family: AQP11. In addition, AQP1, AQP2 and AQP4 expressed in the 
peripheral nervous system (PNS) are also reviewed. AQP4, the predomi-
nant water channel in the CNS, is involved both in the astrocyte swelling 
of cytotoxic edema and the resolution of vasogenic edema, and is of piv-
otal importance in the pathology of brain disorders such as neuromyelitis 
optica, brain tumors and Alzheimer’s disease. Other AQPs are also 
involved in a variety of important physiological and pathological process 
in the brain. It has been suggested that AQPs could represent an important 
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target in treatment of brain disorders like cerebral edema. Future investi-
gations are necessary to elucidate the pathological significance of AQPs in 
the CNS.

Keywords

Aquaporins • Nervous system • Brain disorders

5.1  Introduction

Water homeostasis in the central nervous system 
(CNS) is of pivotal physiological and clinical 
importance, since about 80% weight of brain is 
water [1]. Water transport is linked to a number 
of brain functions such as the production and 
drainage of cerebrospinal fluid, cell volume regu-
lation, and the controlling of the dimensions of 
the extracellular space [2–4]. In a pathophysio-
logical context, water transport plays important 
role in cerebral edema, which may lead to ulti-
mately cerebral herniation and death due to pro-
gressive increase in brain water content [5–7].

In the brain and other organs, water passes 
through plasma membranes by three distinct 
mechanisms: mere diffusion through the lipid 
bilayer, cotransport with organic or inorganic 
ions, and by way of specialized water channels 
(aquaporins, AQPs) [2, 8, 9]. It is recognized that 
AQPs are seen to mediate water flux between the 
four distinct water compartments existing in the 
brain: intracellular fluid (ICF), interstitial fluid 
(ISF), cerebrospinal fluid (CSF), and blood [10, 
11], which are driven by osmotic and hydrostatic 
pressure gradient [12].

At present, 9 AQPs have been identified at dis-
tinct brain sites, including AQP1 [13, 14], AQP3 
[15, 16], AQP4 [17, 18], AQP5 [15, 19], AQP6 
[20, 21], AQP7 [22–24], AQP8 [15, 25], AQP9 
[26, 27], and AQP11 [28, 29] (Fig. 5.1). A num-
ber of studies have reported the unexpected roles 
for the three members of this family (AQP1, 
AQP4, and AQP9) in physiology and pathology 
of CNS such as cerebral edema [30, 31], tumor 
angiogenesis [14, 32], autoimmune disease [33], 
glial scar formation [34], and neuro-excitation 
[35]. To date, little is known about the function 
and regulation of AQP3, AQP5, AQP6, AQP7, 

AQP8 and AQP11 in the CNS [10]. This chapter 
will provide an update of recent findings in these 
rarely reviewed AQPs, and further the field of 
AQPs in the nervous system, and in particular the 
potential pathophysiological role of AQP4 in the 
CNS.

5.2  AQPs in the Central Nervous 
System

5.2.1  Aquaporin Subfamily

5.2.1.1  AQP1

Expression of AQP1 in the CNS
AQP1 is primarily distributed at the apical mem-
brane in epithelial cells of the choroid plexus 
where the transcellular water movement via 
AQP1 contributes 25% of CSF production as 
shown by study on AQP1 null mice [36]. AQP1 
has also been found in small diameter sensory 
neurons in dorsal horn of the spinal cord and tri-
geminal and nodose ganglia, with a strong impli-
cation that AQP1 may be involved in pain 
signaling [37, 38]. Moreover, intensive AQP1 
expression was also detected in neuronal fila-
ments in the septum after juvenile traumatic brain 
injury [39]. In addition to these locations, AQP1 
is also expressed in astrocytes in the white matter 
and the glia limitans, and neurons innervating the 
pial blood vessels in the non-human primates 
[40].

Besides these hereinbefore expression, AQP1 
also distributes at specific sites in some brain dis-
orders. For instance, AQP1 is localized in vascu-
lar structures of glioblastomas [41] and in 
microvascular endothelia and astrocytes of astro-
cytoma and metastatic carcinomas [14]. 
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Moreover, in combination with NKCC1 (the 
Na-K-2Cl cotransporter 1), AQP1 was identified 
in meningioma cells and capillaries invading the 
dura [42]. These findings suggest that AQP1 may 
be involved in the tumor spread [43]. More 
recently, AQP1 was also detected in astrocytes in 
the temporal neocortex of patients with 
Parkinson’s Disease (PD), indicating that 
astrocytes- involving water homeostasis may be 
disturbed along with the development in PD [44].

Role of AQP1 in Brain Disorders
It has been clearly established that AQP1 expres-
sion is up-regulated in brain astrocytomas [14, 
45, 46] and positively correlated with the grade 
of malignancy, which is associated with angio-
genesis and tumor invasion [7, 47]. In this case, 
the AQP1 polymorphisms could be used as a sur-
vival prognosticator in patients suffering from 
glioblastoma multiforme [48]. AQP1 is also 
upregulated in other brain disorders including 
choroid plexus tumors [49], spinal cord injury 
[50], and subependymomas [51]. Based on these 
findings, many researchers suggest that AQP1 
inhibitors could be used as potential drugs in 
treatment of these brain diseases [7, 36, 52]. 

Interestingly, AQP1 could be inhibited by mela-
tonin in rodents with spinal cord injury and 
agmatine in cerebral edema [50, 53], suggesting 
that melatonin and agmatine agonists could be 
used as such potent agents. Moreover, it seems 
that there is a possible link between AQP1 and 
neuropathic pain sensation, since pain responses 
were decreased in consistence with reduced 
AQP1 expression [38, 50].

It has been adequately reported that AQP1 
plays important roles in tumor growth [7], cere-
bral edema [53, 54], angiogenesis [32],  neoplastic 
invasiveness [55], and neurodegenerative disease 
like Alzheimer’s disease (AD) [56] and PD [44]. 
The possible mechanism could be the induction 
of cell migration mediated by the water perme-
ation of AQPs in ‘Osmotic Engine Model’ [57], 
or the water influx into the cells leading to an 
expansion of their lamellipodia [58].

5.2.1.2  AQP4

Expression of AQP4 in the CNS
AQP4 is the principal water channel in the CNS, 
primarily expressed in perivascular astrocyte foot 
processes, blood vessels, and subarachnoid space 

Fig. 5.1 Distribution of 
AQPs in the central nervous 
system. Astrocytes express 
AQP1, AQP3, AQP4, AQP5, 
AQP8 and AQP9. AQP1, 
AQP5, AQP7 and AQP11 are 
expressed in the choroid 
plexus. AQP1, AQP4, AQP6 
and AQP8 are found in the 
spinal cord. AQP6 is expressed 
in the cerebellum. AQP11 is 
found in the cerebellar 
Purkinje cell. 
Oligodendrocytes express 
AQP8

5 Aquaporins in Nervous System
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throughout the brain structures [59, 60], such as 
the spinal cord [61], retina and optic nerve [62], 
periventricular organs [63], ependymal cells that 
line the lateral ventricles and cerebellum [17], 
hypothalamic magnocellular nuclei [64], dentate 
gyrus [65], and temporal neocortex [44]. The 
extensive distribution of AQP4 between the brain 
and various fluid compartments suggests its role 
in the brain water homeostasis [66]. Interestingly, 
the expression of AQP4 coincides the location of 
the potassium channel 4.1 (Kir4.1) [67].

AQP4 expression shows heterogeneous 
region-specific expression pattern with highest in 
the cerebellum [60]. AQP4 is also abundant in 
osmosensory areas, including the supraoptic 
nucleus and subfornical organ [18]. In the hip-
pocampus, AQP4 expression exhibits laminar- 
specific pattern, with highest expression in the 
CA1 stratum lacunosummoleculare and the 
molecular layer of the dentate gyrus [65]. 
Activated astrocytes also increase AQP4 expres-
sion in the whole astrocyte elements, causing 
AQP4 depolarized from the vascular end feet to 
parenchymal process, which occurs in a variety 
of neurological pathological conditions [56, 68–
70]. In addition, reactive astrogliosis occurs in 
the aging brain or after diffuse injury, such as 
microinfarction or mild traumatic brain injury, 
causing the mislocalization of AQP4 from the 
perivascular end feet to the rest of the astrocyte 
soma [71, 72].

An interesting finding is that AQP4 can form 
both homo and hetero tetramers, with the hetero 
tetramers formed by a longer AQP4-M1 isoform 
and a shorter AQP4-M23 isoform. The M23- 
containing tetramers could assemble into orthog-
onal arrays of particles (OAPs), acting as a 
critical component of blood-brain-barrier (BBB) 
[73–75]. Functionally, OAPs may serve to 
increase water permeability, enable the modula-
tion of AQP4 membrane distribution, and be 
involved in the development and maturation of 
the BBB [76–78].

Function of AQP4 in the CNS
Phenotypic analysis of AQP4 knockout mouse 
model [31, 79–82] has shown that AQP4 facili-
tates a detrimental cellular water uptake as well 

as a protective clearance of extracellular fluid in 
cerebral edema following stroke [30], traumatic 
brain injury [83, 84], transient focal cerebral 
ischemia [85], spinal cord injury [86, 87], brain 
tumors [88], bacterial meningitis [89], and brain 
metabolic disturbances such as hyponatremia and 
water intoxication [30, 90]. In accordance with 
this dual role of AQP4, its overexpression in glial 
cells accelerates cytotoxic brain swelling in 
transgenic mice [91] (Fig. 5.2).

In addition to control water movements in the 
CNS, AQP4 null mice demonstrate other major 
roles for AQP4 in brain. AQP4 deficiency reduces 
neuroinflammation, in support of a deleterious 
role of AQP4 multiple sclerosis pathophysiology 
[92]. Similarly, AQP4 deletion is neuroprotective 
after severe global cerebral ischemia [93] and 
micro traumatic brain injury in mice [94]. 
However, absence of AQP4 shows more hyperac-
tive microglial inflammatory responses, poten-
tially increasing the severity of PD [44, 95]. 
Moreover, AQP4 knockout in mice produces sev-
eral impairments in neuro-excitation phenomena 
including hearing, vision, olfaction, epilepsy, and 
cortical spreading depression [96]. Besides, 
AQP4 deficiency impairs synaptic plasticity and 
associative fear memory in the lateral amygdala 
[97], causes impairment of blood-retinal barrier 
[98], and increases capillary density in the brain 
[99].

AQP4 is known to be associated with astro-
cyte migration in glial scar formation [34, 100], 
and involved in facilitating gas diffusion [101] 
and cell adhesion between astrocytes [102, 103]. 
In terms of metal intoxication, AQP4 may act as 
either a neuro-protector or a mediator during the 
development of oxidative stress in the brain 
[104]. Furthermore, interactions of AQP4 and 
TRPV4 (transient receptor potential isoform 4) 
could function as an osmoregulatory complex in 
astrocytes [105].

AQP4 and CNS Water Balance
The high AQP4 polarization at blood-brain and 
blood-CSF interfaces is crucial for rapid trans-
port of water into and out of the brain paren-
chyma [66, 106]. The AQP4 deletion causes a 
slightly increase in the baseline water content in 
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the brain and spinal cord of adult mice [86, 87, 
107–109], which further supports that AQP4 may 
facilitate water efflux from the brain parenchyma 
into the brain vessels, ventricles and subarach-
noid space. AQP4 also facilitates the elimination 
of excess brain water following vasogenic edema 
[31, 110–112]. However, there is also evidence 
indicating that AQP4 is responsible for rapid 
water movement into the brain [113]. AQP4 null 
mice have reduced brain swelling and improved 
survival when compared with wild-type litter-
mates following water intoxication, focal cere-
bral ischemia or controlled cortical impact brain 
injury [30, 84]. These studies together suggest 
that AQP4 is a bidirectional water channel that 
facilitates water transport into and out of the 
brain.

Apart from maintaining brain water balance 
under physiological and pathophysiological con-
ditions, AQP4 is also involved in the establish-
ment of brain water homeostasis during the 
development. Early studies reported that AQP4 
expression coincides with the BBB differentia-

tion in the cerebellum of postnatal rat [114, 115] 
and the optic tectum of embryonic chicken [116]. 
Subsequent studies revealed that increased AQP4 
expression levels partially relate to decreased 
brain water content in postnatal mice [117]. 
Systemic or conditional AQP4 knockout mice 
show a significant delayed decrease in brain 
water content during the postnatal development, 
providing the direct evidence for a role of 
AQP4 in postnatal brain water uptake [117, 118].

AQP4 and Clearance of ISF Substances 
Including Aβ and Tau Proteins
An imbalance between the production and clear-
ance of Aβ and Tau has been regarded as the cen-
tral event in AD pathogenesis [119]. Data have 
accumulated to support that AQP4 is necessary 
for clearance of interstitial solutes, including Aβ 
and Tau proteins through the glymphatic system 
[71, 72, 120].

It is well known that the lymphatic system is 
responsible for tissue homeostasis clearance via 
clearance of excess fluid and interstitial solutes. 

Fig. 5.2 Role of AQP4 in cytotoxic brain swelling. (a) 
Brain AQP4 protein expression detected by immunoblot 
analysis of whole brain homogenates from AQP4 overex-
pressing mice (GFAP-AQP4), wild type mice (+/+) or 
AQP4 knockout mice (−/−). (b) Representative intra-
cranial pressure (ICP) curves for mice with indicated 

genotype in a water intoxication model of cytotoxic 
brain edema. (c) Summary of ICP curve analysis: △ICP 
at 10 and 20 min, (*, p < 0.05, **, p < 0.01 vs. +/+ mice). 
(d) △ICP at 10 min determined from ICP curve analysis 
plotted against AQP4 protein expression determined by 
immunoblot analysis (S.E.) (Adapted from Ref. [91])
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The lymphatic vessels are present throughout all 
parts of the peripheral tissues. The CNS has long 
been regarded as lack of lymphatic network 
because no conventional lymphatic vessels are 
found within brain parenchyma. However, this 
view has been challenged by recent studies that 
reveal the clearance of ISF with its constituent 
proteins and other solutes along the perivascular 
space [121–124]. On the basis of in vivo two- 
photonimaging of small fluorescent tracers, Iliff 
et al. reported that CSF tracers rapidly enter brain 
parenchyma along the cortical pial arteries, and 
then influx into the Virchow-Robin spaces along 
penetrating arterioles [120]. The tracers rapidly 
distribute into brain parenchyma and subse-
quently exit the CNS primarily along the central 
deep veins and lateral ventral caudal rhinal veins 
[120]. The ISF within the perivenous space fur-
ther flows into dural lymphatic vessels, and even-
tually drains toward the deep cervical lymph 
nodes [124]. The perivascular pathways within 
brain parenchyma mainly include eperiarterial 
space, pericapillary space and perivenous space, 
all of which are surrounded by astrocyte vascular 
endfeet [125]. These astrocyte endfeet have 
50 nm gaps between each other, creating the 
outer wall of the perivascular space and forming 
a donut-shaped tunnel surrounding the vascula-
ture. These unique perivascular pathways, 
recently entitled the glymphatic system, not only 
provide efficient routes for rapid interchange of 
CSF and ISF, but also for clearance of soluble 
proteins and metabolites from the brain [126].

Particularly, Iliff et al. found that injected fluo-
rescent or radiolabeled Aβ1–40 in striaturn is rap-
idly cleared from the mouse brain along the 
glymphatic paravenous efflux pathway [120]. 
Moreover, AQP4 null mice exhibit slowed CSF 
influx through this system and a ~65% reduction 
in ISF clearance and a ~45% reduction in clear-
ance of intrastrialtal injected radio-labeled Aβ1–40 
[120]. These data highly suggest that AQP4- 
dependent astroglial water fluxes couple the 
clearance of interstitial solutes, including soluble 
Aβ from the brain. Further studies have revealed 
that the paravascular clearance pathways are 
impaired in the aging brain [71]. Compared to 

young controls, old mice show dramatic decreases 
in the efficiency of exchange between subarach-
noid CSF and brain parenchyma and clearance of 
intraparenchymally injected Aβ. Apart from 
aging brain, impairment of glymphatic pathway 
function has been observed in traumatic brain 
injury, ischemic stroke and AD mouse models 
[72, 127].

AQP4 and Spatial Buffering of Extracellular 
Potassium
Astrocytes mediated potassium (K+) homeostasis 
is of critical importance for the regulation of neu-
ronal excitability. Synaptic activity causes release 
of K+ into the extracellular space (ECS). The 
ECS K+ is efficiently taken up by astrocytes 
through the inward rectifier potassium channel 
Kir4.1, then redistributed through the astroglial 
syncytium via gap junctions, thereby stabilizing 
neuronal activity [128]. The early study reported 
that AQP4 is co-localized with Kir4.1 in the end 
feet of retinal Müller cells, indicating their func-
tional interaction [67, 129]. By contrast, the sub-
sequent studies on AQP4 null mice provide 
evidence against functional interaction between 
AQP4 and Kir4.1 in retinal Müller cells [130]. 
However, deletion of AQP4 in mice does impair 
extracellular K+ clearance, which subsequently 
affects neuro-excitation with reduced seizure 
threshold and increased seizure duration [131–
133]. These results support that AQP4 contrib-
utes to K+ clearance, although the underling 
mechanism remains unclear.

Neuronal activity is associated with a shrink-
age of the ECS around the active synapses [134, 
135], which may be dependent on AQP4- 
mediated rapid water movement. AQP4 facili-
tates water entry into astrocyte processes 
surrounding the synapse, transports water 
through the astroglial network, and releases dis-
tantly into the ECS surrounding micro-vessels, 
thus subsequently produces a local shrinkage of 
ECS during the synaptic activity. Certainly, the 
AQP4-mediated rapid transport of intercellular 
water would drive reuptake of the ECS solutes 
including K+ by astrocytes, because water serves 
as a transport medium for these substances.
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AQP4 and Calcium Signal Transduction
Calcium (Ca2+) signalling serves as a mediator of 
bidirectional interactions between neurons and 
astrocytes. Impaired Ca2+ signalling plays a criti-
cal role in the progression of brain edema [136]. 
Recent evidence suggests an involvement of 
AQP4 in astrocyte Ca2+ signalling. Deletion of 
AQP4 reduces hypo-osmotic stress-evoked Ca2+ 
signalling in astrocytes [137]. Subsequent func-
tional studies revealed that AQP4 and TRPV4, a 
polymodal nonselective cation channel, synergis-
tically regulate cell volume and Ca2+ homeostasis 
[138]. Coimmunoprecipitation and immunohis-
tochemistry further demonstrated that AQP4 and 
TRPV4 co-localize within astrocytes and retinal 
Müller glia [138, 139]. Functional analysis of an 
astrocyte-derived cell expressing TRPV4 but not 
AQP4 shows that cell-volume control and intra-
cellular Ca2+ response can be reconstituted by 
transfection with AQP4 but not with AQP1 [139]. 
These data indicate that a TRPV4/AQP4 complex 
that constitutes a molecular system that finely 
regulates astroglial volume via integrating Ca2+ 
signalling and water transport, and might exacer-
bate the pathological outcome when an edema 
develops.

AQP4 and Regulation of Neurotransmission
Glutamate is the most prominent excitatory neu-
rotransmitter in the CNS. Astrocytes absorb 
extracellular glutamate via excitatory amino acid 
receptors [140]. Glutamate uptake is also accom-
panied by water transport, which causes astrocyte 
processes to swell around the synapses, subse-
quently reducing the extracellular synaptic space 
during synaptic transmission and processing 
[141]. To restore ECS volume, astrocytes rapidly 
transport water into the surrounding capillary via 
AQP4 located in the perivascular end feet. 
Previous studies demonstrate that the AQP4 dele-
tion downregulates glutamate transporter 1 
expression in astrocytes and impairs their ability 
of glutamate uptake [97, 142–144]. Previous 
studies also suggest that AQP4 is involved in the 
metabolism of dopamine, serotonin, and other 
neurotransmitters [145, 146].

AQP4 and Synaptic Plasticity
There is growing evidence that astrocytes play a 
role in long-term potentiation (LTP) and long- 
term depression (LTD) [147–149], which could 
be regulated by AQP4 [150, 151]. Experiments 
using mice with a deletion of the astrocyte- 
specific channel AQP4 on hippocampal synaptic 
plasticity and spatial memory function has been 
investigated by Skucas et al. [152]. The mecha-
nism appears to be related to neurotrophins, and 
especially brain-derived neurotrophic factor 
(BDNF), because pharmacological blockade of 
neurotrophin Trk receptors or scavenging BDNF 
restores synaptic plasticity [152]. However, the 
underlying mechanism for AQP4 modulating 
synaptic plasticity still needs more research.

AQP4 and Adult Neurogenesis
A previous study demonstrated that in 
corticosterone- treated model, AQP4 deficiency 
aggravated decreased proliferation and survival 
of new-born cells in the dentate gyrus [153]. 
Recent studies suggest that the development of 
depression-like behaviour in corticosterone- 
treated models is paralleled by hippocampal neu-
rogenesis, and adult hippocampal neurogenesis 
buffers stress responses and depressive behav-
iours [154, 155]. Thus, the aggravated neurogen-
esis inhibition in the hippocampus could also 
contribute to the exacerbated depressive behav-
iours in AQP4 null mice. This is consistent with 
the previous in vitro studies demonstrating that 
deletion of AQP4 impairs proliferation,  migration 
and neuronal differentiation of adult neural stem 
cells (ANSCs) [156].

The lack of AQP4 could change the intrinsic 
property of ANSCs and enhance the injurious 
effects of corticosterone to ANSCs [157]. It has 
been revealed that AQP4 is essential for the ini-
tiation of intracellular Ca2+ event, including Ca2+ 
spikes and Ca2+ oscillation [156], AQP4 defi-
ciency results in abnormal expressions of Ca2+ 
handling proteins in skeletal muscle cells and 
cardiac muscle cells [158, 159], and it has been 
suggested that AQP4 modulates the effects of 
corticosterone on ANSCs by regulating Ca2+ sig-
naling [157]. However, the exact mechanisms 
still are not fully explored yet.
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Role of AQP4 in Brain Disorders
It has been observed that AQP4 is clearly upregu-
lated in several pathological conditions including 
brain tumors [160, 161], cerebral ischemia [162, 
163], traumatic brain injury [39, 164, 165] and 
neuro-inflammation [166]. In general terms, the 
upregulation of AQP4 in astrocytes is associated 
with edema resolution [1, 39, 166, 167]. Most 
cases, the increase and redistribution of the AQP4 
is detected near the lesion site [39, 160, 162]. 
Indeed, decrease of AQP4 was also detected in 
some pathological conditions like AD [168–170] 
and epilepsy [171], the regulation of AQP4 
expression might be the changes in rodent strains, 
injury type, and age at impact [39].

AQP4 and Cerebral Edema
The role of AQP4 in cerebral edema has been 
extensively established by using AQP4 knockout 
models [59, 66, 79]. Considering the timeline of 
the newly observed AQP4 changes in ischemia, 
some researchers propose that cerebral edema 
should be divided into three major types: anoxic, 
ionic, and vasogenic edema, to replace the tradi-
tionally two category: cytotoxic and vasogenic 
edema [1, 172]. The initial anoxic edema, cur-
rently used, is characterized as the induces of 
ions into cells, accompanied by water entry and 
astrocyte swelling, while ionic edema occurs due 
to further alternations of the endothelial cell’s 
trans-capillary flux of sodium ion [173]. The 
development of ionic brain edema is associated 
with upregulation of AQP4 [1, 162, 163]. The 

final step termed as vasogenic edema, occurs 
with the disruption of the tight junction between 
the cerebrovascular endothelial cells, which com-
prise the BBB. At this time, a second increase of 
AQP4 expression is observed [162, 172], the 
presence of AQP4 is to facilitate clearance of 
excess fluid in vasogenic brain edema [31] (Fig. 
5.3).

The dynamic spatial distribution of AQP4 at 
the astrocyte membrane is one of the two major 
modulation following injury. AQP4 becomes 
more uniformly distributed on the astrocyte plas-
malemma, termed as “dysregulation”, which 
seems occur in parallel with cytotoxic edema to 
counteract early edema formation [39, 174, 175]. 
Interestingly, the ratio of AQP4-M1 and 
AQP4-M23 is increased in the ischemic hemi-
sphere [163], the physiological role of this change 
remains unclear. Dysregulation of AQP4 may be 
produced via the reduction of the perivascular 
laminin, agrin and ß-dystroglycan, which facili-
tate AQP4 to diffuse freely throughout the astro-
cyte membrane [175, 176]. The true function of 
AQP4 dysregulation remains largely unknown 
[176].

The activity of ion transporters or channels 
that induce AQP4-mediated cytotoxic and ionic 
edema is the other major modulation following 
injury [176]. Besides, AQP4 probably integrates 
with other astrocyte proteins like connexin-43 
(Cx43) and the potassium channel Kir4.1 to elim-
inate the excess fluid [1]. SiRNA to silence the 
AQP4 expression, used as a potential drug to 

Fig. 5.3 Schematic drawing of AQP4 in 3 different 
edema phases: anoxic, ionic, and vasogenic edema. 
Anoxic edema is characterized as a swelling of the astro-
cytes caused by a disruption of the cellular ionic gradients 
and the entry of ions followed by water entry and leading 
to cellular swelling. During the ionic edema, astrocytes 

become swollen, AQP4 is upregulated. Vasogenic edema 
is a result of disruption of the tight junctions between the 
endothelial cells, leading to increased expression of AQP4 
and permeability of the cerebral blood-vessels, further 
contributing to swelling of astrocytes (Adapted from Refs. 
[8, 43])

M. Xu et al.

http://topics.sciencedirect.com/topics/page/Epilepsy


89

block AQP4, contributes to reduction of the 
edema formation after posttraumatic brain injury 
[177, 178]. It seems that there is no convective 
solute flow in the pathology of acute brain edema, 
as proposed in ‘glymphatic’ system [179].

AQP4 and Neuromyelitis Optica
AQP4 specific antibodies have been identified as 
the therapeutic target for neuromyelitis optica 
(NMO), an autoimmune inflammatory disease of 
CNS that develops to paralysis and loss of vision 
[33, 180–182]. The binding of AQP4-IgG to 
AQP4 on astrocyte end-feet is involved in activa-
tion of the complement cascade, a classical 
inflammatory response that occurs with pro-
nounced granulocyte and macrophage infiltra-
tion, followed by oligodendrocyte damage, 
demyelination and even neuron death [182] (Fig. 
5.4). To date, this complement-dependent cyto-
toxicity may be the most accepted hypothesis for 
NMO pathogenesis [183]. AQP4 IgG generally 
has greater binding affinity to OAPs than indi-
vidual AQP tetramers [184–186], the structural 
changes in the AQP4 epitope upon array assem-

bly greatly increases complement activation 
[186]. However, AQP4 water permeability and 
the size of OAPs are not altered by binding to 
NMO-IgG [187].

A novel NMO therapeutics that target AQP4, 
involves using aquaporumab, a monoclonal 
 antibody that blocks the binding of AQP4-IgG to 
AQP4 and lacks cytotoxic effector functions 
[188]. Another approach to block the binding of 
AQP4-IgG and AQP4 involves a small-molecule 
blocker strategy [189]. AQP-IgG-targeted enzy-
matic therapeutics involves bacteria-derived 
endoglycosidase S (EndoS) and the enzyme IdeS, 
which neutralizes NMO-IgG pathogenicity [190, 
191]. Other potential therapeutic strategies for 
NMO include reducing the entry of AQP4-IgG 
into the CNS or the expression of AQP4 on astro-
cytes, as well as preventing the formation of 
OAPs, or upregulating complement inhibitor pro-
teins such as CD59 [6].

Recently, AQP4 specific antibody was applied 
for the diagnosis of NMO by using AQP4 extra-
cellular loop-based carbon nanotube biosensor 
[192]. Since AQP4-targeted therapies are quite 

Fig. 5.4 AQP4 and the pathogenesis of neuromyelitis 
optica. (a) AQP4 IgG binds to AQP4 on astrocyte foot pro-
cesses. Complement is activated via the classical pathway 
with deposition of C5bC9 complexes in astrocyte cell 
plasma membranes. (b) Activated complement components 

attract peripheral neutrophils into the lesion, which causing 
astrocyte death. (c) Dying astrocytes attract macrophages, 
causing death of oligodendrocytes and neurons. (d) 
Microglia enter the lesion as well as reactive astrocytes. 
The lesion core is necrotic with a macrophage infiltrate
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selective, new drugs (like aquaporumab, siveles-
tat, and eculizumab) entered into clinical trials 
need to be proved effective for NMO [183]. 
Moreover, there exist many important unsolved 
questions about the relationship of AQP4-lgG and 
NMO. For instance, the role of AQP4-lgG in the 
classification of NMO remains uncertain [193]. 
Furthermore, it is largely unknown about the rea-
son why peripheral AQP4-expressing organs can-
not be damaged by AQP4-IgG. Further studies in 
patients worldwide could help to identify more 
genetic susceptibility factors for NMO [194].

AQP4 and Brain Tumor
AQP4 is expressed in astrocytoma cells and 
around the tumor [161]. And its expression is 
upregulated in astrocytoma and glioblastoma [12, 
161]. A role for AQP4 in cell migration and cell- 
cell adhesion suggest its involvement in promot-
ing glioblastoma cell migration, glioma invasion, 
and glioblastoma cell apoptosis [34, 100, 102, 
195–197].

The possible mechanism is that AQP4 induces 
the cell morphological changes via polarizing to 
the cell lamellipodia and inducing an increased 
number or size of lamellipodia in migrating cells 
[195–197]. Structure of AQP4 (including OAPs) 
suggests its role in channel-mediated cell adhe-
sion [102]. However, absence of such abnormali-
ties in AQP4 knockout mice raises the argument 
about whether AQP4 plays a role in cell-cell 
adhesion [79]. Once, data against involvement of 
AQP4 in cell adhesion were demonstrated [198]. 
However, recent experiments display that the 
larger AQP4-M23 rich OAPs could bind with 
adhesion complexes, suggesting a role for 
AQP4-M23 in cell adhesion [73]. So it could be 
speculated that whether AQP4 plays a role in cell 
adhesion was determined by the involvement of 
OAPs.

AQP4 and AD
AD is the most common neurodegenerative dis-
ease among the elderly and characterized by Aβ 
plaque deposition, neurofibrillary tangles, and 
neuronal and synapse loss in learning and mem-
ory related regions [199]. As mentioned earlier, 

activated astrocytes accompanied with altered 
polarization of AQP4 occur in the brain tissues of 
patients with AD and several AD models [56, 68, 
69], indicating an involvement in AD pathology. 
A recent study reported that the AQP4 gene dele-
tion in APP/PS1 transgenic AD model mice 
impairs exogenous Aβ clearance from brain 
parenchyma and exacerbates spatial learning and 
memory defects associated with more severe Aβ 
plaque deposits and synaptic protein loss [200]. 
This finding provides the direct evidence for a 
key role of AQP4 in the pathogenesis of 
AD. Actually, accumulatively direct and indirect 
evidences have indicated that AQP4 affect the 
onset and progress of AD via various mecha-
nisms, such as Aβ clearance, glutamate transduc-
tion, synapse plasticity, Ca2+ signal transduction, 
neuroinflammation and neurotrophic factor 
secretion [71, 72, 120, 127, 152, 200–203]. For 
example, reactive gliosis with loss of perivascu-
lar AQP4 polarization impairs the glymphatic 
pathway function, causing reduction in CSF-ISF 
exchange and Aβ deposition in cortical and lepto-
meningeal vessels [119]. Thus, these clues sup-
port that AQP4 may serve as a hopeful target for 
prevention and treatment against AD.

Modulators of AQP4 in the CNS
It has been proposed that AQP4 modulators have 
potential utility in the treatment of AQP4 related 
brain diseases [204, 205]. AQP4 inhibitors such 
as vasopressin, melatonin, PKC, mercury (Hg+), 
trombin, dopamine, hypoxia, tetraethylammo-
nium (TEA), bumetanide, acetazolamide (AZA), 
siAQP4, curcumin, and H2S may be regarded as 
potential therapeutic drugs for cytotoxic brain 
swelling, seizure, glial scar [178, 205–210]; 
while the AQP4 enhancers including glutamate, 
syntrophin, dystrophin, connexin 43 (Cx43), K+ 
(Na+, K+-ATPase; NKCC1), Kir4.1, lead (Pb2+), 
cyclic AMP, and lactic acid have therapeutic 
potentials in reducing vasogenic brain swelling 
[131, 205, 211, 212]. AQP4 modulators could 
offer new therapeutic options for many brain dis-
orders like preventing tumor malignancy in glio-
blastoma [10]. Notably, many of the AQP4 
modulators have been experimentally examined 
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in isolation. However, these factors are likely to 
interact after injury [176].

5.2.1.3  AQP5
AQP5 expression in the CNS is similar to that 
described for AQP3, AQP4 and AQP8, mainly 
expressed in the astrocytes and neurons of cho-
roid plexus, piriform cortex, hippocampus, and 
dorsal thalamus [213, 214], and could expand to 
the nucleus caudatus putamen and globus palli-
dus in rat ischemic hemisphere [16, 215]. 
Whether AQP5 facilitates the highest water trans-
port in the body remains uncertain [216, 217].

AQP5 might be an important water channel in 
astrocytes that is differentially expressed during 
various brain injuries [215]. AQP5 expression in 
brain is upregulated both after permanent focal 
cerebral ischemia [16] and following preterm 
intraventricular hemorrhage [218]. Upregulation 
of AQP5 after scratch injury is polarized to the 
astrocyte processes and cytoplasmic membrane 
in the leading edge of the scratch-wound, and 
facilitated astrocyte process elongation [215]. 
AQP5 expression is also detected near the 
ischemia- induced infarct border in the rat brain, 
and AQP5 level could be regulated by hypoxia 
[219] and protein kinase A (PKA) [19]. Moreover, 
recent research has also demonstrated that AQP5 
expression is associated with the development 
and intensity of peritumoral edema in meningi-
oma patients [220].

5.2.1.4  AQP6
AQP6 mRNA has been observed in neonatal and 
adult mouse cerebellum by using reverse tran-
scription PCR [20]. AQP6 gene was found in 
mouse hind brain (involving cerebellum) and 
spinal cord [21], while AQP6 protein was 
detected at synaptic vesicles in rat brains [221]. 
The role of AQP6 in the CNS remains unknown. 
Since AQP6 mRNA expression is regulated in a 
tissue- specific and age-related way, it is likely 
that AQP6 plays a role in mouse development 
[20]. In addition, the location of AQP6 in synap-
tic vesicles might participate in their swelling 
and secretion [221]. Thus further investigation is 
needed to understand the function of AQP6 in 
the CNS.

5.2.1.5  AQP8
AQP8 was early detected in astrocytes, neurons, 
and oligodendrocytes [219], and in ependymal 
cells lining the central canal in spinal cords [61]. 
Recent study showed that AQP8 was primarily 
expressed in the cytoplasm of astrocytoma cells 
in piriform cortex, hippocampus, and dorsal thal-
amus; weakly in ependyma and choroid plexus 
[25, 213].

AQP8 may play an important role in the devel-
opment of brain disorders (edema and tumor), 
and can be used as a potential therapeutic drug 
for astrocytoma and glioma. For instance, AQP8 
expression level is upregulated both along with 
the severity grade of astrocytoma [25] and glio-
mas [222]. Furthermore, down-regulation of 
AQP8 in human glioma cells shows a significant 
inhibitory effect on cell proliferation and migra-
tion [222]. In addition, AQP8 expression is 
upregulated after brain ischemia, suggesting that 
AQP8 contributes to the early formation of edema 
[16]. Even though AQP8 null mice show surpris-
ingly mild phenotype [223], its role in the CNS 
seems to be pivotal.

5.2.2  Aquaglyceroporin Subfamily

5.2.2.1  AQP3
AQP3, permeable to glycerol and urea, was first 
found in brain meningeal cells in the CNS [224]. 
Studies show that similar to AQP5 and AQP8, 
AQP3 is expressed in astrocytes and neurons of 
piriform cortex, hippocampus, and dorsal thala-
mus [213, 219]. However, no expression of AQP3 
is found in pig brain [23]. It seems that the distri-
bution of AQP3 in the CNS shows a species- 
specific model. The role of AQP3 in the CNS 
remains scarcely investigated, only one research 
demonstrated that AQP3 expression is upregu-
lated within the first 6 h after ischemia, suggest-
ing a role of AQP3 in the early formation of the 
cerebral edema and the neuronal swelling [16].

5.2.2.2  AQP7
By using Northern blot analysis, a weak band of 
AQP7 was first detected in rat brain [225]. 
Function as a glycerol channel mainly in fat 
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metabolism, AQP7 is largely localized in the 
choroid plexus in brain of mice [22, 226]. 
Similarly, AQP7 mRNA is also detected in pig 
brain [23]. Recent study shows that AQP7 expres-
sion is found to be restricted to the apical mem-
brane of choroid plexus epithelial cells (CPECs) 
and endothelial progenitor cells (EPCs), in paral-
lel with previous study [22], suggesting that 
AQP7 could be involved in CSF secretion [24].

5.2.2.3  AQP9

Expression and Function of AQP9 
in the CNS
AQP9, a channel permeable to water, glycerol, 
urea, and monocarboxylates, has been evidenced 
in rodent and primate brains [40]. AQP9 is pres-
ent in the ependymal cells lining the ventricles 
and the tanycytes of hypothalamus [26], astro-
cytes, endothelial cells of pial vessels, catechol-
aminergic neurons [27, 227]. The intracellular 
distribution of AQP9 is in mitochondrial inner 
membranes of brain cells [228]. It has also been 
reported that AQP9 is expressed in malignant 
astrocytic cells and leukocytes, which infiltrate 
the tumor in glioblastoma [229]. AQP9 knockout 
mice do not show severe abnormalities [230]. 
However, silencing of AQP9 in astrocyte cultures 
contributed to decreased glycerol uptake and 
increased glucose uptake and oxidative metabo-
lism [231]. In addition, AQP9 expression was 
decreased under hypoxia and recovered with 
reoxygenation [219]. It has been suggested that 
signal transduction via PKA pathway may regu-
late the expression of AQP9 by some factors 
induced by dbcAMP [19].

Role of AQP9 in Brain Disorders
AQP9 permeability to various molecules sug-
gests a role in energy metabolism in addition to 
water homeostasis [78]. AQP9 plays a role in 
normal cell metabolism, under physiological 
conditions, and also increases cell stress toler-
ance, under pathological conditions [232]. For 
instance, AQP9 expression is upregulated by 
decreased insulin concentration in diabetic rats 

[233], after transient focal ceberal edema [27], in 
astrocytic tumors [234], after permanent middle 
cerebral artery occlusion [235], and with hirudin 
treatment after intracerebral hemorrhage [236]. 
All these findings would suggest that AQP9 is 
involved in astrocyte energy metabolism and the 
malignant progression of astrocytic tumors. 
Changes in AQP9 expression may be the conse-
quence of glial cell attempt to response to hypoxic 
and ischemic conditions via facilitating clearance 
of glycerol and lactate [10].

5.2.3  Superaquaporin Subfamily

5.2.3.1  AQP 11
AQP11 is found to be expressed in the CNS in 
rats [237] and mice [238], appearing in hippo-
campal and cerebral cortical neurons, purkinje 
cell dendrites in rat brains [28], and epithelium of 
the choroid plexus and endothelium of the brain 
capillary in mice brains [29, 239]. The brain of 
AQP11 null mice appears normal, without any 
morphological and functional abnormalities [29, 
240]. However, AQP4 expression at the BBB is 
reduced by half in AQP11 null mice, suggesting 
AQP11 may functionally interact with AQP4 
[29]. It has been proposed that, when osmotically 
challenged, AQP11 may reduce its expression to 
protect the brain [239]. Since AQP11 has a 
unique high affinity mercury ion binding site (tri- 
cysteine motif site), AQP11 distributed in 
Purkinje cells may interact with the cations like 
mercury in autism, and be the therapeutic target 
for this cognition-related disorders [241]. Future 
investigations are necessary to elucidate the 
physiological role of AQP11 in the CNS.

5.3  AQPs in the Peripheral 
Nervous System

In the peripheral nervous system (PNS), three 
AQPs (AQP1, AQP2 and AQP4) are localized to 
neurons or glial cells in the ganglia and visceral 
plexuses [242].
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5.3.1  AQP1

AQP1 is mainly localized to the cytoplasm and 
cell membrane of some medium and small-sized 
trigeminal or dorsal root ganglion (DRG) neu-
rons [37, 243]. The expression pattern of AQP1 in 
the primary afferent sensory neurons suggests 
involvement in the specific somatosensory trans-
duction including pain signal transduction [38, 
244, 245]. Furthermore, a recent study suggests 
that AQP1 is mediated in DRG axonal growth 
and regeneration [246]. Additionally, AQP1 has 
been found in peripheral trigeminal axons and 
spinal nerve axons of humans and mice [247]. 
Interestingly, difference in the cellular localiza-
tion of AQP1 in the central trigeminal root 
between humans and mice was detected. AQP1 is 
specifically expressed in astrocytes of humans, 
but is restricted to nerve fibres within the central 
trigeminal root and spinal trigeminal tract and 
nucleus in mice [247]. In the visceral plexuses, 
strong AQP1 expression is localized to satellite 
cells rather than neurons of humans [248]. In 
contrast, the localization of AQP1 protein in a 
particular neuronal subtype has been observed in 
the enteric nervous system of rats [249, 250]. 
Together, these morphological evidences have 
revealed a species difference of AQP1 expression 
in the PNS, but the underlying mechanisms 
remain to be determined.

5.3.2  AQP2

An early study reported AQP2 expression in rat 
trigeminal ganglion neurons, with strong label-
ling in the medium- and large-sized types and 
weak labelling in the small-size type. After for-
malin treatment, there was a marked increase of 
AQP2 expression in small-sized neurons and a 
decrease in medium- and large-sized neurons 
[251]. Another study shows that AQP2 expres-
sion is not detectable in the DRG of normal rats, 
but remarkable increase in small-sized DRG neu-
rons in response to chronic constriction injury 
treatment. These data suggest that AQP2 is 
involved in pain transmission in the PNS [252]. 

The cellular localization of AQP2 in the human 
PNS has not been studied yet.

5.3.3  AQP4

Compared to extensive studies of AQP4 in the 
normal CNS and neuropsychological diseases, 
little is known about its expression and function in 
the PNS. A study by Thi et al. (2008) identified 
AQP4 protein expression in the myenteric and 
submucosal nerve plexuses of mice and rats [253]. 
There are about 12% myenteric neurons positive 
for AQP4 in the myenteric plexus, while nearly 
80% neurons are positive for AQP4 in the submu-
cosal plexus of colon. Glial cells in the rat and 
mouse enteric plexuses are immunonegative to 
AQP4. Recently, Kato and colleagues reported 
that AQP4 is exclusively localized to satellite glial 
cells surrounding the cell bodies of the primary 
afferent sensory neurons in the trigeminal ganglia 
and DRG of mice [254]. Jiang and colleagues 
reported that there are different patterns of AQP4 
expression in the enteric nervous system of 
human, guinea pig, rat and mouse colon mucosa. 
In rat and mouse, AQP4 is expressed at a small 
subpopulation of neurons, while in the guinea pig 
and human, AQP4 is localized to enteric glial cells 
[255]. The cellular localization and function of 
AQP4 in the PNS including in the trigeminal and 
dorsal root ganglia need further study.

5.4  Future Directions

AQPs are involved in a variety of important phys-
iological processes in the CNS, by coordinating 
water and solutes trafficking among the different 
fluid compartments [10]. Specific up-regulation 
of some AQPs’ expression along with their 
involvement in brain edema formation, has been 
consistently investigated by many scientists. It 
has been strongly suggested that AQPs could rep-
resent important targets in treatment of brain dis-
orders [6]. However, we are still far from having 
a full comprehension of the physiological and 
pathological significance of all AQPs in the CNS 
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[256] and no specific therapeutic agents have 
been designed to inhibit and enhance water trans-
port through AQPs [1]. To date, the major chal-
lenge is still to facilitate drug delivery across the 
BBB [257]. Considering the importance of AQPs 
in brain disorders, it will be of great achievement 
to find out novel drugs capable to cross the BBB 
and to suppress AQP up-regulation [10].
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Aquaporins in Cardiovascular 
System

Lu Tie, Di Wang, Yundi Shi, and Xuejun Li

Abstract

Recent studies have shown that some aquaporins (AQPs), including AQP1, 
AQP4, AQP7 and AQP9, are expressed in endothelial cells, vascular 
smooth muscle cells and heart of cardiovascular system. These AQPs are 
involved in the cardiovascular function and in pathological process of 
related diseases, such as cerebral ischemia, congestion heart failure, 
hypertension and angiogenesis. Therefore, it is important to understand 
the accurate association between AQPs and cardiovascular system, which 
may provide novel approaches to prevent and treat related diseases. Here 
we will discuss the expression and physiological function of AQPs in 
cardiovascular system and summarize recent researches on AQPs related 
cardiovascular diseases.
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Aquaporins (AQPs), a family of membrane  
protein, mediate permeability of water and some 
small molecules across cell membrane driven by 
osmotic or concentration gradient. AQPs mainly 
distribute in epithelial cells and endothelial cells, 
maintaining water balance in the body. Since the 
first AQP was identified in red blood cells in 
1991, 13 AQPs (AQP0–12) have been identified 
[1–3]. Functions of AQPs have been gradually 
revealed, such as the regulation of urine concen-
tration and gland secretions. In recent years, it 
has been proved that AQPs are also involved in 
cerebral ischemia, cancer, glaucoma, obesity and 
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infection by using gene knockout mice [2]. 
Studies have shown that AQPs are also involved 
in the regulation of cardiovascular function and 
development of related diseases, especially in 
cerebral ischemia, congestion heart failure, 
hypertension and angiogenesis. Therefore, fur-
ther studies are needed to elucidate mechanism 
accounting for the association between AQPs and 
cardiovascular diseases, which may lead to novel 
approaches to the prevention and treatment of 
those diseases.

6.1  Expression and Physiological 
Function of AQPs 
in Cardiovascular System

AQP1, AQP4, AQP7 and AQP9 have been found 
in cardiovascular system (Table 6.1). They dis-
tribute in the heart, endothelial cells and vascular 
smooth muscle cells [4], participate in water- 
transportation, glycerol and lactic acid, which 
play an important role in vascular physiological 
function. AQPs function may be related to patho-
logical process of vascular diseases.

6.1.1  AQP1

AQP1 is highly expressed in microvascular (capil-
laries and small veins) endothelial cells (ECs), and 
also exists in vascular smooth muscle cells (SMCs) 
and non-vascular endothelia, such as corneal 
endothelial cells, pulmonary and bronchial endo-
thelial cells, etc., whereas AQP1 has not been 
found in ECs in the central nervous system [5]. 
AQP1 is present in cardiomyocytes of rat, but it is 
not expressed in mouse cardiomyocytes [6, 7]. 
AQP1 facilitates trans-endothelial water move-

ment in osmotically driven membrane processes. 
Recently, increasing evidence suggests that AQP1 
could also mediate transport of many small mole-
cules, such as urea, NH3, H2O2, NO, CO2, Sb(OH)3, 
As(OH)3 [3, 8–10]. In endothelial cells, AQP1 
might be involved in the regulation of nitric oxide 
(NO) entering endothelial cells to regulate vascu-
lar tone and blood pressure through controlling 
NO level, bioavailability and diffusion distance [4, 
11]. AQP1 expression is affected by some vascular 
related diseases. AQP1 is up-regulated in the 
fibrotic septa of cirrhotic liver and promotes angio-
genesis by enhancing endothelial invasion/prolif-
eration [12]. AQP1 knockout attenuated the 
angiogenesis, fibrosis and portal hypertension that 
follows bile duct ligation in mice [13]. In retinal 
vascular endothelial cells, AQP1 has been shown 
to be involved in hypoxia-inducible angiogenesis 
through a vascular endothelial growth factor 
(VEGF) signaling pathway independent manner 
[14]. However, in oxygen-induced retinopathy 
microvessel proliferation was not affected in 
AQP1 knockout neonatal mice [15]. Moreover, 
AQP1 is highly expressed in microvascular endo-
thelial cells in malignant tumor. Inhibited tumor 
growth and reduced vascularity with extensive 
necrosis was found in AQP1 knockout mice after 
subcutaneous or intracranial tumor implantation 
[16]. Our previous study demonstrated that a car-
bonic anhydrase inhibitor acetazolamide could 
inhibit AQP1 protein expression and angiogenesis 
in tumor tissues (Fig. 6.1) [17]. AQP1 DNA immu-
nization based on ubiquitin–proteasome system 
could directly damage melanoma tumor vascula-
ture and suppress the growth of tumor in mice 
[18]. Therefore, targeting to regulate AQP1 
expression in vascular endothelial cells may play 
a positive role in tumor angiogenesis and 
treatment.

Table 6.1 AQPs expression in blood vessel of different tissues

Eye Brain
Secretory 
glands Lung Liver Pancreas Kidney

Skeletal 
muscle

AQP1 + − + + + + + +

AQP4 − − − − − − − −
AQP7 − − − − − − − +

AQP9 − + − − − − − −
Table includes integrating data from rats, mice and human experiments [5, 27, 62–65]; +: with AQPs expression; −: 
without AQPs expression
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6.1.2  AQP4

AQP4 is expressed predominantly in the central 
nervous system. It is highly expressed in the 
brain, spinal cord and optic nerve [19–21]. AQP4 
mainly exists in astrocytes surrounding cerebral 
capillaries, and is distributed in the astrocytic 
foot processes, external glial limiting membrane, 
ependyma, and subependymal internal glial. 
Most scientists do not think that AQP4 is 
expressed in cerebrovascular endothelial cells. 
However, Amiry-Moghaddam and colleagues 
(2004) demonstrated that AQP4 is expressed in 
brain endothelial cells by using immunogold 
electron microscopy, at lower levels than in astro-
cytes [22]. A selective knockout of the AQP4 in 
the astrocytic foot processes delayed cerebral 
edema, despite the presence of a normal comple-
ment of endothelial AQP4. But whether the endo-
thelial AQP4 is involved in maintaining water 
balance in the brain is still elusive.

AQP4 is an important part of blood brain bar-
rier and blood-cerebrospinal fluid (CSF) barrier. 
Its major role in the central nervous system is 
maintaining brain water balance [23]. In fact, the 
highly polarized AQP4 expression (in glial mem-
branes that are in direct contact with capillaries 
and pia) indicates that AQP4 mediates the flow of 
water between glial cells and the cavities filled 
with CSF and the intravascular space. Another 

role of AQP4 is to promote astrocyte migration 
and neural signal transduction. It has been proved 
that the astrocyte migration is impaired in AQP4 
deficient mice, and AQP4 deficiency impairs the 
migration of cultured astrocytes [24]. In the heart, 
AQP4 has been found in the cardiomyocytes of 
mice, not in rats [7].

6.1.3  AQP7

AQP7, an aquaglyceroporin, mainly distributes 
in renal proximal tubules, testis, cardiac and stri-
ated muscle and adipose tissue. A microarray 
study showed that heart was the second biggest 
expression tissue of AQP7 mRNA after adipose 
tissue [25], but studies on the cardiac role of 
AQP7 are limited. In 2009, Hibuse and col-
leagues demonstrated that AQP7 knockout mice 
have lower cardiac glycerol and ATP content than 
those of wild-type mice [26]. Under basal condi-
tions, AQP7 knockout mice had normal cardiac 
histology and morphology; when injections of 
isoproterenol or subjected to transverse aortic 
constriction (TAC), AQP7 knockout mice devel-
oped advanced hypertrophy and lower survival 
than wild-type mice, indicating the importance of 
glycerol as a cardiac energy substrate [26]. In 
addition, AQP7 was expressed in capillary endo-
thelial cells of adipose tissue, but its functions 

Fig. 6.1 AQP1 and angiogenesis. Expression of 
AQP1 in capillaries (a, b) and postcapillary venules endo-
thelial cells (c, d) of primary tumor; (a) and (c) untreated 

group, (b) and (d) treated with acetazolamide. (e) AQP1 in 
endothelial cells could assist cell migration and promote 
angiogenesis
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remain to be fully elucidated [27]. Therefore, it is 
necessary to clarify the physiological and patho-
logical significance of cardiac and endothelial 
AQP7 in the future.

6.1.4  AQP9

AQP9 is also an aquaglyceroporin and has per-
meability to water, monocarboxylate, glycerol, 
urea and other small neutral solutes. AQP9 has 
two isoforms: a short isoform located on the 
inner membrane of mitochondria, and a long iso-
form located within the cell membrane [28, 29]. 
AQP9 has been found in brain, liver, spleen, epi-
didymis and testis. AQP9 was observed in the 
endothelial cells of pial vessels [30]. AQP9, simi-
lar to AQP4, has also been suggested to contrib-
ute to extracellular water homeostasis and edema 
formation [31]. Moreover, AQP9 might partici-
pate in brain energy metabolism. It is also 
expressed in neuronal mitochondria and glucose 
sensitive neurons, and its expression could be 
negatively regulated by insulin [30]. AQP9 is 
involved in the transport of lactate and ketone 
bodies across the blood-brain barrier. It has been 
suggested that AQP9 may participate in the  
clearance of excess lactate and other metabolites 
during cerebral ischemia [32].

6.2  AQPs and Cardiovascular 
Disease

6.2.1  AQPs and Cerebral Ischemia

In ischemic stroke, a key aggravating factor is the 
presence of edema. Stroke is a complex and dev-
astating neurological condition with limited 
treatment options. Brain edema is a serious com-
plication of stroke. Edema is a therapeutic target 
in cerebral ischemia. Early edema formation can 
significantly contribute to infarct formation and 
thus represents a promising target. Seven AQP 
subtypes, including AQP1, AQP3, AQP4, AQP5, 
AQP8, AQP9 and AQP12, have currently been 
identified in the brain. Among them, AQP1, 
AQP4 and AQP9 are the most abundant AQPs in 

the brain. The expressions of AQP4 and AQP9 
were changed during cerebral edema after isch-
emic stroke, but AQP1 expression was unchanged 
[33]. AQP4 expression was found to be increased 
on astrocyte endfeet in the core and the border of 
lesion in 1 h after cerebral ischemia, and increased 
in astrocytes in the border of lesion over the 
whole cell for 48 h after ischemia; both were 
coinciding with the peak of cerebral edema [33]. 
AQP4 was more abundant in the early stage of 
cerebral ischemia [34]. Studies from various labs 
have demonstrated that mice lacking AQP4 
showed reducing infarct volumes and improved 
neurological outcomes after cerebral ischemia; 
absence of AQP4 could partly prevent blood 
brain barrier disruption and alleviate neuroin-
flammation induced by cerebral ischemia [35–
37]. Hastings and colleagues demonstrated that 
cerebral hemispheric edema was reduced in 
AQP4 null mice at 1 h after ischemia [35].  
In addition, Hirt and colleagues (2016) reported 
that AQP4 absence on behavioral outcomes and 
lesion volume was not associated with the reduc-
tion of edema formation on days 3 and 7 after 
ischemia [38].

The expression of AQP9 showed a significant 
induction at 24 h after ischemia and gradually 
increased over time, which was not correlated 
with the cell swelling [33]. Its functional roles 
remain to be fully elucidated. A few studies have 
examined the associations between AQP3, AQP5 
or AQP8 and cerebral ischemia. Yang and col-
leagues (2009) demonstrated that the expression 
of AQP3, AQP5 and AQP8 enhanced until 24 h 
after cerebral ischemia in the border region but 
decreased 6 h after ischemia in the ischemic core, 
suggesting their involvement in edema formation 
after cerebral ischemia [39]. Selective regulation 
of AQPs may serve as an effective strategy for 
cerebral ischemia.

6.2.2  AQPs and Congestive  
Heart- Failure (CHF)

Congestive heart failure (CHF) is the typical end- 
stage of most heart diseases, with impairment of 
water excretion. Acute exacerbation of CHF 
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stimulates the pituitary, leads to the activation of 
renin–angiotensin–aldosterone system (RAAS) 
and increases release of adrenocorticotropin 
(ACTH) and arginine vasopressin (AVP). 
Subsequently the retention of sodium and water 
is induced. Kidney is essential for the water reab-
sorption and water and sodium retention. AVP 
increases the water permeability of the renal col-
lecting duct cells, allowing more water to be 
reabsorbed from collecting duct urine to blood. 
In addition, AVP acts on V2 receptors in the renal 
collecting duct, which regulates the expression 
and trafficking of AQP2 [40, 41]. AQP2 is a 
promising marker of the concentrating and dilut-
ing ability of the kidney. AVP triggers a revers-
ible translocation of AQP2 from intracellular 
storage vesicles into the apical plasma mem-
branes (APM) over a period of minutes, and 
AQP2 protein levels could be elevated by AVP 
over a period of hours to days [42, 43]. Renal 
AQP2 expression has been found to be signifi-
cantly increased in CHF rats, whereas other sub-
types of AQP expressions (such as AQP1 and 
AQP3) were unaltered [44]. Besides its expres-
sion, urinary excretion of AQP2 was also mark-
edly increased in CHF patients [45]. There is a 
close correlation among plasma AVP levels,  
renal AQP2 expression and the severity of 
CHF. Administration of V2 receptor antagonist 
tolvaptan could downregulate renal AQP2 pro-
tein levels in the CHF rats [46]. Tolvaptan was 
approved in 2009 by FDA to treat hyponatremia 
associated with CHF, however, the ideal respond-
ers to tolvaptan have not yet been identified. 
AQP2 may be served as an ideal predictor of 
response to tolvaptan and guide its treatment in 
the future [47].

6.2.3  AQPs and Hypertension

Hypertension is a common cardiovascular dis-
ease, that can lead to heart disease, stroke, as well 
as hypertensive retinopathy and chronic kidney 
disease. Blood pressure (BP) is affected by vari-
ous factors, including peripheral resistance, ves-
sel elasticity, blood volume, cardiac output; so 

the mechanism of hypertension is too complex. 
Recently, much interest focused on the role of 
AQPs in the pathophysiology of hypertension. In 
spontaneously hypertensive rats (SHR), AQP2 
expression in renal tubule epithelial cells is 
upregulated, along with activation of the cAMP 
pathway induced by AVP [48, 49]. Same results 
have been found in DOCA-salt hypertensive rat 
model [50]. In addition, treatment with AVP V2 
receptor antagonist would lower BP and urinary 
osmolarity, and alleviate urinary AQP2 levels 
both in control and SHR, indicating AQP2 and 
AVP are involved in the pathogenesis of hyper-
tension in spontaneously hypertensive [51]. 
Besides AQP2, the expressions of medullary 
AQP1 and AQP3 were also significantly increased 
in SHR compared with corresponding control 
(WKY rats), while that of AQP4 was not [48]. 
However, Klein Fukuoka and colleagues (2006) 
demonstrated that medullary AQP2 expression 
was decreased in response to angiotensin II or 
norepinephrine-induced acute hypertension [52]. 
Alterations in the expressions of AQPs in the 
brain were also found during hypertension. AQP1 
expression was increased in choroid plexus epi-
thelium of SHR, and elevated AQP4 expression 
was found in frontal cortex, striatum, and hippo-
campus of SHR compared to control WKY rats 
[53]. The increased AQPs expression may modu-
late the fluid exchange between blood brain bar-
rier and blood-CSF barrier, and evoked an acute 
increase in blood pressure and impairment of 
blood brain barrier.

In 2007, Herrera and colleagues reported that 
AQP1 mediated transfer of NO at a K1/2 (the con-
centration of NO that produces half of the maxi-
mum transport rate) of 0.54 μmol/L, and 
knockdown of AQP1 by siRNA could prevent 
NO release by 44% in endothelial cells [11]. 
They further (2007) demonstrated that AQP1 
facilitated transport of NO out of endothelial 
cells and influx into vascular smooth muscle 
cells, and got involved in endothelium-dependent 
vascular relaxation [4]. However, AQP1 null 
humans and knockout mice are not hypertensive, 
so additional evidences are needed to confirm the 
role of AQP1 in hypertension [54].
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6.2.4  AQPs and Angiogenesis

Angiogenesis, mechanism of capillaries forma-
tion from existing blood vessels, is the main form 
of vessel formation in the adult. Angiogenesis is 
regulated by many factors, such as VEGF, 
platelet- derived growth factor (PDGF), trans-
forming growth factor-β (TGF-β), fibroblast 
growth factor (FGF), angiopoietin (ANG), Notch, 
Wnt, etc. And it relates to a variety of diseases, 
such as tumor, ophthalmic diseases and wound 
healing. Recently, AQPs have shown to be 
involved in angiogenesis, especially in tumor 
angiogenesis. Tumor angiogenesis includes 3 
procedures: (1) matrix breakdown (2) prolifera-
tion, migration and differentiation of endothelial 
cells (3) supplement of periendothelial cells [55].

In the brain cancer and glioblastoma, AQPs 
expression is positively correlated with tumor 
histological differentiation [56, 57]. And in other 
cancers, such as breast cancer, brain cancer and 
multiple myeloma, high expression of AQPs 
result in localized edema that aggravated matrix 
breakdown [58, 59].

AQP-dependent cell migration has been found 
in a variety of cell types both in vitro and in vivo 
(Fig. 6.1). Saadoun and colleagues found upregu-
lated expression of AQP1 in tumor microvascular 
endothelial cells could assist cell migration and 
its expression was positively correlated with 
tumor microvascular density. AQP1 deletion 
reduces endothelial cell migration, inhibits tumor 
angiogenesis and growth [16]. AQP1-expressing 
tumor cells have enhanced metastatic potential 
and local infiltration. Impaired cell migration has 
also been seen in AQP1-deficient proximal tubule 
epithelial cells, and AQP3-deficient corneal epi-
thelial cells, enterocytes, and skin keratinocytes 
[60]. AQP4 deletion slows the migration of reac-
tive astrocytes, impairing glial scarring after 
brain stab injury [57]. The mechanisms by which 
AQPs enhance cell migration are under 
investigation.

Studies about AQPs and tumor angiogenesis 
provide a theoretical basis for tumor treatment. 
Inhibition of AQPs expression and AQP-mediated 
water influx by acetozolamide, cyclophospha-
mide, topiramate, thiopenthal, phenobarbital and 

propofol may affected cancer cells proliferation, 
migration, metastasis and angiogenic potential 
[17, 61].

6.3  Conclusion and Prospect

Due to the diversity and complexity of AQP fam-
ily, blood vessels may require a variety of AQP 
subtypes to finish its normal physiological func-
tion. It is necessary to study the expression and 
function of AQPs in the blood vessels further 
from the level of integration.

AQPs are involved in many related disease 
occurrence, development and blood vessel func-
tion regulation. It has important clinical signifi-
cance to understand the accurate correlation 
between AQPs expression variation and vascular 
diseases, which can provide new ideas and meth-
ods for vascular disease treatment.
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Aquaporins in Respiratory System
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Abstract

Aquaporins (AQPs) are water channel proteins supposed to facilitating 
fluid transport in alveolar space, airway humidification, pleural fluid 
absorption, and submucosal gland secretion. In this chapter, we mainly 
focus on the expression of 4 AQPs in the lungs which include AQP1, 
AQP2, AQP4 and AQP5 in normal and disease status, and the experience 
of AQPs function from various model and transgenic mice were summa-
rized in detail to improve our understanding of the role of AQPs in fluid 
balance of respiratory system. It has been suggested that AQPs play 
important roles in various physiology and pathophysiology conditions of 
different lung diseases. There still remains unclear the exact role of AQPs 
in lung diseases, and thus continuous efforts on elucidating the roles of 
AQPs in lung physiological and pathophysilogical processes are 
warranted.
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7.1  Introduction

Respiratory system by definition includes respi-
ratory center located in brain stem; respiratory 
muscle including external and internal intercostal 
muscle, sternocleidomastoid muscle and dia-
phragm; airways including upper airway and 
lower airway; alveolus and surrounding pulmo-
nary and systemic circulation. Each part has spe-
cific function and mainly carries the function of 
ventilation and oxygenation with coordination of 
ventilation and pulmonary circulation that pro-
vides adequate oxygen delivery to distal organs. 
However, the lungs also have metabolism, 
defending, immune and fluid transport function. 
The fetus lung is filled with fluid before the fetus 
is delivered, and the fluid inside of the lungs is 
absorbed immediately to keep the lungs rela-
tively dry to maintain adequate ventilation and 
oxygenation after delivery. When the lungs or 
airways were insulted, it may bring fluid trans-
port disorders, such as airway and lung edema, 
pleural effusion, etc. However, if there is extra 
fluid absorption, the airway may become relative 
dry and induce thick sputum and subsequent air-
way inflammation. Thus, it is critical to keep 
fluid balance in alveolus, interstitial space, air-
way and pleural space to maintain normal respi-
ratory function.

The fluid transport follows few rules: the 
osmotic fluid transport due to osmotic gradient; 
the Starling mechanism due to hydrostatic pres-
sure; and the fluid pinocytosis. It has been a long 
history for the researchers to discover that the 
cell membrane express a water channel aquapo-
rin (AQP) to control fluid transport [1]. Since the 
first report of AQP1 in red blood cells, there were 
numerous publications addressing expression 
and function of AQPs in various organs including 
respiratory system. So far, there are 4 AQPs 
expressed in the lungs, including AQP1 in the 
vascular endothelium and pleural membrane, 
AQP3 in epithelium of large airway, AQP4 in 
epithelium of small airways, and AQP5 in alveo-
lar type I cells and submucosal glands. In this 
chapter, the expression of above mentioned AQPs 
in normal and disease status, and the experience 
of AQPs function from various model and trans-

genic mice were summarized in detail to improve 
our understanding of the role of AQPs in fluid 
balance of respiratory system.

7.2  Expression of AQPs 
in the Lungs and Airways

There are 4 AQPs expressed in the lungs includ-
ing AQP1, AQP3, AQP4 and AQP5. AQP1 is 
expressed in the endothelium of pulmonary cap-
illary, vein and artery [2, 3], the apical and baso-
lateral membrane of the microvascular 
endothelium within pleural membrane, including 
inner and out membrane [4]. AQP3 is located in 
the basolateral membrane of basal cells of the tra-
cheal epithelium and in submucosal gland cell 
membranes in rodents and in apical membrane of 
bronchioles and type-II alveolar epithelial cells 
(ACEs) of adult humans, while AQP4 is expressed 
in the basolateral membrane of columnar cells in 
the bronchi and trachea of rats and in type-I 
AECs in humans [5–8]. AQP5 is expressed in 
apical membrane of type I ACEs, as well as api-
cal membrane of serous cells of upper airway 
submucosal glands, it has also been detected in 
type-II AECs in mice [8, 9]. Some studies show 
AQP5 is also expressed at apical membrane of 
ACEs [10].

Levels of AQPs expression depend on timing 
of lung development and pathological conditions. 
There is a dramatic difference of AQPs expres-
sion in airway and alveolar epithelium before and 
after birth delivery. The underlying mechanism 
might be the accommodation of fluid transport 
because airway epithelium and alveolar epithe-
lium play an important role in fetal lung fluid 
secretion before delivery and turn to absorption 
function after delivery to clear lung fluid for oxy-
genation. Most of the studies about AQPs in fetal 
lungs are derived from animal experiments. Fetal 
sheep have been used as an important animal 
model for lung developmental studies, particu-
larly of factors regulating the physiological 
development of the fetal lung [11, 12]. Sheep 
fetal lungs can express AQP1, AQP3, AQP4 or 
AQP5 in mRNA and protein levels during mid-
term gestation [13]. Rat fetal lungs express very 
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little AQPs before birth, and only AQP1 and 
AQP4 in rats has been detected at present before 
birth [14–16]. Although AQP1 expression in 
mRNA and protein levels in the lungs of fetal and 
neonatal rats is increased when treated with syn-
thetic glucocorticoids [7, 15], little is known 
about the physiological factors to control its 
expression before birth. Besides, Ya sui et al. [15] 
found that AQP4 could be induced to increase by 
corticosteroids and β-adrenergic agents. 
However, AQP5 mRNA expression in very low 
level was detected before birth in mice [13].

The deletion of one or more AQP genes in the 
studies of mice suggested that AQPs are not 
essential for neonatal survival [17]. However, 
what is true in mice may not be true for all spe-
cies, including humans [18]. Because the expres-
sion and distributions of different AQPs in the 
lungs are varied from the different species, it is 
difficult to make a consistent conclusion about 
the physiological role of AQPs in fetal lung 
development and the transition to extra-uterine 
life at birth, especially in the species with long- 
gestation such as humans.

7.3  AQPs and Lung Fluid 
Transport

Besides ventilation and oxygenation, the lungs 
exert other biological functions such as lung fluid 
transport, metabolism, immune defense, etc. 
Herein, lung fluid transport refers to the alveolar 
fluid balance, airway hydration, pleural fluid 
transport and submucosal glands secretion.

7.3.1  AQPs and Alveolar Fluid 
Balance

Fluid transport between alveolar and capillary 
endothelium presents with several forms includ-
ing the osmotic fluid transport, blood-gas barrier 
disruption induced fluid leakage and hydrostatic 
fluid transport. AQP1 and AQP5 are mainly 
expressed at apical membrane of capillary endo-
thelial cells and type I AECs [8, 9, 19] (Fig. 7.1). 
The location of these two AQPs suggests possible 

roles in facilitating water transport. As stated 
before, AQP expression varies during gestation 
time, 45 min immediately after delivery do not 
shown difference of lung wet/dry weight ratio 
between wild-type and AQP1, 4, 5 knockout mice 
[21], suggesting slow fluid absorption does not 
require AQP facilitation, plus these AQPs do not 
have full expression at the time point of experi-
ment. Several studies have showed that knockout 
AQP1 and AQP5 could significantly reduce 
osmotic fluid transport [17, 22]. However, dele-
tion of AQP1 or AQP5 did not alter lung edema 
formation and resolution difference in acute lung 
injury model [23, 24], in which increased capil-
lary permeability leads to the fluid accumulation 
in interstitial and alveolar tissue. This might be 
explained that AQP-mediated fluid transport is 
slower than fluid transport through enlarged cap-
illary leakage, and fluid transport through cell 
membrane is little [23, 24]. Similarly, to study 
the effects of AQP5 on hydrostatic pressure- 
induced lung edema, high pressure infusion plus 
blockage of outflow from left atrium are designed 
to mimic left heart failure induced lung edema. 
Deletion of AQP5 did not affect lung edema 
induced by high pulmonary pressure infusion 
[22]. These studies further indicate that AQP1 
and AQP5 mainly facilitate osmotic fluid trans-
port through the apical membrane of capillary 
endothelial cells and AECs, but they may not par-
ticipate in fluid transport driven by capillary per-
meability and hydrostatic pressure changes.

Fig. 7.1 Expression of AQP1, AQP4 and AQP5 in distal 
airway and alveolar space [20]
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Peri-bronchial edema formation was found to 
decrease in AQP1 mutation patients after bonus 
saline infusion, for capillary network formation 
defects after AQP1 mutation, and thus it is 
unlikely that AQP1 could contribute to hydro-
static pressure induced fluid accumulation [25]. 
Besides, deletion of AQP4, which is expressed on 
the epithelium of small airways close to alveolar 
spaces, does not significantly affect fluid trans-
port compared to wild-type mice. However, 
AQP4 deletion displays a more decrease in 
osmotic fluid transport compared with AQP1 
knockout in mice, suggesting AQP4 acts as the 
main role in facilitating fluid transport through 
small airway epithelium [25]. The potential effect 
of AQP4 is under covered by AQP1, because 
function of AQP4 appeared more significant 
when AQP1 is deleted.

7.3.2  AQPs and Airway Fluid 
Balance

Airway must keep high humidity to protect air-
way epithelial cells that work together with sub-
mucosal glands to secret fluid to facilitate cilliary 
movement to expel inhaled exopathogens. 
Although AQP3 and AQP4 has been found to be 
expressed on apical membrane of ciliated epithe-
lial cells [26] (Fig. 7.2) and studies showed that 
AQPs play minor role in airway humidification, 
ASL hydration, and isosmolar fluid absorption in 
AQP3 and AQP4 knockout mice [27]. By calcu-
lating fluid transport rate, the fluid movement 
across airway epithelium challenged by dry air is 
relatively slower compared to salivary gland 
secretion where AQP5 facilitates fluid transport. 
Furthermore, the minor effect of AQP3 and 
AQP4 in airway physiology suggests slow fluid 
movement does not rely on water channel neces-
sarily unless it is challenged by osmotic fluid 
movement [27].

A recent study showed AQP3 deletion reduce 
airway re-epitheliulization [28], the possible role 
is reduced epithelial cell migration due to water 
and glycerol transport reduction [29]. The role of 
AQP3 in airway epithelial growth provide poten-
tial role of AQP in tissue repair.

7.3.3  AQPs and Pleural Fluid 
Balance

The pleural space plays an important role in pleu-
ral fluid secretion and absorption and lubricating 
visceral and parietals membrane of pleural space 
to facilitate lung extension. The fluid is filtered 
through capillary within visceral membrane and 
reabsorbed by parietal lymphatic duct located on 
parietal membrane. In some malignancy, these 
lymphatic can be blocked to result in fluid accu-
mulation within pleural space. AQP1 is expressed 
at apical membrane of visceral and parietal 
pleura, and apical membrane of endothelial cell 
within visceral membrane [4] (Fig. 7.3). Our 
group found that AQP1 could facilitate the 
osmotic fluid transport within pleural space, and 
deletion of AQP1 could significantly reduce 
osmotic fluid transport. However, AQP1 did not 
take part in pleural isosmolar fluid clearance [30, 
31]. Similarly, there is no relationship of AQP1 
with clinically relevant mechanisms of pleural 
fluid accumulation or clearance [4].

7.3.4  AQPs and Submucosal Gland 
Secretion

Submucosal glands are located at upper and 
lower airway submucosal area, where capillary 

Fig. 7.2 AQP1, AQP3, AQP4 and AQP5 expression in 
capillary, airway, and alveolar space [26]
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and nerves are surrounded to keep normal func-
tion for gland secretion. In general, when glands 
are stimulated with nerve or chemical through 
muscarinic receptors, increased cytosolic cAMP 
level will activate CFTR function, to induce chlo-
ride secretion, and sodium will increase in cell to 
follow the electronic neutralization through intra-
cellular and paracellular pathway, and then water 
will come out of the cells following the ionic 
osmotic gradient mainly through AQP5 water 
channel. This phenomenon was evidenced in air-
way submucosal glands and salivary glands [32] 
(Fig. 7.4). Deletion of AQP5 significantly reduced 
gland fluid secretion and thus made the secreted 
fluid more viscous [33]. There are few studies 
showing that dry mouth due to salivary glands 
radiation or sojoren syndrome are associated 
with abnormal distribution of AQP5 [34, 35], 
suggesting AQP5 modulation may potentially 

improve dry moth syndrome through correction 
of saliva secretion. It is therefore interesting to 
test whether AQP5 modulation could be useful to 
promote airway mucus clearance in COPD or 
bronchiectasis patients.

7.4  AQPs and Lung Cancer 
Development

Several studied found that AQP1, AQP3, AQP4 
and AQP5 are over-expressed in lung cancer [36–
39]. The expression of AQP1 is higher in lung 
adenocarcinoma (ADCs) and bronchoalveolar 
carcinoma than that in lung squamous cell carci-
noma and normal lung tissue [37]. AQP1 is 
located in the endothelial cells of capillaries 
within lung cancer tissue and responsible for 
tumor angiogenesis [40, 41]. AQP1 is also 
involved in invasion of lung cancer cells, and 
reducing AQP1 expression by AQP1-shRNA 
could inhibit lung cancer cell invasion and migra-
tion [41]. Moreover, AQP1 expression is corre-
lated with high postoperative metastasis ratios 
and low disease-free survival rates in ADCs, 
especially with micropapillary ADC components 
[36]. These studies suggest that AQP1 could be a 
significant prognostic index for stage and histo-
logic differentiation of lung cancer.

AQP3 is over-expressed in non-small cell car-
cinoma (NSCLC), especially ADCs, well- 
differentiated bronchioloalveolar carcinomas and 
papillary subtypes. Some studies found that 
AQP3 might regulate biological functions of lung 
cancer cells, in the early stage of lung ADC [36], 
and even involve in angiogenesis of lung cancer 

Fig. 7.3 AQP1 expression in 
parietal and visceral 
membrane of pleural space [4]

Fig. 7.4 AQP1, AQP3, AQP4 and AQP5 expression in 
airway submucosla glands [33]
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through HIF-2α-VEGF pathway and lung cancer 
cell invasion partly by the AKT-MMPs pathway, 
mitochondrial ATP formation and cellular glyc-
erol uptake [42]. The anticancer effect of shRNA- 
targeting AQP3 is confirmed in experimental 
NSCLC models, and further is confirmed in 
 preclinnical studies [42]. Beside, AQP4 wis 
involved in the invasion of lung cancer cells [41]. 
Higher transcript and protein levels of AQP4 in 
well- differentiated lung ADCs suggest an asso-
ciation with a better prognosis [38].

The expression of AQP5 was also detected to 
dramatically increase in lung ADCs and corre-
lated with poor prognosis of patients with 
NSCLC [43]. AQP5-expressed cells exhibited a 
loss of epithelial cell markers and activation of 
c-Src through SH3 binding domain to promote 
epithelial to mesenchymal transition (EMT) 
which might be responsible for the promote 
metastasis of lung cancer [43]. Over-expressed 
AQP5 could facilitate lung cancer cell growth 
and invasion through the activation of the EGFR/
ERK/p38 MAPK pathway [43, 44]. The cAMP- 
protein kinase (PKA) consensus site in AQP5 is 
also preferentially phosphorylated and promoted 
cell proliferation ability in tumor. The phosphor-
ylation S156 in PKA consensus site is demon-
strated to play an important role in tumor 
proliferation and invasion [45]. So, S156 in AQP5 
may provide a potential therapeutic target by 
developing small molecules as an inhibitor. 
Moreover, developing specific monoclonal anti-
body targeting AQP5 will also be another 
approach.

7.5  AQPs and Acute Lung Injury 
and Lung Infection

Several studies have shown that both AQP1 and 
AQP5 are down-regulated after lung injury [23, 
24, 46]. Deletion of AQP1 does not show signifi-
cant phenotype changes while AQP5 deletion 
shows worsened lung injury after P. aeruginosa 
challenge [21, 24]. The mechanism may be that 
AQP1 was expressed in pulmonary capillary 
endothelium cells, and deletion of AQP1 impairs 
osmotic fluid transport but not near isosmolar 

fluid transport during capillary leaking due to 
increased permeability changes. AQP1 mutation 
in human does not cause morphology changes, 
but results in retarding fluid accumulation around 
airways [23].The underlying mechanism could 
be a change in capillary networks. It is believed 
that hydrostatic force could affect isosmolar fluid 
transport through water channels. Besides, the 
worsened lung injury in AQP5 null mice after  
P. aeruginosa challenge could be due to airway 
surface liquid property changes [24], in which 
AQP5 deficiency leads to reduced mucin produc-
tion in lung. Moreover, and declined activation of 
mitogen- activated protein kinase and nuclear 
factor-kappa B before and after PA infection.

Considering that AQP 1 and AQP5 are 
expressed at blood-gas barrier, and both of them 
facilitate osmotic fluid transport, it has been 
though that AQP1 and AQP5 may play an impor-
tant role in acute lung injury, especially in the 
pulmonary edema. Several studies showed that 
AQP1 and AQP5 are significantly down- regulated 
after lung injury [23, 24], and deletion of AQP1 
does not show any difference of lung edema for-
mation or resolution in LPS induced acute lung 
injury, suggesting slow fluid transport or fluid 
leakage from paracellular pathway may not 
require AQPs for intracellular fluid transport in 
acute lung injury. Meanwhile, AQPs may facili-
tate osmotic fluid transport but not near isosmolar 
fluid movement.

7.6  AQPs and Asthma

Asthma is featured by increased airway constric-
tion, esionphilic infiltration, hypersecretion of 
airway mucus and small airway epithelium 
edema formation. Immunostaining study shows 
AQP1 expressed not only in alveolar type I and 
type II cells, as well as in airway epithelium. 
OVA-induced Asthma animal model shows an 
increase in expression of AQP1 and AQP5 com-
pared to control group, suggesting AQP1 and 
AQP5 may participate in airway epithelium 
edema formation [47]. Bronchial provoke test 
usually shows hyperactivity and hyper respon-
siveness to methacholine [48]. AQP5 knockout 
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mice study shows deletion of AQP5 increased 
airway reactivity challenged by inhalation of 
methacholine accompanying with increased air-
way resistance [10]. It is not clear why deletion 
of AQP5 decreases airway challenge threshold. 
Besides, same loci of AQP5 and other asthma 
gene located at chromosome 12q and mouse 
chromosome 15 further indicated potential role 
of AQP5 in asthma development [10].

7.7  Summary

AQPs are water channel proteins supposed to 
facilitating fluid transport in alveolar space, air-
way humidification, pleural fluid absorption, and 
submucosal gland secretion. Previous studies 
suggested the roles of AQPs in various physiol-
ogy and pathophysiology condition of different 
lung disease in vivo or vitro. It still remains 
unclear the exact role of AQPs in lung diseases, 
and thus continuous efforts on elucidating the 
roles of AQPs in lung physiological and patho-
physilogical processes are warranted.
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Aquaporins in Digestive System
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Abstract

In this chapter, we mainly discuss the expression and function of aquapo-
rins (AQPs) expressed in digestive system. AQPs in gastrointestinal tract 
include four members of aquaporin subfamily: AQP1, AQP4, AQP5 and 
AQP8, and a member of aquaglyceroporin subfamily: AQP3. In the diges-
tive glands, especially the liver, we discuss three members of aquaporin 
subfamily: AQP1, AQP5 and AQP8, a member of aquaglyceroporin sub-
family: AQP9. AQP3 is involved in the diarrhea and inflammatory bowel 
disease; AQP5 is relevant to gastric carcinoma cell proliferation and 
migration; AQP9 plays considerable role in glycerol metabolism, urea 
transport and hepatocellular carcinoma. Further investigation is necessary 
for specific locations and functions of AQPs in digestive system.

S. Zhu, Bachelor 
Department of Pharmacology, School of Basic 
Medical Sciences, Peking University,  
Beijing 100191, China
e-mail: zhushuai_medicine@pku.edu.cn 

J. Ran, M.D., Ph.D. 
Department of Anatomy and Neuroscience Center, 
Chongqing Medical University,  
Chongqing 400016, China
e-mail: ranjianhua2013@163.com 

8

B. Yang, M.D., Ph.D. 
Department of Pharmacology, School of Basic 
Medical Sciences, Peking University,  
Beijing 100191, China 

State Key Laboratory of Natural and Biomimetic 
Drugs, Peking University, Beijing 100191, China

Key Laboratory of Molecular Cardiovascular 
Sciences, Ministry of Education, Peking University, 
Beijing 100191, China
e-mail: baoxue@bjmu.edu.cn 

Z. Mei, M.D. (*) 
The Second Affiliated Hospital of Chongqing 
Medical University, Chongqing 400010, China
e-mail: zhechuanmei@126.com

mailto:zhushuai_medicine@pku.edu.cn
mailto:ranjianhua2013@163.com
mailto:baoxue@bjmu.edu.cn
mailto:zhechuanmei@126.com


124

Keywords

Aquaporins • Digestive system • Gastrointestinal tract • Water electrolyte 
balance • Glycerol metabolism • Diabetes

8.1  Introduction

Digestive system includes the digestive tract and 
digestive gland. The digestive tract is composed 
of oral cavity, pharynx, esophagus, stomach, 
small intestine, large intestine and anus. The 
digestive glands include large digestive glands 
and plenty of small digestive glands spread over 
the wall of the digestive tract. The large digestive 
glands, such as 3-pair salivary glands, pancreas 
and liver, have secretary portion and ducts formed 
by gland cells to drain the excreta into the diges-
tive tract. Moreover, pancreas can also perform 
as an endocrine gland, as A-cells excrete gluca-
gon, B-cells excrete insulin, and D-cells excrete 
somatostatin, PP-cells excrete pancreatic poly-
peptide. These endocrine hormones regulate 
blood glucose and the movement of gastrointesti-
nal tract. Apart from secretion, absorption is an 
important function for digestive systems, espe-
cially for gastrointestinal tract. During a meal, 
after the primary digestion of saliva, the osmo-
larities of the food we eat can change rapidly 
from zero (water) to several hundred millosmoles 
(solid meal). In response to the rapid change of 
the osmolality in gastrointestinal tract, cell junc-
tions are tight in the stomach and colon (in order 
not to lose water when dehydrating feces), and 
gastric juice or other kind of digestive fluids will 
be secreted to balance the osmolarity of gastric 
content [1]. When the content comes to small 
intestine, most water will be absorbed with sol-
utes and nutrition. When it comes to colon, the 
content is further dehydrated and forms feces. 
Totally, about 7.5 L of fluid is secreted into the 
tract, which includes saliva, gastric secretions, 
bile, pancreatic juice, and intestinal secretion, 
and about 9 L fluid is absorbed each day [2, 3]. 
Moreover, the liver is related to substance 
metabolism.

Aquaporins (AQPs) are expressed and play 
physiological roles in the digestive system [2]. 

The distributions of AQPs are relevant to their 
functions. Basolateral water channels AQP3 and 
AQP4 are more expressed in secretive epithelia 
(e.g, stomach), whereas apical water channels are 
more localized in absorbing epithelia (e.g, small 
intestine). In the colon, which can both absorb 
and secrete water, both apical and basolateral 
AQPs are expressed [1]. AQP9 is expressed in the 
liver, and involved in fat metabolism. Here we 
describe some important isoforms of AQPs in 
digestive system, and mention others that are not 
very clearly studied. The general distribution of 
AQPs in digestive system is summarized in  
Fig. 8.1 [4–6]. Figure 8.2 presents the possible 
pathways for transepithelial water transport  
in digestive system. They mainly consist of para-
cellular pathway, transcellular pathway, diffu-
sion, and osmolality- dependent AQP pathway. 
Considering the constant phenotype of specific 
AQP-knockout mice regarding the fluid secretion 
[7, 8], the function of AQPs in the digestive sys-
tem might be limited.

8.2  AQPs in the Gastrointestinal 
Tract

8.2.1  Aquaporin Subfamily

8.2.1.1  AQP1
In gastrointestinal tract, AQP1 is diversely 
expressed on the endothelial barriers, while there 
is no expression in the epithelia and mucosa. It is 
more expressed in the body of the stomach, duo-
denum and ascending colon than the pyloric 
antrum [9]. A moderate amount of AQP1 was 
also observed in the stromal tissue of the anus, 
but it is difficult to identify the specific location 
[10].

In human tissue, AQP1 was demonstrated on 
the endothelial cells of the lymphatic vessels in 
the submucosa and lamina, and capillary endo-
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thelial cells in the smooth muscle layer through-
out the gastrointestinal tract. For other species, 
abundant expression of AQP1 was detected in 
endothelium of capillaries and small vessels in 
digestive system [11–15].

On the basis of the location of AQP1 in the 
gastrointestinal tract, speculation is that AQP1 
plays an absorptive passage in the water trans-
port between the gastrointestinal mucosa and 
bloodstream. In addition, AQP1 is present in 
endothelial cells of central lacteals in the villi of 
small intestine, which produces chylomicrons 
when digesting food. Therefore, AQP1 might be 
involved in the fat digestion process. There is 
evidence that AQP1 null mice show up a defect 
in fat absorption [2, 12]. Further studies about 

functions of AQP1 in gastrointestinal tract are 
needed.

8.2.1.2  AQP4
AQP4 is selectively expressed in the basolateral 
membrane of parietal cells of the stomach, espe-
cially at the base of gastric pits, which is acknowl-
edged to play the main role in modulating the 
secretion of the acid. AQP4 null mice were 
applied to study the role of AQP4 in gastric acid 
secretion by Verkman’s group [7]. There was no 
apparent difference in morphology in the parietal 
cells within the gastric pits for AQP4 null mice. 
And the deficiency of AQP4 showed no differ-
ence to the rates of basal or stimulated acid or 
gastric fluid secretion. Nor did it affect the pH 

Fig. 8.1 Distribution of aquaporins in the digestive 
system. AQP1, AQP5 and AQP8 are expressed in salivary 
glands. AQP1, AQP3 and AQP5 are present in oral cavity. 
In the stomach, AQP1 is expressed in the endothelial cells 
of capillaries and small vessels; AQP3 is expressed in the 
basolateral membrane of surface mucous cells; AQP4 is 
expressed in the basolateral membrane of parietal cells, 

and AQP5 is present at the apical membrane of parietal 
cells. Small intestine expresses AQP1, AQP3, AQP4, 
AQP5, AQP8 and AQP9. AQP1, AQP3, AQP4 and AQP8 
are expressed in large intestine. AQP1, AQP8 and AQP9 
are expressed in the liver. AQP1 is diversely expressed in 
gallbladder, bile duct and pancreas, while AQP8 is present 
in the pancreas as well [2]
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level and fasting serum gastrin concentration in 
the stomach. These data suggest that AQP4 has 
little influence on gastric acid production [8].

AQP4 is also expressed in the basolateral 
membrane of the crypt cells located at the bottom 
of the crypt in small intestine, and the basolateral 
membrane of surface epithelial cells in the colon 
as mentioned above. It is suggested that AQP4 is 
involved in colonic fluid transport. However, in 
AQP4 null mice, the water permeability was 
decreased in the proximal colon but not the distal 
colon, while the water content of the feces had no 
difference compared to wild-type mice. All in all, 
AQP4 in surface epithelial cells has no influence 
on feces dehydration and colonic fluid secretion 
[2].

8.2.1.3  AQP5
AQP5 was first isolated from the salivary gland. 
It is typically expressed in glandular tissues like 
salivary glands, lacrimal glands, and pancreas. In 
digestive tract, it is present in the stomach and 
duodenum in rat. For stomach, it is expressed in 
apical membrane of secretory cells of the pyloric 
gland, and there is almost no expression in the 

fundic gland. In the duodenum, AQP5 is present 
along the apical membrane of secretory cells in 
duodenal gland [16]. AQP5 is not detected in 
other tissues of the digestive system by immuno-
histochemistry, while the expression of AQP5 
was shown by reverse transcriptase-polymerase 
chain reaction (RT-PCR) analysis in the liver [2].

It is reported that AQP5 promotes the progres-
sion and invasion of several cancers [17]. It is 
upregulated in a variety of cancers and associated 
with the clinicopathological characteristics of 
patients, which include colon cancer, lung can-
cer, chronic myelogeous leukaemia, breast can-
cer, and biliary tract carcinoma. In gastric 
carcinoma, AQP5 is relevant to the tumorigenesis 
and progression, such as differentiation, lymph 
node metastasis and lymphovascular invasion  
[1, 17].

8.2.1.4  AQP8
AQP8 was first isolated from the pancreas, liver 
and testis. AQP8 transcript is widely expressed in 
the digestive system, including the salivary glands, 
small intestine, colon, pancreas, and liver.  
In digestive tract, it is mainly present at the  

Fig. 8.2 Possible pathways for transepithelial water 
transport in the digestive system. There are 4 pathways 
for transepithelial water transport, including paracellular 

pathway, transcellular pathway, diffusion and osmolarity-
dependent AQP pathway
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subapical intracellular sites of epithelial cells in 
the duodenum, jejunum, and colon [2, 18].

AQP8 knockout mice are used to explore 
AQP8 functions, and they have normal appear-
ance, survival, growth, organ weights and serum 
chemistries, but larger testis. In small intestine, 
AQP8  knockout model made no difference in 
cholera toxin- or agonist-stimulated maximal 
fluid secretion. In colon, AQP8 knockout model 
had little effect on the colonic fluid absorption or 
fecal dehydration. And water content in stool 
changed little in AQP8 knockout mice. Only mild 
phenotype differences between the wild-type and 
AQP8 knockout mice were found. And the func-
tion of AQP8 in the water absorption and secre-
tion of small intestine and colon is limited [19].

In 2, 4, 6-trinitrobenzene sulfonic acid 
(TNBS)- induced colitis model, which mimics 
human Crohn’s disease, AQP8 expression is 
downregulated with the increase of inflammation 
and injury [20], indicating that AQP8 is possibly 
involved in inflammatory bowel disease.

8.2.2  Aquaglyceroporin Subfamily

8.2.2.1  AQP3
In digestive system, AQP3 is highly expressed in 
the esophagus, proximal and distal colon [21]. 
According to immunohistochemical results from 
rat digestive tract, AQP3 is also present in the 
oral cavity, forestomach, and anus, where AQP3 
situates at the basolateral membrane. The func-
tions of AQP3 in tissues mentioned above are 
still elusive. It is possible that AQP3 is providing 
water to epithelial cells directly with bad circum-
stances of feces. And AQP3 in oral and anus is 
seen as the extension of skin, in which AQP3 has 
been confirmed to be important in keeping  
stratum corneum hydration and skin elasticity  
[2, 22–24].

In human colon, AQP3 is predominantly 
expressed in the mucosal epithelial cells [24], 
which indicates its important role in water trans-
port. It is reported that the inhibition of AQP3 in 
the colon leads to diarrhea. AQP3 inhibitor 
(HgCl2 and CuSO4) applied for more than 1 h, the 
fecal water content increased to approximately 

four times that in the control group, and severe 
diarrhea was observed [25, 26]. In the meantime, 
several laxatives present a laxative effect by the 
upregulation of AQP3 expression. For osmotic 
laxatives such as magnesium sulfate, previously 
thought to work by increasing the osmotic pres-
sure in the intestinal tract, AQP3 expression was 
found upregulated, suggesting that osmotic laxa-
tive might play its role in response to the increased 
AQP3 expression. However, stimulant laxative, 
such as bisacodyl, works by promoting the peri-
staltic movements of the bowel. When it was 
applied to rats, AQP3 expression was found 
downregulated, and severe diarrhea was observed 
without osmotic pressure change. Contrary to 
diarrhea, AQP3 expression is also involved in the 
constipation. Morphine is clinically used as a 
narcotic analgesic with usual adverse effect of 
constipation, which is caused by the decrease of 
peristaltic movements of the bowel. In this model, 
AQP3 expression is upregulated, which might 
take part in the constipation. Generally speaking, 
deeper investigation for the mechanism of AQP3 
 involved water transport may provide candidates 
for new laxatives and antidiarrheal drugs in the 
future [24].

In TNBS-induced colitis, AQP3 expression 
was downregulated in accordance with AQP8, 
accompanied with intestinal inflammation and 
injury. After small bowel resection and improve-
ment of intestinal functions in IBD rats, AQP3 
was upregulated during the adaptation [24]. The 
evidence indicates that AQP3 might involve in 
the pathogenesis of inflammatory bowel disease 
[20, 21].

Looking into the AQP3 null mice, intestinal 
barrier integrity was impaired based on previous 
work [27]. The results showed that the AQP3 
deletion induced a dramatic increase in E. coli 
C25 translocation [27].

8.2.2.2  AQP10
The specific location of AQP10 in digestive sys-
tem has not been very clear. Previous studies 
reported that unspliced AQP10 transcript was 
detected at the apical membrane of epithelial 
cells in the small intestine, while some claimed 
that it was present at endothelial cells of  
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submucosal capillaries in the duodenum [28]. 
Moreover, AQP10 performs as a pseudogene in 
some kind of species [2]

8.3  AQPs in the Digestive Glands

8.3.1  Aquaporin Subfamily

8.3.1.1  AQP1
AQP1 is localized to the basolateral membrane of 
the gallbladder, intrahepatic cholangiocytes, 
hepatic ducts, endothelial barriers in the liver, 
and pancreatic ducts and centroacinar cells in the 
pancreas [10]. Moreover, AQP1 is specifically 
expressed in the intralobular and interlobular 
ducts, modulating the water transport through the 
cells [2].

8.3.1.2  AQP5
AQP5 is typically expressed in glandular tissues, 
which include salivary glands, lacrimal glands, 
and pancreas. It participates in fluid secretion and 
therefore related to corresponding diseases, such 
as Sjögren’s syndrome (PSS) and diabetes.

In salivary gland, AQP5 is present at the apical 
membrane, including the intercellular secretory 
canaliculi of acinar cells. In the AQP5 knockout 
mice, when compared to wild-type mice, the 
saliva production was reduced and was hyper-
tonic, which showed that AQP5 played a main 
role in saliva secretion [2]. In Sjögren’s syndrome 
models, AQP1 expression was increased and 
AQP5 expression was decreased, suggesting new 
pathways to explain the disease [29]. Nevertheless 
there is also oppositions to this hypothesis. The 
research showed that the distribution and density 
of AQP5 in salivary glands of PSS patients had 
no difference. And the role of AQP5 in the patho-
genesis of PSS needs to be reassessed [30].

In pancreas, AQP5 is located at the apical 
membrane of centroacinar and intercalated ductal 
cells [31]. It might be involved in the diabetes 
and pancreatitis.

8.3.1.3  AQP8
For digestive glands, AQP8 is mainly expressed 
in parotid, salivary glands, liver and pancreas. 
AQP8 is present in myoepithelial cells around the 

acini and the intercalated duct rather than the aci-
nar or ductal cells of rat parotid, submandibular 
and sublingual cells [32].

AQP8 knockout mice are applied to study 
AQP8 functions. In salivary glands, strong AQP8 
transcripts were detected while it could not be 
found at protein level by immunofluorescence or 
immunoblot analysis. Furthermore, salivary 
secretion was not affected by AQP8 deficiency, 
according to the comparison about the pheno-
types between AQP8 knockout mice and wild-
type mice, nor was it affected in the comparison 
of AQP8/AQP5 double knockout mice and AQP5 
knockout mice. In the liver, AQP8 is predomi-
nantly expressed in intracellular vesicles in hepa-
tocytes. Given a high fat diet, AQP8 knockout 
mice did not show steatorrhea or abnormalities in 
serum lipid profile, liver function tests, or pancre-
atic enzymes. Based on the results, AQP8 is not 
involved in hepatobiliary/pancreatic function, 
while the plasma triglyceride and cholesterol 
concentrations rose up a little [24].

Moreover, AQP8 was confined to the apical 
membrane of acinar cells in human pancreas. It 
might play a role in the secretion of pancreatic juice.

8.3.2  Aquaglyceroporin Subfamily

8.3.2.1  AQP7
In human gastrointestinal tract, AQP7 was 
detected on the superficial epithelial cells 
throughout the small intestine and colon. For rats, 
it is present on the apical region of the entero-
cytes in the villi; epithelial cells of the colon and 
caecum, which suggests its involvement in rapid 
fluid movement through the villus epithelium [33].

8.3.2.2  AQP9
In liver, AQP9 is located at the basolateral (sinu-
soidal) membrane of hepatocyte [34, 35]. It has 
been proved to be the major route of arsenite 
uptake into the mammalian cells, whose accumu-
lation might result in hepatocellular damage and 
hepatocellular carcinoma. In addition, bile duct 
ligation-induced extrahepatic cholestasis has 
been clarified to induce the downregulation of 
AQP9 in the hepatocyte basolateral membrane, 
indicating it might be involved in the bile flow.
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AQP9 is also associated with glycerol  
metabolism in liver. Glycerol, as a product from 
adipose triglycerides during lipolysis, flows into 
the liver through the portal vein. And it takes part 
in gluconeogenesis later. AQP9 is verified as the 
only glycerol channel in the liver, which selec-
tively localizes at the sinusoidal plasma mem-
brane facing the portal vein. Thus, AQP9 is 
considered to be the channel for glycerol uptake 
in the liver [35–39].

AQP9 knockout model was constructed to 
study its role in glycerol metabolism. The results 
revealed that AQP9 null mice had evident hyper-
glycerolemia and hypertriglyceridemia compared 
to AQP9 heterozygous mice. When AQP9 null 
mice crossed with Leprdb/Leprdb mice, a model of 
obese and type II diabetes, it showed that Leprdb/
Leprdb AQP9 null mice had lower blood glucose 
levels than Leprdb/Leprdb AQP9 heterozygous 
mice. AQP9 null mice had lower plasma glycerol 
levels than AQP9 heterozytous mice. These 
results suggest the possible role of AQP9 in the 
hepatic glycerol absorption as well as glucose 
metabolism [35].

8.3.3  Superaquaporin Subfamily

8.3.3.1  AQP12
AQP12 is selectively expressed in the pancreas, 
especially in acinar cells. AQP12 knockout mice 
were not observed evident abnormality. Further 
research is needed in its function studies [28].
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Abstract

Several aquaporin (AQP)-type water channels are expressed in kidney: 
AQP1 in the proximal tubule, thin descending limb of Henle, and vasa 
recta; AQP2-6 in the collecting duct; AQP7 in the proximal tubule; 
AQP8 in the proximal tubule and collecting duct; and AQP11 in the 
endoplasmic reticulum of proximal tubule cells. AQP2 is the vasopressin- 
regulated water channel that is important in hereditary and acquired dis-
eases affecting urine-concentrating ability. The roles of AQPs in renal 
physiology and transepithelial water transport have been determined using 
AQP knockout mouse models. This chapter describes renal physiologic 
insights revealed by phenotypic analysis of AQP knockout mice and the 
prospects for further basic and clinical studies.
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The urinary system involves kidney, ureter, blad-
der and urethra. The upper urinary tract is made 
up of the kidneys while the other structures are 
the components of the lower urinary tract [37]. 
Urine that is formed in the kidney drains into the 
renal pelvis, ureter and bladder. Finally, urine 
stored in the bladder is excreted through urethra. 
Among the whole urinary system, kidney is the 
core organ to reabsorb water and concentrate 
urine.

Urine concentration and dilution mainly pro-
ceed in the kidney by regulating water excretion 
and reabsorption [153]. During water excretion 
and reabsorption, water permeability in the 
proximal tubules, descending limbs of Henle, 
late distal tubules and collecting ducts is very 
important. In contrast, those segments (such as 
ascending limbs of Henle) of the nephrons that 
are continuously impermeable to water are also 
necessary to establish osmotic gradient from 
renal cortex to inner medulla. Antidiuretic hor-
mone (ADH) regulates the urine concentration 
by changing water permeability of late distal 
tubules and collecting ducts. The water permea-
bility in the certain segments of renal tubules, 
collecting ducts and vasa recta is mediated by 
water channel aquaporins (AQPs) in the plasma 
membrane of epithelium and endothelium.

9.1  Expression Localization 
of AQPs in Urinary System

At least eight AQPs are expressed in kidney: 
AQP1 in the proximal tubule, thin descending 
limb of Henle (TDLH), and vasa recta; AQP2-6 in 
the collecting duct; AQP7 in the proximal tubule; 
AQP8 in the proximal tubule and collecting duct; 
and AQP11 in the endoplasmic reticulum (ER) 
of proximal tubule cells (Fig. 9.1) [71, 95, 111, 
157, 167].

Although mammalian urothelium is generally 
considered impermeable to constituents of urine, 
some studies indicate urothelial transport of 
water and solutes under certain conditions [142, 
143] and expression of AQP2 and AQP3 in 
urothelium.

9.1.1  AQP1

AQP1 is localized in the apical and basolateral 
plasma membranes of the proximal tubule and 
TDLH and in the micro-vascular endothelium of 
the medullary descending vasa recta (DVR) [1, 6, 
7, 19, 82, 92, 109, 112, 113, 161, 183]. In the prox-
imal tubule, AQP1 is localized from S1 though S3, 
except for the earliest part of S1 [88, 112].

Fig. 9.1 Expression of AQPs in kidney. 
AQP1 in the proximal tubule, thin 
descending limb of Henle, and vasa recta; 
AQP2-6 in the collecting duct; AQP7 in the 
proximal tubule and AQP11 in the 
endoplasmic reticulum of proximal  
tubule cells
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AQP1 is also expressed in capillary and arteri-
ole endothelial cells in ureter and bladder [97, 142].

9.1.2  AQP2

AQP2 is expressed in principal cells of whole col-
lecting duct from the connecting tubule and under-
goes vasopressin-regulated trafficking between an 
intracellular vesicular compartment and the cell 
apical plasma membrane [21, 22, 67, 90, 133].

AQP2 is circumferentially lined the epithelial 
cell membranes except for the apical membrane 
of the epithelial cells adjacent to the lumens of 
both ureter and bladder [98].

9.1.3  AQP3

AQP3, originally called glycerol intrinsic protein 
(GLIP) based on its glycerol-transport function, 
is expressed at the basolateral membrane of 
cortical and outer medullary collecting duct 
epithelium [5, 30, 31, 39, 44, 56, 74].

AQP3 is shown to be intensely expressed at 
cell borders in the basal and intermediate layers 
in urothelium [131].

9.1.4  AQP4

AQP4 is expressed at the basolateral membrane 
of inner medullary collecting duct epithelium and 
the proximal tubule S3 region [25, 65, 150, 155].

Orthogonal arrays of particles (OAPs) have 
been found in basolateral membrane observed by 
freeze-fracture electron microscopy (Fig. 9.2). It 
is confirmed that AQP4 forms these OAPs by 
expressing rat AQP4 in Chinese hamster ovary 
(CHO) cells [155, 169].

9.1.5  AQP5

Procino et al. demonstrated that AQP5 is 
expressed in type B intercalated cells in the kid-
ney collecting duct, which is the first report about 
expression of AQP5 in the kidney [123].

9.1.6  AQP6

AQP6 is expressed primarily in the membrane of 
the intracellular vesicles in type A intercalated 
cells of the collecting duct [126, 180]. Some 
AQP6 is colocalized with H+-ATPase [179].

Fig. 9.2 Freeze-fracture electron micrographs of col-
lecting duct principal cell basolateral plasma mem-
branes. (a) OAPs in the basolateral membrane P-face of a 
collecting duct principal cell. (b) E-face of the basolateral 

plasma membrane of a collecting duct principal cell 
showing the appearance of imprints left in this membrane 
leaflet by the P-face OAP arrays (Data cited from Ref. 
[169])
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9.1.7  AQP7

AQP7, an aquaglyceroporin, is expressed on the 
apical membrane of the proximal straight tubules 
(S3 segment) where AQP1 is also expressed [55, 
107].

9.1.8  AQP8

Whether AQP8 is expressed in the kidney is con-
troversial. Elkjær et al. first reported that AQP8 
was expressed in proximal tubule cells. But ultra-
structural localization of AQP8 remains unre-
solved [32].

9.1.9  AQP9

AQP9, which is another aquaglyceroporin, has 
been only found in the urinary concentration sys-
tem of birds [115]. In mammals, AQP9 is present 
in leukocytes that prevents the transformation of 
leukocytes when flow through high osmotic envi-
ronment in the inner medulla [145].

9.1.10  AQP11

AQP11 is an unorthodox AQP. In the kidney, 
AQP11 is expressed intracellularly in the proxi-
mal tubules [3, 104]. AQP11 was identified in ER 
by fluorescent labeling with ER marker in 
AQP11-transfected cultured cells and in the kid-
ney from HA-tagged AQP11-transgenic mice 
[52, 54, 91].

There still may be additional, as yet unidenti-
fied, AQPs in kidney and locations of some AQPs 
are not clear, which will be confirmed in the 
future.

9.2  Functions of AQPs in Urinary 
System

9.2.1  AQP1

To evaluate the role of AQP1 in the proximal 
tubule, Verkman’s group generated AQP1 knock-

out mice by targeted gene disruption [85, 137, 
159, 160, 170, 172]. The AQP1 null mice were 
not obviously different from wild-type mice in 
survival, gross physical appearance, and organ 
morphology, except for mild growth retardation.

The measurement of the transepithelial 
osmotic water permeability (Pf) in S2 segments 
of proximal tubule showed that Pf in AQP1 null 
mice was five-fold lower than that in wild-type 
mice, which indicates that osmolality driven tran-
scellular water permeability is through AQP1. In 
purified apical plasma membrane vesicles of 
proximal tubule, Pf (at 10 °C) decreased nine- 
fold in AQP1 null mice compared with wild-type 
mice. The remaining low water permeability in 
AQP1 null proximal tubule was not been inhib-
ited by mercurial agents. Furthermore, an intrin-
sic membrane Pf of approximately 0.006 cm/s (at 
37 °C) in AQP1 null proximal tubule, which is 
similar with water movement exclusively across 
the lipid portion of the membrane, suggesting 
that other AQP-type water channel and non- 
aquaporin transporters play little role in proximal 
tubule water permeability. Less than 20% of 
osmotically driven transepithelial water transport 
in the proximal tubule is paracellular [158].

The higher urine output demonstrates that 
AQP1 null mice have reduced fluid absorption in 
the collecting duct. The deletion of AQP1 in the 
TDLH and DVR likely resulted in a defective 
countercurrent mechanism, which prevents the 
formation of a hyperosmolar medullary intersti-
tium. In water-deprived AQP1 null mice, dDAVP 
stimulation of collecting duct water permeability 
(that should nearly equalize urinary and medul-
lary interstitial osmolality) did not increase uri-
nary osmolality [15, 85]. Because salt transporters 
are functional and the collecting duct can be 
water permeable, AQP1 null mice can mildly 
concentrate urine.

Ex vivo perfused segments of TDLH were 
used to study the contribution of AQP1 to TDLH 
water permeability [19]. Pf was significantly 
lower in AQP1 null TDLH, indicating that the 
main water channel in TDLH is AQP1, which 
also reveals that osmotic equilibration along the 
TDLH mediated by water transport makes contri-
bution to the renal countercurrent concentrating 
mechanism.
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There is a long-standing controversy regard-
ing the relative contributions of water reabsorp-
tion and solute entry to osmotic equilibration 
along the TDLH [103]. AQP1 null mice showed 
urine-concentrating defect and a decrease in 
TDLH water permeability indicating that high 
water permeability in the TDLH plays an impor-
tant role in urine concentration. AQP1 deletion 
does not affect the NaCl and urea permeabilities 
of the TDLH, so that osmotic water transport out 
of the lumen of the TDLH is important for the 
countercurrent multiplication mechanism and 
that solute entry by itself is not sufficient to per-
mit the formation of maximally concentrated 
urine [158].

Average body weight decreased by 35% in the 
AQP1 null mice compared with 20~22% in wild- 
type mice, and blood osmolality increased to 517 
mosm/kg H2O compared with 311~325 mosm/kg 
H2O in wild-type mice after being deprived of 
water for 36 h. Interestingly, nearly all water- 
deprived AQP1 null mice that were markedly 
hyperosmolar could be resuscitated by oral water 
administration without morbidity [85].

The urine osmolality in AQP1 null mice was 
similar before and after water deprivation. 
Measurement of urine osmolalities of the AQP1 
null mice every 8 h showed values were consis-
tent less than 650 mosm/kg H2O because the 
osmolality gradient could not be established 
without AQP1 (Fig. 9.3). In contrast, there was a 

significant increase in the urine osmolality (from 
1400 mosm/kg H2O to 3000 mosm/kg H2O) in 
wild-type mice after water deprivation. The urine 
sodium was less than 10 mM in most of the 
water-deprived AQP1 null mice. dDAVP, a V2 
receptor agonist, treatment did not increase the 
urine osmolality in AQP1 null mice, indicating 
urinary concentrating defect in AQP1 null mice 
was not central osmoreceptor sensing [85]. The 
reason of urine concentrating deficiency in AQP1 
null mice can mainly be the impairment of near- 
isosmolar water reabsorption in proximal tubule 
and disruption of the medullary countercurrent 
multiplication mechanism [58, 69, 85].

9.2.2  AQP2

In the basal state, AQP2 is mainly localized in the 
intracellular vesicles in collecting duct epithelial 
cells. Upon stimulation with ADH, AQP2 is 
translocated from the intracellular compartment 
to the apical plasma membrane by exocytic 
fusion of AQP2-bearing vesicles [144]. Water 
permeability of the apical membrane is regulated 
by the trafficking of AQP2 to the apical mem-
brane [13, 14, 33, 64, 116, 152, 168, 184]. Since 
AQP3 and AQP4 are constitutively present at the 
basolateral membrane, when AQP2 appears at 
the apical membrane, water is easily reabsorbed 
by passing through the principal cell layer trans-

Fig. 9.3 Osmolality gradient 
in or outside the lumen with 
or without AQP. Top, the 
osmolality gradient in the 
lumen was established by 
water reabsorbing via AQP. 
Bottom, the osmolality 
gradient could not be 
established without AQP
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cellularly [146]. The physiological importance of 
AQP2 in urine concentration is obvious consider-
ing patients with NDI caused by AQP2 mutation 
[11, 26]. It was also reported that selective dele-
tion of AQP2 in the mouse collecting duct caused 
severe urinary concentration defect and mice 
with global AQP2 gene knockout died within 2 
weeks because of serious dehydration [91, 130]. 
These results suggest that AQP2 is a critical 
water channel in the kidney.

Dehydration or hypernatremia increases the 
level of the arginine vasopressin (AVP), which 
binds to the vasopressin V2 receptor at the baso-
lateral membrane, and activates protein kinase A 
(PKA) by elevating the cAMP level [8, 10, 38, 
72, 129]. This triggers the phosphorylation of 
Ser256 in the AQP2 C terminus by PKA and 
flags the protein for trafficking from storage ves-
icles to the apical membrane [23, 63, 99, 100, 
106, 108, 121, 135, 154, 162, 164, 181].

The phosphorylation of AQP2 at Ser 256 is 
critical in its targeting to the apical cell surface by 
AVP stimulation [16, 42, 146]. Other possible 
sites of phosphorylation such as Ser 261, 264, and 
269 may also affect the trafficking of AQP2 [18, 
34, 46, 120]. Phosphoproteomics analysis of rat 
inner medullary collecting duct cells revealed 
AQP2 phosphorylation at Ser 261 [48, 128]. ADH 
induced an increase in monophosphorylation at 
Ser 256 and diphosphorylation at Ser 256 and 
261, suggesting that phosphorylation of both 
sites is involved in AQP2 trafficking [49]. 
Immunofluorescence microscopy showed that 
AQP2 phosphorylated at Ser 261 was mainly 
localized intracellularly and distinct from the 
endoplasmic reticulum, Golgi apparatus, and 
lysosomes [47]. Point mutation analysis of Ser 
261 indicates that the phosphorylation state of 
AQP2 at Ser 261 does not detectably affect the 
regulated or constitutive trafficking of AQP2 
[80].

Because of the redistribution of AQP2, trans-
cellular water permeability increases and urine is 
concentrated. When returning to normal condi-
tion, AQP2 is internalized through ubiquitin- 
mediated endocytosis and restored in intracellular 
vesicles or targeted for degradation [38].

9.2.3  AQP3

AQP3 null mice had normal perinatal survival 
and postnatal growth but were remarkably poly-
uric, consuming and excreting ten-fold more 
fluid than wild-type mice [159]. Average urine 
osmolality in AQP3 null mice (262 mosm/kg 
H2O) was much lower than that in wild-type mice 
(1270 mosm/kg H2O). Urine osmolalities in the 
AQP3 null mice increased significantly in 
response to dDAVP administration and to a 36 h 
water deprivation, although to a much less extent 
than that in wild-type mice. These results define 
a unique pattern of NDI in AQP3 null mice, 
which confirms that countercurrent exchange in 
AQP3 null mice is basically intact, although 
medullary interstitial osmolalities are probably 
lower than that in wild-type mice because of 
diuresis washout. A study on AQP1 and AQP3 
double knockout mice demonstrated the different 
patterns of NDI result from distinct defects in 
countercurrent exchange (AQP1) and collecting 
duct function (AQP3) [173].

When Pf was measured in basolateral mem-
brane of cortical collecting ducts using spatial 
filtering microscopy, the volume of cortical col-
lecting ducts from AQP3 null mice changed 
slowly with a half-time (t1/2) for osmotic equili-
bration of 2.7 s, which is significantly slower 
than that from wild-type mice (1.1 s). Because of 
the underestimation of the rate in tubules from 
wild-type mice by the finite solution exchange 
time in the system, AQP3 deletion might decrease 
the water permeability of the basolateral mem-
brane of cortical collecting duct more than three-
fold [83]. The experimental results on urinary 
concentrating defect of the AQP3 null mice indi-
cates that AQP3 plays an important role in the 
formation of concentrated urine by transporting 
water across the basolateral membrane of collect-
ing duct epithelium [83].

9.2.4  AQP4

The role of AQP4 in urinary concentration was 
evaluated using AQP4 null mouse model [84, 
156]. No significant difference in urine osmolal-
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ity was found in hydrated mice. Serum sodium 
concentrations and osmolalities were similar in 
the two genotypes. However, after a 36 h water 
deprivation, the maximum urinary osmolality in 
the AQP4 null mice is lower than that in the wild- 
type mice, indicating a mild urinary concentrat-
ing defect in the AQP4 null mice [20, 84, 176].

Transepithelial Pf in ex vivo perfused IMCD 
after 18–48 h of water deprivation and in the 
presence of vasopressin to make the basolateral 
membrane Pf rate-limiting are 0.056 cm/s (wild- 
type) and 0.013 cm/s (AQP4 null), which indi-
cates that AQP4 is responsible for the majority of 
basolateral membrane water movement in the 
IMCD.

Although the AQP4 null mice showed greatly 
reduced IMCD water permeability, there was 
only a very mild defect in urine-concentrating 
ability [158]. This is consistent with expectations 
based on the normal distribution of water trans-
port along the collecting duct. Micropuncture 
studies of rodents under antidiuretic conditions 
demonstrate that the main amount of water was 
reabsorbed in the cortical portion rather than the 
medulla of the collecting duct [62].

9.2.5  AQP5

AQP5 null mice shows normal renal function as 
wild-type mice [148]. Further studies are required 
to uncover an unexpected role for AQP5 in the 
kidney.

9.2.6  AQP6

Although AQP6 is classified as a classical AQP, it 
differs from other AQPs. For example, its water 
and anion permeability is increased by the pres-
ence of the well-known AQP inhibitor Hg2+ and 
in acidic condition [2, 45, 50, 125]. These results 
suggest that AQP6 might be involved in acid 
secretion in the collecting duct.

However, the role of this transport in the renal 
tubules is still not clear. It is widely known, that 
the intercalated cells are characterized by a rich 

inclusion of mitochondria, which provide energy 
for the cells necessary for proper function [118]. 
In these cells there are intracellular vesicles con-
taining H+ ATPase to transport proton [125]. 
AQP6 is also localized in the same vesicles. In 
spite of that several studies have demonstrated 
that the H+ ATPase is shuttled from the cytoplas-
mic vesicles to the apical plasma membrane in 
response to acid-base changes, AQP6 was not 
found in plasma membrane of the intercalated 
cells [86, 126]. Lack of AQP6 in the apical 
plasma membrane indicates that this protein must 
function exclusively at the intracellular sites. The 
accumulating results suggest the possibility that 
AQP6 may not play a direct role in simple fluid 
transport, but may do so in maintaining the acid- 
base balance in cellular regulation [53, 60]. The 
mechanism of this process, however, has not 
been explained yet.

9.2.7  AQP7

Compared with the wild-type mice (20*10−3 
cm/s), Pf of the vesicles obtained from the outer 
medulla of AQP7 null mice (18*10−3 cm/s) sig-
nificantly decreased [139]. These results indicate 
that AQP7 makes a small contribution to the 
water permeability of the proximal straight 
tubules [139]. Based results from AQP1/AQP7 
double knockout mice, the estimated contribution 
of AQP7 to the water permeability in the 
proximal straight tubules is one-eighth that of 
AQP1 [85].

AQP7 null mice do not show a urinary con-
centrating defect. But under normal conditions 
urine volume increase significantly in AQP1/
AQP7 double-knockout mice compared with 
AQP1 knockout mice. (AQP1/AQP7 knockout, 
7.3 ml vs. AQP1 knockout, 5.7 ml). This vali-
dates that the amount of water reabsorbed through 
the effect of AQP7 in the proximal straight 
tubules is physiologically substantial.

The serum glycerol level in AQP7 knockout 
mice was mildly lower than that of wild-type 
mice (AQP7 null, 0.036 mg/ml vs. wild-type, 
0.042 mg/ml). However, the glycerol concentra-
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tion in urine in AQP7 null mice was much higher 
than that in wild-type mice (AQP7 null, 1.7 mg/
ml vs. wild-type, 0.005 mg/ml), indicating that 
AQP7 mediates the glycerol reabsorption in the 
proximal straight tubules [77, 87, 139, 140]. 
Although AQP7 plays a minor role in water 
transport, AQP7 constitutes a major glycerol- 
reabsorbing pathway in the kidney.

AQP7 has been reported permeable to ammo-
nia [43, 78]. However, the role of this transport 
remains partly unexplained. It is generally known 
that there is a process of glutamine metabolism in 
the proximal tubule resulting in production of 
HCO3

− and NH4
+, which are then excreted into 

tubular fluid. Some NH4
+ may exit from the prox-

imal tubule cells and enter to the tubular fluid as 
NH3, where it is then protonated [70]. AQP7 may 
be involved in the secretion of NH3 or/and NH4

+, 
which regulates ammonia concentration on both 
sides of the membrane in a shorter time.

9.2.8  AQP8

The AQP8 transcript was found in kidney by 
RT-PCR analysis. Urine osmolality does not 
differ in AQP8 null mice vs. wild-type mice at 
baseline or after 36 h water deprivation [175]. 
The urine osmolality is not significantly different 
even between AQP1 null mice and mice lacking 
AQP8 and AQP1 together. These results indicate 
that AQP8 does not play a fundamental role in 
urinary concentrating function. Some studies 
reported that AQP8 transport ammonia in the 
kidney [57, 78, 134, 141]. Molinas et al. showed 
AQP8 knockdown in human renal proximal 
tubule cell line HK-2 cells decreased ammonia 
release into culture medium and AQP8 was 
upregulated in an acidic medium [91, 102].

9.2.9  AQP11

The AQP11 null mice start dying within 2 weeks 
due to severe renal failure suggesting that this 
isoform is of fundamental importance [104].

9.3  AQPs in Renal Diseases

9.3.1  AQP1

Autosomal dominant polycystic kidney disease 
(ADPKD) is one of the most common human 
monogenic diseases, which morbidity is between 
1 in 400–1000 worldwide, characterized by mas-
sive enlargement of fluid-filled cysts of renal 
tubular origin. [163]. Renal cyst development in 
ADPKD is associated with abnormal prolifera-
tion and cystic liquid secretion of cystic epithelial 
cells, mediated by complicated mechanisms. 
AQP1 is expressed in the epithelia lining 71% 
renal cysts in human ADPKD, 44% of which are 
derived from the proximal tubules [4]. Two-thirds 
of the cysts express either AQP1 or renal collecting 
duct water channel AQP2 [27, 28].

It is found that AQP1 retard renal cyst devel-
opment [163]. Kidney size and cyst number are 
significantly greater in AQP1 null PKD mice 
than in AQP1-expressing PKD mice (Fig. 9.4a), 
due to the presence of a greater number of proxi-
mal tubule cysts. MDCK cells form cysts with a 
monolayer of polarized cells enclosing a central 
lumen under forskolin stimulation. Remarkably, 
stable AQP1-overexpressing MDCK cells 
formed cyst-like cell clusters that had no discern-
ible lumens (Fig. 9.4b). AQP1 overexpression 
decreases β-catenin and cyclin D1 expression, 
suggesting the down-regulation of Wnt signaling 
pathway. Phosphorylated-β-catenin, the inactive 
form of β-catenin, is up-regulated in AQP1 over-
expressing MDCK cells, suggesting that AQP1 
promotes β-catenin degradation.

Coimmunoprecipitation reveals the interac-
tion of AQP1 with β-catenin, GSK3β, LRP6 and 
Axin1. Subcellular fractionation experiment 
shows that β-catenin, GSK3β and Axin1 coex-
isted in both cytosolic fraction and membrane 
fraction, while LRP6 and AQP1 are only detected 
in the membrane fraction (Fig. 9.4c). It is hypoth-
esized that part of the “destruction signaling 
complex” is located in cell membrane. AQP1 
interacts with “destruction signaling complex” 
and stabilizes the “complex” on the plasma mem-
brane (Fig. 9.4d). Absence of AQP1 could 
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decrease the stability of the destruction complex 
and block the ubiquitination of β-catenin, which 
leads to β-catenin accumulation and translocation 
into the nucleus and binding to TCF. The 
β-catenin/TCF complex upregulates expression 
of Wnt target genes. Therefore, AQP1 may act as 
a novel determinant in renal cyst development 
through inhibiting the Wnt signaling pathway by 
an AQP1-macromolecular signaling complex.

AQP1 has been shown to be involved in 
numerous types of tumors, especially those aris-
ing from organs where water permeability plays 
an important role, such as kidney and bladder 
[66, 79, 105]. AQP1 has been shown to enhance 
cell growth and migration that plays an important 
role in tumor angiogenesis [94, 132]. Because of 
its heterogeneous distribution and expression, 
AQP1 can not be used as a prognostic factor but 
as an excellent biomarker [93, 96].

9.3.2  AQP2

A decrease of the AQP2 expression level is often 
caused by lithium therapy and results in the onset 
of NDI that is a disorder characterized by the 
inability to concentrate urine in response to ADH 
in the kidney collecting ducts [9, 89]. In addition, 
the mutation of AQP2 is responsible for congeni-
tal NDI [12, 17, 29, 40, 51, 68, 73, 75, 101, 110, 
122, 128, 138, 147, 174]. Some autosomal reces-
sive and autosomal dominant AQP2 mutations 
have been found. In the recessive type, AQP2 
lose their water channel function, or are misrouted 
to the endoplasmic reticulum because of muta-
tion [24, 61, 117, 151]. In the dominant type, 
mutated AQP2 is localized in aberrant intracel-
lular compartments such as the Golgi apparatus, 
late endosomes, lysosomes, or the basolateral 
membrane.

Fig. 9.4 AQP1 retards 
renal cyst development in 
polycystic kidney disease. 
(a) Representative images 
of wild-type, PKD and 
AQP1 null PKD kidneys. 
(b) Light micrographs of 
cysts on the days 4–14 
formed by non-transfected 
MDCK and AQP1-MDCK 
cells. (c) 
Coimmunoprecipitation 
with anti-AQP1 showing 
AQP1 interaction with 
β-catenin, GSK3b, LRP6 
and Axin1 in AQP1- 
MDCK cells. (d) 
Schematic of proposed 
β-catenin regulation by 
AQP1 (Data cited from 
Ref. [163])
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The inducible adult mouse model of human 
recessive NDI was generated by AQP2-T126M 
gene mutation and suitable as an in vivo model to 
study candidate AQP2 therapies [136, 171, 177]. 
A band of 34~40 kDa protein was detected in the 
whole-kidney of wild-type mice by immunoblot 
analysis (Fig. 9.5a), which represents fully pro-
cessed AQP2 with complex glycosylation. A 29 
kDa nonglycosylated AQP2 band is also observed. 
The core-glycosylated form of AQP2-T126M was 
detected at 31 kDa and largely disappeared 
following endoglycosidase H treatment [178]. 
AQP2-T126M mutant mice show marked poly-
uria, which excretes sevenfold more urine 
than that in litter-matched wild-type mice. 
Following an 18 h water deprivation, urine osmo-
lality in wild-type mice increase  significantly 
(from 1840 to 2872 mosmol), not increased in 
AQP2 null mice, and increased partially (to 1027 
mosmol) in AQP2-T126M mutant mice [178]. 
17-AAG, an Hsp90 inhibitor, is a novel corrector 
that partially rescued defective AQP2-T126M cel-

lular processing, indicating that its analogs or 
other Hsp90 inhibitors may be a potential drug for 
therapy of some forms of NDI [178] (Fig. 9.5b, c).

AQP2 expression is upregulated in rat kidney 
with congestive heart failure (CHF) induced by 
ligation of the left coronary artery [166]. 
Furthermore, there is a marked increase in the 
abundance of AQP2 in the apical plasma mem-
brane, consistent with an increase in apical water 
permeability [114]. Hepatic cirrhosis is another 
clinically important syndrome associated with 
water retention. However, different animal mod-
els of hepatic cirrhosis showed varied AQP2 
expression [35, 36, 41, 59].

9.3.3  AQP4

A clinical study among 45 children with unilat-
eral ureteropelvic junction obstruction and 15 
children undergoing nephrectomy for nephro-
blastoma, shows that the expression of AQP4 is 

Fig. 9.5 17-AAG partially 
corrects defective urinary 
concentrating function in 
AQP2 mutant mice. (a) 
Immunoblot of AQP2 protein 
from wild-type (+/+) and 
AQP2-T126M mutant 
(T126M/−) mice.  
(b) AQP2 immunoblot of 
kidney homogenates from 
wild-type and AQP2-T126M 
mutant mice treated without or 
with 17-AAG. (c) Urine 
osmolality in wild-type, 
AQP2-T126M mutant, and 
AQP2 null (−/−) mice before 
and after 17-AAG treatment 
(Data cited from Ref. [178])
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reduced in proportion with the impairment degree 
of renal function [76]. Among salt-sensitive 
hypertension patients, the expression of AQP4 
is upregulated while AQP1 and AQP2 is down-
regulated [124].

9.3.4  AQP5

AQP5 has been found in all of 17 kidney biopsies 
from patients with diabetic nephropathy but not 
in 15 normal controls indicating that AQP5 is 
associated with diabetic nephropathy [165]. 
Upregulated AQP5 may contribute to polyuria, 
possibly by impairing AQP2 membrane 
 localization and urine AQP5 is a potential novel 
biomarker of diabetic nephropathy [81].

9.3.5  AQP6

The expression of AQP6 changed with the devel-
opment of renal cell carcinoma and oncocytoma 
and AQP6 could be a marker in renal cancer 
diagnosis [149, 182].

9.3.6  AQP11

Accurate analysis of the renal phenotype of 
AQP11 null mice showed that their kidneys are 
large, anemic and polycystic, which is similar 
with polycystic kidney diseases (PKD) in human. 
The cysts are absent in the medulla but abundant 
in the cortex where AQP11 is highly expressed, 
which differs from that in PKD.

Vacuolization of proximal tubule cells and 
enlarged lumen of the ER were also observed in 
AQP11 null mice [104]. In this process, the 
expression of ER-stress-responsive genes such as 
Hspa5 and Hsp90b1 is increased, and TUNEL- 
positive cells and cleaved caspase-3-positive 
cells are seen in vacuole-forming proximal tubule 
cells [119]. Furthermore, Ki-67 is positive and 
the expression of EGFR is detected in vacuolized 
cells, suggesting that there is ER stress in the 
proximal tubule cells, which results in apoptosis 
and finally in cellular proliferation [91]. These 
results suggest that deletion of AQP11 that is 

localized in ER would influence ER function and 
causes ER stress contributing to renal injury. 
Inoue et al. found that the amount of polycystin-1 
increases, the amount of polycystin-2 decreases, 
primary cilia of the proximal tubules are elon-
gated in AQP11 null mice, as seen in many renal 
cyst diseases [54]. ER dysfunction may cause the 
abnormal N-glycosylation of polycystin-1 and 
impaired trafficking to the primary cilia indicating 
that the lack of AQP11 resulted in impaired 
polycystin-1 then indirectly caused PKD [91]. 
However, there are still so many unresolved ques-
tions concerning the relationships between cysto-
genesis and AQP11. Further analyses are required 
to clarify these points and finally define the 
physiological function of AQP11.
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Abstract

The unicellular germ cells and gametes of oviparous teleosts lack the 
osmoregulatory organs present in juveniles and adults, yet during develop-
ment and particularly at spawning, they face tremendous osmotic chal-
lenges when released into the external aquatic environment. Increasing 
evidence suggests that transmembrane water channels (aquaporins) 
evolved to play vital adaptive roles that mitigate the osmotic and oxidative 
stress problems of the developing oocytes, embryos and spermatozoa. In 
this chapter, we provide a short overview of the diversity of the aquaporin 
superfamily in teleosts, and summarize the findings that uncovered a 
highly specific molecular regulation of aquaporins during oogenesis and 
spermatogenesis. We further review the multiple functions that these chan-
nels play during the establishment of egg buoyancy and the activation and 
detoxification of spermatozoa in the marine environment.
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Abbreviations

AQP/Aqp aquaporin
CNGK cyclic nucleotide-gated K+ channel
FAA free amino acid
IgG immunoglobulin
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channel subfamily V
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10.1  Introduction

Teleost fishes that inhabit marine and freshwater 
environments are constantly exposed to opposing 
osmotic gradients that respectively lead to the 
passive influx or efflux of water and the efflux or 
influx of ions. These hydromineral perturbances 
are compensated for by the coordinated control of 
osmoregulatory organs that mediate the uptake or 
excretion of water and minerals in order to main-
tain homeosmotic balance [1]. This situation, 
however, is extremely challenging for the newly 
released gametes and embryos of oviparous tele-
osts, since they are devoid of the juvenile and 
adult organs that deal with ion and water balance. 
It therefore seems likely that molecular adapta-
tions have evolved in the reproductive organs and 
germ cells of these fishes to cope with the external 
osmotic challenges, and thereby maintain the 
ability of the gametes to form a zygote that devel-
ops into a normal embryo and larva.

In recent years, a growing body of evidence is 
uncovering the role of transmembrane water 
channels (aquaporins) that facilitate transepithe-
lial fluid transport in osmoregulatory organs of 
fishes, such as the gills, intestine or kidney [2, 3]. 
In marine teleosts, aquaporins have also been 
shown to play important roles in male and female 
gametes. This research is revealing unexpected 
and highly specific aquaporin regulatory mecha-
nisms in germ cells, as well as the function of 
some of these channels beyond water transport. 
An overview of the physiological roles and 
molecular regulation of aquaporins in the oocytes 
and spermatozoa of marine teleosts is the focus 
of this chapter.

10.2  Aquaporin Diversity 
in Teleosts

To understand the physiological roles played by 
aquaporins in teleost germ cells, it is important to 
identify the gene copy numbers and establish a 
framework for their affiliations and functions 
both within and between the different lineages. 
This can best be achieved using a phylogenomic 
approach, which computationally analyses the 
complete genomic repertoires of the superfamily 
present in the different species. If sufficient taxo-
nomic diversity is explored, it becomes possible 
to uncover the evolutionary history of each gene. 
When these data are combined with experimental 
evidence for the channel permeation properties, a 
putative molecular function can be tentatively 
assigned to each aquaporin subfamily. For tele-
osts, this approach was first adopted by Tingaud- 
Sequeira and colleagues [4] who identified 18 
aquaporin genes in zebrafish (Danio rerio) that 
are related to 4 aquaporin grades present in euthe-
rian mammals, the classical aquaporins (AQP0, 
-1, -2, -4, -5 and -6), the aquaporin-8-type chan-
nels (AQP8), the aquaglyceroporins (AQP3, -7, 
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-9 and -10) and the unorthodox aquaporins 
(AQP11 and -12). These data not only revealed 
that teleost genomes encode the largest reper-
toires of functional aquaporins in vertebrates, but 
that the channels display dual paralogy and sub-
strate specificities similar to the mammalian 
counterparts [2, 4, 5]. As for the mammalian 
channels, the teleost classical aquaporins are typ-
ically water selective, while the aquaglyceropo-
rins transport water, urea and glycerol, as well as 
a range of other small molecules [5]. In contrast 
to the mammalian AQP8 channels, however, 
some teleost Aqp8 orthologs, such as Atlantic 
salmon (Salmo salar) Aqp8ab and -8bb, are also 
capable of transporting glycerol in addition to 
water and urea [6]. The permeability properties 
of the teleost unorthodox aquaporins have yet to 
be established, as they are not functional when 
heterologously expressed in Xenopus laevis 
oocytes [4].

At the time the zebrafish channels were exam-
ined, five genomes from four teleost orders: 
Cypriniformes (zebrafish), Beloniformes 
(medaka, Oryzias latipes), Perciformes (3-spined 
stickleback, Gasterosteus aculeatus) and 
Tetraodontiformes (torafugu, Takifugu rubripes, 
and spotted green pufferfish, Tetraodon nigroviri-
dis) were analyzed. More recently these analyses 
were expanded to 28 species of teleost from 13 
orders and 18 families that span >300 million 
years of evolution, confirming that teleost 
genomes indeed retain the largest copy number of 
aquaporins in the vertebrate lineage, with the tet-
raploid Atlantic salmon encoding at least 42 para-
logs [7, 8]. The comprehensive data sets further 
uncovered entirely new aquaporin subfamilies 
(Aqp14, -15 and -16), revealing that the vertebrate 
complement consists of 17 subfamilies (Aqp0-
16), and that the 4 grades of aquaporin are likely 
an ancient feature of eukaryotic organisms [9].

New sequencing initiatives continue to pro-
vide novel insights to the aquaporin superfamily 
in teleosts. Recent whole genome sequencing 
projects include the tetraploid common carp 
(Cyprinus carpio) [10] and diploid European sea-
bass (Dicentrarchus labrax) [11]. In the latter 
case, the aquaporin superfamily was highlighted 
as an example of an expanded gene family spe-

cifically associated with ion and water regulation 
and adaptation to eurohalinity [11]. As in the ini-
tial report on zebrafish [4], 18 aquaporin genes 
were identified in the seabass genome, which 
seemingly lacked the aqp5/1 ortholog described 
by Zapater et al. [12], but retained 4 copies of 
aqp8 [11]. In the same year as the common carp 
and European seabass genomes were published, 
the aqp5/1 gene was identified in selected verte-
brates, including sharks, gars, teleosts, turtles and 
alligators, and was re-annotated as aqp15 [7].

To illustrate the diversity of aquaporins found 
in teleosts, we have here assembled the reper-
toires present in the common carp genome and 
compared them to recompiled data for zebrafish 
and European seabass (Fig. 10.1). These data 
show that zebrafish has 19 paralogs with aqp15 
as a putative pseudogene, while the common carp 
has 38 paralogs of which 4 are apparent pseudo-
genes as judged by premature stop codons. The 
carp data thus precisely reflect duplicated copies 
of all orthologs in zebrafish, and validate the 
absence of teleost-specific duplicates such as 
aqp4a and -11a in cypriniform fishes. 
Interestingly, one of the putative carp pseudo-
genes is a duplicate of aqp7 (aqp7-2), which is 
only found as a single copy gene in other teleosts, 
including the tetraploid Atlantic salmon [7, 8]. 
Considering that the R4 paleotetraploidization in 
the ancestor of the common carp occurred <10 
million years ago [10], the present data indicate 
that redundant aqp7 genes are consistently nega-
tively selected through evolutionary time. This 
contrasts with the positive selection of Aqp0 
channels respectively duplicated 320–350 and 
80–100 million years earlier in diploid teleosts 
and tetraploid salmonids, due to their neofunc-
tionalisation and requirement for lens develop-
ment and transparency [13–17]. The tree 
presented in Fig. 10.1 further shows that the 
European seabass genome in fact encodes 22 
aquaporin paralogs with 1 putative pseudogene 
(not shown). The genomic repertoire of European 
seabass also includes an aqp15 ortholog, but as in 
other acanthomorph species, no more than 3 
aqp8 paralogs. The discrepancy between the 
present data and the earlier analysis of Tine 
and colleagues [11] can be explained by the 
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incorrect assignment of the aqp14 gene as an 
aqp8 paralog.

It is well established that the ancestor of extant 
teleosts experienced an additional round of whole 
genome duplication (R3) compared to other ver-
tebrates [18–25]. It is also well established that 

rediploidization typically ensues the polyploidy 
event, such that many genes are lost through evo-
lutionary time [26–29]. Since current estimates 
of duplicate gene retention from the teleost- 
specific genome duplication indicate that 12–24% 
have survived in modern taxa [30], the high copy 

Fig. 10.1 The aquaporin superfamily of teleosts. The 
channel nomenclature is in accordance with conventions 
for genomic (-a or -b) and tandem (-aa, -ab, -ba, or -bb) 
duplicates [2, 4, 5, 7]. The tree is mid-point rooted and gen-
erated based upon maximum likelihood analysis of a codon 
alignment of the assembled transcripts from diploid (2n) 
and tetraploid (4n) species. Gene origins by serial rounds of 
whole genome duplication (R1, R2, R3, R4), or tandem 

duplication are indicated. The genomic number of paralogs/
pseudogenes for each species is indicted in square brackets. 
Bayesian posterior probabilities derived from one million 
MCMC generations are shown at each node. The aquaporin 
gene copy for zebrafish is based on Tingaud-Sequeira et al. 
[4] and the current version of ensembl (v86), which has 
removed an identical duplicate of the aqp8bb gene previ-
ously reported by Finn and colleagues [7]
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number of teleost aquaporins is intriguing, 
because it implies strong positive selection of the 
duplicates, regardless of the mechanism (tandem 
or genomic) by which they duplicated. Indeed, a 
direct comparison of the teleost aquaporin com-
plement with the orthologous counterparts in 
metatherian mammals (AQP0, -1, -3, -4, -7, -8, 
-9, -10, -11, -12, and -14) shows that 8 out of 
these 11 subfamilies (73%) are retained as dupli-
cates in teleosts. Only aqp7, -12 and -14 are 
found as single copy genes in diploid teleosts, 
while the aqp8 subfamily has specifically 
expanded in the actinopterygian (ray-finned) 
fishes resulting in up to 4 paralogs in some dip-
loid species, such as zebrafish, 6 in the tetraploid 
common carp, and 8 in other tetraploid species, 
such as Atlantic salmon [7, 8]. Despite the 
increased abundance of water channel genes in 
teleosts, it has been shown that they lack ortho-
logs of AQP2, -5 or -6, which evolved to play 
vital roles in the water conservation of extant 
amphibians, sauropsids and mammals [7, 31–35]. 
It has therefore been proposed that the differen-
tial retention of AQP2, -5 and -6 orthologs in sar-
copterygian (lobe-finned) animals represented a 
permissive condition that facilitated tetrapod ter-
restrial adaptation [7]. It thus seems reasonable to 
conclude that the aquatic or terrestrial environ-
ment in which vertebrates evolved represented an 
important selective force in determining the copy 
number and retention of aquaporins in actinop-
terygian and sarcopterygian animals. A current 
challenge is deciphering what roles the increased 
repertoires of aquaporins play in the vast array of 
teleost fishes. The next sections provide insight 
into the molecular function and physiological 
roles of some of the aquaporin channels in the 
germ cells and gametes of teleosts.

10.3  Aquaporins in the Female 
Gamete

10.3.1  The Hydration Process 
of Pelagic and Benthic Eggs

As an adaptation to the hyperosmotic condition 
of seawater, ovarian oocytes of oviparous marine 

teleosts hydrate during meiosis resumption 
(oocyte maturation) prior to ovulation. Oocyte 
hydration is more pronounced in marine species 
producing buoyant eggs in sea water (pelago-
phils), where water can contribute >95% of the 
final egg weight, whereas the egg water content is 
lower (up to 85% in weight) in species that pro-
duce benthic, non-buoyant eggs (benthophils) 
[36, 37] (Fig. 10.2a). The mechanism of oocyte 
hydration provides a water reservoir for the 
embryo to compensate for the passive water 
efflux until osmoregulatory organs develop, and 
in some benthophil species possibly also facili-
tates the survival of early embryos exposed to 
transient periods of environmental desiccation 
[24, 36, 38]. The high water content of marine 
pelagic eggs also causes them to float thus giving 
rise to their pelagic nature, which increases the 
survival of developing embryos by allowing more 
efficient oxygen exchange and their dispersal in 
the ocean [24, 39].

In pelagophil teleosts, it is well established 
that oocyte hydration correlates with the proteol-
ysis of yolk proteins, with the resulting organic 
osmolyte pool of free amino acids (FAA) provid-
ing much of the osmotic driving force for water 
influx into the oocyte [37, 40]. In benthophil spe-
cies, where oocyte hydration is more modest than 
in pelagophils, limited proteolysis of yolk pro-
teins occurs, resulting in the liberation of a small 
pool of FAAs [37, 40]. The oocyte yolk proteins 
are derived from circulating, liver-secreted 
 vitellogenins (Vtgs), VtgAa, VtgAb and VtgC, 
which are incorporated in the oocyte by receptor- 
mediated endocytosis and subsequently cleaved 
in a multi-step acidification process into yolk 
proteins [24, 41–44]. The linear arrangement of 
the complete Vtg protein consists of five sub- 
domains corresponding to the different yolk pro-
teins stored in growing oocytes: a lipovitellin 
heavy chain (LvH), a phosphorylated serine-rich 
phosvitin, a lipovitellin light chain (LvL), and 
two Cys-rich C-terminal coding regions (β′ and 
CT), which are homologous to the mammalian 
von Willebrand factor type D domain (Fig. 
10.2b). During oocyte maturation, the VtgAa 
LvH, LvL and phosvitins are differentially 
cleaved by specific proteases such as cathepsins, 
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whereas the VtgAb remains predominantly intact 
as the major yolk protein for embryonic develop-
ment [45–47]. However, while in most pelago-
phil teleosts the VtgAa LvH is extensively 
degraded, this molecule is only partially hydro-
lized in moronid and benthophil species [24, 46–
54] (Fig. 10.2b). Thus, the FAAs resulting from 

these proteolytic mechanisms, together with the 
specific accumulation of inorganic ions such as 
K+, Cl−, NH4

+ during oocyte maturation, as well 
as of Pi arising from the dephosphorylation of 
phosvitins, represent the primary osmotic effec-
tors in pelagophils, while inorganic ions such as 
Na+ and K+ seem to be the major osmolytes in 

Fig. 10.2 Inorganic ions and free amino acids (FAAs) 
derived from the hydrolysis of yolk proteins are the 
major osmotic effectors for oocyte hydration in marine 
teleosts. (a) Follicle-enclosed oocytes from benthophil, 
common mummichog (Fundulus heteroclitus), and pel-
agophil, gilthead seabream (Sparus aurata) and Atlantic 
halibut (Hippoglossus hippoglossus), teleosts undergoing 
meiotic maturation and hydration. The volume of oocytes 
before and after hydration is indicated for each species. 
Parts of this figure were originally published in LaFleur 
et al. [49]. (b) Schematic diagram of a vitellogenin Aa 

molecule (VtgAa) showing the yolk protein subdomains 
lipovitellin heavy and light chains (LvH and LvL, respec-
tively), phosvitin (Pv), β′ component (β′), and C-terminal 
coding region (CT), and their degradation during oocyte 
maturation by proteases, such as cathepsin B (CatB) and L 
(CatL), in benthophil and pelagophil teleosts. The relative 
contribution of each yolk protein to the FAA pool is indi-
cated by arrows. (c) Relative ion, FAA and water content 
in prematurational oocytes and unfertilized eggs from 
benthophil and pelagophil species
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benthophils [37, 55–57] (Fig. 10.2c). Despite 
these observations, the mechanisms controlling 
and facilitating the flux of ions in teleost oocytes 
remain poorly understood.

10.3.2  Role of Aqp1ab During Oocyte 
Hydration

A number of studies in pelagophil teleosts, such 
as the gilthead seabream (Sparus aurata), 
Japanese eel (Anguilla japonica) and Atlantic 
halibut (Hippoglossus hippoglossus), have now 
demonstrated that the tandemly duplicated Aqp1 
paralog, Aqp1ab (formerly named Aqp1o or 
Aqp1b), mediates the temporal water permeation 
and the pre-ovulatory swelling of the oocyte. In 
these species, aqp1ab transcripts are highly 
expressed in the ovary, and immunocytochemical 
studies using paralog-specific antibodies indicate 
that Aqp1ab polypeptides are first detected in the 
cytoplasm of vitellogenic oocytes, and not in the 
associated follicle cells, but as vitellogenesis 
advances, Aqp1ab is shuttled towards the oocyte 
cortex [12, 58–61] (Fig. 10.3a–h). In gilthead 
seabream and Atlantic halibut postvitellogenic 
oocytes, Aqp1ab is completely translocated to a 
thin layer just below the oocyte plasma mem-
brane, and during meiotic maturation, approxi-
mately at the time when maximum proteolysis of 
yolk proteins and highest ion influx occur [59, 
62], Aqp1ab is translocated further into the 
oocyte microvilli [12, 59] (Fig. 10.3d, e and h). 
This specific pattern of localization strongly sug-
gested that this channel mediates water influx 
during oocyte hydration. In the Japanese eel, 
however, immunostaining analysis has shown 
that Aqp1ab is mainly observed around the fused 
yolk masses in oocytes at the migratory nucleus 
and mature stages (i.e. oocytes undergoing mei-
otic maturation), and insertion of Aqp1ab in the 
oocyte plasma membrane is not evident [60]. It 
has been hypothesized that the differential pat-
tern of Aqp1ab staining in the maturing seabream 
and eel oocytes might be related to a different 
mechanism of oocyte hydration in each species 
[60]. Thus, in the Japanese eel oocyte hydration 
may be regulated by a two-step mechanism, in 

which water influx into the oocyte occurs by sim-
ple diffusion across the follicle and oocyte plasma 
membrane, and then into the yolk mass through 
Aqp1ab inserted in the membranes surrounding 
the yolk globules, resulting in the swelling of the 
yolk mass [60]. This hypothesis remains, how-
ever, to be demonstrated.

Nevertheless, in all pelagophil teleosts investi-
gated to date it has been found that the swelling 
of oocytes during meiotic maturation in vitro is 
strongly reduced by mercury, a typical inhibitor 
of aquaporin water conductance, which is effec-
tive at blocking Aqp1ab-mediated water trans-
port in Xenopus laevis oocytes [12, 58, 63, 64]. In 
the gilthead seabream, oocyte hydration in vitro 
is also inhibited to some extent by the quaternary 
ammonium cation tetraethylammonium (TEA), 
which also partially blocks the permeability of 
Aqp1ab and mammalian AQP1 when expressed 
in X. laevis oocytes [59, 65]. Since HgCl2 and 
TEA can also potentially affect ion channels in 
ovarian follicles, a more specific inhibition of the 
Aqp1ab has been obtained in Atlantic halibut 
oocytes by using specific, affinity-purified anti-
bodies [12]. In this species, follicle-enclosed 
oocytes undergoing hydration in vivo were 
microinjected with an Aqp1ab antibody, result-
ing in a dose-dependant inhibition of oocyte 
hydration, whereas the injection of an IgG con-
trol had no effect (Fig. 10.3i, k). Interestingly, the 
immunological inhibition of Aqp1ab did not 
affect yolk hydrolysis or meiosis resumption, and 
could be fully reversed by the artificial expres-
sion of the tandemly duplicated halibut paralog 
Aqp1aa, which is functional when over-expressed 
in halibut oocytes, but is not recognized by the 
antibody (Fig. 10.3j, k). These data indicate that 
the decrease of oocyte hydration of Atlantic hali-
but oocytes can be directly related to the loss of 
function of Aqp1ab, and thus provide functional 
evidence of the essential physiological role of 
this water channel in the hydration process of 
pelagic teleosts eggs.

The Aqp1ab paralog may also play a role in 
some freshwater species, such as the stinging cat-
fish (Heteropneustes fossilis), in which oocytes 
partially hydrate during meiotic maturation 
although benthic eggs are produced [66]. In this 
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species, a functional Aqp1ab ortholog has been 
isolated from the ovary, in which mRNA is accu-
mulated in response to human chorionic gonado-

tropin in vitro [67], but its function in oocytes is 
unknown. In atherinomorph species, such as the 
common mummichog (Fundulus heteroclitus) 

Fig. 10.3 The Aqp1ab paralog mediates oocyte hydra-
tion during meiotic maturation in pelagophil teleosts. 
(a, b and f) Photomicrographs of seabream and Atlantic 
halibut postvitellogenic follicles, and corresponding histo-
logical sections stained with methylene blue (which stains 
yolk). (c and g) Immunostaining of Aqp1ab (arrows) in 
seabream (c and inset) and Atlantic halibut (g) oocytes 
showing the accumulation of the channel close to the 
plasma membrane. During meiotic maturation (inset in c), 
the channel is translocated into the microvilli crossing the 
vitelline envelope. (d, e and h) Immunoelectron micros-
copy micrographs of seabream postvitellogenic oocytes 
(d) and of seabream and Atlantic halibut hydrating oocytes 
(e and h, respectively), in which Aqp1ab- positive immuno-
gold particles are indicated by black arrows. In d, gold 
particles are localized within vesicles below the oocyte 
plasma membrane, while in e and h Aqp1ab appears pre-

dominantly in the microvilli extending from the oocyte 
(indicated by brackets). Inset in h shows a cross-section of 
a microvillus. (i) Inhibition of Aqp1ab in Atlantic halibut 
early hydrating oocytes, as a result of the microinjection of 
an Aqp1ab antibody (Aqp1ab-Ab), which reduces hydra-
tion at 48 h of culture in vitro. (j) Oocyte swelling is partly 
or fully recovered by the respective overexpression of 
aqp1ab and -1aa. (k) Inhibition of oocyte hydration (mean 
± SEM; n = 60 follicles) with 200 ng of Aqp1ab-Ab, and 
partial or full recovery by coinjection with 25 ng of aqp1ab 
or -1aa cRNAs, respectively. ***P < 0.001; **P < 0.01, 
with respect to non-injected oocytes or as indicated in 
brackets. FC follicle cells, VE vitelline envelope, GV ger-
minal vesicle, O oocyte, YG yolk globule. Bars, 500 μm 
(a), 200 μm (f), 100 μm (b and c), 50 μm (g), 0.25 μm (d, 
e and h), 1 mm (i and j) (Adapted from Fabra et al. [58, 59] 
and Zapater et al. [12])
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and Japanese medaka (Oryzias latipes), no 
Aqp1ab paralog has been identified in their 
genomes [7]. This suggests that the moderate 
hydration of the oocytes observed in the common 
mummichog [49, 68] occurs by simple diffusion, 
or that another aquaporin paralog is involved. It 
thus remains unknown whether the role of 
Aqp1ab in oocyte hydration is a specialized fea-
ture of modern acanthomorph marine teleosts, or 
if other channels have evolved in some lineages 
to play similar roles.

In some salmonid species, a small degree of 
oocyte hydration of approximately up to 6% 
occurs around the time of oocyte maturation and 
ovulation [69], which is very low when compared 
with the increment observed in pelagophil fishes, 
which ranges from 14–40% [37]. The physiologi-
cal significance of such limited hydration is 
intriguing, since it might increase the oocyte tur-
gency to facilitate the release of the oocyte from 
the follicle at ovulation. In the Atlantic salmon 
(Salmo salar), Aqp1ab transcripts are expressed 
in the ovary (Ferré and Cerdà, unpublished data), 
although at lower levels than in the kidney, which 
may support a role of Aqp1ab in this process. 
However, in the rainbow trout (Onchorynchus 
mykiss), microarray analysis has revealed the 
accumulation of aqp4-related transcripts, but not 
of aqp1ab, in the mature ovary, together with 
mRNAs encoding arginine vasotocin (Avt) and 
ion transport systems [70]. Since Avt is the non- 
mammalian counterpart of vasopressin [71], the 
neurohypophysial peptide that regulates mamma-
lian AQP2 and AQP4 in kidney and brain, respec-
tively [72, 73], it is possible that ovarian Aqp4, 
instead of Aqp1ab, may mediate the swelling of 
oocyte during ovulation in salmonids. The exis-
tence of this mechanism remains however hypo-
thetical and requires further investigation.

10.3.3  Aqp1ab Transcriptional 
and Post-translational 
Regulation in Oocytes

In pelagophil teleosts, the aqp1ab transcripts are 
more highly accumulated in the ovary than in any 
other adult tissue [58, 60, 61, 63]. In gilthead 

seabream and Japanese eel, the earliest detection 
of aqp1ab transcripts is noted in the cytoplasm of 
meiosis-arrested primary growth (pre- 
vitellogenic) oocytes, whereas oogonia are appar-
ently devoid of these mRNAs [60, 61]. In the 
seabream, detergent-mediated antigen retrieval 
and immunofluorescence microscopy also facili-
tated the detection of the Aqp1ab polypeptides in 
primary growth oocytes [61]. These findings 
indicated that the high levels of aqp1ab mRNAs 
and Aqp1ab proteins are stored in the oocytes 
before entering into the growth (vitellogenic) 
phase.

Recent studies in the gilthead seabream have 
uncovered a novel endocrine pathway for the 
aqp1ab transcriptional regulation in the oocytes 
(Fig. 10.4). Based upon transactivation experi-
ments, incubations of ovarian explants in vitro, 
and chromatin immunoprecipitation (ChIP) 
assays, the studies suggest that the transcriptional 
activation of the aqp1ab gene in primary growth 
oocytes is dependent on the classical nuclear pro-
gestin receptor (Pgr), which is expressed in the 
cytoplasm of oogonia and the nucleus of primary 
oocytes and can bind to two different sites in the 
aqp1ab promoter region [61]. The Pgr is acti-
vated by the progestin 17α,20β-dihydroxy-4- 
pregnen-3-one (17,20β-P) produced by 
primordial granulosa cells associated to primary 
oocytes in response to the follicle-stimulating 
hormone (Fsh), which up-regulates the expres-
sion of steroidogenic enzymes involved in pro-
gestin synthesis and down-regulates the major 
enzymes responsible for estrogen synthesis, 
resulting in an enhanced production of 17,20β-P 
in the granulosa cells [74]. However, this mecha-
nism can be potentially modulated by Sry-related 
high mobility group [HMG]-box (Sox) transcrip-
tion factors, which can bind to specific sites 
upstream and downstream of the Pgr binding site 
in the 5′-flanking region of the seabream aqp1ab 
gene [61]. Interestingly, Sox3 and Sox8b 
expressed in oogonia elicit a synergic effect to 
enhance Pgr-mediated transcription in transacti-
vation assays, whereas Sox9b, which is highly 
expressed in more advanced oocytes, coinciding 
with a strong depletion of aqp1ab transcripts in 
the oocyte, represses aqp1ab transcription [61]. 
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Thus, it is possible that low levels of expression 
of Sox9b in primary growth oocytes allow Pgr- 
driven aqp1ab mRNA and protein synthesis, 
whereas increased Sox9b levels in more advanced 
oocyte stages may inhibit aqp1ab expression. 
However, the seabream aqp1ab promoter also 
shows the presence of putative binding sites for 
transcription factors other than the Pgr, such as 
TCF/LEF-1, CREB or PBX-HOX, which might 
be of relevance during oocyte development [75–
77], and also regulate aqp1ab transcription. In 
addition, it remains to be established whether 
splice variants of the nuclear Pgr, which are 
expressed in the seabream primary growth stage 
ovary and can operate as dominant-negative 
inhibitors of Pgr-mediated transcription [78], can 
alter aqp1ab expression.

During vitellogenesis and oocyte maturation, 
the major regulatory pathways of Aqp1ab seem 
to occur at the posttranslational level, resulting in 
the transport of Aqp1ab-containing vesicles 
toward the oocyte cortex and eventually into the 
microvillar portion of the oocyte plasma mem-
brane [12, 59] (Fig. 10.4). The regulatory mecha-
nisms controlling Aqp1ab intracellular trafficking 
in vivo are however largely unknown. Studies in 
gilthead seabream, Atlantic halibut, and stinging 
catfish, using frog oocytes as a heterologous 
expression system for Aqp1ab, suggest a highly 
divergent nature and function of putative regula-
tory motifs within the teleost Aqp1ab C-termini 
that may control intracellular trafficking. Thus, 
experiments on seabream Aqp1ab employing 
chimeric constructs and site-directed mutagene-

Fig. 10.4 Current model of the regulatory pathways 
of Aqp1ab in the teleost oocyte. During oocyte differen-
tiation and early growth, follicle cells surrounding the 
oocytes are presumably stimulated by the follicle- 
stimulating hormone (Fsh) to produce and release C21 ste-
roids (progestins), which activate the nuclear progestin 
receptor (nPgr) in the oocyte cytoplasm, triggering 
aqp1ab transcription and translation. Sox transcription 
factors can potentially modulate this mechanism. When 
oocytes enter into the growth period, vitellogenins (Vtgs) 
produced by the liver in response to estrogens are incorpo-
rated in the oocyte by receptor-mediated endocytosis and 
processed into yolk proteins that are stored in yolk glob-
ules. At the same time, Aqp1ab-containing vesicles are 

transported toward the oocyte cortex. When vitellogenesis 
resumes, maturation-inducing progestins synthesized by 
follicle cells in response to the luteinizing hormone (Lh) 
activate G protein-coupled membrane progestin receptors 
(mPgr α and/or β) on the oocyte surface, repressing the 
stimulatory G protein (Gs) and causing a decrease in 
cAMP levels followed by the inactivation of protein 
kinase A (PKA). Decreased PKA activity leads to the acti-
vation of the maturation promoter factor (MPF), which 
triggers meiosis resumption. This process coincides with 
the proteolytic cleavage of yolk proteins, the accumula-
tion of inorganic ions, and the translocation of Aqp1ab 
into the microvillar portion of the oocyte plasma mem-
brane through an unknown mechanism
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sis indicate that phosphorylation of Ser254 at the 
cytoplasmic C-terminus, as well as a di-Leu 
motif located in the same domain, mediate 
Aqp1ab recycling [53, 79]. However, although 
the Ser254 fulfills a consensus site for a Pro- 
directed kinase, such as the p38 mitogen- activated 
protein kinases (MAPK), which is involved in 
oocyte maturation in vertebrates [80], the physi-
ological significance of these motifs remains 
unknown. In contrast, Atlantic halibut Aqp1ab 
only trafficks to the oocyte plasma membrane 
when it is expressed in native or piscine (zebraf-
ish) oocytes, although membrane trafficking is 
rescued in X. laevis oocytes when halibut Aqp1ab 
is co-expressed with polyA+ mRNA purified 
from native postvitellogenic ovarian follicles 
[12]. These observations thus suggest that 
Atlantic halibut Aqp1ab may have evolved more 
specialized mechanisms than the seabream ortho-
log for its intracellular transport in oocytes. The 
precise nature of these processes have not yet 
been clarified, although experimental data sug-
gest that the Aqp1ab C-terminus is likely involved 
as in the gilthead seabream Aqp1ab [12]. These 
observations reinforce the hypothesis of the role 
of the C-terminus in the rapid neofunctionaliza-
tion of Aqp1ab among teleosts [12, 63].

In the stinging catfish, cAMP can drive the 
sorting of Aqp1ab to the plasma membrane of X. 
laevis oocytes, most likely through protein kinase 
A (PKA)-mediated phosphorylation of Ser277 [67]. 
This observation is interesting since oocyte hydra-
tion in this species can be triggered by Avt [66], 
whose mammalian counterpart vasopressin initi-
ates the intracellular transport of tetrapod AQP2 to 
the plasma membrane of renal epithelial cells 
through the cAMP/PKA pathway [81]. 
Accordingly, the catfish oocyte expresses the 
vasotocin receptor 2 (Avtr2) which activates ade-
nylate cyclase via a Gs protein to increase intracel-
lular levels of cAMP/PKA [82]. Therefore, 
although the stinging catfish is not a pelagophil 
species, it offers the first model of an endocrine 
posttranslational regulation of Aqp1ab in teleost 
oocytes. In marine pelagophil fish, it is unknown 
whether a similar vasotonergic system can regu-
late Aqp1ab trafficking and insertion in the oocyte 

surface. The investigation of this mechanism in the 
oocyte of these species may provide novel insights 
into the transductional pathways activated in the 
oocyte during meiotic maturation and hydration 
that coordinate osmolyte generation, Aqp1ab 
intracellular trafficking, and meiosis resumption.

10.4  Aquaporins in the Male 
Gamete

10.4.1  Mechanisms of Sperm Motility 
Activation

Teleost spermatozoa remain quiescent in the tes-
tes and efferent ducts with activation of motility 
only being induced by the aquatic environment 
into which the sperm are ejaculated. In freshwa-
ter teleosts, the release of spermatozoa into the 
hyposmotic external medium induces membrane 
hyperpolarization, which leads to a K+ efflux and 
a transient increase in intracellular Ca2+ and 
cAMP [83–86]. The subsequent cAMP- 
dependent phosphorylation of axonemal proteins 
and dynein light chains triggers the movement of 
the flagellum [87, 88]. The use of channel block-
ers has provided indirect evidence for the involve-
ment of Ca2+ channels and Na+/H+ and Na+/Ca2+ 
exchangers in intracellular pH regulation or Ca2+ 
influx and therewith sperm activation, although 
the identity of these putative channels is not 
known [89]. A recent study in the zebrafish 
(Danio rerio), however, has demonstrated the 
presence of a novel cyclic nucleotide-gated K+ 
channel (CNGK) in the head of the spermatozoa, 
which surprisingly is not regulated by cyclic 
nucleotides but by intracellular pH [90]. It has 
been proposed that alkalization activates the 
zebrafish CNGK causing membrane hyperpolar-
ization and Ca2+ influx, which will induce ‘spin-
ning’-like swimming that presumably can guide 
the sperm into the micropyle [90]. In addition, a 
volume-sensitive Ca2+ channel transient receptor 
potential vanilloid 1 (Trpv1) channel has been 
recently found in the head of rohu (Labeo rohita) 
spermatozoa, where its activation increases the 
duration of motility [91].
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For marine teleosts, very few species have 
been studied to date, but the current models sug-
gest that sperm motility is activated by the 
osmotic shock caused by exposure to the hyper-
osmotic seawater [89]. This hyperosmotic shock 
increases the intracellular Ca2+ concentration 
([Ca2+]i), which activates the axonemal machin-
ery directly, or through the Ca2+/calmodulin- or 
cAMP-dependent protein phosphorylation/
dephosphorylation of structural components of 
the axoneme [92]. In some species, the intracel-
lular Ca2+ surge may occur as a consequence of 
Ca2+ influx across the plasma membrane [92, 93], 
although to date only one reverse-Na+/Ca2+ 
exchanger has been demonstrated in Pacific her-
ring (Clupea pallasii) sperm during ligand- 
induced motility initiation [94]. In other cases, 
the increase of [Ca2+]i may be the result of the 
stimulation of stretch-activated channels (SACs) 
in response to osmotic or mechanical changes, or 
caused by the release of Ca2+ from intracellular 
stores [92]. However, the membrane osmotic and 
ionic mechanisms and signal transduction path-
ways triggering and maintaining flagellar motil-
ity in marine fish spermatozoa are largely 
unknown. This scenario is complicated further 
because the mechanisms for sperm motility initi-
ation in marine teleosts are in many cases species- 
specific [92].

10.4.2  Biogenesis and Localization 
of Aquaporins in Teleost 
Sperm

The osmotic response of marine teleost sperma-
tozoa upon seawater exposure has been estimated 
to occur within milliseconds [95]. This rapid 
mechanism suggests the presence of aquaporins 
in the spermatozoon plasma membrane, which 
may facilitate a fast water efflux following the 
osmotic gradient [96]. Accordingly, in different 
marine species, mercury can inhibit sperm motil-
ity, and in some cases the concentrations of HgCl2 
that are effective on intact sperm have no effect 
on the axonemal apparatus of demembranated 
spermatozoa [89, 96], indicating that the motile 
apparatus is not directly compromised by low 

concentrations of HgCl2. In the gilthead 
seabream, the presence of aquaporins in immotile 
and motile spermatozoa has recently been con-
firmed by immunofluorescence microscopy and 
Western blots with well-characterized, paralog- 
specific antibodies [97, 98]. In some freshwater 
teleosts, mercury can also affect sperm motility 
[99, 100], but in others, such as the rainbow trout 
(Oncorhynchus mykiss), although HgCl2 can 
reduce the duration of sperm motility in a dose- 
dependent manner [100], the low plasma mem-
brane permeability of spermatozoa suggest the 
absence of aquaporins [101]. In addition, no 
study has yet provided direct evidence for the 
presence of aquaporins in the spermatozoa of 
freshwater teleosts. The role of aquaporins in 
sperm activation in these species is thus 
uncertain.

Comprehensive studies in the gilthead 
seabream show that multiple aquaporins, includ-
ing Aqp0a, -1aa, -1ab, -7, -8bb (formerly named 
Aqp8b), -9b and -10b, are expressed in both 
somatic and germ cells of the testis, which are 
differentially regulated by pituitary gonadotro-
pins throughout the spermatogenic cycle through 
androgen-dependent and independent mecha-
nisms [102]. These studies have revealed that 
Aqp0a and -9b are expressed by Sertoli and 
Leydig cells, respectively, Aqp1ab, -7, and -10b 
are expressed in all germ cells from spermatogo-
nia to spermatozoa, and Aqp1aa and -8bb are 
only expressed by haploid spermatids and sper-
matozoa [98, 102] (Fig. 10.5). During the pro-
gression of spermatogenesis, Aqp0a is also 
transiently expressed in germ cells, but only in 
spermatogonia and spermatocytes, whereas this 
aquaporin is no longer present in spermatozoa 
[102]. Thus, in ejaculated spermatozoa Aqp1aa 
and -7 are located in the flagellum and the head, 
respectively, whereas Aqp1ab, -8bb, and -10b are 
both in the head and the anterior tail [98]. Upon 
seawater activation, Aqp1ab and -10b are translo-
cated to the plasma membrane of the head and 
the anterior tail, while Aqp8bb is rapidly phos-
phorylated and transported to the single sperma-
tozoon mitochondrion, and Aqp1aa and -7 remain 
unchanged [98, 103] (Fig. 10.5). These findings 
indicate a complex control of aquaporin expres-
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sion during germ cell development, and therefore 
emphasize the potential importance of aquaporin- 
mediated water and solute transport for the con-
trol of the local fluid balance during teleost 
spermatogenesis [99]. The observations in the 
gilthead seabream also suggest an early synthesis 
of some sperm aquaporins during spermatogene-
sis, such as Aqp1ab, which may be stored in 
intracellular vesicles until the spermatozoa dif-
ferentiate from haploid spermatids.

10.4.3  Role of Aqp1aa During Sperm 
Activation

In the ejaculated sperm of gilthead seabream, 
Aqp1aa is distributed along the entire flagellum, 
and this localization remains unchanged upon 
seawater activation [98, 104]. The persistence of 
Aqp1aa in the flagellum may imply an immediate 
requirement of the channel for the activation of 
sperm motility. According to this hypothesis, 
exposure of seabream sperm to mercury com-
pletely abolishes seawater-activated motility, 
which can be reversed by the reducing agent 
β-mercaptoethanol [97]. Interestingly, X. laevis 
oocyte swelling assays indicate that mercury- 
inhibited seabream Aqp1aa, but not Aqp10b, can 
be recovered by β-mercaptoethanol [97, 105], 
suggesting that Aqp1aa rather than Aqp10b is the 
channel mediating the water efflux during the 
hyperosmotic shock, which activates flagellar 

motility [97]. Since seabream spermatozoa also 
express Aqp1ab and -7, which can also be res-
cued by β-mercaptoethanol as in Aqp1aa follow-
ing mercurial inhibition [58, 98], this view has 
recently been re-evaluated using Aqp1aa-specific, 
affinity-purifed antibodies, which can block 
Aqp1aa water conductance in frog oocytes [104]. 
These sperm motility assay experiments have 
shown that the immunological inhibition of 
Aqp1aa induces a strong decline of the motility, 
progression and flagellar movement of 
 spermatozoa [104], reinforcing the notion that 
Aqp1aa is essential for initiating sperm motility.

In the gilthead seabream, as in other marine 
teleosts [93], Ca2+ or K+ channels may not be 
required for the initiation of flagellar motility, 
since sperm can be activated in nonionic solu-
tions and several ion channel blockers have no 
effect on the initiation of motility [104, 106]. In 
this species, it is believed that the increase of 
[Ca2+]i in spermatozoa during activation is the 
result of the increased cytosolic concentration 
due to the massive water efflux following the 
hyperosmotic shock and/or by Ca2+ release from 
intracellular stores [92, 104]. Under specific 
altered Aqp1aa function, the elevation of the 
[Ca2+]i is partially prevented, and this effect is 
reversed by exposure of spermatozoa to a Ca2+ 
ionophore, which restores the [Ca2+]i and the 
spermatozoon motility [104] (Fig. 10.6). These 
data therefore provide further support for the cur-
rent model of sperm activation in the gilthead 

Fig. 10.5 Schematic representation of the cell type- 
specific expression of aquaporins in the gilthead seabream 
testis during spermatogenesis and their spatial distribution 

in activated spermatozoa. Spg spermatogonia, Spc sper-
matocyte, Spd spermatid, Spz spermatozoa
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seabream, where the rapid water efflux mediated 
by Aqp1aa upon the osmotic shock drives an 
intracellular Ca2+ wave, which activates the fla-
gellar movement of spermatozoa [92, 97, 104].

In marine teleost spermatozoa, mechanical 
activation could be the second signal in response 
to the first (osmotic) signal via the SACs located 
in the sperm membrane [95]. As mentioned ear-
lier, SACs are mechanosensitive channels that 
increase the membrane conductivity to ions such 
as Ca2+ or K+ when mechanical constraints 
induce distortion of the membrane. It has been 
hypothesized that SACs associated with aquapo-
rins may form the signaling pathway of the fish 
sperm activation [95], although the molecular 

mechanisms involved are unknown. According 
to this hypothesis, flagellar Aqp1aa in seabream 
spermatozoa could not only mediate the first 
osmotic signal, but also activate SACs and con-
comitant ion conductivity, which although not 
required for the induction of sperm motility, may 
still be necessary to maintain the velocity and 
flagellar beating of spermatozoa [93]. This 
mechanism remains however conjectural, 
although it would be consistent with observa-
tions in European seabass sperm, where low 
concentrations of HgCl2 firstly inhibit the initia-
tion of motility (which would confirm an early 
role of Aqp1aa), and secondly, induce a ‘twist’ 
of the flagellum [95].

Fig. 10.6 Flagellar Aqp1aa facilitates a rapid increase 
in [Ca2+]i and activation of gilthead seabream sperm 
motility. (a, left) Immunolocalization of Aqp1aa (red) 
along the flagellum of immotile and SW-activated sper-
matozoa. (a, right) Epifluorescence photomicrographs of 
sperm loaded with 5 μM of the free Ca2+ indicator Fluo- 
3- AM maintained in NAM or activated in SW for 15 min. 
Originally published in Boj et al. (2015). Bars 1 μm. (b) 

Epifluorescence photomicrographs of sperm loaded with 
Fluo-3-AM activated in the presence of IgG, an antibody 
against Aqp1aa (Aqp1aa-Ab), or with Aqp1aa-Ab plus the 
Ca2+ ionophore A23187. Bar, 10 μm. (c and d) 
Determination of the [Ca2+]i (c) and the motility (d) of 
spermatozoa treated as in b (mean ± SEM; n = 5–6 fish). 
**P < 0.01, with respect to sperm in NAM or as indicated 
in brackets (Data in a, c and d are from Boj et al. [104])
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10.4.4  Aqp8bb and the Bioenergetics 
of Flagellar Motility

In the gilthead seabream, Aqp8bb distributed 
along the anterior flagellum and in vesicles sur-
rounding the nucleus of immotile spermatozoa is 
rapidly (i.e. in less than one second after activa-
tion) phosphorylated and inserted into the inner 
membrane of the single spermatozoon mitochon-
drion upon seawater activation [98, 103] (Fig. 
10.7a, b and d). Many aquaporin paralogs, includ-
ing seabream Aqp8bb (Fig. 10.7d), can transport 
reactive oxygen species (ROS) such as hydrogen 
peroxide (H2O2) in addition to water [107, 108]. 
As mitochondrial oxidative phosphorylation 
seems to be a major source of ATP in fish sper-
matozoa during the motility phase [89], 
Chauvigné et al. [103] hypothesized that H2O2 
produced as a byproduct during oxidative phos-
phorylation [109], as well as accumulated in the 
mitochondria due to the hyperosmotic stress 
[110] (Fig. 10.7c), might be transported out of 
this compartment through Aqp8bb. To test this 
hypothesis, these authors employed an affinity- 
purified antibody specific for seabream Aqp8bb, 
which blocks the intracellular transport of the 
channel in the spermatozoa, possibly through ste-
ric inhibition of the trafficking mechanism, as 
well as its permeability once inserted in the mito-
chondria (Fig. 10.7d, e). When Aqp8bb mito-
chondrial trafficking and channel activity are 
immunologically blocked in activated spermato-
zoa, H2O2 levels accumulate in the mitochondria 
leading to mitochondrial membrane depolariza-
tion, the reduction of ATP production, and the 
rapid arrest of sperm motility (Fig. 10.7f, g and 
h). However, the decreased sperm vitality under-
lying Aqp8bb loss of function is fully reversed in 
the presence of a mitochondria-targeted antioxi-
dant (Fig. 10.7f, g and h).

The discovery of the physiological function of 
Aqp8bb in the spermatozoon of a marine teleost, 
has uncovered a role of this channel beyond water 
transport. Thus, in gilthead seabream activated 
spermatozoa, Aqp8bb operates as a mitochon-
drial peroxiporin to allow the efflux of accumu-
lated H2O2 thereby maintaining the mitochondrial 
membrane potential and the production of ATP 

needed for the maintenance of flagellar motility 
[103]. These findings thus indicate that mito-
chondrial Aqp8bb plays an essential role in ame-
liorating oxidative damage by ROS in activated 
sperm in order to preserve flagellar motility under 
hypertonic conditions. Interestingly, it has 
recently been observed that an Aqp8 ortholog is 
also accumulated in the mitochondria of acti-
vated Atlantic salmon (Salmo salar) sperm 
(Chauvigné et al., unpublished data). These 
observations suggest that the Aqp8-mediated 
detoxification mechanism may have evolved in 
the sperm of teleosts as a selective advantage for 
increased sperm competition [103].

The signaling pathways and intracellular 
mechanisms that regulate the trafficking of 
Aqp8bb to the mitochondria during sperm activa-
tion are unknown. It has been found, however, 
that the inhibition of Aqp1aa function in acti-
vated seabream spermatozoa blocks the traffick-
ing of Aqp8bb to the mitochondrion, which can 
be rescued by a Ca2+ ionophore [104]. In addi-
tion, mercury treatment of sperm upon seawater 
activation completely or partially inhibits the 
phosphorylation of some proteins in the flagel-
lum and head that could control flagellar motility 
[111]. Altogether these findings suggest a model 
for the coordinated role of Aqp1aa and -8bb dur-
ing the activation of seabream spermatozoa, in 
which an Aqp1aa-triggered intracellular Ca2+ 
surge plays a dual role by initiating flagellar 
motility through the stimulation of the axoneme 
and the mitochondrial Aqp8bb-mediated detoxi-
fication mechanism for continuous ATP genera-
tion (Fig. 10.8). The molecular pathways 
downstream of Ca2+ mobilization involved in 
these processes remain, however, unknown. Such 
aquaporin-mediated transduction pathways may 
involve the Ca2+-triggered activation of adenylyl 
cyclase, which can elevate the levels of cAMP to 
cause the phosphorylation of proteins involved in 
sperm motility activation [92], or of other factors 
governing the traffick of Aqp8bb. However, 
direct evidence of this mechanism in seabream is 
lacking, even though in this species it has been 
shown that inhibitors of both adenylyl cyclase 
and PKA can block the initiation of sperm motil-
ity [106]. In addition, it has been observed that 
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Fig. 10.7 Mitochondrial Aqp8bb mediates H2O2 efflux 
during motility activation in gilthead seabream sperm. 
(a) Sagittal section at head and midpiece level showing 
the single mitochondrion. Bar, 0.5 μm. a (Inset) Cross sec-
tion through the flagellum showing the 9 + 2 axonemal 
pattern (arrow). Bar, 0.25 μm. ax, axoneme; cc, cytoplas-
mic canal; m, mitochondrion; n, nucleus. (b) 
Immunolocalization of Aqp8bb (green) in non-activated 
and SW-activated spermatozoa, where the nucleus and 
mitochondrion were counterstained with DAPI (blue) and 
the mitochondrial dye MitoTracker (MTR, red), respec-
tively. Bar, 1 μm. (c) Epifluorescence photomicrographs 
of non-activated and activated live spermatozoa labelled 
with the reactive oxygen species (ROS)-sensitive, cell 
permeable fluorescent dye CM-H2DCFDA (green). In this 
case, the nuclei were counterstained with Hoechst 33,342 
(blue). Bar, 1 μm. (d) H2O2 uptake into isolated mitochon-
dria in the presence or absence of 0.5% DMSO, 0.3 μM 
IgG or Aqp8bb antibody (Aqp8b-Ab), or 10 μM mercury. 
(d, inset) Aqp8bb immunoblot of mitochondria from 

immotile and motile spermatozoa, where phosphorylated 
(p-Aqp8bb) and dephosphorylated Aqp8bb monomers are 
indicated. Prohibitin b (Phb) was used as a loading con-
trol. **P < 0.01, with respect to mitochondria from NAM 
sperm, or mitochondria treated with DMSO or IgG 
(brackets). (e) Mitochondrial Aqp8bb immunoblot of 
SW-activated sperm treated with IgG or Aqp8bb-Ab, 
using heat shock protein 60 (Hsp60) as loading control, 
and corresponding semi-quantitation (mean ± SEM; n = 5 
fish) of mitochondrial Aqp8bb. *P < 0.05. (f, g and h) 
H2O2 levels (f), ATP content (g) and motility (h) of acti-
vated spermatozoa (mean ± SEM; n = 4–5 fish) treated 
with 0.3 μM IgG or Aqp8bb-Ab in the presence or absence 
of 50 μM of the mitochondria-targeted antioxidant mito- 
TEMPO (MitoT). *P < 0.05; **P < 0.01, with respect to 
IgG-treated sperm, or as indicated in brackets (Panel a is 
reproduced with permission of the Spanish Society of 
Histology and Histopathology from Maricchiolo et al. 
[120]. Rest of data are from Chauvigné et al. [103])
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while Aqp1aa loss-of-function prevented Aqp8bb 
mitochondrial accumulation, the phosphoryla-
tion of Aqp8bb is unaffected [104], suggesting 
that both mechanisms may be regulated indepen-
dently. The elucidation of the Ca2+-dependent 
signaling pathways involved in Aqp8bb mito-
chondrial trafficking therefore requires deeper 
investigation.

10.4.5  Other Sperm Aquaporins

In addition to Aqp1aa and -8bb, the spermatozoa 
of the gilthead seabream also show spatial segre-

gation of Aqp7 in the head and of Aqp1ab and 
-10b in both the head and the anterior tail [98]. 
Upon sperm activation in seawater Aqp1ab and 
-10b are promptly phosphorylated and translo-
cated mainly to the head plasma membrane, 
whereas Aqp7 is maintained at the surface of the 
head [98, 104]. However, in contrast to Aqp1aa, 
the immunological inhibition of Aqp1ab and 
-7 in seabream sperm does not affect the motility 
or progressivity of the spermatozoa, but latently 
compromises its trajectory and the movement 
pattern [104]. These data suggest that Aqp1ab 
and -7 are not involved in the initiation of motil-
ity, but they may play a role in controlling the 

Fig. 10.8 Current model of the coordinated role of 
Aqp1aa and -8bb during the activation of gilthead 
seabream sperm motility. The hyperosmotic shock trig-
gers water efflux via flagellar Aqp1aa, which induces a 
cell volume reduction and the rise in [Ca2+]i. Such a Ca2+ 
increase could lead to the activation of membrane and 
soluble adenylyl cyclase (mAC and sAC, respectively) 
and of the cAMP/PKA signaling pathway, causing the 

phosphorylation of flagellar proteins and the initiation of 
sperm motility. A Ca2+-dependent pathway through yet 
unknown factors can also control the rapid phosphoryla-
tion of Aqp8bb and trafficking of the channel into the 
mitochondrion. The Aqp8bb inserted in the inner mito-
chondrial membrane mediates peroxide efflux from this 
compartment to avoid the oxidative damage during ATP 
synthesis, and thus maintaining flagellar motility
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pattern of sperm motion. Thus, the functional 
inhibition of these aquaporins may distort the 
movement of the sperm head and the flagellum, 
which could underlie an erratic path and the 
impairment of the flagellar beating. The specific 
distribution of Aqp1ab and -7 in the sperm head, 
and of Aqp1ab also toward the anterior and mid-
dle portion of the flagellum, where in the latter 
instance it appears to be localized in different 
membrane domains as compared to Aqp1aa 
[104], could allow these effects. However, the 
function of Aqp10b remains to be investigated.

The molecular mechanisms underlying the 
possible function of Aqp1ab and -7 controlling 
the pattern of movement of motile spermatozoa 
are intriguing. In salmonids, in which sperm 
motility in the hypotonic environment is mercury 
sensitive, it has been proposed that aquaporins 
might play a role mediating the cell volume regu-
latory mechanism that is likely activated upon 
ejaculation to preserve the integrity of the sperm 
plasma membrane and the cell motility [100]. 
Such a putative function has previously been 
anticipated for AQP3 and -8 in human and mouse 
spermatozoa upon release into the relatively 
hyposmotic microenvironment of the female 
reproductive tract [112–114]. The molecular pro-
cesses involved are, however, unclear, although it 
is possible that some aquaporin channels may 
function as osmosensors/mechanosensors in 
sperm to detect early events in cell swelling under 
hypotonic conditions and convey signals to stim-
ulate the regulatory volume decrease response 
through interaction with volume-sensitive ion 
channels or cytoskeletal components [114]. This 
hypothesis, while not yet directly demonstrated, 
is supported by the finding that AQP4 or -5 can 
interact with the TRPV4 channel to regulate cell 
volume under hypotonic stimulation in mouse 
astrocytes and salivary glands [115, 116], and by 
the direct interaction of AQP2 with actin 
described in rat kidney cells [117]. In addition, 
TRPV channels have been shown to play func-
tions during sperm capacitation, acrosome reac-
tion, and fertilization in mammals [118, 119] as 
well as to regulate sperm motility in freshwater 
teleosts [91]. It is therefore tempting to speculate 
that aquaporins in marine teleost spermatozoa, 

such as Aqp1ab and -7, might associate with 
SACs or other ion channels to drive local osmotic 
responses and ion transport mechanisms, which 
can sustain motility and/or control hydrodynamic 
and haptic interactions governing sperm naviga-
tion. The identity of the ion channels present in 
the spermatozoa of marine fish are largely 
unknown, and therefore this possibility merits 
further investigation.

10.5  Conclusions

Current data show that the large repertoires of 
aquaporins encoded in teleost genomes have 
evolved to play multiple physiological roles in 
the germ cells and gametes of both sexes. This 
includes the specific temporal insertion of 
Aqp1ab channels in the oocyte plasma membrane 
to mediate hydration of the egg in preparation for 
life in the oceanic environment, as well as inser-
tion of Aqp1aa channels in the spermatozoon fla-
gellar membrane to activate motility. Aqp8bb is 
further rapidly phosphorylated and inserted in the 
inner mitochondrial membrane where it acts as a 
peroxiporin to mediate the efflux of reactive oxy-
gen species and thus the maintenance of the mito-
chondrial membrane potential, the production of 
ATP and the continuance of sperm motility nec-
essary for fertilization. While these findings 
 represent important advances in our understand-
ing of the roles of aquaporins in teleost germ 
cells, the observations have only been made in 
comparatively few species. It thus remains 
unknown whether the role of Aqp1ab in oocyte 
hydration is a specialized feature of modern 
acanthomorph marine teleosts, or if other chan-
nels have evolved in different lineages to play 
similar roles. Similarly the data on aquaporin 
physiology in teleost spermatozoa are primarily 
confined to a single marine species, with the roles 
of many of the paralogs present in sperm, such as 
Aqp1ab, -7 and -10b, yet to be elucidated. 
Consequently it will be important to establish 
what roles the different paralogs play and whether 
the identified roles are conserved in other spe-
cies. It seems clear that there is a high divergence 
in posttranslational regulatory mechanisms 
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between teleost and tetrapod oocytes, and consid-
ering that AQP8 orthologs are not found in the 
mitochondria of mammalian sperm, a difference 
in mitochondrial detoxification mechanisms of 
spermatozoa between mammals and teleosts may 
exist. However, which pathways and mechanisms 
govern the intracellular trafficking of aquaporins 
in teleost germ cells remains completely 
unknown. Such knowledge will be essential to 
understand the broader biological relevance of 
these channels for the development and function 
of oocytes and sperm.
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and Wendy B. Bollag

Abstract

The skin is the largest organ of the body, serving as an important barrier 
between the internal milieu and the external environment. The skin is also 
one of the first lines of defense against microbial infection and other haz-
ards, and thus, the skin has important immune functions. This organ is 
composed of many cell types, including immune-active dendritic cells 
(epidermal Langerhans cells and dermal dendritic cells), connective 
tissue- generating dermal fibroblasts and pigment-producing melanocytes. 
Comprising the outer skin layer are the epidermal keratinocytes, the 
 predominant cell of this layer, the epidermis, which provides both a 
mechanical barrier and a water-permeability barrier. Recent data suggest 
that aquaporins, a family of barrel-shaped proteins surrounding internal 
pores that allow the passage of water and, in some family members, small 
solutes such as glycerol, play critical roles in regulating various skin 
parameters. The involvement of different aquaporin family members in 
skin function is discussed.
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Abbreviations

AQP aquaporin
BCC basal cell carcinoma
DNFB dinitrofluorobenzene
IL interleukin
PG phosphatidylglycerol
PI3K phosphoinositide 3-kinase
PLD-2 phospholipase D-2
PPAR peroxisome proliferator-activated receptor
PPK palmoplantar keratoderma
SCC squamous cell carcinoma

11.1  Introduction to the Skin

The skin is the largest organ in the human body; 
its main function is to serve as a barrier to the 
external world. The layers of the skin, from deep 
to superficial, include the hypodermis, dermis, 
and epidermis. The hypodermis contains adipo-
cytes and serves as a calorie reservoir, in addition 
to providing insulation from cold and trauma [1]. 
The dermis is the vascular portion of the skin and 
is composed primarily of collagen, elastin, and 
extracellular matrix. It also contains hair folli-
cles, sweat glands, sebaceous glands, and nerves, 
with its main role to provide support and nutri-
tion to the epidermis. The layers of the outermost 
portion of the skin, the epidermis, include, from 
deep to superficial, the stratum basale, stratum 
spinosum, stratum granulosum, and stratum cor-
neum (Fig. 11.1). An additional layer, the stratum 
lucidum, is located in between the stratum granu-
losum and stratum corneum in areas of thick skin 
such as the palms of the hands and soles of the 
feet. The epidermis is composed primarily of 
keratin-producing cells, the keratinocytes, 
although antigen-presenting Langerhans cells, 
pigment-generating melanocytes, and pressure- 
sensing Merkel cells are also found.

The stratum basale contains undifferentiated 
keratinocyte stem cells that proliferate and 
migrate superficially to regenerate cells in the 
epidermis. Terminal differentiation of the kerati-
nocytes is known as keratinization and is a pro-
cess in which the cells produce increasing 

amounts of keratin to form the physical, imper-
meable layer of the stratum corneum. In total, it 
takes about 4 weeks for an undifferentiated kera-
tinocyte to mature and reach the stratum corneum 
[1]. Early in the cell’s life, these undifferentiated 
basal keratinocytes express markers of their pro-
liferative status, such as the immature keratins, 
keratin 5 and keratin 14, which dimerize and 
form the intermediate filaments of the stress- 
bearing cell cytoskeleton [2].

After leaving the stratum basale, keratinocytes 
in the stratum spinosum growth arrest and begin 
to express early markers of differentiation, 
including the mature keratins, keratin 1 and kera-
tin 10, which form keratin intermediate filaments 
that provide mechanical stability to the epider-
mis. These cells also express intermediate mark-
ers of differentiation, such as involucrin, before 
moving into the stratum granulosum or granular 
layer. In this granular layer keratinocytes synthe-
size late markers of differentiation such as profil-
aggrin, loricrin, and various cornified envelope 
proteins. The many protein constituents of the 
cornified envelope are cross-linked by the enzyme 
transglutaminase. In the granular layer the kerati-
nocytes also produce lamellar granules, which 
contain lipids and lipid-metabolizing enzymes. 
As the cells mature to form squames in the stra-
tum corneum, the dead surface layer of the skin, 
they release these lamellar bodies, with the 
secreted lipids processed by the accompanying 
enzymes to form a lamellar lipid structure. The 
transition of granular keratinocytes into cornified 
keratinocytes of the stratum corneum is marked 
by the destruction of organelles and maturation 
of the cornified envelope into an insoluble, highly 
resistant structure surrounding the cytoskeletal 
complex and linked to the extracellular lipid 
milieu [3]. This stratum corneum structure has 
been compared to a brick wall with the lipid 
“mortar” surrounding the squame “bricks” to 
generate the water-permeability barrier of the 
epidermis [1]. Through this complex differentia-
tion process, the generated stratum corneum 
plays the main role in forming a barrier against 
the external environment and preventing internal 
water loss through evaporation.
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Fig. 11.1 Epidermal structure. The epidermis, the most 
superficial portion of the skin, is composed predominantly 
(approximately 90%) of keratinocytes, which stratify to 
form several layers, with the deepest layer called the stratum 
basale (or basal layer), in which keratinocytes attached to 
the basement membrane continuously divide to regenerate 
the epidermis. As the cells detach from the basement mem-
brane and move up into the next layer, the stratum spinosum 
or spiny layer, the cells initiate differentiation, becoming 
growth arrested and expressing the mature keratins, keratin 
1 and 10. As the cells continue to migrate through the layers 
of the stratum spinosum, they express other intermediate 
keratinocyte differentiation markers, including involucrin. 
In the last living layer of the epidermis, the stratum granulo-
sum (granular layer), keratinocytes contain keratohyalin 
granules and lamellar bodies and express late differentiation 

markers, such as loricrin and filaggrin. As the cells move 
into the surface layer, the stratum corneum (cornified layer), 
they terminally differentiate and die, degrading cellular 
organelles, extruding lamellar bodies and cross-linking pro-
teins of the intermediate filaments and cornified envelope, as 
well as lipids of the plasma membrane. These crosslinked 
“cornified envelopes” form a tough “shell” underneath the 
plasma membrane and serve to provide the mechanical bar-
rier of the epidermis, while the lipids contained in the 
extruded lamellar bodies are processed to form the water- 
permeability barrier. The structure has thus been likened to 
“bricks and mortar”, with the corneocyte squames forming 
the bricks and the lipids the mortar. Other cells present in the 
epidermis include the pigment-producing melanocytes, the 
resident dendritic cells called Langerhans cells and pres-
sure-sensitive Merkel cells (not shown)
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11.2  Aquaporins

Aquaporins (AQPs) are a family of transmem-
brane proteins that facilitate the transport of 
water, and in some cases small solutes, across 
cell membranes [4].There are currently 13 known 
AQPs in humans, AQP0 through AQP12. AQP0, 
1, 2, 4, 5, and 8 function as water transporters, 
whereas AQP3, 7, 9, and 10 are known as aqua-
glyceroporins due to their ability to transport 
glycerol and other small solutes in addition to 
water. AQP6, 11, and 12, sometimes referred to 
as unorthodox AQPs, have as yet largely uneluci-
dated properties [5]. Up to six different AQPs 
(AQP1, 3, 5, 7, 9, and 10) may be selectively 
expressed in various cell types in human skin [6]. 
From deep to superficial, AQP7 is located pri-
marily in the hypodermis (but also in dermal and 
epidermal dendritic cells [7]), AQP5 is found in 
the dermis (and in the epidermis of the thick skin 
of the palms and presumably soles [8]), and 
AQP9 and 10 are located in the epidermis. AQP1 
and AQP3 have been localized to both the dermis 
and epidermis. This chapter will discuss the com-
plex roles and overall functions of these AQPs in 
the skin.

11.2.1  AQP1

AQP1 was the first discovered member of the 
AQP family, and it is expressed in multiple organs 
throughout the body. In the skin, AQP1 is found 
in dermal fibroblasts and vascular endothelial 
cells; it has also been detected in melanocytes, 
located in the stratum basale of the epidermis [5]. 
The main function of AQP1 occurs in the vascu-
lar endothelial cells, where it exchanges water 
between the blood and dermis to maintain hydra-
tion. Its physiologic role in fibroblasts and mela-
nocytes is less well elucidated, although it has 
been demonstrated that fibroblasts upregulate 
AQP1 during periods of hypertonic stress [9]. A 
similar increase in AQP1 expression has been 
theorized in melanocytes during periods of 
osmotic stress, although further research is 
required [6]. It has also been shown that water 
transport via AQP1 can mediate keratinocyte 

migration. In one study, cell migration was 
restored in keratinocytes derived from AQP3 
knockout mice by infecting the deficient cells 
with either the aquaglyceroporin AQP3 or the 
water channel AQP1 [10]. Influx of water through 
either AQP1 or AQP3 was proposed to provide 
the hydraulic pressure necessary to extend pro-
cesses for cell movement ([10] and reviewed in 
[11]). Finally, AQP1 levels are increased in the 
epidermis, dermis and blood vessels of the skin 
of infants affected by erythema toxicum neonato-
rum [12]. Observed only in newborns, this 
inflammatory skin disease is characterized by 
papules or pustules on an erythematous base with 
immune cell infiltration [12]. However, whether 
there is a causative role for this change in AQP1 
levels in the condition is currently unknown.

11.2.2  AQP3

AQP3 is arguably the best-studied, as well as the 
most abundant [13], aquaporin in the skin. AQP3 
is an aquaglyceroporin, able to transport small 
solutes in addition to water. Indeed, this channel 
allows efficient flux of glycerol down its concen-
tration gradient and has been recently shown to 
also transport hydrogen peroxide as well [14–16]. 
AQP3 immunoreactivity has been reported to 
localize in the keratinocyte plasma membrane 
(Fig. 11.2) and to predominate in basal keratino-
cytes of the epidermis [17]; in fact, however, 
multiple investigators, including our laboratory, 
have detected protein expression throughout the 
stratum spinosum (e.g., [12, 18–20]), in which 
staining nicely outlines the individual keratino-
cytes [18], and even into the stratum corneum 
[21]. AQP3 expression has also been observed in 
the dermis and in immune cells in the skin, par-
ticularly in skin disease (e.g., [7, 12]).

AQP3 plays a key role in skin hydration, likely 
by affecting epidermal glycerol content [22, 23]. 
This idea is supported by findings in AQP3 knock-
out mice, which exhibit decreased stratum cor-
neum hydration as measured by skin conductance 
[24]; this defect can be remedied by  pharmacologic 
administration of glycerol (via a topical, intraperi-
toneal or oral route) [24], consistent with the fact 
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that glycerol can enter cells in the absence of 
aquaglyceroporins but with greatly reduced effi-
ciency. AQP3 knockout mice show an additional 
epidermal phenotype that includes decreased skin 
elasticity, delayed wound healing and impaired 
barrier recovery after disruption of the epidermal 
water permeability barrier [22, 23]. The key role 
of AQP3 in barrier function is also supported by 
our laboratory’s finding of accelerated barrier 
recovery in transgenic mice overexpressing AQP3 
under the control of the human keratin 1 promoter 
[25], as well as the fact that antenatal corticoste-
roids increase the water- permeability barrier (i.e., 
decrease trans- epidermal water loss) in conjunc-
tion with an enhancement of AQP3 expression 

[20]. The alterations in skin barrier function in 
AQP3 knockout mice can also be corrected by 
glycerol administration [10, 23]. The delay in skin 
wound healing observed in AQP3 knockout mice 
is also restored by glycerol [10]; this result is con-
sistent with the fact that glycerol is often included 
in wound ointments because this agent is known 
empirically to improve skin wound healing [26]. 
For other phenotypes associated with AQP3 abla-
tion, such as decreased tumorigenesis [27], it is 
not clear whether the changes are sensitive to 
glycerol, although glycerol did enhance the 
decreased keratinocyte proliferation observed in 
AQP3 knockout mice upon wounding [10] or 
TPA treatment [27].

Fig. 11.2 Localization of AQP3 in epidermal keratino-
cytes. Shown are immuno-fluorescence images of AQP3 
localization in primary cultures of mouse epidermal kerati-
nocytes. Keratinocytes were isolated from neonatal mice 
as described in [106], plated on glass coverslips and incu-
bated at 37 °C in a 5% carbon dioxide-containing incuba-
tor until experimentation, with medium replaced every 1–2 
days. Cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.2% Triton-X100 in phosphate- buffered 
saline (PBS). After blocking with 15% goat serum in PBS, 
cells were labeled first with primary antibodies and then 
subsequently with secondary antibodies or labeled phal-
loidin (to visualize actin). Coverslips were then mounted 
on slides using Prolong Gold Antifade (Invitrogen) con-
taining DAPI (to visualize nuclei) and analyzed by confo-
cal microscopy on a Zeiss confocal microscope. Results 

shown are representative of at least 3 experiments. (a) 
Cells were labeled with Alexa Fluor 555-conjugated phal-
loidin (Invitrogen) and an antibody recognizing AQP3 
(LifeSpan Biosciences) followed by Cy3-labeled goat anti-
rabbit secondary antibody (Invitrogen) in PBS with 15% 
goat serum. Panel A represents a merged image with AQP3 
staining shown in green, actin in red and nuclei in blue. 
Yellow represent colocalization of AQP3 and actin. (b) 
Cells were labeled with antibodies recognizing AQP3 as in 
panel A and keratin 5 (K5; Sigma), followed by appropri-
ate secondary antibodies (Cy3-labeled goat anti-rabbit sec-
ondary antibody for AQP3 and Alexa Fluor 488-conjugated 
chicken anti- mouse secondary antibody for K5). Panel B 
represents a merged image with AQP3 staining shown in 
red, K5 in green and nuclei in blue; yellow represents colo-
calization of AQP3 and K5
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Recently, Hara-Chikuma and colleagues have 
reported another effect of AQP3 gene deletion in 
mice: resistance to the development of psoriasis- 
like skin lesions in mouse models of psoriasis. 
Psoriasis is a common skin disease, affecting 
approximately 3% of the human population 
(http://www.niams.nih.gov/Health_Info/Psoriasis/ 
default.asp), and while usually not life threaten-
ing, the physical and psychological morbidity 
associated with this disease is significant, with 
many patients experiencing a decreased quality-
of-life and a negative impact from the condition 
that can be greater even than that created by life-
threatening illness [28, 29]. In addition to immune 
system activation and inflammation [30], psoria-
sis is characterized by hyperproliferation and 
abnormal differentiation of keratinocytes [31]. 
Thus, while immune dysfunction is clearly 
involved in psoriasis, mounting evidence points 
to an important role of keratinocytes in various 
stages of the disease (reviewed in [31]). For 
example, a transgenic mouse model in which the 
AP-1 transcription factors c-jun and junB are 
deleted specifically in epidermal keratinocytes 
displays psoriasiform lesions as well as a psori-
atic arthritis-like phenotype [32]. Interestingly, 
crossing these mice with Rag2 knockout mice so 
that they lack functional T and B cells resolves 
the arthritis but a milder psoriasiform disease 
persists [32]. These results argue for an important 
role of keratinocytes in the disease process, as 
does the fact that several genes associated with 
the disease in humans are expressed predomi-
nantly in keratinocytes (reviewed in [33]). This 
linkage may be related to the involvement of the 
permeability barrier, and changes therein, in the 
development of psoriasis [33]. Indeed, activated 
keratinocytes are known to produce immune-
stimulating cytokines, and T cells secrete kerati-
nocyte-activating factors; increasing evidence 
suggests that immune cells and keratinocytes 
establish a “vicious cycle” to initiate and promote 
psoriasis (reviewed in [34–36]).

With regard to a potential role of AQP3 in the 
psoriatic disease process, Hara-Chikuma et al. 
[15] first demonstrated an important role of 
AQP3 in the transport of hydrogen peroxide, as 
initially reported by Miller et al. [14], with this 

transport underlying T cell migration in response 
to chemokines [15]. In subsequent experiments, 
these investigators showed that lack of AQP3 in 
knockout mice inhibited the development of ear 
swelling and psoriasiform lesions in two mouse 
models of psoriasis [16]. In one model, interleu-
kin- 23, a cytokine that is thought to be involved 
in psoriasis [37], is injected into the ear and the 
induced edema monitored; the other uses appli-
cation of imiquimod (brand name Aldara®). 
Imiquimod is a toll-like receptor agonist used to 
treat actinic keratosis, superficial basal cell carci-
noma (BCC) and genital warts (http://www.pdr.
net/pdr-consumer-monograph/aldara?druglabeli
d=1348&ConsumerId=2844#1), which can also 
induce psoriasis in susceptible individuals ([38] 
and reviewed in [39]). Its application results in 
ear swelling and psoriasiform skin lesions in 
mice [40]. However, in these models the psoriasis- 
like responses of the AQP3 knockout mice are 
not restored by transplantation of wild-type bone 
marrow into the mice [16], indicating that the 
absence of AQP3 expression in immune cells 
does not contribute to the resistance of AQP3 
knockout mice to the development of the psoria-
siform skin condition. Instead, AQP3 expression 
in keratinocytes is the key factor, with this  
channel transporting hydrogen peroxide into 
keratinocytes to induce epidermal inflammation 
and skin lesion development [16]. Thus, AQP3 in 
keratinocytes seems to play an important role in 
psoriasis; however, whether AQP3 is up- or 
down-regulated in psoriasis remains controver-
sial (see below).

Changes in AQP3 protein expression and/or 
distribution have been demonstrated in many 
skin diseases, suggesting the importance of this 
channel in humans as well. For example, down- 
regulation of this protein has been reported in the 
non-melanoma skin cancer, BCC [41, 42]; 
indeed, using immunohistochemistry our labora-
tory has observed markedly decreased AQP3 lev-
els in BCC compared to the normal-appearing 
overlying epidermis that is present in these sec-
tions (Fig. 11.3) [18]. In another non-melanoma 
skin cancer, squamous cell carcinoma (SCC), 
investigators have observed increased AQP3 
protein expression, although predominantly in 

R. Patel et al.

http://www.niams.nih.gov/Health_Info/Psoriasis/default.asp
http://www.niams.nih.gov/Health_Info/Psoriasis/default.asp
http://www.pdr.net/pdr-consumer-monograph/aldara?druglabelid=1348&ConsumerId=2844#1
http://www.pdr.net/pdr-consumer-monograph/aldara?druglabelid=1348&ConsumerId=2844#1
http://www.pdr.net/pdr-consumer-monograph/aldara?druglabelid=1348&ConsumerId=2844#1


179

non- epidermal epithelia (e.g., [43] and discussed 
in [41]), while others have observed a decrease in 
AQP3 levels in SCC [41]. Our laboratory 
observed AQP3 in SCC to be “patchy”, with 
intense immunoreactivity in some portions of the 
lesion and little or no staining in others [18]. 
When serial sections of the tumors were stained 
for AQP3 and Ki67, a marker of proliferating 
cells, cells that were positive for Ki67 had low 
levels of AQP3 whereas those with high AQP3 
immunoreactivity were Ki67-negative, i.e., there 
was a negative correlation between AQP3 levels 
and proliferation observed in SCC [18]. 
Nevertheless, AQP3 knockout mice exhibit 
inhibited tumor formation in a mouse model of 
carcinogenesis [27]. Indeed, in this study Hara- 
Chikuma et al. [10, 27] determined a role for 
AQP3 in proliferation, suggesting that the glyc-
erol transported by AQP3 serves as an energy 

source for ATP production [10, 27]. However, it 
should be noted that inflammation plays a promi-
nent role in terms of tumor formation in this car-
cinogenesis model (e.g., [44] and discussed in 
[45]). As mentioned previously, AQP3 has been 
shown to be expressed in T cells and to underlie 
chemokine-induced chemotaxis, and AQP3 
knockout mice show diminished contact hyper-
sensitivity reactions [15]. Therefore, the impair-
ment in immune cell infiltration/recruitment 
could also potentially contribute to the decreased 
tumorigenesis observed in this mouse model 
[25, 41].

Although Hara-Chikuma and colleagues have 
suggested an involvement of AQP3 in keratino-
cyte proliferation, the effect of AQP3 on prolif-
eration is still somewhat controversial, with some 
reports (sometimes from the same authors) dem-
onstrating that reductions in AQP3 levels impair 

Fig. 11.3 Localization of AQP3 in normal epidermis 
and in skin diseases. (a) illustrates AQP3 immunoreac-
tivity in normal human epidermis, (b) in basal cell carci-
noma, (c) in squamous cell carcinoma and (f) in psoriasis. 
(d) shows AQP3 staining and (e) corresponding immuno-
reactivity for Ki67, a marker of proliferation, in sequential 
serial sections of a squamous cell carcinoma lesion. 
Immunohistochemical staining was performed on 4 μm 
sections of formalin-fixed paraffin-embedded samples 

using a rabbit polyclonal antibody recognizing AQP3 and 
an ABC staining kit (Santa Cruz Biotechnology), which 
makes use of biotinylated horseradish peroxidase, avidin 
and a biotinylated anti-rabbit secondary antibody, with 
3,3′-diaminobenzidine (DAB) as the chromogen, as 
described in [18]. In (e) a mouse monoclonal antibody 
recognizing KI67 was used in combination with an ABC 
kit containing an anti-mouse secondary antibody 
(Figure 11 is reproduced and adapted from Ref. [18])
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cell growth [10, 27, 46], and others indicating no 
significant difference in the epidermal prolifera-
tion rate (as measured by radiolabeled thymidine 
incorporation into DNA) [22] or thickness [22, 
24] with AQP3 ablation. The difference in these 
data may relate to the conditions studied, that is, 
whether proliferation is measured basally or with 
stimulation. Thus, in the cases for which AQP3 
knockout (or knockdown by siRNA) reduces pro-
liferation, the effect is observed predominantly 
with some type of perturbation: i.e., wounding 
[10] or treatment with phorbol ester [27], CCL17 
or ovalbumin (to induce dermatitis) [46] or reti-
noic acid [47]. However, proliferation is often 
monitored by an assay that is sensitive to meta-
bolic conditions, such as the MTT assay. Since 
the glycerol transported by AQP3 is known to 
affect metabolism [48], for example, increasing 
ATP production [10, 27], it seems that alternative 
methods to monitor cell growth should instead 
be used.

On the other hand, our laboratory has observed 
an ability of AQP3 and glycerol to inhibit prolif-
eration and induce keratinocyte differentiation 
[49, 50]. Thus, increased extracellular glycerol 
concentrations inhibit radiolabeled thymidine 
incorporation into DNA, and in experiments 
using reporter constructs in which promoters of 
keratinocyte differentiation markers control 
luciferase expression, co-expression of AQP3 
enhances promoter activities [50]. In a recent 
report we also showed that re-expression of 
AQP3 in AQP3 knockout keratinocytes increases 
the mRNA and protein expression of several 
keratinocyte differentiation markers, either alone 
or in conjunction with an agent that triggers dif-
ferentiation [51]. Supporting a pro-differentiative 
role for AQP3 in keratinocytes, AQP3 expres-
sion/levels can be increased by differentiating 
agents, such as agonists of the nuclear hormone 
receptor PPARγ [52]. In addition, AQP3 expres-
sion is upregulated initially upon high cell 
density- induced human keratinocyte differentia-
tion, concomitant with increased keratin 1 mRNA 
levels [53], also suggesting a possible role for 
AQP3 in differentiation. Similarly, siRNA- 
mediated knockdown of AQP3 in human kerati-
nocytes results in decreased keratin 10 

upregulation in response to a differentiating agent 
[54], again consistent with an involvement of 
AQP3 in inducing early keratinocyte differentia-
tion. This group also showed an association of 
AQP3 with adherens junction complexes, such 
that siRNA-mediated knockdown of AQP3 levels 
results in reduced levels of E-cadherin, β- and 
γ-catenins and phosphorylated (active) phos-
phoinositide 3-kinase (PI3K) [54]. Since activa-
tion of PI3K and its downstream effector Akt is 
critical for the survival of differentiating kerati-
nocytes [55, 56], and is linked to adherens junc-
tions [56, 57], these results provide an explanation 
for the reduced keratinocyte survival observed 
with AQP3 knockdown [54] and argue for an 
important role for this aquaglyceroporin in main-
taining keratinocyte viability during the differen-
tiation process. Further evidence for a role for 
AQP3 in differentiation is provided by the find-
ing of Lee et al. [58] who observed increased 
glycerol uptake with early keratinocyte differen-
tiation. Hara-Chikuma et al. [47], however, deter-
mined that there was no effect of AQP3 gene 
ablation on keratinocyte differentiation markers 
in AQP3 knockout mouse epidermis, suggesting 
perhaps an ability of the epidermis to compensate 
for the lack of AQP3 in vivo.

A potential explanation for the disparate find-
ings of a role for AQP3 in keratinocyte differen-
tiation versus proliferation may lie in our previous 
finding that AQP3 is physically and functionally 
associated with the lipid-metabolizing enzyme, 
phospholipase D-2 (PLD-2) [59, 60]. PLD-2 can 
use glycerol, presumably transported by the co- 
localized AQP3, to produce the phospholipid, 
phosphatidylglycerol (PG) [25], and PG, in turn, 
is a second messenger that can inhibit the growth 
of rapidly dividing keratinocytes and stimulate 
their differentiation [49, 50]. Indeed, PG produc-
tion is increased by a differentiating agent (ele-
vated extracellular calcium concentrations) [60], 
with a dose dependence similar to its described 
ability to promote mouse keratinocyte differenti-
ation [61]. This idea is also consistent with the 
fact that the differentiative effect of re-expression 
of AQP3 in AQP3 knockout keratinocytes 
depends upon PLD-2 activity [51]. Thus, an 
inhibitor of PLD-2 and overexpression of a 
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dominant- negative lipase-dead PLD-2 mutant 
blocks the increase in differentiation marker 
expression observed upon AQP3 re-expression in 
AQP3 knockout mouse keratinocytes [51]. In 
addition, a membrane-permeable caveolin-1 
scaffolding domain protein, which disrupts the 
caveolin-rich membrane microdomains [62] in 
which AQP3 and PLD-2 co-localize [63], not 
only inhibits PG production in response to a  
differentiating agent (an elevated calcium  
concentration) but also reduces keratinocyte  
differentiation [62]. Whether AQP3 is pro- 
differentiative or pro-proliferative may, therefore, 
be related to its association with PLD-2 (Fig. 
11.4) [25, 41].

Alternatively, another factor that may influ-
ence AQP3’s role in keratinocytes is its localiza-
tion. Consistent with this finding, our laboratory 
observed using immunohistochemistry that 

AQP3 is localized to the plasma membrane in the 
spinous layers of the epidermis, but can be 
observed more intracellularly in the basal layer of 
normal human skin, and in both the basal and 
suprabasal layers in psoriasis [18], a disease in 
which growth arrest in the spinous layer is 
impaired; a similar finding was reported by Seleit 
et al. [41]. Another group has also noted an intra-
cellular localization of AQP3 in prostate cancer 
[64]. AQP3 localization to the plasma membrane 
can apparently be regulated: osmotic stress 
induces the translocation of AQP3 from a more 
cytosolic compartment to the plasma membrane 
in human keratinocytes [19], in addition to induc-
ing its expression [65]. In a colon cancer cell line, 
AQP3 translocation to the plasma membrane is 
also observed upon stimulation with epinephrine, 
through a mechanism involving phosphoinositide 
turnover and protein kinase C activation [66]. 

Fig. 11.4 Roles of AQP3 in epidermal keratinocytes. 
(a) AQP3 can transport glycerol (G) into keratinocytes, 
where this primary alcohol is “funneled” to phospholi-
pase- D2 (PLD-2), which converts it to phosphatidylglyc-
erol (PG). PG, in turn, serves as a lipid signal to inhibit 
proliferation and promote differentiation of keratinocytes. 

(b) AQP3 can also carry hydrogen peroxide (HP), pro-
duced in response to cytokines, to induce proliferation, 
particularly under conditions mimicking psoriasis. (c) 
AQP3 can also carry water (W); the hydraulic pressure 
generated is thought to allow extension of lamellopodia 
resulting in cellular migration
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Finally, our laboratory has observed an ability of 
a differentiating agent (elevated extracellular cal-
cium levels) to decrease AQP3 expression and 
the levels of the unglycosylated protein [59], but 
this agent actually increases glycosylated AQP3 
protein levels [25]. Since glycosylation is 
required for surface localization of AQP2 [67], 
by analogy it seems likely that glycosylated 
AQP3 represents mature AQP3 at the plasma 
membrane. Together, these results suggest the 
possibility that the function of AQP3 in the skin 
may be modulated by its cellular location, its 
interaction with PLD-2 or both.

Given all of the many functions of AQP3 in 
the skin, it is perhaps not surprising that its levels 
are altered in many human skin diseases in addi-
tion to the non-melanoma skin cancers (see 
above). For example, AQP3 levels seem to be dif-
ferent in psoriasis, although whether AQP3 is up- 
or down-regulated, or simply abnormally 
distributed, is unclear. Thus, our laboratory has 
previously demonstrated that in psoriatic lesions, 
AQP3 is misdistributed [18], consistent with a 
recent report describing a cytoplasmic AQP3 
staining pattern [41], and likely reduced [18]; 
another group demonstrated similar results by 
immunofluorescence, which when quantified 
detected an approximately 67% decrease in 
AQP3 protein levels in psoriatic lesions com-
pared to normal skin [58]. In contrast, microarray 
and RNA-sequencing (RNA-seq) studies have 
indicated increased mRNA levels in psoriasis 
[68, 69]. Although these data might suggest a 
possible divergence between mRNA and protein 
levels in psoriatic lesions, it seems more likely 
that the increased mRNA expression observed is 
due to the fact that proliferating keratinocytes 
comprise a greater proportion of psoriatic epider-
mis than of the normal epithelium, and AQP3 
expression is decreased with differentiation ([59] 
and see above). Indeed, this interpretation is sup-
ported by results of Hara-Chikuma and col-
leagues [16] in a mouse model of psoriasis, in 
which AQP3 protein levels are elevated to a simi-
lar extent to the increase observed in the levels of 
keratins 5 and 14, which mark the proliferating 
basal keratinocytes. Additional research is 

needed to clearly define the role of AQP3 in 
psoriasis.

Changes in AQP3 mRNA and/or protein 
expression have also been linked to other human 
skin diseases, such as atopic dermatitis [6, 70], 
depigmented vitiligo [54] and cutaneous pruritus 
[71] (reviewed in [25]). In atopic dermatitis, dis-
crepant results suggest both up- and down- 
regulation of AQP3 [6, 46, 70]. Similar to AQP1, 
epidermal AQP3 levels are also increased in 
infants with erythema toxicum neonatorum [12]. 
In this skin disorder, there was also an increase in 
the number of AQP3-positive cells in the dermis, 
with Langerhans cells and other dermal dendritic 
cells, as well as eosinophils, macrophages and 
neutrophils near hair follicles, all demonstrating 
AQP3 immunoreactivity [12]. It has also been 
proposed that AQP3’s transport of water (and 
possibly glycerol) is involved in the development 
of pompholyx, a type of eczema characterized by 
vesicles or blisters on the hands and feet [72]. 
Interestingly, it appears that AQP3 in epidermal 
keratinocytes is involved in maintaining the 
health of the pigment cells, the melanocytes [54], 
with a reduction in AQP3 levels observed in 
depigmented vitiligo skin. This result is consis-
tent with the fact that in involved vitiligo skin, as 
in AQP3 knockout mice [22], delayed barrier 
recovery is observed [73]. In addition, reduced 
AQP3 levels are observed in aged skin, both sun- 
exposed [74] and unexposed [75], suggesting a 
possible link to the impaired skin function seen 
with aging [76]. Finally, decreased AQP3 expres-
sion has been observed in diabetic rat skin with 
skin wounding [77]; since diabetes also can result 
in delayed wound healing (e.g., [78]), as does 
AQP3 gene ablation in knockout mice [10, 22], 
this result is again consistent with a role for this 
channel in a key skin function, wound healing. 
Thus, data in the literature support an important 
contribution of AQP3 to skin health, although our 
understanding of its exact role is as yet 
incomplete.

The importance of AQP3 in the skin is likely 
related in part to its ability to transport glycerol. 
Anecdotal evidence discussed by psoriatic patients 
on the National Psoriasis Foundation website 
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suggests a possible therapeutic role for glycerol 
in psoriasis (https://www.inspire.com/groups/
talk-psoriasis/discussion/glycerin- research- 
important/). Indeed, Pacifico et al. [79] report 
that a moisturizer containing glycerin (also 
known as glycerol) improves the symptoms of 
psoriasis to a greater extent than a Vaseline-based 
emollient in psoriatic patients treated also with 
narrow-band ultraviolet B radiation [79]. 
Additional support for this idea is provided by 
the asebia mouse model, which exhibits atrophic 
sebaceous glands and reduced or absent produc-
tion of sebum [80], which is rich in triacylglycer-
ols and phospholipids. These mice also 
demonstrate reduced epidermal glycerol content 
and keratinocyte hyperproliferation that can be 
corrected by provision of glycerol but not other 
humectants [81], again showing the key role 
played by glycerol in epidermal function. 
Epidermal glycerol content is known to be 
affected by several factors including the site mea-
sured and prior immersion in water [82]. Glycerol 
is also routinely added to skin lotions and wound 
salves, based on empirical evidence of improved 
skin function and enhanced wound healing [26]. 
Since AQP3 improves the efficiency of entry of 
glycerol into cells of the skin, increased AQP3 
levels may enhance the beneficial effects of this 
agent in the skin. This idea has led to extensive 
investigation to identify inducers of AQP3 (e.g., 
[19, 83]), with the thought that such inducers 
would improve skin function. Nevertheless, 
based on the potential role of AQP3 in prolifera-
tion, likely in part via effects on ATP production 
[10, 27], Verkman has urged caution with the use 
of agents that increase AQP3 levels [84].

In the other cells of the skin in which AQP3 is 
expressed, this channel seems to play similar 
roles as in keratinocytes. For example, as dis-
cussed above, AQP3 mediates T cell trafficking 
in the skin such that AQP3 knockout mice show 
reduced hapten-induced contact hypersensitivity 
[15]. In addition, in dermal fibroblasts AQP3 
mediates epidermal growth factor receptor 
(EGFR)-induced cell migration [85]. Thus, 
siRNA-mediated knockdown of AQP3 or inhibi-
tion of AQP3 channel activity with divalent cat-
ions, such as nickel or copper, delay scratch 

wound healing of normal human skin fibroblasts. 
EGFR activation also increases the mRNA and 
protein expression of AQP3 through a mecha-
nism involving a mitogen-activated protein 
kinase signaling cascade and PI3K activity [85]. 
In addition to effects on migration, AQP3 serves 
other functions in dermal fibroblasts. For exam-
ple, AQP3 protects these cells from ultraviolet 
irradiation-induced cell death by up-regulating 
the levels of the anti-apoptotic protein BCL-2 in 
normal human dermal fibroblasts [86]. Similarly, 
AQP3 is expressed in a majority of melanoma 
cell lines, i.e., transformed melanocytes, and 
overexpression of AQP3 protects these cells from 
arsenite-induced apoptosis by increasing the 
 levels of BCL-2 and another anti-apoptotic pro-
tein XIAP [87]. (AQP9, which is also detected in 
approximately half of the tested melanoma cell 
lines, also protected the melanoma cells from 
arsenite when overexpressed [87].) Finally, der-
mal fibroblast AQP3 mRNA and protein expres-
sion is induced by bleomycin, which also 
increases hydrogen peroxide, in a mouse model 
of scleroderma, an autoimmune skin disorder 
characterized by fibrosis of the skin and internal 
organs [88]. Knocking down AQP3 with shRNA 
reduces the intracellular levels of reactive oxygen 
species and also inhibits the fibrotic phenotype in 
the bleomycin model [88]. These results suggest 
a potential involvement of AQP3 in dermal fibro-
blasts in scleroderma, although future studies are 
needed to determine whether the human disease 
shows a similar increase in dermal fibroblast 
AQP3 levels.

11.2.3  AQP5

AQP5 plays an important role in the dermis, spe-
cifically in the secretion and absorption of sweat 
in the sweat glands of the skin. Humans have an 
estimated two to four million eccrine sweat 
glands located throughout the body [89]. Their 
secretions help to regulate the internal environ-
ment of the body by allowing the passage of water 
and electrolytes out of the body, maintaining 
body temperature, and protecting the skin from 
harmful organisms and bacteria. Humans have an 
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impressive ability to secrete sweat, with volumes 
ranging from 100 to 8000 mL per day possible 
[90]. AQP5 is located in both the apical membrane 
and the basolateral membranes of the secretory 
coils of the eccrine sweat glands and translocates 
to the apical membrane during the active process 
of sweating to increase plasma membrane water 
permeability [91]. Acetylcholine is the main regu-
lator of sweating and functions by increasing intra-
cellular calcium thereby stimulating the apical 
translocation of AQP5 [91]. In addition, AQP5 
appears to be necessary for the secretion of sweat, 
as a loss of AQP5 has been shown to lead to a large 
decrease in active sweat glands [92]. Research has 
shown that patients with Sjogren’s syndrome 
retain their AQP5 intracellularly, leading also to 
decreased saliva and tear production [90]. Drugs 
modulating AQP5 activity have been suggested as 
a possible therapy for patients suffering from 
sweating disorders [91].

Recently, mutations in AQP5 have been iden-
tified in patients with a form of diffuse nonepi-
dermolytic palmoplantar keratoderma (PPK) [8, 
93], a disease in which the skin of the soles and 
palms exhibits hyperkeratosis (thickening) as 
well as a defective water permeability barrier [8, 
94]. The phenotype is exacerbated upon exposure 
of the affected areas to water, with a resulting 
white spongy appearance of the skin [8, 93, 94]. 
This experiment of nature suggests a role for 
AQP5 in regulating keratinocyte function in these 
areas, and indeed, AQP5 protein expression is 
observed in the plasma membrane of keratino-
cytes in the skin of the palms, predominantly in 
the stratum granulosum [8]. Nevertheless, the 
mechanism by which mutations in AQP5 result 
in PPK and how AQP5 contributes physiologi-
cally to the formation of the water permeability 
barrier in thick skin remain unknown, and further 
studies are needed.

11.2.4  AQP7

AQP7 is an aquaglyceroporin specifically located 
in the adipocytes of the hypodermis [6]. 
Adipocytes regulate lipogenesis and lipolysis to 
provide energy to the human body when needed. 

When there is an excess of nutrition, adipocytes 
take in glucose from the blood and metabolize 
and combine it with fatty acids to make triglycer-
ides in a process called lipogenesis. In times of 
starvation or exercise when energy is needed, 
adipocytes activate lipolysis, hydrolyzing triglyc-
erides to glycerol and fatty acids so that the body 
may use these molecules for energy. AQP7 plays 
a crucial role during the process of lipolysis by 
transporting glycerol out of the adipocytes to 
allow maintained triglyceride breakdown [95].

In adipocytes under basal conditions, AQP7 is 
found near the periphery of the nucleus, but when 
lipolysis is required to provide fatty acids (and 
glycerol) for energy production, epinephrine is 
secreted and acts on adrenergic receptors to 
increase the levels of cAMP in the cells [95]. The 
increased levels of cAMP activate protein kinase 
A to result in the stimulation of hormone- 
sensitive lipase activity. Hormone-sensitive 
lipase hydrolyzes triglycerides to yield glycerol 
and fatty acids, and AQP7 is translocated to the 
cell membrane to allow for the transport of glyc-
erol out of the cell and into the bloodstream [95]. 
This glycerol, in turn, can serve as a substrate for 
gluconeogenesis [96]. AQP7 expression is par-
tially regulated by insulin, and AQP7 mRNA lev-
els are increased during food deprivation, when 
lipolysis is induced, due to the decrease in sup-
pressive insulin during these times [95].

AQP7 is also a target of peroxisome 
proliferator- activated receptor-gamma (PPAR-γ), 
a regulator of many genes in adipose tissue, and 
is upregulated when PPAR-γ is activated. PPAR-γ 
is the main target of the drug class of thiazolidin-
ediones used in diabetes to decrease insulin resis-
tance. These drugs have been shown to sensitize 
adipocytes to insulin, possibly due partially to the 
increased expression of AQP7 [95].

On the other hand, an absence of AQP7 has 
been shown to lead to obesity and insulin resis-
tance due to glycerol accumulation and subse-
quent adipocyte hypertrophy. Adipocytes in mice 
lacking AQP7 exhibit increased intracellular 
glycerol, enhanced uptake of fatty acids, and 
accelerated triglyceride synthesis [97]. Due to 
these findings, modulation of AQP7 has been 
suggested as a possible therapy for obesity [98].
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Finally, a recent report suggests that AQP7 is 
involved in primary cutaneous immune responses 
[7]. This idea is based on the fact that not only is 
AQP7 expressed in Langerhans cells (epidermal 
dendritic cells) and dermal dendritic cells of the 
skin, but also that AQP7 knockout mice show 
impairment of their contact hypersensitivity 
response and decreased sensitization [7]. Further 
experiments indicate that AQP7 is required for 
the ability of dendritic cells to take up antigens 
for presentation; thus, AQP7 knockout dendritic 
cells demonstrate reduced internalization of anti-
gens of various sizes [7], indicating an impair-
ment of macropinocytosis, and perhaps other 
cellular uptake mechanisms, in these cells. AQP7 
is also necessary for dendritic cell chemotaxis, 
with the AQP7 knockout dendritic cells exhibit-
ing reduced migration in response to C-X-C 
motif chemokine ligand 12 (CXCL12, also 
known as stromal-derived factor-1 or SDF-1) or 
C-C motif chemokine ligand 21 (CCL21) [7]. 
Together, these results indicate an involvement of 
AQP7 in cutaneous dendritic cell function, and 
thus hypersensitivity reactions in the skin.

11.2.5  AQP9

AQP9 is an aquaglyceroporin that is located in 
many tissues throughout the human body, includ-
ing the epidermis. It is specifically located in the 
upper epidermis, in the layer of the stratum gran-
ulosum above the level where AQP3 is expressed 
[99]. Research has shown that AQP9 expression 
is regulated in a different manner than AQP3. 
While retinoic acid increases expression of AQP3 
[99, 100] and increases keratinocyte proliferation 
[99], it actually decreases the mRNA levels of 
AQP9 [99]. AQP9 facilitates the transport of both 
glycerol and urea [99], as well as hydrogen per-
oxide [101]. Urea is an active gene regulator in 
keratinocytes, affecting keratinocyte differentia-
tion, lipid synthesis, and anti-microbial peptide 
production [102]. Topical urea has been shown to 
be beneficial to patients with altered skin barrier 
function and is used for a variety of conditions 
such as hyperkeratotic or xerotic skin [102, 103]. 

Through regulating the transport of urea in kera-
tinocytes, AQP9 plays a role in both antimicro-
bial defense and barrier permeability function of 
the skin [102].

Using the hapten dinitrofluorobenzene 
(DNFB) for sensitization in mice, AQP9 has also 
been recently shown to play a role in contact 
hypersensitivity. Despite showing normal num-
bers of various immune cell types under basal 
conditions, AQP9 knockout mice exhibited 
reduced ear edema relative to wild-type animals 
upon sensitization with DNFB and a subsequent 
challenge with this agent [104]. Decreased num-
bers of infiltrating CD4-positive and CD8- 
positive T cells and neutrophils, but not mast 
cells, were observed [104]. DFNB-induced ear 
swelling could be restored in AQP9 knockout 
mice by reconstituting these mice with wild-type 
bone marrow, indicating that the relevant cell 
type in this system seems to be an immune cell 
rather than keratinocytes. In particular, the 
response could be restored by reconstituting 
AQP9 knockout mice with wild-type neutrophils, 
but not T cells, and was decreased upon antibody- 
mediated neutrophil depletion (in wild-type 
mice) [104], suggesting the importance of neu-
trophils in this contact hypersensitivity response. 
Skin draining lymph nodes isolated from AQP9 
knockout mice under this paradigm also exhibited 
reduced secretion of interleukin-17A (IL-17A), 
with no effect on interferon-gamma levels. In 
addition, AQP9 knockout mouse- derived neutro-
phils demonstrated reduced chemokine- induced 
cell migration [104]. Together these results sug-
gest that the AQP9 expressed in neutrophils con-
tributes to the induction of contact hypersensitivity 
by allowing chemokine- mediated recruitment of 
IL-17A- producing neutrophils to sites of 
skin sensitization.

11.2.6  AQP10

AQP10 is another aquaglyceroporin found in the 
keratinocytes of the epidermis. It has been spe-
cifically localized to the stratum corneum in 
humans through recent in vivo studies [21].  
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Fig. 11.5 Summary of localization of AQPs in skin. 
Shown is the structure of skin, consisting of the deepest 
layer, the hypodermis, the dermis and the most superficial 
epidermis, along with skin appendages such as eccrine 
sweat glands. Adipocytes comprise the hypodermis 
whereas the dermis is made up mostly of connective tissue 
produced by resident fibroblasts. The dermis is vascular-
ized and also contains infiltrating neutrophils and T-cells 
(particularly in inflammatory skin conditions) and dermal 
dendritic cells (dDC). The epidermis is composed of  

layers as well, with the stratum basale attached to the 
basement membrane that separates the dermis and epider-
mis, and the suprabasal differentiated layers, the stratum 
spinosum, the stratum granulosum and the stratum cor-
neum sitting atop the basal layer. The predominant cell of 
the epidermis is the keratinocyte, although melanocytes, 
Langerhans cells and Merkel cells (not shown) are also 
interspersed among the keratinocytes. Also illustrated is 
the localization of each AQP in the various cells of the 
skin
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Little information is currently available about the 
physiologic function of AQP10 outside of its 
ability to transport water and glycerol, but it is 
believed to share similar functions as AQP3, and 
it may play a role in the barrier function of the 
skin due to its location in the stratum corneum [6, 
21]. AQP10, like AQP3, may also be involved in 
pompholyx [72], although further studies are 
needed to address this question.

11.3  Conclusion

The skin performs many important functions, 
serving as a mechanical and water permeability 
barrier, assisting with thermoregulation, protect-
ing against ultraviolet radiation and chemical 
hazards and allowing tactile sensation. The skin 
is also the first organ perceived by fellow humans, 
such that abnormalities, as with skin diseases, are 
often immediately apparent and can affect social 
interactions. For this reason, skin disorders such 
as psoriasis, which can lead to lesions on various, 
often exposed, sites of the body, frequently result 
in a great deal of psychological distress [28, 105]. 
Aquaporins, channels that transport water and 
sometimes other small molecules, are expressed 
in many different cell types in the skin (Fig. 
11.5). They play important roles in these various 
locations, contributing to many key functions of 
the skin including hydration, formation of the 
water-permeability barrier, wound healing and 
immune responses. Nevertheless, many ques-
tions remain concerning these important proteins, 
and studies are in progress in multiple laborato-
ries to better understand the role(s) of each aqua-
porin in the skin.
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Aquaporins in the Eye
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Abstract

The major part of the eye consists of water. Continuous movement of 
water and ions between the ocular compartments and to the systemic cir-
culation is pivotal for many physiological functions in the eye. The move-
ment of water facilitates removal of the many metabolic products of 
corneal-, ciliary body-, lens- and retinal metabolism, while maintaining 
transparency in the optical compartments. Transport across the corneal 
epithelium and endothelium maintains the corneal transparency. Also, 
aqueous humour is continuously secreted by the epithelia of the ciliary 
body and maintains the intraocular pressure. In the retina, water is trans-
ported into the vitreous body and across the retinal pigment epithelium to 
regulate the extracellular environment and the hydration of the retina. 
Aquaporins (AQPs) take part in the water transport throughout the eye.
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TM trabecular meshwork

12.1  Aquaporins 
in the Normal Eye

Precise regulation of ocular fluids is necessary 
for the optimization of visual function, since the 
major part of the eye is comprised of water [1]. 
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Continuous movement of water and ions between 
ocular compartments and to the systemic circula-
tion is required. The movement of water facili-
tates removal of the many metabolic products of 
corneal-, ciliary body-, lens- and retinal metabo-
lism, all while maintaining transparency in the 
optical compartments [1]. The transport of water 
across the corneal epithelium and endothelium 
maintains corneal transparency. Rapid changes in 
the water content of the iris stroma facilitate 
changes in shape during pupil constriction and 
dilatation. In the retina, water is transported tran-
scellularly across the retinal pigment epithelium 
into the choroid preventing subretinal edema and 
retinal detachment [1, 2]. The intraocular pres-
sure (IOP) is maintained by the aqueous humour 
[3]. Aqueous humour is secreted by the pig-
mented and nonpigmented epithelia of the ciliary 
body in a concerted action involving active mem-
brane proteins and passive ion and water chan-
nels [3]. Aquaporins (AQPs) are expressed in 
several of these structures and facilitate the trans-
port of water (Fig. 12.1). AQP0 contributes to 
lens transparency, and AQP1 is involved in the 
secretion and drainage of aqueous humour. AQP3 
and AQP5 have corneal and conjunctival barrier 
functions, and AQP4 plays an important role in 
retinal water homeostasis [2, 4, 5]. AQP6–12 
have been discovered more recently and the func-
tion of them has not been investigated in the 
human eye.

12.1.1  Aquaporins in the Cornea

The cornea is the first light refractive medium hit 
by light and the transparency of the cornea relies 
on the precisely organized stroma consisting of 
collagen fibrils and glycosaminoglycans. Precise 
regulation of the water content is required to keep 
the stroma neatly packed avoiding light scatter. 
The water content of the cornea is 78% weight 
and negatively charged glycosaminoglycans and 
proportionate cations make the cornea slightly 
hyperosmolar compared to the aqueous humour 
[6, 7]. Consequently, continuous transport of sol-
utes and steady water expulsion away from the 
cornea is needed. The corneal endothelium 
expresses AQP1 and is responsible for transport 
of the major part of water out of the corneal 
stroma [5, 6, 8]. The corneal endothelium con-
tains active transporters (Na+/K+-ATPase, Na+/
K+/2Cl−, HCO3

−/Cl−) that pump solutes from the 
stroma into the aqueous humour. Water is trans-
ported passively, driven by the osmotic gradient, 
into the anterior chamber partly through AQP1 
but also paracellularly [6, 8]. In addition, AQP1 
expressed by the keratocytes has been suggested 
to facilitate volume changes in the keratocytes in 
response to changing corneal hydration [5, 9].

The outer stratified epithelium of the anterior 
corneal epithelium expresses AQP3 and AQP5, 
and facilitates water transport away from the 
cornea. Deletion of AQP5 in mice increases the 

Fig. 12.1 Schematic 
drawing of the cellular 
localization of AQPs in the 
human eye
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corneal thickness and the osmotic water permea-
bility across the corneal epithelium is reduced  
[5, 6]. However, when exposed to hyperosmolar 
stress no noticeable changes occur during swell-
ing and recovery. Mainly the corneal endothe-
lium maintains the hydration of the cornea, 
therefore, transport via AQP5 across the epithe-
lium does not affect the overall transparency of 
the cornea [6].

Maintenance of the corneal epithelium is cru-
cial in providing a smooth and transparent refrac-
tive surface [2, 10]. The stratified corneal 
epithelium expresses the water- and glycerol 
transporting AQP3 [5, 10]. During reepithelial-
ization AQP3 facilitates the water and glycerol 
transport in the corneal epithelial cell migration 
and proliferation (10). AQP3-facilitated cell 
migration has also been demonstrated in wound 
healing in skin [11]. In the migration phase of 
reepithelialization, marginal cells extend lamel-
lipodia and filopodia at the wound’s leading edge 
and AQP3 provides for the local water transport 
here. Corneal epithelial cell migration also 
requires mobilization of energy stores, particu-
larly glycogen [10]. Defective glycerol transport 
in AQP3 deficiency may impair the glycogen 
synthesis or utilization by direct or indirect 
effects on glycolysis [11]. AQP3 deletion in mice 
demonstrated reduced glycerol permeability but 
the steady state corneal epithelial glycerol content 
was not significantly affected [10]. However, a 
significant delay in resurfacing was found and the 
AQP3-deficient corneas were thinner suggesting 
impaired proliferation in AQP3 deficiency.

Furthermore, during corneal wound healing 
AQP1 may facilitate keratocyte migration also 
through AQP-facilitated water influx into lamel-
lipodia at the leading edge of migrating cells [12].

12.1.2  Trabecular Meshwork

AQP1 is expressed by the endothelial cells of the 
trabecular meshwork (TM) and Schlemm’s canal 
[5, 13, 14]. In the conventional outflow pathway 
fluid drainage is predominantly paracellular and 
therefore AQP1 might not directly regulate the 
aqueous humour outflow [14]. Rather, AQP1 may 

regulate TM endothelial intracellular volume and 
indirectly modulate the paracellular drainage 
[13]. Also, AQP1 may contribute to endothelial 
cell survival to resist the mechanical strain during 
the passage of aqueous humour [14].

12.1.2.1  Ciliary Body
Aqueous humour provides nutrients and removes 
metabolic waste product from the avascular 
structures in the anterior eye, namely the cornea 
and the lens. Furthermore, aqueous humour 
maintains the intraocular pressure (IOP). 
Aqueous humour is secreted by the ciliary body 
through combined actions of active pumps and 
AQPs in the ciliary epithelia [15]. The ATP- 
consuming pumps and channels transport ions 
and major solutes from the ciliary capillaries and 
into the posterior chamber. AQP1 and AQP4 
facilitate the major part of the passive water 
transport in the apical and basolateral membrane 
of ciliary nonpigmented epithelial cell [5, 15]. 
AQPs are not expressed in the ciliary pigmented 
epithelium, and so water may be actively co- 
transported into the pigmented layer together 
with major solutes [16].

12.1.3  Lens

The lens is another important refractive structure 
and transparency of the lens is equally important. 
The lens is avascular, and therefore, transport of 
oxygen, nutrients and ions occur by diffusion and 
active transport across the epithelial layer from 
the aqueous humour [17, 18]. The transport of 
water into the lens is mediated by AQP1 in the 
epithelial cells and AQP0/MIP (major intrinsic 
protein) expressed by the lens fibers [17, 18]. 
AQP0 either functions as a water channel or a 
structural protein depending on the molecular 
changes and posttranslational modifications 
occurring during shifts in the spatial location of 
the lens fibers [18].

In the cortical fibers, AQP0 interacts with 
other proteins such as connexins, filensin, phaki-
nin, and crystallins and AQP0 mediates passage 
of water. However, in the nuclear fibers cleaving 
of AQP0 results in conformational changes and 
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closes the water transporting pores of AQP0. The 
AQP0 function switches from water channel to 
adhesion molecule, since AQP0 no longer inter-
acts with the surrounding proteins [17, 18]. 
Instead, AQP0 forms tight junctions and assists in 
maintaining minimal space between the fibers. 
Thus, AQP0 facilitates microcirculation and also 
interfiber adhesion within the lens and conse-
quently contributes to maintaining transparency 
of the lens.

12.1.4  Retina

In the retina, considerable amounts of water are 
produced during the large metabolic turnover [4, 
19]. Co-transport of water during uptake of meta-
bolic glucose and lactate from the blood also con-
tributes to the water content [19, 20]. Furthermore, 
hydrostatic forces driven by the intraocular pres-
sure also push water to enter the retina from the 
vitreous body. Therefore, significant amount of 
water has to be cleared to maintain local balance 
of ions for effective signal transduction [4, 21].

In the inner retina the major glial support 
cells, the Müller cells, redistribute water and ions 
[4, 19]. Neuronal activity accompanying synaptic 
transmission results in a transient increase in [K+] 
in the plexiform layers of the retina and a decrease 
in the extracellular [K+] in the subretinal space. 
Rapid removal of K+ is important to maintain 
neuronal excitability during prolonged light stim-
ulation. The Müller cells, regulates the K+ bal-
ance by up-take of K+ through Kir4.1, the 
inwardly rectifying potassium channel, and 
siphoning K+ into the vitreous body or retinal 
capillaries [4, 19]. AQP4, co-localized with 
Kir4.1, facilitate the accompanying osmotic water 
transport in response to the K+−flux and together 
they maintain the spatial buffering of [K+] [4].

The RPE cells are responsible for clearing 
metabolic waste product, neurotransmitters, 
excess ions and water from the outer retina and 
subretinal space through active transport and 

solute- linked transport [22, 23]. Cotransport pro-
teins known to facilitate transcellular ion move-
ment elsewhere in the body also function as 
molecular water pumps in the retina in the 
absence of an osmotic gradient [16]. AQPs may 
also contribute to ion- and water elimination at 
the RPE cells. However, AQP1 has only been 
identified in the cell membrane of cultured cells, 
but not in histological sections of human eyes [5, 
24]. Therefore, the water transport facilitated by 
AQPs is unclarified.

AQP9 is expressed by the retinal ganglion 
cells (RGC) [5, 25, 26], and has formerly been 
found in the brain, primarily in the astrocytes 
[27]. AQP9 has been suggested to provide neu-
rons with lactate and glycerol for energy metabo-
lism [19, 27, 28]. The presence of AQP9 in both 
the brain and retina is not surprising given their 
close connection. Accordingly, AQP9 may have a 
similar function in the retina and brain and may 
facilitate the uptake of lactate or glycerol into the 
RGCs and photoreceptors [26, 29].

12.1.5  AQP6–12 in the Normal Eye

In the recent study by Tran et al (2013) [30], the 
localization of AQP6–12 was mapped in the human 
eye (Fig. 12.2). The transcripts of AQP7, AQP9 
and AQP11 mRNA have been detected in various 
structures of the eye. Immunohistochemical 
staining demonstrated the specific cellular local-
ization of AQP7, AQP9 and AQP11. AQP7 
expression has been observed in the corneal epi-
thelium and endothelium. In the corneal-limbal 
region AQP7 and AQP11 are expressed in the 
basal cells of the anterior epithelium. AQP7 is 
also expressed in the lens epithelium and trabecu-
lar meshwork endothelium. In the ciliary nonpig-
mented epithelium, AQP7, AQP9 and AQP11 are 
all expressed. In the retina, the Müller cell end-
feet showed AQP7 and AQP11 labelling. AQP9 
immunolabelling has been found in the RGCs 
and in the nerve fibers of the optic nerve.

T.L. Tran et al.



197

12.2  AQPs in Pathological 
Conditions of the Human Eye

AQPs are present in all structures in the eye that 
have a water regulating function and this poses 
the question whether dysfunction or inhibition of 
AQPs lead to pathology, especially in diseases 
where oedema is a prominent clinical observa-
tion. In Fuch’s endothelial dystrophy and psedo-
phakic bullous keratopathy, oedema of the cornea 
is the central problem. Downregulation of 
AQP1 in the corneal endothelium has been dem-
onstrated in these keratopathies [31]. Healing of 
corneal abrasions is linked with AQP3 expression 
by the corneal epithelium, since deletion of AQP3 
delay epithelial cell resurfacing and result in a 
thinner epithelium [10, 11].

The role of AQP0 in the lens has been clearly 
demonstrated and several mutations in AQP0 or 
any of the molecules interacting with AQP0 result 
in cataract formation [17]. Complex coordination 
of the lens proteins is required, since each protein 
contributes to lens transparency, appropriate 
refractive index and accommodation. All charac-
terized mutations in AQP0 result in autosomal 
dominant bilateral cataract [17, 18].

In glaucoma, a progressive and vision threat-
ening disease, several structures in the eye are 
involved. The ciliary body, the trabecular mesh-
work, the retina and the optic nerve may be  
coupled with the development of glaucoma. 

Deletions of AQP1 and AQP4 result in modest 
reductions in IOP and aqueous humour produc-
tion, however, the clinical significance is uncer-
tain [32]. In addition, AQP1 and AQP4 null mice 
show preserved anterior chamber morphology. 
Downregulation of AQP9 expression by RGC has 
been shown to be coupled with RGC metabolism 
and cell survival [26, 33].

Diabetes mellitus and age related macular 
degeneration (AMD) are two major reasons for 
impaired vision. Severe stages of both diseases 
involve neovascularisation resulting in retinal 
oedema due to leakage from the newly formed 
capillaries. The excess fluid exceeds the capacity 
of the glial cells and RPE cell in clearing fluid 
from the retina. Changes in the expression of ion 
channels and transporters, and of AQPs may 
intensify the retinal oedema. Lastly, AQP expres-
sion has been demonstrated to be altered in a 
complex pattern in the diabetic rat retina [34].
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Aquaporins in Fetal Development

Nora Martínez and Alicia E. Damiano

Abstract

Water homeostasis during fetal development is of crucial physiologic 
importance. The successful formation and development of the placenta is 
critical to maintain normal fetal growth and homeostasis. The expression 
of several aquaporins (AQPs) was found from blastocyst stages to term 
placenta and fetal membranes. Therefore, AQPs are proposed to play 
important roles in normal pregnancy, fetal growth, and homeostasis of 
amniotic fluid volume, and water handling in other organs. However, the 
functional importance of AQPs in fetal development remains to be 
elucidated.
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13.1  The Placenta

Placenta and fetus development is a continuous 
process that begins at the time of fertilization. 
Placenta is a highly specialized temporary organ 
exclusive of gestation, which serves as the lung, 
the kidneys, the liver, the endocrine system, and 
the immune defence of the baby. Thus, the pla-
centa carries out essential functions and is critical 
to achieving a successful pregnancy. It provides 
an interface between the mother and the fetus, 
prevents the rejection of the fetal allograft, 
enables the respiratory gas exchange, transports 
nutrients, eliminates fetal waste products, and 
secretes peptide and steroid hormones.
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Placenta formation requires the proper growth, 
differentiation and maturation of its principal 
cells: the trophoblasts. Trophoblast cells are sub-
divided in two types of cells: the villous mono-
nucleated cytotrophoblast cells, which proliferate 
and differentiate into the multinucleated syncy-
tiotrophoblast cells, and the extravillous tropho-
blast cells. Villous syncytiotrophoblast cells are 
in direct contact with the maternal blood and 
facilitate the exchange of nutrients, wastes and 
gases between the mother and the fetus. In addi-
tion, the syncytiotrophoblast also contributes in 
the biosynthesis of essential hormones for the 
progression of gestation. Extravillous trophoblast 
cells invade the uterine tissues and participate in 
the remodeling of the uterine spiral arterial walls 
to guarantee the appropriate supply of blood to 
the fetal-placental unit [1–3].

Anatomically, the placenta is composed of 
two different surfaces or sides, the maternal 
 surface, facing towards the outside, and the fetal 
surface, facing towards the inside, or the fetus 
(Fig. 13.1). The fetal side of the placenta is  

covered by the amnion or amniotic membrane. 
Underlying the amnion is the chorion, a thicker 
membrane. This structure of the placenta is con-
tinuous with the lining of the uterine wall. 
Emerging from the chorion are the chorionic 
villi, the main functional units of the placenta 
(Fig. 13.2a, b). The chorionic villi contain a sys-
tem of fetal capillaries (blood vessels) to allow 
maximum contact area with the maternal blood 
(also known as the intervillous space). The 
umbilical cord also emerges from the fetal side 
(Fig. 13.1).

The maternal side is composed of the decidua 
and the lobules known as cotyledons. Each indi-
vidual cotyledon contains the same chorionic 
villi emerging from the chorion.

The tissue separating maternal and fetal blood 
in the placenta is called the placental barrier. 
According to the Grosser classification [4] the 
human placenta can be considered hemochorial 
in which the placental trophoblast is in direct 
contact with maternal blood (Fig. 13.3).

Fig. 13.1 Schematic 
drawing of a section of 
the human term placenta
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13.2  Water Transport 
Across the Human Placenta

One of the main functions of the placenta is to 
promote selective transport of nutrients and waste 
products between the mother and the fetus and to 
maintain the fetal fluid homeostasis. These pro-
cesses are controlled by the syncytiotrophoblast, 

the outermost covering cell layer of fetal placen-
tal villi that results from the fusion of the under-
lying cytotrophoblast cells, and the fetal 
membranes, which include the chorion and the 
amnion. Therefore, the successful formation and 
development of the placenta is critical to main-
tain normal fetal growth and homeostasis.

Water is the most important component of 
cells and tissues and water homeostasis during 
pregnancy is crucial for the normal fetal develop-
ment. However, the molecular mechanisms of 
maternal-fetal fluid balance are not fully under-
stood. During pregnancy, fetal water require-
ments increase markedly due to an exponential 
growth in fetal weight. Since the placenta behaves 
like a membrane with a very low permeability, 
diffusional transfer across the placenta would be 
not enough to meet the fetal requirements [5, 6]. 
Physiological data indicate that both a transcel-
lular and a paracellular pathway are available for 
transfer across the human placenta, but the mor-
phological correlation of the latter is uncertain 
[7]. In addition, little is known about the molecu-
lar mechanisms of these processes. Previous 
research in isolated membrane vesicles has sug-
gested that water movements across the placenta 
occur by a lipid diffusion pathway [6, 8 ,9] dis-
carding the transcellular route and the involve-
ment of integral membrane water channel 
proteins known as aquaporins (AQPs). However, 
at the beginning of the twenty-first century the 
expressions of AQP3 and AQP9 were described 
in the apical membrane of the human syncytio-
trophoblast [10]. Even more, using placental 

Fig. 13.2 Human chorionic villous. (a) Schematic 
drawing of a human chorionic villous. (b) Hematoxylin 
and eosin (H&E) staining of a terminal villi tissue section. 

Fetal red blood cells are seen in villous core fetal vessels. 
ST (syncytiotrophoblast) cells cover the entire surface of 
the villous. Magnification × 400

Fig. 13.3 Representation of the human placental bar-
rier. Human placental is classified as hemomonochorial: 
maternal blood directly bathes the chorionic villi. Note 
that at term, cytotrobloblast cells do no limit feto-maternal 
exchange across the placenta and only one layer of syncy-
tyotrophoblast is between the fetal and maternal 
circulations
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explant cultures significant uptakes of water, urea 
and mannitol sensitive to mercury (a well-known 
inhibitor of AQPs) and phloretin (blocker of 
AQP9), were detected and these results supported 
the idea that human placental AQPs are func-
tional [11]. Recently, the importance of the actin 
cytoskeleton in the channel protein regulation 
has been highlighted and the actin cytoskeleton 
and its reorganization have been reported to be 
required for the regulation of both channel activ-
ity and its intracellular trafficking [12]. Thus, a 
possible explanation for the discrepancy in the 
functional experiments is that in those performed 
in isolated vesicles, some of the components of 
the cytoskeleton that may be important for the 
functionality of AQPs may be excluded.

Nowadays, it is well accepted that water is 
transferred across the human hemochorial pla-
centa through both the paracellular and transcel-
lular routes, and its transfer may be facilitated by 
AQPs [13].

13.3  AQPs Throughout Pregnancy

After fecundation, the conceptus develops into 
the blastocyst that consists of an inner cell mass 
and a fluid filled cavity surrounded by trophoec-
toderm epithelium. Previously, it was described 
in mouse, the expressions of AQPs 3, 8, and 9 in 
the blastocyst and it was proposed that these 
AQPs may play a role in the trans-trophectoderm 
water movements occurring during the process of 
cavitation [14, 15]. In humans, mRNAs of AQPs 
1, 2, 3, 4, 5, 7, 9, 11 and 12 were detected in pre-
implantation embryos, however it was found that 
only the expression of AQP3 and AQP7 persist 
from zygote to blastocyst stages, suggesting that 

both AQPs may be essential for early embryonic 
development [16] (Table 13.1).

The trophoectoderm gives rise to the placenta 
and the chorion so the expression of these pro-
teins in both, the placenta and fetal membranes, 
should be expected. In subsequent experiments, it 
was reported that AQPs 1, 3, 8, and 9 were pres-
ent in human, sheep and mice species with ana-
tomically and histologically different placentas 
[17]. At early stages of human pregnancy, AQPs 
1, 3, 4, 5, 8, 9 and 11 are expressed in chorionic 
villi [17, 18] (Table 13.1). Since AQP11 is an 
intracellular AQP, it was proposed that its physi-
ological function may be to maintain a suitable 
environment in the endoplasmic reticulum allow-
ing translation and proper protein folding [17, 
18]. Enhanced expression of AQP11 during 
embryogenesis could be related to the develop-
ment of certain organs such as salivary glands or 
kidney and excretory system and slow water 
transfer to the embryo [19]. However, during 
fetal development AQP11 expression becomes 
progressively lower and towards the end of  
gestation when organ functionality has achieved 
maturity, other AQPs take over water regulation 
(AQP1, 3, 8, 9). These findings suggest an impor-
tant role for AQP11 in intravesicular homeostasis 
[18–20] and open up new perspectives on the role 
of AQP11 in fetal membranes during human 
gestation.

Concerning term placentas, Mann and co- 
workers found expression of AQP1 and AQP3 in 
fetal membranes and suggested that AQPs may 
contribute to amniotic fluid volume regulation 
[21]. They also localized AQP1 in the capillary 
endothelium of placental vessels [21]. In addi-
tion, Wang and co-workers reported the expres-
sion of AQP8 and AQP9 in chorioamniotic 

Table 13.1 Expression of AQPs in human gestation

Location AQPs expression References

Blastocyst Blastocyst AQP3 and 7 [16]

Early placenta Chorionic villi AQP1, 3, 4, 5, 8, 9 and 11 [17, 18]

Fetal membranes AQP1, 3, 8, 9 and 11 [17, 21–23]

Term placenta Placental vessels AQP1 [21]

Trophoblast AQP3, 4, 8 and 9 [10, 18, 23, 24]

N. Martínez and A.E. Damiano



203

membranes [22, 23]. Recently, AQP11 expres-
sion was also established in amniotic membranes 
at term [17]. Regarding the expression of AQPs 
in the trophoblast, AQP3 and AQP9 were the first 
AQPs found in the apical membranes of the 
human syncytiotrophoblast [10]. AQP8 was also 
localized in the trophoblast but the cell polarity 
of this protein has not yet been determined [23]. 
In addition, De Falco and co-workers described 
the expression of AQP4 in the trophoblast, and its 
downregulation throughout pregnancy [24] 
(Table 13.1).

Finally, during fetal growth, fetal organs 
express AQPs to ensure a proper exchange of flu-
ids. AQPs are essential for the correct develop-
ment of many organs like heart, skin, lung, central 
nervous system and so others [25]. Table 13.2 
shows the AQPs found in fetuses of different spe-
cies [26–45]. It is worthwhile to note that there 
are certain differences between these species and 
humans, with regard to placentation, length of 
gestation and maturation of vital organs that can 
influence the movement of water into and out of 
the various compartments. Since the major inputs 
to the amniotic fluid are the fetal urine and the 
lung liquid the expression of AQPs in these fetal 
organs may be important in the amniotic fluid 
formation. The fetal kidney produces big amounts 
of dilute urine essential for the maintenance of 
amniotic fluid, and this is possible because this 
organ express low levels of AQP2 [26, 27]. 
Others authors have also found weak expression 
of AQP3 and AQP4 in rat fetal kidneys [28, 29].

In addition, the fetal lung of various species, 
including humans, rats, mice and rabbits, 
expresses at least four AQPs (AQP 1, 3, 4 and 5), 
which maintain this organ in an expanded estate 
secreting the liquid to the lung lumen and also 
contribute to the amniotic fluid formation [35]. 
However, the factors involve in the regulation of 
the movement of liquid across the fetal pulmo-
nary epithelium have not been entirely explored.

13.4  Role and Clinical Significance 
of AQPs in Fetal Membranes

Consistent with its development and growth, the 
fetus produces a varying volume of amniotic 
fluid throughout pregnancy [46]. Under normal 
conditions, water flow progressively increases 
throughout gestation; near term, up to 400 mL 
per day are transferred from the amniotic cavity 
across the fetal membranes into the fetal circula-
tion [47]. Because of the osmotic pressure differ-
ence between, amniotic fluid (255 mOsm/kg) and 
fetal blood (280 mOsm/kg), an osmotic gradient 
drives transport of fluid and solutes from the 
amniotic compartment into the fetal blood [48]. It 
has also been reported that the permeability of 
the human amnion in vitro is 1.5x10−4 cm/s 
[49]. The regulation of amniotic fluid volume is 
dependent on a balance between the production 
and resorption of this fluid and it is crucial for an 
adequate embryonic and fetal development. The 
regulation of placental water transfer and intra-

Table 13.2 Species variations in aquaporins distributions in fetal organs

Organ

Species

ReferencesRat Mouse Sheep Human

Kidney AQP1, 2 and 3 ̶ AQP1 and 2 AQP1 and 2 [26–34]

Lung AQP1 and AQP4 AQP5 AQP1, 3,4 and 5 ̶ [35–40]

Skin AQP3 AQP3 ̶ ̶ [41, 42]

Heart ̶  ̶ AQP1, 3, 4 and 8 ̶ [34]

Brain AQP4 ̶ ̶ AQP1 and 4 [43–45]
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membranous resorption are poorly understood; 
however, both phenomena support the hypothesis 
that AQP water channels may be fundamental to 
the regulation of fetal water flow [50]. In addi-
tion, several disorders such as abortion, prema-
ture birth, amniotic fluid volume abnormality, 
malformation and fetal growth restrictions may 
result when the homeostasis of the maternal-fetal 
fluid exchange is disrupted.

Remarkably, abnormal placental transfer of 
fluid may result in excessive (polyhydramnios) or 
reduced (oligohydramnios) amniotic fluid vol-
ume [50–52]. These obstetrical pathologies are 
known to be associated with fetal abnormalities 
or significantly increased perinatal mortality and 
morbidity [52].

Many authors have explored the association 
between polyhydramnios and oligohydramnios 
and AQPs. An increase in AQP1 expression par-
ticularly in the amnion (33-fold) in pregnancies 
complicated by idiopathic polyhydramnios was 
found [53] and it was postulated that this up- 
regulation may be a compensatory response to 
polyhydramnios. Moreover, Zhu and colleagues 
found that the expression of AQP8 in the amnion 
and that of AQP9 in the amnion and in the cho-
rion were significantly increased in idiopathic 
polyhydramnios, but that their expressions in the 
placenta were significantly decreased [54]. These 
authors suggested that when idiopathic polyhy-
dramnios occurs, some modulation factors may 
be inducing the changes in the expression of 
AQP8 and AQP9. Consequently, these changes 
may increase the intramembranous absorption 
and decrease the maternal-to-fetal water flow to 
maintain amniotic fluid homeostasis [13].

On the other hand, in pregnancies complicated 
with oligohydramnios, a decrease in AQP1 
expression in the amnion but no significant 
changes in the chorion and in the placenta have 
been observed [55]. Decreases in AQP3 in the 
amnion and in the chorion as well as a significant 
increase in the placenta have also been found 
[55].

Although the expression of AQPs has been 
demonstrated in fetal membranes and has been 
postulated to have a role in amniotic fluid regula-
tion, to date, no study has examined their func-

tional regulation and significance in human 
amniotic fluid volume.

It is well-accepted that human amnion has two 
biologically heterogeneous regions: the placental 
amnion (amnion on the chorionic plate) and 
reflected amnion (amnion of the extraplacental 
fetal membranes) (Fig. 13.1). Recently, it was 
found regional differences in the expression pat-
tern for the five AQPs in normal human term 
amnion. This observation implies that each AQP 
may have a different function with specific roles 
in transport but further studies are needed to clar-
ify the transport function of individual AQPs in 
both regions of the amnion [20].

13.5  Role and Clinical Significance 
of AQPs in Human 
Trophoblast

Human trophoblast tissue expressed AQP3, 
AQP4, AQP8 and AQP9 [10, 24] (Table 13.1). 
AQP3 and AQP9 belong to the aquaglyceroporin 
family and can permeate urea and glycerol in 
addition to water. It was postulated that these 
AQPs could participate not only in the water 
transport between the mother and the fetus, but 
also in the rapid movement of solutes across cell 
membranes, with minimal osmotic perturbation 
[10].

Although, it was demonstrated that the AQPs 
expressed in the human trophoblast can mediate 
transcellular water transport; the hypotheses con-
cerning their roles are still speculative. AQP9 is 
the most studied AQP found in human placenta. 
AQP9 is of special interest because, in addition to 
being permeable to water, it is permeable to neu-
tral solutes such as polyols and purines and 
pyrimidines [56].

It is well-known that AQPs are not only 
involved in several physiological processes but 
also in multiple and diverse clinical dysfunctions 
[57]. Up to now, the only placenta pathological 
condition associated to AQPs investigated was 
preeclampsia. Preeclampsia is one of the most 
important complications of human pregnancy, 
and despite its high incidence, its etiology is still 
unknown. To date, it is considered a syndrome 
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that occurs in two stages. In the first stage, the 
reduced placental perfusion, in some, but not in 
all women, could lead to the maternal multisys-
temic syndrome of preeclampsia known as sec-
ond stage [58]. However, what links both stages 
is not determined yet. Emerging evidence sug-
gest that the dysregulation of the AQPs expressed 
in the trophoblast may be a crucial step in the 
development of this syndrome [59].

In preeclamptic placenta it was observed an 
increase in AQP9 expression by Western blot and 
a different cellular distribution by immunohisto-
chemical assays [11]. Thus, AQP9 was localized 
not only in the apical membrane but also in the 
basal membrane and in the cytoplasm of pre-
eclamptic syncytiotrophoblast [11]. In contrast, 
the uptake of water and mannitol in preeclamptic 
placental explants decreased when compared to 
that observed in normal explants and was not sen-
sitive to HgCl2. These results may suggest a lack 
of functionality of AQP9 for water and mannitol 
in preeclampsia. Interestingly, urea uptake sensi-
tive to phloretin and mercury increased 35% in 
preeclamptic explants. These findings indicate 
that water and solute permeability of AQP9 is 
altered under pathological conditions. [11].

Since preeclampsia is not known to be associ-
ated with an altered water flux between the 
mother and the fetus, the role of AQP9 exclu-
sively in placental water homeostasis should be 
revised.

Although AQPs classical role in facilitation of 
trans-epithelial fluid transport is widely known, 
recent studies have revealed unexpected cellular 
roles of AQPs, including the physiology of organ-
elles, the proliferation, apoptosis and cell migra-
tion [60]. All these processes require transient 
changes in cell volume and activity of certain ion 
transporters.

In the case of apoptosis, the loss of intracellu-
lar K+ concentration creates an osmotic gradient 
that draws water out of the cell and forces the cell 
to shrink. This event is known as apoptotic vol-
ume decrease (AVD). In this context, it was pro-
posed that AQPs may take part in the movement 
of water across the plasma membrane in dying 
cells [61–63].

It was well documented that placental apopto-
sis is a physiological event that increase progres-
sively throughout pregnancy. It is an important 
mechanism of cell death necessary for normal 
development of human placenta [64, 65]. In addi-
tion, fluctuations in O2 tension are proposed to be 
a potent inducer of apoptotic changes in human 
placenta, and an increase of apoptosis as a result 
of an inadequate trophoblast invasion, has also 
been found in placentas from pregnancies com-
plicated by preeclampsia [66].

Recently, the role of AQPs in the placental 
programmed cell death was explored. It was 
observed that inhibition of these proteins, and in 
particular the blocking of AQP3 activity, abro-
gates the apoptotic response [59]. Therefore, 
changes in the expression and function of placen-
tal AQPs in women with preeclampsia may be 
one of the decisive factors in triggering the clini-
cal manifestations of this gestational hyperten-
sive disorder.

On the other hand, preeclamptic placentas are 
characterized by insufficient trophoblast invasion 
and abnormal spiral artery remodeling which 
lead to placental ischemia, so it is possible that 
placental AQPs may also participate in energy 
metabolism.

As it was reported in other tissues, diffusion of 
glycerol and lactate may be facilitated by 
AQP9 in human placenta [67, 68]. In addition, 
lactate may not only act as an energy substrate 
but also as a source of NADH (the reduced form 
of nicotinamide adenine dinucleotide), a scaven-
ger of reactive oxygen species (ROS). During 
ischemic insult, it was supposed that the perme-
ability of AQP9 to monocarboxylates such as lac-
tate increases not only to serve as an energy 
substrate but also to prevent the accumulation of 
ROS [69, 70].

In preeclamptic placentas, however, it was 
observed a loss of AQP9 functionality for water 
and monocarboxylates [11]. Thus, it is possible 
that this lack of functionality, adversely affects 
the survival of the trophoblast cells, at least partly 
because of the decreased transport of lactate as a 
substrate for energy and/or ROS scavenger. In 
addition, the increase of ROS may contribute to 
the exacerbate apoptosis observed in preeclamp-
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sia. So far, whether or not placental AQPs play a 
direct role either in the pathogenesis or in the 
adaptive response of preeclampsia is still uncer-
tain and needs further studies.

Finally, it cannot be excluded a possible role 
for AQP3 and AQP9 channels in the diffusion of 
urea. It was previously reported the expression of 
a urea transporter type A (UT-A) in the human 
placenta [11]. Thus, both AQPs could comple-
ment the UT-A function, participating in urea 
uptake and elimination across the placenta.

13.6  Regulation of Placenta AQPs

Throughout pregnancy, the regulation of amni-
otic fluid volume depends on a balance between 
the production and resorption of this fluid [46–
51]. It has already been shown that fetal mem-
branes and AQPs take part in this regulation. 
However, little is known about AQP protein regu-
lation in the human placenta and fetal 
membranes.

Several lines of evidence suggest that cAMP 
stimulates AQP1, 3, 8 and 9 mRNA expression in 
human amnion epithelial cells [71, 72]. However, 
the response of the individual gene to cAMP 
stimulation is different. It was observed that 
cAMP treatment results in rapid but temporary 
upregulation of AQP3 expression [71]. In the 
case of AQP8 expression its upregulation was 
rapid and persistent while the responses of AQP1 
and 9 were delayed and long-term after cAMP 
treatment [72].

Additionally, it was also found a lack of effect 
of a protein kinase A activator, SP-cAMP, on 
AQP1, 8, and 9 mRNA expressions suggesting 
that cAMP upregulates these proteins via a pro-
tein kinase A independent pathway [73]. It is 
noteworthy that besides to their function as a 
water channel, both AQPs are permeable to neu-
tral solutes including urea and glycerol. Thus, 
this apparent cooperative upregulation of AQP3 
and AQP9 by cAMP may be important to intra-
membranous absorption of amniotic urea and 
other solutes to maintain an osmotic gradient 
between amniotic fluid and fetal circulation while 

water is being transported intramembranously by 
various AQP water channels.

AQP8 was also found to be regulated by 
osmotic stress in amnion epithelial cells. It was 
observed that a hypotonic media significantly 
enhanced AQP8 mRNA and protein expression 
while hypertonic media significantly decreased 
its expression. These findings proposed that 
AQP8 may participate in the balance of the amni-
otic fluid [74].

Furthermore, Belkacemi and co-workers have 
recently established that in trophoblast-like cells, 
AQP1 gene expression is also upregulated by 
vasopressin [75]. These authors demonstrated 
that a cAMP-dependent pathway is responsible 
for the vasopressin effect on AQP1 expression. 
As vasopressin levels may be higher in the amni-
otic fluid of fetuses with oligohydramnios, these 
findings may be strong evidence that AQP1 may 
be important in the regulation of the amniotic 
fluid volume.

Additionally, recently it was found that AQP3 
coding gene was regulated by all-trans-retinoic 
acid in human amnion and epithelial amniotic 
cells [76]. Thus, retinoic acid may induce AQP3 
transcripts which results in an increase in AQP3 
protein and an uptake of glycerol, suggesting an 
increased in AQP3 function. However, the sig-
nificance of these results in the amniotic fluid 
homeostasis is still unknown. It was postulated 
that since vitamin A is an epithelial wound- 
healing entity, its active derivative all-trans- 
retinoic acid, through AQP3, may be important in 
the fetal membrane environment and play a role 
in the pathological premature rupture of 
membranes.

Finally, it was recently reported that insulin 
represses significantly the transcriptional expres-
sion of AQP3 and AQP9 in the amnion, which 
was blocked by a phosphatidylinositol 3-kinase 
inhibitor [77].

Regarding the AQPs expressed in the tropho-
blast, only the regulation of AQP9 expression 
was widely investigated. The presence of numer-
ous sites of regulation in the gene and on the pro-
tein suggests that many mechanisms may be 
involved in the regulation of AQP9 expression.
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13.6.1  Regulation by Human 
Chorionic Gonadotropin (hCG)

Recent evidence showed that hormones such as 
human chorionic gonadotropin (hCG) secreted 
by villous trophoblasts may have a stimulatory 
effect on the molecular expression and function-
ality of AQP9 via cAMP pathways [78]. In nor-
mal placental explants treated with different 
concentrations of recombinant hCG or 
8-Br-cAMP, a potent analogue of cAMP, AQP9 
expression increased significantly compared to 
the non-treated explants. This effect on AQP9 
expression was dependent on hCG and cAMP 
concentrations. In addition, after both treatments, 
AQP9 cellular distribution was similar to that 
observed in preeclamptic placentas. 
Consequently, it was hypothesized that increased 
serum levels of hCG found in preeclamptic 
women, may be involved in the increased AQP9 
protein expression in preeclamptic placentas via 
cAMP pathways. Concerning the effect of pla-
cental hormones on transcellular water flux, it 
was found that hCG may modulate AQP9 activity 
[78]. In normal explants treated with hCG, con-
sistent with the protein increase of AQP9, it was 
observed an increase of 1.6-fold in water trans-
cellular flux.

13.6.2  Regulation by Insulin

In placental and trophoblastic cells, insulin is 
involved in the regulation of several genes at the 
transcriptional level. [79]. In agreement with ear-
lier studies in liver and brain [80, 81], it has been 
recently reported that insulin has a concentration- 
dependent inhibitory effect on the expression of 
placental AQP9 through negative insulin response 
elements (IRE) in its promoter gene [79].

Insulin resistance characterizes normal preg-
nancy, but in preeclamptic pregnant women it is 
also observed a marked hyperinsulinemia [79]. 
Therefore, in preeclampsia, the exacerbation of 
insulin resistance may lead to an impaired insulin 
signal with low activation of the insulin receptor 
substrate 1 (IRS-1) through multiple tyrosine 
phosphorylations. Moreover, it was also found 

evidence of phosphorylation of serine residues in 
both IRS-1 and IRS-2, which results in desensiti-
zation of insulin action [82].

The inactivation of IRS in preeclamptic pla-
centas can occur because of the systemic inflam-
mation via the tumor necrosis factor α (TNF-α) 
[82]. TNF-α was proposed to impair insulin sig-
naling at the level of the IRS proteins. In this 
regard, the Ser(307) residue in IRS-1 has been 
identified as a site for the inhibitory effects of 
TNF-α. Kanety and co-workers have reported 
that TNF-α induces serine phosphorylation of 
IRS-1 through inhibition of serine phosphatases 
or activation of serine kinases other than protein 
kinase C [83]. This increased serine phosphoryla-
tion interferes with insulin-induced tyrosine 
phosphorylation of IRS-1 and impairs insulin 
action. Accordingly with these results, in pre-
eclamptic and in normal placental explants previ-
ously treated with TNF-α, insulin did not 
downregulate AQP9 expression [79]. 
Consequently, it was suggested that a disturbed 
insulin signaling could explain the poor response 
of AQP9 to the insulin stimuli observed in pre-
eclamptic placentas.

Unexpectedly, the decrease in the molecular 
expression of AQP9 showed no link with the 
functional experiments [79]. It was found in nor-
mal placental explants treated with insulin that 
water uptake was similar to that observed in non- 
treated explants. These results mean that water is 
passing through other AQPs expressed in the pla-
centa and may suggest that AQP9 is not exclu-
sively involved in water transport between the 
mother and the fetus.

13.6.3  Regulation by Oxygen

The human placenta develops initially in a rela-
tively hypoxic environment that is essential for 
appropriate embryonic development and normal 
placental angiogenesis [84]. Thus, during normal 
pregnancies the human placenta is exposed to 
profound changes in oxygenation and the pla-
centa adapts to these changes by modulation of 
the hypoxia inducible factor-1α (HIF-1α) and by 
increasing cellular antioxidant defenses [85]. 

13 Aquaporins in Fetal Development



208

However, these fluctuations in O2 tension are 
critical in pathological conditions in which tro-
phoblast invasion is superficial and placental per-
fusion is intermittent.

It was found that in normal placental explant 
culture AQP9 protein decreased abruptly when 
HIF-1α is expressed by deprivation of O2 [86]. 
The same result was observed after CoCl2 treat-
ment. CoCl2 is known to activate hypoxia- 
dependent pathways under normal O2 levels by 
inhibiting prolyl-hydroxylase domain-containing 
enzymes, a family of enzymes that play a key 
role in the oxygen-dependent degradation of 
HIF-1α and consequently stabilizing HIF-1 [86]. 
In contrast, in explants exposed to hypoxia fol-
lowed by reoxygenation, HIF-1α was undetect-
able, while AQP9 increased significantly and 
changed its cellular distribution, showing the 
same pattern as that previously described in pre-
eclamptic placentas [11].

It was reported the presence of 14 putative 
HRE sites (5′-ACGTGC-3′) in the AQP9 gene, 
but none of them was in the promoter region [86]. 
Although, in other HIF-1α-inducible genes func-
tional HRE sites were localized outside the pro-
moter region [87–89], it is possible that HREs in 
the promoter region should be required to induce 
an upregulation of AQP9 transcription. Therefore, 
it was proposed that HIF-1α may enhance the 
expression of some intermediate that impacts 
directly downregulating AQP9 expression. Thus, 
the subsequent reoxygenation not only stimulates 
the synthesis of new AQP9 protein but may also 
modify the lipid membrane composition of the 
syncytiotrophoblast as it was observed in pre-
eclamptic placentas [13, 90, 91]. This may prob-
ably contribute to create an unfavorable 
environment for AQP9 insertion in the plasma 
membrane changing its cell distribution [86].

About water flux, in explants exposed to 
hypoxia or treated with CoCl2, it was reported a 
decrease in water uptake which correlates to a 
decrease in AQP9 expression [86]. Nevertheless, 
water flux after CoCl2 treatment and not after 
hypoxia seems to be sensitive to HgCl2 [86]. A 
probable reason for this discrepancy is that CoCl2 
only affects HIF-1α expression while the low- O2 
tension may also modify the intracellular pH 

(pHi) of syncytiotrophoblast cells. Even more, in 
explants exposed to hypoxia followed by a period 
of reoxygenation, despite the increase in AQP9 
expression, water uptake decreased dramatically 
compared to the control and was not sensitive to 
HgCl2. This finding confirms that AQP9 may not 
be exclusively involved in placental water trans-
port [86].

Recently, it was reported that AQP3 protein 
expression decreased after oxygen deprivation 
and was mainly found in the cytosol. The latter 
reoxygenation restored AQP3 expression on the 
apical membrane of syncytiotrophoblast but 
failed to restore its expression to basal levels, 
possibly due to the oxidative damage of the 
plasma membrane of syncytiotrophoblast, which 
probably creates an unfavorable environment for 
AQP3 insertion in the plasma membrane [59].

13.6.4  Regulation by CFTR

Emerging evidence indicates that cystic fibrosis 
transmembrane conductance regulator (CFTR) is 
able to interact with various membrane proteins 
by regulating their transport activity as well as by 
functioning as a cAMP-regulated chloride chan-
nel [92]. In other tissues it was found that water 
transport mediated by AQPs may be regulated by 
CFTR [93]. In human placenta, it was reported 
that CFTR co-localized with AQP9 in the apical 
membrane of syncytiotrophoblast, nevertheless 
its expression decreased dramatically (3.8-fold) 
in preeclamptic placentas where AQP9 is over- 
expressed but not functional [94]. Since there is 
no evidence that CFTR could function as a water 
channel per se, it was investigated whether CFTR 
protein is required to preserve the normal func-
tionality of AQP9. Water uptake experiments 
were performed in normal and preeclamptic pla-
cental explants treated with diphenylamine- 
2-carboxylate (DPC), 
4,4′-diisothiocyanatostilbene-2,2′-disulfonic 
acid (DIDs) (inhibitors of chloride channels) and 
glibenclamide (an open-channel blocker of 
CFTR). Water uptake was significantly reduced 
by all the inhibitors of CFTR (DIDs and DPC 
~35%, glibenclamide ~50% (P< 0.05)). In con-
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trast, water uptake in explants from preeclamptic 
placentas showed a decrease of ~51% (P < 0.05) 
compared to normal placentas. Interestingly, 
water uptake was not modified by the inhibitors 
tested, possibly due to the reduced expression of 
CFTR in preeclampsia [94].

These findings are consistent with a synergis-
tic effect of the two proteins suggesting that this 
decrease may affect water placental transport 
mediated by AQPs. However, the mechanisms 
that induce the decrease in the levels of CFTR 
protein in preeclamptic placentas are not clear 
yet.

13.6.5  Regulation by NHEs

Three isoforms of the Na+/H+ exchanger family 
(NHEs) –NHE-1, NHE-2 and NHE-3– and one 
of the Cl−/HCO3

− anion exchangers (AEs) –AE1 
and AE2– have been identified in human placenta 
and proposed to be involved in the maintenance 
of pHi of syncytiotrophoblast [95–97]. Failures 
in the pHi homeostasis could alter various and 
critical cellular functions such as water move-
ments and cell volume regulation. AQPs are also 
a key regulator of cell volume and intracellular 
ions. As it was observed in other tissues, recently 
it was described that pHi could modify placental 
AQPs selectivity [80, 98–100].

In experiments carried out in normal placental 
explants it was found that after cytosolic acidifi-
cation, water uptake mediated by AQPs did not 
change in the absence of NHEs inhibitors. 
Consequently, disturbances of pH do not affect 
water movement in the presence of functional 
NHEs that can restore the physiological pH of the 
cells [101].

On the other hand, when NHEs were blocked 
water uptake was not only significantly reduced 
but also not sensitive to HgCl2. Thus, the inhibi-
tion of the activity of NHEs may not only modify 
the syncytiotrophoblast pHi homeostasis but also 
alter transcellular water transport mediated by 
AQPs [101].

In conclusion, these results show an interac-
tion between AQPs and NHEs in the regulation 
of water uptake in human placenta.

References

 1. Gude NM, Roberts CT, Kalionis B, King RG (2004) 
Growth and function of the normal human placenta. 
Thromb Res 114(5–6):397–407

 2. Golos TG, Giakoumopoulos M, Gerami-Naini B 
(2013) Review: trophoblast differentiation from 
human embryonic stem cells. Placenta 
34(Suppl):S56–S61

 3. Pfeffer PL, Pearton D (2012) Trophoblast develop-
ment. Reproduction 143(3):231–246

 4. Grosser O (1909) Vergleichende Anatomie und 
Entwicklungs- geschichte der Eih&ute und der 
Placenta. Braumuller, Vienna

 5. Stulc J (1997) Placental transfer of inorganic ions 
and water. Physiol Rev 77(3):805–836

 6. Jansson T, Powell TL, Illsley NP (1999) Gestational 
development of water and non-electrolyte permea-
bility of human syncytiotrophoblast plasma mem-
branes. Placenta 20:155–160

 7. Edwards D, Jones CJ, Sibley CP, Nelson DM (1993) 
Paracellular permeability pathways in the human 
placenta: a quantitative and morphological study of 
maternal fetal transfer of horseradish peroxidase. 
Placenta 14(1):63–73

 8. Jansson T, Illsley NP (1993) Osmotic water perme-
abilities of human placental microvillous and basal 
membranes. J Membr Biol 32:147–155

 9. Jansson T, Powell TL, Illsley NP (1993) Non- 
electrolyte solute permeabilities of human placental 
microvillous and basal membranes. J Physiol 
468:261–274

 10. Damiano AE, Zotta E, Goldstein J, Reisin I, Ibarra C 
(2001) Water channel proteins AQP3 and AQP9 are 
present in syncytiotrophoblast of human term pla-
centa. Placenta 22:776–781

 11. Damiano AE, Zotta E, Ibarra C (2006) Functional 
and molecular expression of AQP9 channel and 
UT-A transporter in normal and preeclamptic human 
placentas. Placenta 27:1073–1081

 12. Noda Y, Sasaki S (2008) Actin-binding channels. 
Prog Brain Res 170:551–557

 13. Damiano AE (2011) Review: water channel proteins 
in the human placenta and fetal membranes. Placenta 
32(Suppl 2):S207–S211

 14. Watson AJ, Barcroft LC (2001) Regulation of blas-
tocyst formation. Front Biosci 6:D708–D730

 15. Barcroft LC, Offenberg H, Thomsen P, Watson AJ 
(2003) Aquaporin proteins in murine trophectoderm 
mediate transepithelial water movements during 
cavitation. Dev Biol 256(2):342–354

 16. Xiong Y, Tan YJ, Xiong YM, Huang YT, Hu XL, Lu 
YC, Ye YH, Wang TT, Zhang D, Jin F, Huang HF, 
Sheng JZ (2013) Expression of aquaporins in human 
embryos and potential role of AQP3 and AQP7 in 
preimplantation mouse embryo development. Cell 
Physiol Biochem 31(4–5):649–658

 17. Prat C, Blanchon L, Borel V, Gallot D, Herbet A, 
Bouvier D, Marceau G, Sapin V (2012) Ontogeny of 

13 Aquaporins in Fetal Development



210

aquaporins in human fetal membranes. Biol Reprod 
86(2):48

 18. Escobar J, Gormaz M, Arduini A, Gosens K, 
Martinez A, Perales A, Escrig R, Tormos E, Roselló 
M, Orellana C, Vento M (2012) Expression of aqua-
porins early in human pregnancy. Early Hum Dev 
88(8):589–594

 19. Park JW, Cheon YP (2015) Temporal aquaporin 11 
expression and localization during preimplantation 
embryo development. Dev Reprod 19(1):53–60

 20. Bednar AD, Beardall MK, Brace RA, Cheung CY 
(2015) Differential expression and regional distribu-
tion of aquaporins in amnion of normal and 
 gestational diabetic pregnancies. Physiol Rep 
3(3):pii: e12320

 21. Mann SE, Ricke EA, Yang BA, Verkman AS, Taylor 
RN (2002) Expression and localization of aquaporin 
1 and 3 in human fetal membranes. Am J Obstet 
Gynecol 187(4):902–907

 22. Wang S, Kallichanda N, Song W, Ramirez BA, Ross 
MG (2001) Expression of aquaporin-8 in human pla-
centa and chorioamniotic membranes: evidence of 
molecular mechanism for intramembranous amni-
otic fluid resorption. Am J Obstet Gynecol 
185:1226–1231

 23. Wang S, Chen J, Beall M, Zhou W, Ross MG (2004) 
Expression of aquaporin 9 in human chorioamniotic 
membranes and placenta. Am J Obstet Gynecol 
191:2160–2167

 24. De Falco M, Cobellis L, Torella M, Acone G, Varano 
L, Sellitti A, Ragucci A, Coppola G, Cassandro R, 
Laforgia V, Varano L, De Luca A (2007) Down- 
regulation of aquaporin 4 in human placenta 
throughout pregnancy. In Vivo 21:813–817

 25. Liu H, Wintour ER (2005) Aquaporins in develop-
ment – A review. Reprod Biol Endocrinol 3:18

 26. Baum M, Quigley R, Satlin L (2003) Maturational 
changes in renal tubular transport. Curr Opin 
Nephrol Hypertens 12:521–526

 27. Devuyst O, Burrow CR, Smith BL, Agre P, Knepper 
MA, Wilson PD (1996) Expression of aquaporins-1 
and -2 during nephrogenesis and in autosomal domi-
nant polycystic kidney disease. Am J Phys 
271:F169–F183

 28. Yamamoto T, Sasaki S, Fushimi K, Ishibashi K, 
Yaoita E, Kawasaki K, Fujinaka H, Marumo F, 
Kihara I (1997) Expression of AQP family in rat kid-
neys during development and maturation. Am J Phys 
272:F198–F204

 29. Baum MA, Ruddy MK, Hosselet CA, Harris HW 
(1998) The perinatal expression of aquaporin-2 and 
aquaporin-3 in developing kidney. Pediatr Res 
43:783–790

 30. Butkus A, Earnest L, Jeyaseelan K, Moritz K, 
Johnston H, Tenis N, Wintour EM (1999) Ovine 
aquaporin-2: cDNA cloning, ontogeny and control 
of renal gene expression. Pediatr Nephrol 
13:379–390

 31. Bondy C, Chin E, Smith BL, Preston GM, Agre P 
(1993) Developmental gene expression and tissue 

distribution of the CHIP28 water channel protein. 
Proc Natl Acad Sci U S A 90:4500–4504

 32. Yasui M, Marples D, Belusa R, Eklof AC, Celsi G, 
Nielsen S, Aperia A (1996) Development of urinary 
concentrating capacity: role of aquaporin-2. Am 
J Phys 271:F461–F468

 33. Butkus A, Alcorn D, Earnest L, Moritz K, Giles M, 
Wintour EM (1997) Expression of aquaporin-1 
(AQP1) in the adult and developing sheep kidney. 
Biol Cell 89:313–320

 34. Wintour EM, Liu H, Dodic M, Moritz K (2004) 
Differential renal and cardiac gene expression in 
ovine fetuses programmed to become hypertersive 
adults by early glucocorticoid treatment. In: 
Proceedings of the 12th International Congress of 
Endocrinolgy, pp 501–505

 35. Harding R, Hooper SB (1999) Lung development 
and maturation. In: Rodeck CH, Whittle MJ (eds) 
Fetal medicine: basic science and clinical practice. 
Churchill Livingstone, London, pp 181–196

 36. Liu H, Hooper SB, Armugam A, Dawson N, Ferraro 
T, Jeyaseelan K, Thiel A, Koukoulas I, Wintour EM 
(2003) Aquaporin gene expression and regulation in 
the ovine fetal lung. J Physiol 551:503–514

 37. Liu C, Morrisey EE, Whitsett JA (2002) GATA-6 is 
required for maturation of the lung in late gestation. 
A m 
J Physiol Lung Cell Mol Physiol 283:L468–L475

 38. Torday JS, Rehan VK (2003) Testing for fetal lung 
maturation: a biochemical “window” to the develop-
ing fetus. Clin Lab Med 23:361–383

 39. King LS, Nielsen S, Agre P (1997) Aquaporins in 
complex tissues. I. Developmental patterns in respi-
ratory and glandular tissues of rat. Am J Phys 
273:C1541–C1548

 40. Yasui M, Serlachius E, Lofgren M, Belusa R, 
Nielsen S, Aperia A (1997) Perinatal changes in 
expression of aquaporin-4 and other water and ion 
transporters in rat lung. J Physiol 505:3–11

 41. Agren J, Sjors G, Sedin G (1998) Transepidermal 
water loss in infants born at 24 and 25 weeks of ges-
tation. Acta Paediatr 87:1185–1190

 42. Agren J, Zelenin S, Hakansson M, Eklof AC, Aperia 
A, Nejsum LN, Nielsen S, Sedin G (2003) 
Transepidermal water loss in developing rats: role of 
aquaporins in the immature skin. Pediatr Res 
53:558–565

 43. Wen H, Nagelhus EA, Amiry-Moghaddam M, Agre 
P, Ottersen OP, Nielsen S (1999) Ontogeny of water 
transport in rat brain: postnatal expression of the 
aquaporin-4 water channel. Eur J Neurosci 
11:935–945

 44. Nico B, Frigeri A, Nicchia GP, Quondamatteo F, 
Herken R, Errede M, Ribatti D, Svelto M, Roncali L 
(2001) Role of aquaporin-4 water channel in the 
development and integrity of the blood-brain barrier. 
J Cell Sci 114:1297–1307

 45. Gömöri E, Pál J, Abrahám H, Vajda Z, Sulyok E, 
Seress L, Dóczi T (2006) Fetal development of 
membrane water channel proteins aquaporin-1 and 

N. Martínez and A.E. Damiano



211

aquaporin-4 in the human brain. Int J Dev Neurosci 
24(5):295–305

 46. Brace RA (1997) Physiology of amniotic fluid vol-
ume regulation. Clin Obstet Gynecol 
40(2):280–289

 47. Mann SE, Nijland MJ, Ross MG (1996) Mathematic 
modeling of human amniotic fluid dynamics. Am 
J Obstet Gynecol 175:937–944

 48. Gillibrand PN (1969) Changes in the electrolytes, 
urea and osmolality of the amniotic fluid with 
advancing pregnancy. J Obstet Gynaecol Br 
Commonw 76(10):898–905

 49. Eis AW, Mitchell MD, Myatt L (1992) Endothelin 
transfer and endothelin effects on water transfer in 
human fetal membranes. Obstet Gynecol 
79:411–415

 50. Liu H, Zheng Z, Wintour EM (2008) Aquaporins 
and fetal fluid balance. Placenta 29:840–847

 51. Beall MH, van den Wijngaard JP, van Gemert MJ, 
Ross MG (2007) Regulation of amniotic fluid vol-
ume. Placenta 28(8–9):824–832

 52. Harman CR (2008) Amniotic fluid abnormalities. 
Semin Perinatol 32(4):288–294

 53. Mann SE, Dvorak N, Gilbert H, Taylor RN (2006) 
Steady-state levels of aquaporin 1 mRNA expression 
are increased in idiopathic polyhydramnios. Am 
J Obstet Gynecol 194:884–887

 54. Zhu X, Jiang S, Hu Y, Zheng X, Zou S, Wang Y, Zhu 
X (2010) The expression of aquaporin 8 and aquapo-
rin 9 in fetal membranes and placenta in term preg-
nancies complicated by idiopathic polyhydramnios. 
Early Hum Dev 86:657–663

 55. Zhu XQ, Jiang SS, Zhu XJ, Zou SW, Wang YH, Hu 
YC (2009) Expression of aquaporin 1 and aquaporin 
3 in fetal membranes and placenta in human term 
pregnancies with oligohydramnios. Placenta 
30:670–676

 56. Tsukaguchi H, Shayakul C, Berger UV, Mackenzie 
B, Devidas S, Guggino WB, van Hoek AN, Hediger 
MA (1998) Molecular characterization of a broad 
selectivity neutral solute channel. J Biol Chem 
273(38):24737–24743

 57. Carbrey JM, Agre P (2009) Discovery of the aqua-
porins and development of the field. Handb Exp 
Pharmacol 190:3–28

 58. Roberts JM, Hubel CA (2009) The two stage model 
of preeclampsia: variations on the theme. Placenta 
30(Suppl A):S32–S37

 59. Szpilbarg N, Castro-Parodi M, Reppetti J, Repetto 
M, Maskin B, Martinez N, Damiano AE (2016) 
Placental programmed cell death: insights into the 
role of aquaporins. Mol Hum Reprod 22(1):46–56

 60. Verkman AS (2005) More than just water channels: 
unexpected cellular roles of aquaporins. J Cell Sci 
118:3225–3232

 61. Jablonski E, Webb A, Hughes FM Jr (2004) Water 
movement during apoptosis: a role for aquaporins in 
the apoptotic volume decrease (AVD). Adv Exp Med 
Biol 559:179–188

 62. Jablonski E, Webb A, McConnell N, Riley MC, 
Hughes FM Jr (2004) Plasma membrane aquaporin 
activity can affect the rate of apoptosis but is inhib-
ited after apoptotic volume decrease. Am J Physiol 
Cell Physiol 286:C975–C985

 63. Chen JM, Sepramaniam S, Armugam A, Shyan 
Choy M, Manikandan J, Melendez AJ, Jeyaseelan K, 
Sang CN (2008) Water and ion channels: crucial in 
the initiation and progression of apoptosis in central 
nervous system? Curr Neuropharmacol 6:102–116

 64. Sharp AN, Heazell AE, Crocker IP, Mor G (2010) 
Placental apoptosis in health and disease. Am 
J Reprod Immunol 64(3):159–169

 65. Smith SC, Baker PN (1999) Placental apoptosis is 
increased in post-term pregnancies. Br J Obstet 
Gynaecol 106:861–862

 66. Hung TH, Skepper JN, Charnock-Jones DS, Burton 
GJ (2002) Hypoxia-reoxygenation: a potent inducer 
of apoptotic changes in the human placenta and pos-
sible etiological factor in preeclampsia. Circ Res 
90(12):1274–1281

 67. Méndez-Giménez L, Rodríguez A, Balaguer I, 
Frühbeck G (2014) Role of aquaglyceroporins and 
caveolins in energy and metabolic homeostasis. Mol 
Cell Endocrinol 397(1–2):78–92

 68. Badaut J, Regli L (2004) Distribution and possible 
roles of aquaporin 9 in the brain. Neuroscience 
129(4):971–981

 69. Miki A, Kanamori A, Negi A, Naka M, Nakamura M 
(2013) Loss of aquaporin 9 expression adversely 
affects the survival of retinal ganglion cells. Am 
J Pathol 182(5):1727–1739

 70. Akashi A, Miki A, Kanamori A, Nakamura M 
(2015) Aquaporin 9 expression is required for 
l- lactate to maintain retinal neuronal survival. 
Neurosci Lett 589:185–190

 71. Wang S, Amidi F, Beall M, Gui L, Ross MG (2006) 
Aquaporin 3 expression in human fetal membranes 
and its up-regulation by cyclic adenosine monophos-
phate in amnion epithelial cell culture. J Soc Gynecol 
Investig 13:181–185

 72. Wang S, Chen J, Au KT, Ross MG (2003) Expression 
of aquaporin 8 and its upregulation by cyclic adenos-
ine monophosphate in human WISH cells. Am 
J Obstet Gynecol 188:997–1001

 73. Wang S, Amidi F, Yin S, Beall M, Ross MG (2007) 
Cyclic adenosine monophosphate regulation of 
aquaporin gene expression in human amnion epithe-
lia. Reprod Sci 14(3):234–240

 74. Qi H, Li L, Zong W, Hyer BJ, Huang J (2009) 
Expression of aquaporin 8 is diversely regulated by 
osmotic stress in amnion epithelial cells. J Obstet 
Gynaecol Res 35(6):1019–1025

 75. Belkacemi L, Beall MH, Magee TR, Pourtemour M, 
Ross MG (2008) AQP1 gene expression is upregu-
lated by arginine vasopressin and cyclic AMP ago-
nists in trophoblast cells. Life Sci 82:1272–1280

 76. Prat C, Bouvier D, Comptour A, Marceau G, Belville 
C, Clairefond G, Blanc P, Gallot D, Blanchon L, 

13 Aquaporins in Fetal Development



212

Sapin V (2015) All-trans-retinoic acid regulates 
aquaporin-3 expression and related cellular mem-
brane permeability in the human amniotic environ-
ment. Placenta 36(8):881–887

 77. Bouvier D, Rouzaire M, Marceau G, Prat C, Pereira 
B, Lemarié R, Deruelle P, Fajardy I, Gallot D, 
Blanchon L, Vambergue A, Sapin V (2015) 
Aquaporins and fetal membranes from diabetic par-
turient women: expression abnormalities and 
 regulation by insulin. J Clin Endocrinol Metab 
100(10):E1270–E1279

 78. Marino GI, Castro-Parodi M, Dietrich V, Damiano 
AE (2010) High levels of hCG correlate with 
increased AQP9 expression in explants from human 
preeclamptic placenta. Reprod Sci 17:444–453

 79. Castro Parodi M, Farina M, Dietrich V, Abán C, 
Szpilbarg N, Zotta E, Damiano AE (2011 Dec) 
Evidence for insulin-mediated control of AQP9 
expression in human placenta. Placenta 
32(12):1050–1056

 80. Carbrey JM, Gorelick-Feldman DA, Kozono D, 
Praetorius J, Nielsen S (2003) Agre P 
Aquaglyceroporin AQP9: solute permeation and 
metabolic control of expression in liver. Proc Natl 
Acad Sci U S A 100(5):2945–2950

 81. Zelenina M (2010) Regulation of brain aquaporins. 
Neurochem Int 57(4):468–488

 82. Scioscia M, Gumaa K, Kunjara S, Paine MA, 
Selvaggi LE, Rodeck CH, Rademacher TW (2006) 
Insulin resistance in human preeclamptic placenta is 
mediated by serine phosphorylation of insulin recep-
tor substrate-1 and -2. J Clin Endocrinol Metab 
91(2):709–717

 83. Kanety H, Feinstein R, Papai MZ, Hemi R, Karasik 
M (1995) Tumor necrosis factor a induced phos-
phorylation of insulin receptor substrate-1 (IRS-1). 
J Biol Chem 270(40):23780–23784

 84. James JL, Stone PR, Chamley LW (2006) The regu-
lation of trophoblast differentiation by oxygen in the 
first trimester of pregnancy. Hum Reprod Update 
12:137–144

 85. Patel J, Landers K, Mortimer RH, Richard K (2010) 
Regulation of hypoxia inducible factors (HIF) in 
hypoxia and normoxia during placental develop-
ment. Placenta 2010(31):951–957

 86. Castro-Parodi M, Szpilbarg N, Dietrich V, Sordelli 
M, Reca A, Abán C, Maskin B, Farina MG, Damiano 
AE (2013) Oxygen tension modulates AQP9 expres-
sion in human placenta. Placenta 34(8):690–698

 87. Wenger RH, Gassmann M (1997) Oxygen(es) and 
the hypoxia-inducible factor-1. Biol Chem 
378(7):609–616

 88. Hu J, Discher DJ, Bishopric NH, Webster KA (1998) 
Hypoxia regulates expression of the endothelin-1 
gene through a proximal hypoxia-inducible factor-1 

binding site on the antisense strand. Biochem 
Biophys Res Commun 245(3):894–899

 89. Tazuke SI, Mazure NM, Sugawara J, Carland G, 
Faessen GH, Suen LF, Irwin JC, Powell DR, Giaccia 
AJ, Giudice LC (1998) Hypoxia stimulates insulin- 
like growth factor binding protein 1 (IGFBP-1) gene 
expression in HepG2 cells: a possible model for 
IGFBP-1 expression in fetal hypoxia. Proc Natl 
Acad Sci U S A 95(17):10188–10193

 90. Korkes HA, Sass N, Moron AF, Câmara NO, Bonetti 
T, Cerdeira AS, Da Silva ID, De Oliveira L (2014) 
Lipidomic assessment of plasma and placenta of 
women with early-onset preeclampsia. PLoS One 
9(10):e110747

 91. Baig S, Lim JY, Fernandis AZ, Wenk MR, Kale A 
et al (2013) Lipidomic analysis of human placental 
syncytiotrophoblast microvesicles in adverse preg-
nancy outcomes. Placenta 34:436–442

 92. Kunzelmann K (2001) CFTR: interacting with 
everything? News Physiol Sci 16:167–170

 93. Cheung KH, Leung CT, Leung GPH, Wong PYD 
(2003) Synergistic effects of cystic fibrosis trans-
membrane conductance regulator and aquaporin-9 in 
the rat epididymis. Biol Reprod 68:1505–1510

 94. Castro-Parodi M, Levi L, Dietrich V, Zotta E, 
Damiano AE (2009) CFTR may modulate AQP9 
functionality in preeclamptic placentas. Placenta 
30:642–648

 95. Sibley CP, Glazier JD, Greenwood SL, Lacey H, 
Mynett K, Speake P, Jansson T, Johansson M, Powell 
TL et al (2002) Placenta 23(Suppl A):S39–S46

 96. Speake PF, Mynett KJ, Glazier JD, Greenwood SL, 
Sibley CP (2005) Activity and expression of Na+/
H+ exchanger isoforms in the syncytiotrophoblast of 
the human placenta. Pflugers Arch 450(2):123–130

 97. Grassl SM (1989) Cl/HCO3 exchange in human pla-
cental brush border membrane vesicles. J Biol Chem 
264:11103–11106

 98. Lacey HA, Nolan T, Greenwood SL, Glazier JD, 
Sibley CP (2005) Gestational profile of Na+/H+ 
exchanger and Cl−/HCO3- anion exchanger mRNA 
expression in placenta using real-time 
QPCR. Placenta 26(1):93–98

 99. Zeuthen T, Klaerke DA (1999) Transport of water 
and glycerol in aquaporin-3 is gated by H+. J Biol 
Chem 274(31):21631–21636

 100. Morishima T, Aoyama M, Iida Y, Yamamoto N, Hirate 
H, Arima H, Fujita Y, Sasano H, Tsuda T, Katsuya H, 
Asai K, Sobue K (2008) Lactic acid increases aquapo-
rin-4 expression on the cell membrane of cultured rat 
astrocytes. Neurosci Res 61(1):18–26

 101. Dietrich V, Damiano AE (2015) Activity of 
Na(+)/H(+) exchangers alters aquaporin-mediated 
water transport in human placenta. Placenta 
36(12):1487–1489

N. Martínez and A.E. Damiano



213© Springer Science+Business Media B.V. 2017 
B. Yang (ed.), Aquaporins, Advances in Experimental Medicine and Biology 969, 
DOI 10.1007/978-94-024-1057-0_14

Diabetes Insipidus

H.A. Jenny Lu

Abstract

Disruption of water and electrolyte balance is frequently encountered in 
clinical medicine. Regulating water metabolism is critically important. 
Diabetes insipidus (DI) presented with excessive water loss from the kid-
ney is a major disorder of water metabolism. To understand the molecular 
and cellular mechanisms and pathophysiology of DI and rationales of 
clinical management of DI is important for both research and clinical prac-
tice. This chapter will first review various forms of DI focusing on central 
diabetes insipidus (CDI) and nephrogenic diabetes insipidus (NDI). This 
is followed by a discussion of regulatory mechanisms underlying CDI and 
NDI, with a focus on the regulatory axis of vasopressin, vasopressin recep-
tor 2 (V2R) and the water channel molecule, aquaporin 2 (AQP2). The 
clinical manifestation, diagnosis and management of various forms of DI 
will also be discussed with highlights of some of the latest therapeutic 
strategies that are developed from in vitro experiments and animal 
studies.

Keywords
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14.1  Diabetes Insipidus

Maintaining water homeostasis is essential for 
mammalian life. Proper water metabolism is 
responsible for the balance between water intake 
and secretion. Each side of this balance is impor-
tant for fluid homeostasis. Diabetes insipidus 
(DI) is characterized by excessive water loss 
from the kidney. DI is classified as central diabe-
tes insipidus (CDI) and nephrogenic diabetes 
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insipidus (NDI). The former is due to impaired 
production and/or secretion of the antidiuretic 
hormone, ADH, also called vasopressin (VP) 
from the central nervous system. The latter is 
caused by lack of response of the target tissue, 
the collecting ducts of the kidney, to circulating 
ADH/vasopressin. In both cases, the kidney fails 
to concentrate urine and results in polyuria and 
polydipsia. DI patients may produce up to 18 
liters of urine a day and exhibit a constant need 
for water intake. Both central DI and nephrogenic 
DI can be either inherited or acquired. If undiag-
nosed or improperly managed, diabetes insipidus 
is associated with a range of clinical symptoms 
due to severe volume depletion and electrolyte 
abnormalities. In this chapter we will review the 
regulatory function of vasopressin for central DI, 
and the critical role of vasopressin receptor 2 
(V2R) and a water channel, aquaporin 2 (AQP2), 
in modulating water reabsorption in the collect-
ing duct principal cells in nephrogenic DI. Finally, 
we will discuss the clinical manifestation, diag-
nosis and treatment for DI, and review some of 
the most recent progress in developing novel 
strategies for treating nephrogenic diabetes 
insipidus.

14.2  Central Diabetes Insipidus 
and Vasopressin

The antidiuretic hormone, ADH, later known as 
vasopressin (VP), is the primary determinant of 
free water excretion or absorption in mammals. 
Central diabetes insipidus is usually caused by 
inadequate production and/or secretion of VP 
from the post pituitary gland in response to 
osmotic stimulation. Central DI is rarely heredi-
tary in humans. Most frequently it is caused by 
traumatic or pathological destruction of the neu-
rohypophysis that leads to complete or partial 
absence of circulating VP.

Vasopressin is a nine-amino acid peptide in 
most mammals. It is synthesized in the hypothal-
amus. Substitution of lysine for arginine at posi-
tion 8 yields lysine vasopressin which is found in 
pigs. Substitution of isoleucine for phenylalanine 
at position 3 and leucine for arginine at position 8 

yields oxytocin (OT), a hormone with weak 
antidiuretic activity but a potent smooth muscle 
constrictor in the uterus. Arginine vasopressin 
(AVP) and lysine vasopressin (LVP) are the 
major antidiuretic hormones for mammals. In 
addition they also cause vasoconstriction, an 
effect that occurs at concentrations many times 
higher than those required for antidiuresis. AVP 
and OT are produced by the posterior pituitary 
gland [1, 2]. Secretion of AVP can be influenced 
by many factors, however the most important 
stimulus under physiological conditions is the 
plasma osmolality [3–8]. Cells located in the 
anterior hypothalamus are shown to be able to 
sense small changes in plasma osmolality and 
stimulate AVP secretion [2, 8, 9]. Most studies 
support the existence of a possible osmotic 
threshold of VP secretion and there is a linear 
relationship between plasma osmolality and cir-
culating AVP concentration indicating a sensitive 
regulation of water excretion by vasopressin [5, 
6, 8, 10, 11].

The osmolality threshold or set point of vaso-
pressin secretion varies from person to person. 
Normally, in adults, it ranges from 275 to 295 
mOsm/kg H2O, with an average of 280–285 
mOsm/kg H2O [10]. Many factors are known to 
affect the set point of the osmoregulation for AVP 
secretion [4]. For example, aging increases the 
sensitivity of osmoregulation, and pregnancy 
dramatically reduces the set point of osmoregula-
tion [4, 12]. Observations have suggested that 
osmoregulation by AVP secretion is subjected to 
both stimulatory and inhibitory inputs to the neu-
rohypophysis [6]. Therefore, osmolality sensing 
is a highly regulated and sensitive process [7, 11]. 
In addition to the central regulation of production 
and secretion, VP has a short half-life in circula-
tion from 10 to 20 min, allowing the kidneys to 
respond to changes in plasma osmolality on a 
minute-to-minute scale. Therefore, from the VP 
secretion and its action on the kidneys, this sys-
tem enables a fine tuned osmoregulation that 
adjusts the rate of water excretion acutely and 
accurately to the plasma osmolality [11].

In addition to the primary stimulation of the 
plasma osmolality, hypovolemia is also a potent 
stimulus for AVP secretion [13–15]. In rats, 
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plasma AVP increases as an exponential function 
of the degree of hypovolemia and hypertension 
[16, 17]. This hemodynamic influence of AVP 
secretion is thought to be mediated, at least in 
part, by neural pathways that originate in the 
stretch-responsive receptor, the baroreceptor in 
the central nervous system. This osmolality- 
independent regulation of VP production was 
found to be associated with many pathological 
conditions, such as sodium depletion, hypoten-
sion, congestive heart failure, cirrhosis and 
nephrosis [15, 17, 18].

14.3  Gestational Diabetes 
Insipidus

This type of diabetes insipidus is caused by a 
relative deficiency of circulating VP during preg-
nancy [19]. It is only observed in pregnant women 
and therefore is termed as gestational diabetes 
insipidus [20, 21]. It is due to the elevation of a 
circulating enzyme, cysteine aminopeptidase, 
also called vasopressinase or oxytosinase that 
degrades plasma vasopressin and oxytoxin [22, 
23]. The vasopressinase or oxytoxinase is nor-
mally produced by the placenta to prevent prema-
ture uterine contractions induced by oxytocin. 
Vasopressinase causes accelerated metabolic 
clearance of circulating VP, and overwhelms the 
VP-generating capacity of the neurohypophysis, 
leading to VP deficiency. In addition, the activity 
of vasopressinase may be abnormally elevated in 
pathological conditions that associate with preg-
nancy, such as preeclampsia, acute fatty liver and 
HELLP syndrome (hemolysis, elevated liver 
enzymes and low platelet count). This is due to a 
decreased metabolism of vasopressinase by the 
liver [24, 25].

Gestational DI can become overtly symptom-
atic and poses a serious threat of dehydration and 
electrolyte imbalance in pregnant women, and 
therefore should be readily recognized and man-
aged [26]. The pathophysiology of gestational 
diabetes insipidus is similar to that of central dia-
betes insipidus, except that gestational diabetes 
insipidus is resistant to AVP treatment. Like 
endogenous vasopressin, AVP can be rapidly 

degraded and cleared from the circulation. 
However, the synthetic vasopressin receptor V2R 
agonist, desmopressin is resistant to vasopressi-
nase degradation, and has been used to diagnose 
and correct gestational diabetes insipidus [21, 
27]. Whether there is also a component of neph-
rogenic diabetes insipidus (due to lack of 
response to circulating vasopressin) during preg-
nancy is unclear.

14.4  Nephrogenic Diabetes 
Insipidus

Nephrogenic diabetes insipidus (NDI) is defined 
as diabetes insipidus caused by resistance of 
vasopressin action by the kidney [28, 29]. In con-
trast to central diabetes insipidus (CDI), in NDI, 
the plasma VP level is usually normal or elevated. 
NDI can be either acquired or congenital in ori-
gin [29].

14.4.1  Congenital Nephrogenic DI

Congenital NDI was first recognized in the 1950s 
in several male patients presented with the famil-
ial, sex-linked form of the diabetes insipidus 
(Cannon 1955). Subsequently, it was found that 
the disorder was due to defects in arginine vaso-
pressin receptor 2 gene (V2R) located on the X 
chromosome (Xq28) [30, 31]. In congenital NDI, 
patients frequently present with polyuria from 
birth. The disease manifestation in congenital 
forms of NDI varies from partial NDI to com-
plete NDI. It affects mostly males, and is usually 
mild or absent in female carriers. Genetic analy-
sis revealed that more than 90% of cases of con-
genital NDI are caused by mutations in the 
arginine vasopressin receptor 2 (V2R) [32, 33]. 
To date, over 225 mutations that result in con-
genital NDI have been identified in the V2R [34–
37]. Most of these mutations are missense 
mutations [34].

The remaining 10% of congenital NDI cases 
are due to genetic defects in the water channel 
AQP2 gene that is located on chromosome 12 
(12q13) [36]. AQP2 is the major aquaporin that 
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mediates water transport in principal cells of the 
collecting ducts (CDs) of the kidney. While con-
genital NDI due to AQP2 mutations is mostly 
inherited in an autosomal recessive mode, a few 
cases have also reported autosomal dominant 
inheritance [34, 38]. Since the first report of a 
compound heterozygote of two missense muta-
tions of AQP2 genes (R187C and S217P) in a 
male NDI patient [39–41], approximately 49 
putative disease-causing AQP2 mutations have 
been described [34, 36, 39, 42–46]. These muta-
tions are roughly grouped into 2 categories, based 
on the outcome. The first category of mutations 
affect the formation of the functional channel 
“pore” structure that allows the translocation of 
water molecules across the plasma membrane. 
Most of the autosomal recessive forms of NDI 
are thought to be due to mutations that fail to 
form the tetramer with wild type AQP2, therefore 
causing a defect in “pore” formation. The second 
category of AQP2 mutations affect the routing or 
trafficking of AQP2 to the plasma membrane 
and/or inside the cells. For example, AQP2 is 
retained in the Golgi apparatus, or sorted to late 
endosomes, lysosomes or the basolateral plasma 
membrane instead of the apical membrane [47–
54]. This defect is frequently due to mutations 
that occur in the C-terminal tail of AQP2, which 
is essential for the correct intracellular routing in 
response to multiple signaling pathways [47, 48, 
50, 52–55].

14.4.2  Acquired Nephrogenic DI

Compared to congenital NDI, the acquired form 
of NDI is much more common. It can be caused 
by multiple factors, including lithium toxicity, 
urinary obstruction, hypokalemia, hypercalce-
mia, etc. [56–58]. Sometimes, the etiology may 
not be well defined in the clinical situation. 
Despite complicating factors that are involved in 
the pathophysiology of acquired NDI, direct or 
indirect interruption of VP-V2R and AQP2 sig-
naling and trafficking is evident. Therefore, the 
VP-V2R/AQP2 regulatory axis is the central 
component of both congenital and acquired NDI. 
Indeed, genetic studies of congenital NDI have 

greatly facilitated the discovery of the vasopres-
sin/ vasopressin V2 receptor and AQP2 signaling 
pathway that is known to be the major regulatory 
pathway for water transport in the mammalian 
kidney.

14.4.3  VP-V2R/AQP2 Axis 
in Regulating Water Transport

AQP2 is a major water channel expressed in the 
principal cells (PCs) of the collecting ducts of the 
kidney [59, 60] (Fig. 14.1). It mediates water 
transport across the plasma membrane in 
response to vasopressin. Circulating vasopressin 
binds to V2R located in the basolateral mem-
brane of the PCs, activates the adenylyl cyclase 
(AC), and thus causes the elevation of intracellu-
lar cyclic AMP. Elevation of cAMP activates the 
protein kinase A (PKA), leading to the phosphor-
ylation of AQP2. Phosphorylation of AQP2, 
mainly at the serine 256 residue results in accu-
mulation of AQP2 on the apical membrane. 
Within the plasma membrane, AQP2 forms tetra-
mers containing a functional “pore” facilitating 
the passage of water molecules through the chan-
nel. Water absorbed from the apical membrane 
via AQP2 is transported into the interstitium 
through basolaterally located AQP3 and AQP4 
channels. In addition to cAMP, the cGMP and 
calcium/calmodulin pathways are also involved 
in regulating AQP2 traffic [43]. Further details of 
AQP2 trafficking mechanisms are elucidated in 
Chap. 1.

In addition to regulated trafficking, AQP2 is 
also constitutively recycling [37, 60]. Blocking 
AQP2 endocytosis by a cholesterol-chelating 
reagent, methyl-beta cyclodextrin or by express-
ing dominant negative dynamin causes a rapid 
and dramatic membrane accumulation of AQP2 
in cultured cells [61, 62]. It suggests that a sig-
nificant amount of AQP2 is recycling under base-
line conditions, and this recycling does not 
require any phosphorylation, since the phosphor-
ylation “dead” mutation of AQP2, AQP2-S256A 
recycles as well as the wild type AQP2 [61, 63]. 
The discovery of the presence of a significant 
pool of AQP2 that is able to recycle  independently 
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of VP stimulation prompted a burst of studies 
searching for molecular mechanisms and alterna-
tive approaches that cause membrane accumula-
tion of AQP2 in the absence of VP-V2R 
regulation. Many novel targets have been identi-
fied to regulate AQP2 trafficking while bypassing 
the VP/V2R signaling, the commonly defective 
pathway in most congenital DI patients [43]. This 
novel strategy has led to several important dis-
coveries that have proven to be effective in treat-
ing NDI in animal models [61, 64, 65]. This will 
be further detailed in the Treatment of NDI sec-
tion in this chapter.

14.5  Clinical Manifestation, 
Diagnosis and Treatment 
of DI

14.5.1  Clinical Manifestation of DI

The primary clinical symptoms that are charac-
teristic for diabetes insipidus are polyuria and 
polydispsia resulted from the impairment of uri-
nary concentrating mechanisms. Patients with DI 
frequently describe a strong sensation of thirst (if 
their thirst sensation is intact) and craving for 
water, especially cold water [66]. Under normal 

Fig. 14.1 Cellular composition of a kidney collecting 
duct from the medulla of a mouse kidney. The CD is 
immunostained for AQP2 (green) and V-ATPase (red). 
The merged image is shown in the lower panel revealed 
the presence of principal cells (PCs) that are positive for 
AQP2 and the intercalated cells (ICs) that are positive for 

V-ATPase staining. AQP2 staining is present mainly in the 
subapical region inside cells. AQP2 signal is occasionally 
seen on the apical membrane without VP stimulation. 
V-ATPase signal is clearly present on the apical mem-
brane of intercalated cells
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circumstances, DI patients have an intact thirst 
mechanism, and therefore they are able to 
 maintain normal serum osmolality and volume 
status without clinical symptoms other than poly-
uria and polydipsia. However, when water defi-
cits occur due to inadequate water intake to 
compensate for polyuria, symptoms of dehydra-
tion and/or hyperosmolality, underlined by 
hypernatremia develop. Volume depletion leads 
to hypotension, acute kidney injury, liver injury, 
muscle injury and shock. Hyperosmolality and 
dehydration also cause a series of neurological 
symptoms ranging from irritability, cognitive 
decline, disorientation, and confusion to 
decreased levels of consciousness, seizure and 
coma. These signs are suggestive of hypertonic 
encephalopathy [67]. Various focal neurological 
deficits may also develop in this context. 
Increased incidence of subarachnoid hemor-
rhage, cerebral infarction and deep venous 
thrombosis (DVT) are also reported in patients 
with hyperosmolality. The severity of symptoms 
is roughly correlated with the degree of hyperos-
molality, however the individual variability is 
marked, and therefore the serum sodium level 
cannot accurately predict the clinical presenta-
tion of a DI patient. The chronicity of the hyper-
osmolality is important for the development and 
degree of clinical manifestation. Acute and severe 
hyperosmolality are frequently associated with 
marked neurological presentation compared to 
generally milder symptoms in patients with sub-
acute and chronic hyperosmolality [67].

14.5.2  Differential Diagnosis of DI

Clinical differentiation of central DI and nephro-
genic DI, and sometimes primary polydipsia are 
important for the management [58, 68]. The pres-
ence of truly hypotonic polyuria should be estab-
lished by measuring urine osmolality and volume 
from a 24-h urine collection. The generally 
accepted diagnostic criteria of DI is that a 24 h 
urine volume exceeds 50 ml/kg in adult or 2L/
m2/24 hours in young children, and urine osmo-
lality is less than 300 mOsm/kg H2O [58, 69]. 
Meanwhile the presence of hyperglycemia from 
diabetes mellitus and kidney failure should be 

ruled out. In patients with hyperosmolality, poly-
uria and suboptimal urinary concentration (urine 
osmolality less than 800 mOsm/kg H2O) define 
the diagnosis of DI, while primary polydipsia can 
be ruled out with normal or hypoosmolality of 
serum and diluted urine. Once the DI is diag-
nosed, the central DI can be distinguished from 
NDI by its response to exogenously adminis-
trated AVP (1-deamino-8-D-arginine vasopres-
sin), or DDAVP (1–2 μg subcutaneously or 
intravenously). A significant increase in urine 
osmolality of more than 50% within 2 h after 
administration of AVP or DDAVP supports the 
diagnosis of central DI. In contrast, an increase of 
less than 10% in urine osmolality indicates NDI. 
Partial responders (in between these values) are 
undetermined and need to be further assessed by 
measuring serum AVP level to aid the diagnosis. 
Although it has been a subject of debate in the 
literature, the water deprivation test has been pro-
posed to better distinguish the different types of 
DI and aid with diagnosis and management [70]. 
Due to the complexity of this test, it is rarely used 
clinically. We need to keep in mind that clinical 
diagnosis of various forms of DI can be complex 
and confusing. Firstly, measuring serum AVP is 
difficult and most available assays are not sensi-
tive enough. Secondly, many disorders of DI can 
overlap and co-exist, and should be kept in mind 
while formulating a treatment strategy [69].

14.5.3  Treatment of Diabetes 
Insipidus

The principles for treating all forms of diabetes 
insipidus are a correction of water deficit and a 
reduction in the ongoing water loss from the kid-
ney. Theoretically, with an intact thirst mecha-
nism and ability to access water, most DI patients 
should be able to drink a sufficient amount of 
water and attain a relatively normal fluid balance 
[66]. However, polydipsia and polyuria can sig-
nificantly affect the quality of life of a DI patient. 
DI treatment becomes necessary in order to man-
age the symptoms of DI. It becomes especially 
important in clinical situations when the thirst 
mechanism is compromised in patients, or 
patients are unable to access free water due to 
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their clinical conditions. The specific treatment 
varies based on the type of DI and the specific 
clinical situation.

14.5.4  Treatment of Central Diabetes 
Insipidus

The synthetic form of human AVP, pitressin, has 
been used for the treatment of acute central DI. It 
is given intravenously with a short half-life (2~4 
h). Desmopressin, a synthetic AVP V2R agonist, 
has been commonly used for treating both acute 
and chronic central DI. It has a long half-life 
(8~20 h), and can be administered intranasally, 
orally, or by injection based on the clinical situa-
tion and the patient’s preference [71, 72]. Because 
it is specific to vasopressin signaling through the 
V2R, it normally does not affect the blood pres-
sure as AVP does. Although the central DI can be 
easily managed by DDAVP, one needs to be 
aware of and closely monitor a critical complica-
tion, which is hyponatremia. Hyponatremia is a 
rare complication of desmopressin therapy, 
which can cause severe, even fatal sequelae [73]. 
It is reported in children who are treated with 
desmopressin for hemophilia and von 
Willibrand’s factor disorders and in children 
treated for primary enuresis [70]. Therefore, 
serum electrolytes need to be monitored closely 
in patients during the initiation of desmopressin 
therapy. The dose and intervals of administrated 
desmopressin need to be adjusted to control the 
symptoms of polyuria and polydipsia while 
maintaining a safe serum sodium level [35].

Although not classified as central DI, the treat-
ment is the same for gestational diabetes insipi-
dus, which is with desmopressin. The AVP is 
rapidly degraded by the high level of circulating 
oxytoxinase or vasopressinase, while desmopres-
sin is resistant to the enzymatic degradation and 
has been used successfully for the treatment of 
gestational DI [27]. The dose of desmopressin 
should be titrated to the individual patient, and 
fluid administration should be performed with 
caution. Serum electrolytes should be closely 
monitored at the time of delivery.

14.5.5  Treatment for Nephrogenic DI

In contrast to the relatively intact vasopressin- 
V2R and AQP2 pathway in central DI, NDI has a 
defective VP-V2R and AQP2 axis. Therefore, 
patients with congenital NDI are resistant to the 
water concentrating effect medicated by vaso-
pressin. Clinical therapy for treating congenital 
NDI is limited to restricting sodium intake, 
administrating a thiazide diuretic alone or in 
combination with a non-steroid anti- inflammatory 
drug (NSAID) or amiloride [35, 74]. The thiazide 
class of diuretics is considered the mainstay for 
treating NDI. They block the sodium reabsorp-
tion in the cortical diluting segment. In combina-
tion with restricted sodium intake, it causes 
modest hypovolemia. Hypovolemia stimulates 
isotonic solute absorption in the proximal tubule 
and reduces solute delivery to the distal diluting 
segment. Thiazide also enhances water reabsorp-
tion in the inner medullary collecting ducts inde-
pendently of vasopressin. However, care must be 
excised when treating with thiazide diuretics to 
correct hypokalemia, and to avoid severe volume 
depletion and resulting kidney injury, especially 
in combination with NSAIDs. Commonly used 
NSAIDs to treat NDI are indomethacin and ibu-
profen. Administrating high doses of NSAIDs or 
long term NSAID use increases the risk of devel-
oping AKI and chronic kidney disease (CKD) 
[75, 76]. Therefore, renal function needs to be 
monitored with chronic use of NSAIDs in DI 
patients.

Treatment for acquired NDI is focusing on 
correcting insulting factors if possible. It includes 
withholding lithium in lithium-induced NDI at 
the early stage, correcting hypokalemia in 
hypokalemia- induced NDI, correcting hypercal-
cemia if it is the cause and relieving urinary 
obstruction. However, under many circum-
stances, management of underlying etiology for 
acquired NDI can be clinically challenging.

One important consideration for treating  
diabetes insipidus in general is avoiding over  
correction of hyperosmolality/hypernatremia. 
The theory is that under a state of hyperosmolal-
ity, the brain counteracts osmotic shrinkage by 
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increasing the intracellular content of solutes, 
including electrolytes such as potassium and 
many organic osmolytes. The net effect of this 
process is to protect the brain against excessive 
shrinkage during sustained hyperosmolality. 
However, once the brain has adapted to this new 
hyperosmolality state, rapid correction of hyper-
osmolality can cause brain edema since it takes 
time to re-equilibrate the previously accumulated 
solutes. Similar to correction of hyponatremia, 
cautious correction of chronic hyperosmolality or 
hypernatremia needs to be practiced. Even 
though severe sequelae from rapid correction of 
hyperosmolality and hypernatremia are rarely 
reported, they can occur [77].

Despite that, the clinically proven treatment 
for congenital NDI is limited. Very excitingly, in 
recent years, with greater understanding of AQP2 
trafficking mechanisms, multiple novel targets 
have been identified and provided promising new 
strategies for treating NDI.

14.5.6  Novel Therapeutic Strategy 
for NDI

Fundamental research on kidney physiology has 
provided important insights into the development 
of novel therapeutic targets and strategies to treat 
human diseases. It is especially true for NDI [78]. 
As mentioned previously, over 90% of congenital 
NDI is due to mutations in the V2R gene and less 
than 10% is due to mutations in AQP2. The water 
channel AQP2 remains intact in the majority of 
congenital NDI patients. Similarly, in many 
forms of acquired NDI, such as lithium induced 
NDI, AQP2 is also intact. Therefore, it is possible 
to develop a strategy to induce membrane accu-
mulation of AQP2 independent of vasopressin 
stimulation, therefore bypassing the V2R-VP sig-
naling regulation [64]. This has led to great dis-
coveries of multiple new targets for treating NDI 
[79–83]. Many reagents were proved to be effec-
tive in NDI animal models, and a few reagents 
are subsequently tested in X-linked NDI patients. 
The results are promising.

14.5.6.1  Phosphodiesterase 
Inhibitors

It is well known that increasing intracellular 
cyclic AMP in principal cells leads to membrane 
accumulation of AQP2. Increasing cyclic guano-
sine monophosphate (cGMP) by sodium nitro-
prusside, L-arginine and atrial natriuretic peptide 
(ANP) also causes an increased AQP2 abundance 
on the apical membrane. The selective cGMP 
phosphodieterase (PDE5) inhibitor sildenafil 
citrate (Viagra) was shown to cause elevation of 
cGMP and subsequent membrane accumulation 
of AQP2 in cells and in Brattleboro rat kidney 
[84]. Sildenafil citrate was also reported to reduce 
polyuria in rats with lithium induced NDI [85]. 
More recently, a case study showed that sildenafil 
improves polyuria and increases urinary osmolal-
ity in an X-linked NDI patient [86].

14.5.6.2  Statins
The statin family is a family of 3-hydroxy- 
3methyglutaryl-coenzyme A reductases. They 
inhibit the synthesis of cholesterol and are used 
for treating hyperlipidemia. Simvastatin was 
shown to increase membrane accumulation of 
AQP2 in cultured kidney epithelial cells. In addi-
tion, simvastatin treatment in Brattleboro rats 
causes apical membrane redistribution of AQP2 
in CDs in parallel with increased urinary concen-
tration in a VP-independent manner (Fig. 14.2) 
[81]. A later study has also demonstrated that 
atorvastatin, another member in the statin family, 
significantly improves urinary concentration in 
polyuria caused by urinary obstruction in animals 
[87]. The specific mechanism underlying the 
effect of statins is not fully understood, but has 
been attributed to changes in prenylation of RhoA 
family proteins that are involved in regulating 
cytoskeleton and AQP2 trafficking [81].

14.5.6.3  Prostaglandins
Prostaglandin E2 is known to increase water per-
meability in the absence of vasopressin possibly 
through activating prostanoid receptor EP2 and/
or EP4. Both Butaprost, an EP2 agonist, and 
CAY10580, an EP4 agonist, stimulate AQP2 
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trafficking to the apical membrane in cultured 
MDCK cells [83, 88, 89]. Another EP4 agonist, 
ONO-AE1–329, increases AQP2 membrane 
expression, improves polyuria and increases 
urine osmolality in V2R knock animals. Similarly, 
Butaprost was shown to reduce urinary volume 
and increase urine osmolality in rats treated with 
a V2R antagonist [83]. More interestingly, long- 
term treatment with ONO-AE1–329 increases 
AQP2 abundance in V2R knock-out animals. 
These studies suggest that activating the prosta-
glandin pathway through EP2 and EP4 holds 
promise for treating NDI independently of 
VP-V2R signaling.

14.5.6.4  Metformin
Metformin is an oral antidiuretic drug that stimu-
lates the 5′ AMP-activated protein kinase or 
AMPK, an enzyme that plays a role in cellular 
energy homeostasis. A recent study has shown 
that metformin stimulates AQP2 membrane accu-
mulation in rat inner medullary collecting duct 
cells and increases urine concentrating ability in 
two rodent models of NDI, V2R knock-out mice 
and rats treated with Tolvaptan, the V2R antago-
nist [90]. Metformin was shown to increase pro-
tein abundance of inner medullary urea 
transporter UT-A1 and AQP2, and membrane 
accumulation of AQP2 possibly through phos-
phorylating AQP2 at serine 256. Metformin is 
able to produce a sustained urinary concentrating 
effect for up to 10 days in Tolvaptan treated ani-
mals. This study suggests that through stimulat-

ing AMPK to phosphorylate and activate AQP2 
and UT-A1, metformin increases urine concen-
trating ability, and therefore, is a promising treat-
ment for congenital NDI [90].

Besides the above listed reagents, other stud-
ies have uncovered more and more novel targets 
for therapeutic intervention for NDI. Many of 
them were proved to be effective in vivo using 
various NDI animal models. For example, calci-
tonin, a 32-amino acid peptide produced by the 
follicular cells of the thyroid, causes an increase 
of intracellular cAMP and membrane expression 
of AQP2 in principal cells. More importantly, 
calcitonin was shown to improve urine  
concentration in Brattleboro rats [82]. A heat 
shock protein 90 (HSP90) inhibitor, 
17-Allylamino-17-demethoxygeldanamycin, 
was shown to partially correct NDI in a 
mouse model of autosomal recessive form of 
NDI in which the AQP2 mutation AQP2-T126 M 
is retained in the ER [91]. More recently, 
Erlotinib, a receptor tyrosine kinase inhibitor that 
acts on the epidermal growth factor receptor 
(EGFR), was shown to cause membrane accumu-
lation of AQP2 in a cAMP-independent manner 
and to alleviate polyuria in lithium-induced NDI 
animals [92].

In summary, research on water transport dis-
orders including NDI is a fast evolving and excit-
ing field. More and more novel reagents and 
small molecules will continuously be discovered 
and will provide more and possibly better thera-
peutic targets for treating NDI. Clinical trials are 

Fig. 14.2 Simvastatin 
increases urine 
concentration, reduce urine 
volume in vasopressin- 
deficient Brattleboro rats. 
After 6 h treatment with 
simvastain, urine volume  
(left panel and inset image) 
was significantly reduced  
in simvastain treated 
Brattleboro rats
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urgently needed to examine and/or confirm the 
efficacy and validity of many of the novel targets 
that are identified by in vitro systems and animal 
models.
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Aquaporins in Obesity
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Abstract

Obesity is one of the most important metabolic disorders of this century 
and is associated with a cluster of the most dangerous cardiovascular dis-
ease risk factors, such as insulin resistance and diabetes, dyslipidemia and 
hypertension, collectively named Metabolic Syndrome. The role of aqua-
porins in glycerol metabolism facilitating glycerol release from the adi-
pose tissue and distribution to various tissues and organs, unveils these 
membrane channels as important players in lipid balance and energy 
homeostasis and points to their involvement in a variety of pathophysio-
logical mechanisms including insulin resistance, obesity and diabetes.

This review summarizes the physiologic role of aquaglyceroporins in 
glycerol metabolism and lipid homeostasis, describing their specific tissue 
distribution, their involvement in glycerol balance and their implication in 
obesity and fat-related metabolic complications. The development of 
specify pharmacologic modulators able to regulate aquaglyceroporins 
expression and function, in particular AQP7 in adipose tissue, might con-
stitute a novel approach for controlling obesity and other metabolic 
disorders.
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PPARγ  peroxisome proliferator-activated recep-
tor gamma

TAG triacylglycerols

15.1  Obesity

Obesity can be defined as the enlargement and 
inflammation of adipose tissue and is the most 
significant metabolic disorder of this century, 
reaching epidemic proportions [1]. Accumulation 
of fat in visceral and subcutaneous abdominal 
adipose tissue and its deposition in internal 
organs is a major risk for the development of 
numerous disorders, including insulin resistance 
and diabetes, dyslipidemia, hypertension, cardio-
vascular and neurodegenerative diseases among 
others. Some of these metabolic complications 
appearing as a cluster were termed as Metabolic 
Syndrome and have been associated with the 
most dangerous cardiovascular risk factors. In 
this way, abdominal obesity, the most prevalent 
manifestation of this syndrome and a marker of 
adipose tissue dysfunction, is now recognized as 
the predominant contributor to type 2 diabetes 
and cardiovascular risk [2].

15.2  Adipose Biology 
and Pathophysiology

The adipose tissue is composed by adipocytes, 
vascular tissue and immune cells, surrounded by 
an extracellular matrix formed by proteins, 
mostly collagen. Preadipocytes are the mature 
adipocyte precursors that undergo differentiation 
to become mature fully differentiated cells. This 
process of differentiation has been widely stud-
ied in a variety of models [3]. In situations of 
positive energy balance (increased food uptake or 
decreased energy expenditure) mature adipocytes 
increase in number (hyperplasia) and size (hyper-
trophy) to accommodate excess lipid and their 
morphology change due to increased free fatty 
acids (FFA) uptake and triacylglycerols (TAG) 
synthesis. To allow adipocyte enlargement the 
extracellular matrix must be adjusted by the 

action of proteases that hydrolyze the excess of 
collagen to allow adipose hypertrophy. In addi-
tion, the formation of new blood vessels (angio-
genesis) is also essential for adipose tissue growth 
and is a duality between a response to signals 
emanating from proliferating and enlarging adi-
pocytes and a response to developmental and 
metabolic signals, preceding the adipocyte pro-
liferation and enlargement [4]. Adipocytes 
descend from adipose stem cells localized close 
to the microvasculature of adipose tissue but not 
in the vasculature of other tissues [5]. These stem 
cells already committed either prenatally or early 
in postnatal life, differentiate into adipocytes 
probably by signals coming from the adipose 
vasculature that may function as an adipocyte 
niche [5]. By secreting signaling proteins collec-
tively known as adipokines, adipose tissue is an 
important endocrine and paracrine organ that 
communicates with many other organs in the 
body contributing to the maintenance of energy, 
lipid and glucose homeostasis, and mediating 
multiple biological processes such as inflamma-
tion, immunity and metabolism.

While it is common to link abdominal obesity 
with insulin resistance based on population stud-
ies, the pathogenicity of obesity and related met-
abolic complications such as insulin resistance 
and type 2 diabetes is still not clear. Several 
hypotheses have been advanced to explain the 
development of adipose tissue dysfunction and 
obesity. One of the most accepted that emerged 
from corroboration of clinical and experimental 
data, the adipose tissue expandability hypothesis, 
is based on the limitation of the adipose tissue to 
expand above a given threshold for a specific 
individual [6]. When an individual gains weight 
and increase in fat mass, the adipose tissue 
enlarges till a point where it may exceed the limit 
capacity of storage and is no longer able to effi-
ciently accumulate more fat. At this point blood-
stream lipids start depositing ectopically in other 
non-adipose tissues such as liver, muscle and 
heart, leading to lipid-induced toxicity (lipotox-
icity) and resulting in inflammation and insulin 
resistance (Fig. 15.1) [6]. Importantly, the maxi-
mal capacity of adipose tissue expansion is 
dependent on the type of fat depot, subcutaneous 
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or visceral, the first being more adipogenic and 
with greater expansion capacity and the latter 
metabolically more active. It is well accepted that 
in humans, increased visceral fat is associated 
with increased metabolic complications whereas 
subcutaneous adiposity is not so harmful and 
may even be protective [6]. While the reason is 
not clear, the fact that visceral fat is more closely 
related with liver through the portal vein than 
subcutaneous adipose tissue, together with its 
diminished expansion capability, supports the 

increased risk of metabolic syndrome strongly 
associated with visceral obesity. Moreover, evi-
dences that the individual adipose expandability 
threshold is determined by genetic and environ-
mental factors, may explain why both apparently 
lean and obese people may develop insulin resis-
tance [7].

In addition to the expandability hypothesis, 
adipose tissue inflammation mediated by over-
production of pro-inflammatory adipokines and 
anti-adipogenic cytokines such as TNF-α and 

Fig. 15.1 Illustration of cyclic mechanism of adipose 
tissue inflammation linking to insulin resistance and 
obesity. When the uptake of nutrients overcomes the 
energy expenditure, TAG accumulation in adipocytes 
induces adipose hyperplasia and hypertrophy, secretion of 
chemoattractants leading to macrophage recruitment. 
Large adipocytes are induced to secrete more cytokines 
and FFA, which in turn activate macrophages. 

Macrophages secrete anti-adipogenic cytokines (TNF-α 
and IL-6) that inhibit insulin action and lead to adipose 
tissue inflammation. These cytokines also block the dif-
ferentiation of preadipocytes into new adipocytes thus 
inducing the enlargement of insulin resistant-adipocytes, 
that continue secreting more cytokines and FFA, recruit-
ing macrophages and leading to severe inflammation
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IL-6, is another recognized mechanism linking 
obesity to insulin resistance. Large adipocytes 
express and secrete high levels of chemoattrac-
tants, thus inducing macrophage infiltration in 
the adipose tissue and activation by FFA release. 
These macrophages secrete anti-adipogenic cyto-
kines that inhibit insulin action. Insulin resistant 
adipocytes continue releasing FFA thus activat-
ing macrophages that surround adipocytes to 
destroy compromised cells and secrete more anti- 
adipogenic cytokines, increasing insulin resis-
tance in mature adipocytes and blocking 
maturation of preadipocytes [6]. The cyclic 
mechanism of adipose tissue inflammation link-
ing to insulin resistance is depicted in Fig. 15.1.

15.3  Aquaporins in Obesity

A number of recent studies evidenced aquaporins 
(AQPs) as key players in adipose tissue biology 
and involved in obesity onset. AQPs are trans-
membrane proteins that facilitate the permeation 
of water and small solutes across membranes, 
driven by osmotic or solute gradients [8]. In 
mammals, the 13 aquaporin isoforms identified 
so far (AQP0-12) are expressed in a wide range 
of tissues and are involved in many biological 
functions, including transepithelial fluid trans-
port, cell migration and proliferation and adipo-
cyte metabolism [9, 10]. AQPs are composed by 
around 320 amino acid residues with approxi-
mately 28 kDa, architected in membranes as tet-
ramers. Each monomer is formed by six 
transmembrane domains and behaves as an inde-
pendent pore [11].

Based on their primary sequences and perme-
ation specificities, AQPs are divided into three 
subfamilies: orthodox aquaporins, considered 
strict water channels (AQP0, 1, 2, 4, 5, 6, 8); 
aquaglyceroporins, permeable to water and small 
uncharged solutes like glycerol (AQP3, 7, 9, 10); 
and unorthodox aquaporins, found mostly intra-
cellularly, with lower sequence homology and 
permeability still unclear (AQP11, 12) [12, 13]. 
Among the three subfamilies, aquaglyceroporins 
are emerging as important players in adipose tis-
sue homeostasis and insulin response with possi-

ble implications in metabolic disorders such as 
obesity and metabolic syndrome. In fact, their 
role in glycerol metabolism, mediation of glyc-
erol release from adipose tissue and uptake in 
liver and heart, reveal that these membrane chan-
nels are crucial for glycerol balance and energy 
homeostasis and may be used for obesity 
therapy.

15.4  Glycerol Metabolism 
and Energy Homeostasis

The ability of aquaglyceroporins to facilitate 
glycerol permeation through adipocyte mem-
branes and its impact in metabolic disorders has 
raised attention to the involvement of glycerol in 
metabolism and in a variety of pathophysiologi-
cal mechanisms.

Glycerol (1,2,3-propanetriol) is a polyalcohol 
that can be produced intracellularly from various 
metabolic sources such as glucose, protein and 
glycerolipid metabolic pathways (endogenous 
glycerol) as well as taken up from dietary fats 
released during digestion (exogenous glycerol). 
Glycerol is in the basis TAG backbone and a pre-
cursor for phospholipids synthesis and is also an 
important intermediate in both carbohydrate and 
lipid metabolism. In addition, glycerol-3- 
phosphate (G3P) is a key molecule in the regen-
eration of NAD+ from NADH resultant from 
glycolysis, acting as a shuttle of electrons from 
the cytosol into the mitochondria [14, 15].

Dietary TAG are digested by lipases in the 
digestive tract and converted to mono and diacyl-
glycerols by pancreatic lipases in the small intes-
tine that are then absorbed by the duodenum 
mucosa. In the enterocytes, monoacylglycerols 
and FFA are reconverted into TAG that are then 
secreted through the basolateral membrane into 
the lymphatic system as low density lipoproteins 
known as chylomicrons. Chylomicrons are 
released from the lymph to the bloodstream 
where they circulate till reaching adipose, cardiac 
and skeletal muscle tissues. Lipoprotein lipases, 
attached to the surface of endothelial cells of cap-
illaries, hydrolyse TAG components of chylomi-
crons in FFA, absorbed actively by the tissues, 
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Table 15.1 Expression of aquaporins by organ/tissue and their implication in glycerol balance

Organ/tissue Aquaglyceroporin Glycerol balance

Small 
intestine

AQP3 [21] Glycerol secretion and enterocyte proliferation [22]

AQP7 [23] Rapid glycerol absorption in villus epithelium [23, 24]

AQP10 [25–27] Carrier and channel for glycerol and other solutes transport [24]

Adipose 
tissue

AQP3 [28] Glycerol metabolism [28]

AQP7 [29–31] Main glycerol transporter; controls glycerol uptake and release [31–33]

AQP9 [28] Glycerol influx [28]

AQP10 [31] Maintains normal glycerol levels [31]

AQP11 [34] Mediates intracellular glycerol movements [34]

Cardiac and 
skeletal 
muscle

AQP3 [16, 35, 36] Glycerol transport for energy production in skeletal muscle [35]

AQP7 [16, 35, 36] Glycerol transport for energy production mainly in cardiac muscle [16, 35, 
37]

Liver AQP9 [38] Uptake of glycerol for glucose production [38]

Endocrine 
pancreas

AQP7 [39] Regulation of insulin production/secretion [39, 40]

Kidney AQP7 [41] Involved in glycerol reabsorption [42–44]

and glycerol, taken up by the liver and other 
organs. In the liver, glycerol is used in glycolysis 
or gluconeogenesis but not before being con-
verted in the intermediate G3P by the enzyme 
glycerol kinase (GK), which is mainly present in 
the liver and kidney, but also, in low concentra-
tions, in muscle and brain. G3P is the more 
important form of glycerol for the cell physiol-
ogy. In addition, glycerol is an energy substrate 
via the G3P shuttle, which has a key role in oxi-
dizing glucose rapidly and generating adenosine 
triphosphate (ATP) in the mitochondria through 
the oxidation of G3P [16].

In humans, gluconeogenesis occurs mainly in 
the liver and kidney, sites of greatest measured 
GK activity. Under normal feeding conditions, 
glycerol contribution to gluconeogenesis is 
reduced but it increases considerably during star-
vation where it becomes the primary source for 
gluconeogenesis along with lactate, pyruvate, 
alanine and glutamine [17]. In prolonged fasting, 
glycerol can be used as the only source for gluco-
neogenesis, since glycogen reserves are depleted 
within two fasting days [14].

In situations of negative energy balance, such 
as fasting or exercise, lipolysis of TAG stored in 
white adipose tissue yields glycerol and FFA that 
are released in the bloodstream to be used by 
other organs as energy source. Lipolysis rates are 

finely regulated by hormones and by biochemical 
signals that modulate lipolytic enzymes, allowing 
the finest response from adipose tissue to changes 
in energy requirements and availability [18, 19].

Besides the intake of dietary glycerol absorbed 
in the small intestine, the amount of glycerol cir-
culating in the bloodstream is as well dependent 
on the amount reabsorbed in kidney microtu-
bules; but its main source results from lipolysis in 
adipose tissue.

All the above-described metabolic pathways 
occur exclusively in intracellular compartments 
forcing glycerol molecules to move across the 
different tissues. Glycerol permeation through 
membranes is facilitated by aquaglyceroporins 
and thus regulation of glycerol transport by AQPs 
is crucial to control fat accumulation, lipolysis, 
gluconeogenesis and energy homeostasis [15, 
20]. Table 15.1 lists the tissue expression and 
implication in glycerol balance described for 
aquaglyceroporins, anticipating its possible 
implication in fat fate and associated metabolic 
alterations.

Figure 15.2 depicts a schematic model show-
ing the involvement of aquaglyceroporins in 
glycerol metabolism and energy balance. The 
expression and localization of the various aqua-
glyceroporins in multiple organs is important to 
assure glycerol fluxes across tissues and is crucial 
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Fig. 15.2 Involvement of aquaglyceroporins in glyc-
erol metabolism and energy homeostasis. (A) Glycerol 
from dietary fat is absorbed via AQP7 and AQP10 in the 
apical membrane of small intestine epithelial cells, and 
exits via AQP3 located in the basolateral membrane. 
Endothelial cells from adipose vasculature express AQP10 
that allows glycerol entry to the bloodstream to be used by 
other organs as energy source. (B) Glycerol is taken up to 
the liver by AQP9 (and possibly also AQP3 and AQP7) 
expressed at the basolateral sinusoidal membrane of hepa-
tocytes. In the hepatocyte, glycerol is converted to G3P by 
GK to be used in gluconeogenesis. (C) Glycerol is used in 
cardiac and skeletal muscle as an energy source. It perme-
ates the membrane by AQP3 and 7 and, after conversion in 
G3P by GK, is used for ATP production. (D) In fasting 

conditions when lipolysis occurs in the adipocytes, TAG 
hydrolysis yields FFA and glycerol that is released to the 
blood via AQP7 (and possibly also 3 and 10) expressed in 
both adipocyte and endothelial cell membranes. In feed-
ing conditions when plasma glycerol reaches high con-
centrations, glycerol is taken up by adipocytes possibly 
via AQP9 being converted to TAG and stored in the lipid 
droplets. (E) In response to high plasma nutrient levels, 
glycerol enters pancreatic β cells via AQP7 and partici-
pates in a cascade of events that culminates with insulin 
exocytosis. (F) Glycerol filtered in the kidney is reab-
sorbed to the blood via AQP7 expressed in the brush bor-
der membrane of proximal tubule cells, thus preventing its 
excretion in the urine
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for glycerol metabolism and homeostasis. A 
detailed description can be found in Fig. 15.2 
legend.

15.5  Aquaporins in Adipose 
Tissue

15.5.1  AQP7 Expression and Role 
in Fat Accumulation

Among the various mammalian aquaglyceropo-
rins, AQP7 is the most representative glycerol 
channel and was the first to be detected in human 
and mice adipose tissue [41, 45, 46] and adipo-
cytes [29, 30]. Despite claimed by other research-
ers that AQP7 was localized in the vascular tissue 
surrounding fat rather that in adipose tissue mem-
branes [42, 47], a double localization in adipo-
cytes and endothelial cells was also described 
[31, 44] and AQP7 expression in both human 
subcutaneous and visceral adipose tissue was 
reported [15, 30].

The fundamental role of AQP7 in glycerol 
release from adipocytes was attained when it was 
found to function as a glycerol channel [29]. 
Several experiments were performed to demon-
strate AQP7 function. Obese insulin-resistant 
db+/db+ mice showed higher AQP7 expression 
compared to control mice [29] and a similar 
increase in AQP7 mRNA was also observed in 
adipose tissue of a rodent model of type 2 diabe-
tes with obesity when compared with normal rats 
[48]. These experiments suggested that the dys-
regulation of AQP7 can lead to an augmented 
input of glycerol for hepatic gluconeogenesis and 
to an increase of glucose in type 2 diabetes [41]. 
Studies using AQP7 knockout mice showed 
development of adipocyte hypertrophy and early 
obesity onset due to an accumulation of glycerol 
and TAG [32, 33]. In addition, aged AQP7 knock-
out mice developed insulin resistance, compro-
mising the whole body metabolism. Hibuse et al. 
[33] proposed a mechanism to explain adipocyte 
hypertrophy, where an increased accumulation of 
glycerol in adipocytes stimulates glycerol kinase 
activity and leads to increased TAG levels in adi-
pose tissue, indirectly favouring the development 

of obesity and insulin resistance [33]. Yet, sus-
ceptibility to develop obesity was not confirmed 
by other AQP7 null mice lines [42, 49]. 
Nevertheless, although different phenotypes 
were reported in distinct AQP7 knockout mice 
studies, all confirmed the involvement of AQP7 in 
glycerol metabolism.

Correlation of adipose AQP7 expression with 
glycerol metabolism and related metabolic com-
plications was not so obvious in human studies 
[50]. Albeit the link between adipocyte AQP7 
expression and insulin resistance, genome-wide 
analysis found Aqp7 gene linked to type 2 diabe-
tes [51] and metabolic syndrome [52] as well as 
associated with obesity but only for the female 
participants [53]. Gender differences in the role 
of AQP7 in adipose tissue metabolism were sup-
ported by higher fasting circulating levels of 
glycerol in women than in men, probably due to 
higher percentage of subcutaneous fat in females, 
higher lipolytic rates and higher AQP7 expres-
sion levels [47, 54].

Three AQP7 missense mutations (R12C, 
V59L and G264V) and two silent mutations 
(A103A and G250G) were described in humans. 
G264V mutation, held by a male homozygous 
patient, was the only one demonstrating water 
and glycerol permeability loss; however it did not 
correlate to obesity nor diabetes, and a lack of 
increase in plasma glycerol was observed only 
when stressed by exercise [50, 55]. Three other 
patients with the same mutation were also diag-
nosed as neither obese nor diabetic, but they pre-
sented increased glycerol excretion in the urine 
[56].

15.5.2  Regulation of AQP7 
Expression

In mice and humans, Aqp7 gene expression is 
upregulated by fasting or exercise, leading to 
glycerol production from endogenous TAG, 
whereas during the feeding state it is downregu-
lated. AQP7 abundance is inversely related with 
plasma insulin levels [29]. Transcription of Aqp7 
gene is inhibited by the increase of insulin levels 
in the bloodstream through a negative insulin 
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response element (IRE) identified in the promoter 
region of Aqp7 gene in mice and humans [55, 57] 
and by blockage of the phosphatidylinositol- 3 
kinase (PI3K) pathway [28, 57]. Upregulation of 
AQP7 by peroxisome proliferator-activated 
receptor gamma (PPARγ) was also demonstrated 
in mice and human adipocytes [50, 58, 59]. 
PPARγ regulates adipocyte differentiation 
through the regulation of several adipose genes 
and, in differentiating adipocytes, simultaneous 
increase in glycerol release to the media and 
AQP7 mRNA levels were observed [29], sug-
gesting a common regulatory pathway dependent 
of cell differentiation [60]. In line with this, thia-
zolidinediones (synthetic PPARɣ) and insulin 
sensitizers were reported to upregulate AQP7 
[48, 55, 57], whereas leptin [28, 61], TNF-α, 
adrenergic agonists and steroids, being insulin 
resistance inducers, down-regulate AQP7 expres-
sion [62]. Ghrelin, a lipogenic hormone, also 
interacts in AQP7 regulation, stimulating TAG 
accumulation in parallel with a decrease in AQP7 
expression [63].

In the fasting state, concomitant with lipoly-
sis, low plasma insulin levels and catecholamine 
stimulation induce Aqp7 gene transcription and 
intracellular AQP7 translocation to the plasma 
membrane, thus potentiating glycerol release 
from adipocytes [29]. In humans, studies with 
obese subjects showed a different regulation of 
AQP7 depending on the type of adipose tissue, 
subcutaneous or visceral. Obese individuals show 
low AQP7 expression in subcutaneous fat reflect-
ing fat accumulation and adipocyte hypertrophy 
but, conversely, show increased AQP7 levels in 
visceral fat, which can be correlated with 
increased lipolysis [20, 28]. Since subcutaneous 
adipose tissue is more insulin sensitive than the 
visceral, AQP7 downregulation may represent a 
feedback mechanism attempting to prevent lipid 
depletion and consequent lipotoxicity and associ-
ated disorders [20].

15.5.3  Other Aquaporins in Adipose 
Tissue

The fact that obese AQP7 null mice still show 
measurable glycerol secretion and that AQP7 

altered expression or dysfunction could not be 
clearly correlated with obesity and type 2 diabe-
tes, suggested the existence of alternative glyc-
erol pathways in adipose tissue. In fact, the 
aquaglyceroporins AQP3 and AQP9 were 
detected in human subcutaneous and visceral adi-
pose tissue, with AQP3 being even more 
expressed in visceral tissue than AQP7 [28] 
although other authors did not confirm these 
same results [29, 30, 64].

AQP3 was found both intracellularly and in 
the plasma membrane of adipocytes in subcuta-
neous and visceral adipose tissue, but with a 
stronger expression in the stromal vascular tissue 
adjacent to adipose [28, 30, 64]. AQP9 was also 
detected in the plasma membrane of adipocytes 
[28]. Described as mostly expressed in the liver, 
AQP9 is responsible for hepatic glycerol uptake 
for gluconeogenesis in close coordination with 
adipose glycerol efflux through AQP7 during 
fasting [65, 66], and is strongly associated with 
adipose tissue metabolism and fat accumulation. 
In addition, non-alcoholic fatty liver disease 
(NAFLD) has been associated with altered 
hepatic AQP9 and glycerol permeability [61, 67] 
that could be reverted by leptin administration 
[61].

AQP10 was detected in the cytoplasm and in 
the plasma membrane of adipocytes, in human 
subcutaneous adipose tissue [31]. Both AQP3 
and AQP10 were shown to translocate to the 
plasma membrane in response to β-adrenergic 
stimuli [31, 68]. More recently, the unorthodox 
AQP11 was detected in both subcutaneous and 
visceral adipocytes being localized in the vicinity 
of the lipid droplets, possibly associated with the 
endoplasmic reticulum [34]. AQP11 water and 
glycerol transport was also demonstrated in an 
adipose cell model [34] possibly unravelling a 
facilitated glycerol gateway from the intracellular 
lipid droplets [20].

15.6  AQPs as Drug Targets 
of Obesity

The implication of aquaglyceroporins in fat 
metabolism and obesity indicate that from a 
pathophysiological point of view these proteins 
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are promising drug targets. The possibility of reg-
ulating the expression of aquaglyceroporins, in 
particular AQP7 in adipose tissue, offers a poten-
tial therapeutic approach for the regulation of fat 
accumulation and treatment of obesity. Altered 
AQP7 expression by hormones (insulin, catechol-
amines) cytokines and adipokines [28, 61–63] is 
described in the previous section. As for AQP7 
channel activity, the only specific modulator 
described so far is the gold compound Auphen 
that showed to inhibit glycerol permeability in an 
adipocyte cell line [69]. However, while Auphen 
may have a possible application in diagnosis to 
uncover AQP7 activity and gating [70, 71], strate-
gies to treat obesity point towards activation of 
AQP7 function rather than inhibition. Thus, the 
design of small-molecule upregulators of AQP7 
expression and function is of utmost interest and 
would undoubtedly have therapeutic applications.

A recent study reported that supplementation 
of high-fat diets with apple polyphenols impaired 
adipocyte hypertrophy and prevented adiposity 
increase by a mechanism that included increased 
AQP7 and leptin mRNA levels in rat visceral adi-
pocytes [72]. However promising, the complex 
mixture of polyphenols included in this func-
tional food may hinder the identification of 
structure- activity relationships of the phenolic 
substances. Hence, further investigations to 
untangle aquaporins interplay with other adipose 
regulatory molecules, regulation by hormones 
and possibility of channel gating, are needed to 
better establish the mechanistic basis of AQPs 
involvement in the pathogenesis of obesity, which 
is crucial for the identification of novel modula-
tors or the design of new compounds.

15.7  Final Considerations

Notwithstanding the importance of glycerol as 
key energy source in multiple vital metabolic 
processes and in the physiopathology of several 
disorders, the role of aquaporins on glycerol 
membrane permeation has only recently been 
recognised. Given the involvement of aquaglyc-
eroporins in energy and metabolic homeostasis 

serving as mediators of glycerol delivery and 
bridging tissues and organs, their targeting might 
constitute a novel approach for controlling sev-
eral metabolic disorders. Adipocyte glycerol per-
meability is a regulator of adipocyte enlargement 
and weight gain and thus upregulation of AQP7 
expression or its functional activation may pro-
vide a novel therapeutic approach to prevent or 
treat obesity. However, potent and selective phar-
macologic modulators are still missing. 
Identification or design of new molecules target-
ing adipose aquaporins might be seed for drug 
development and open new perspectives of obe-
sity treatment.

References

 1. Flegal KM, Carroll MD, Kit BK, Ogden CL (2012) 
Prevalence of obesity and trends in the distribution of 
body mass index among US adults, 1999–2010. 
JAMA 307:491–497

 2. Despres JP, Lemieux I (2006) Abdominal obesity and 
metabolic syndrome. Nature 444:881–887

 3. Lefterova MI, Lazar MA (2009) New developments 
in adipogenesis. Trends Endocrinol Metab 
20:107–114

 4. Corvera S, Gealekman O (2014) Adipose tissue 
angiogenesis: impact on obesity and type-2 diabetes. 
Biochim Biophys Acta 1842:463–472

 5. Tang W, Zeve D, Suh JM, Bosnakovski D, Kyba M, 
Hammer RE, Tallquist MD, Graff JM (2008) White 
fat progenitor cells reside in the adipose vasculature. 
Science 322:583–586

 6. Virtue S, Vidal-Puig A (2010) Adipose tissue expand-
ability, lipotoxicity and the Metabolic Syndrome – an 
allostatic perspective. Biochim Biophys Acta 
1801:338–349

 7. Virtue S, Vidal-Puig A (2008) It’s not how fat you are, 
it’s what you do with it that counts. PLoS Biol 6:e237

 8. Agre P (2004) Nobel lecture. Aquaporin water chan-
nels. Biosci Rep 24:127–163

 9. Carbrey JM, Agre P (2009) Discovery of the aquapo-
rins and development of the field. Handb Exp 
Pharmacol 190:3–28

 10. Verkman AS, Anderson MO, Papadopoulos MC 
(2014) Aquaporins: important but elusive drug tar-
gets. Nat Rev Drug Discov 13:259–277

 11. King LS, Kozono D, Agre P (2004) From structure to 
disease: the evolving tale of aquaporin biology. Nat 
Rev Mol Cell Biol 5:687–698

 12. Verkman AS (2009) Aquaporins: translating bench 
research to human disease. J Exp Biol 
212:1707–1715

15 Aquaporins in Obesity



236

 13. Ishibashi K, Tanaka Y, Morishita Y (2014) The role of 
mammalian superaquaporins inside the cell. Biochim 
Biophys Acta 1840:1507–1512

 14. Brisson D, Vohl MC, St-Pierre J, Hudson TJ, Gaudet 
D (2001) Glycerol: a neglected variable in metabolic 
processes? Bioessays 23:534–542

 15. Rodriguez A, Catalan V, Gomez-Ambrosi J, Fruhbeck 
G (2011) Aquaglyceroporins serve as metabolic gate-
ways in adiposity and insulin resistance control. Cell 
Cycle 10:1548–1556

 16. Hibuse T, Maeda N, Nakatsuji H, Tochino Y, Fujita K, 
Kihara S, Funahashi T, Shimomura I (2009) The heart 
requires glycerol as an energy substrate through aqua-
porin 7, a glycerol facilitator. Cardiovasc Res 
83:34–41

 17. Rui L (2014) Energy metabolism in the liver. Compr 
Physiol 4:177–197

 18. Duncan RE, Ahmadian M, Jaworski K, Sarkadi-Nagy 
E, Sul HS (2007) Regulation of lipolysis in adipo-
cytes. Annu Rev Nutr 27:79–101

 19. Fruhbeck G, Mendez-Gimenez L, Fernandez- 
Formoso JA, Fernandez S, Rodriguez A (2014) 
Regulation of adipocyte lipolysis. Nutr Res Rev 
27:63–93

 20. Madeira A, Moura TF, Soveral G (2015) 
Aquaglyceroporins: implications in adipose biology 
and obesity. Cell Mol Life Sci 72:759–771

 21. Mobasheri A, Wray S, Marples D (2005) Distribution 
of AQP2 and AQP3 water channels in human tissue 
microarrays. J Mol Histol 36:1–14

 22. Thiagarajah JR, Zhao D, Verkman AS (2007) 
Impaired enterocyte proliferation in aquaporin-3 
 deficiency in mouse models of colitis. Gut 
56:1529–1535

 23. Laforenza U, Gastaldi G, Grazioli M, Cova E, Tritto 
S, Faelli A, Calamita G, Ventura U (2005) Expression 
and immunolocalization of aquaporin-7 in rat gastro-
intestinal tract. Biol Cell 97:605–613

 24. Ishii M, Ohta K, Katano T, Urano K, Watanabe J, 
Miyamoto A, Inoue K, Yuasa H (2011) Dual func-
tional characteristic of human aquaporin 10 for solute 
transport. Cell Physiol Biochem 27:749–756

 25. Laforenza U (2012) Water channel proteins in the gas-
trointestinal tract. Mol Asp Med 33:642–650

 26. Mobasheri A, Shakibaei M, Marples D (2004) 
Immunohistochemical localization of aquaporin 10 in 
the apical membranes of the human ileum: a potential 
pathway for luminal water and small solute absorp-
tion. Histochem Cell Biol 121:463–471

 27. Li H, Kamiie J, Morishita Y, Yoshida Y, Yaoita E, 
Ishibashi K, Yamamoto T (2005) Expression and 
localization of two isoforms of AQP10 in human 
small intestine. Biol Cell 97:823–829

 28. Rodriguez A, Catalan V, Gomez-Ambrosi J, Garcia- 
Navarro S, Rotellar F, Valenti V, Silva C, Gil MJ, 
Salvador J, Burrell MA, Calamita G, Malagon MM, 
Fruhbeck G (2011) Insulin- and leptin-mediated con-
trol of aquaglyceroporins in human adipocytes and 
hepatocytes is mediated via the PI3K/Akt/mTOR 

 signaling cascade. J Clin Endocrinol Metab  
96:E586–E597

 29. Kishida K, Kuriyama H, Funahashi T, Shimomura I, 
Kihara S, Ouchi N, Nishida M, Nishizawa H, Matsuda 
M, Takahashi M, Hotta K, Nakamura T, Yamashita S, 
Tochino Y, Matsuzawa Y (2000) Aquaporin adipose, 
a putative glycerol channel in adipocytes. J Biol Chem 
275:20896–20902

 30. Miranda M, Escote X, Ceperuelo-Mallafre V, Alcaide 
MJ, Simon I, Vilarrasa N, Wabitsch M, Vendrell 
J (2010) Paired subcutaneous and visceral adipose tis-
sue aquaporin-7 expression in human obesity and type 
2 diabetes: differences and similarities between 
depots. J Clin Endocrinol Metab 95:3470–3479

 31. Laforenza U, Scaffino MF, Gastaldi G (2013) 
Aquaporin-10 represents an alternative pathway for 
glycerol efflux from human adipocytes. PLoS One 
8:e54474

 32. Hara-Chikuma M, Sohara E, Rai T, Ikawa M, Okabe 
M, Sasaki S, Uchida S, Verkman AS (2005) 
Progressive adipocyte hypertrophy in aquaporin-7- 
deficient mice: adipocyte glycerol permeability as a 
novel regulator of fat accumulation. J Biol Chem 
280:15493–15496

 33. Hibuse T, Maeda N, Funahashi T, Yamamoto K, 
Nagasawa A, Mizunoya W, Kishida K, Inoue K, 
Kuriyama H, Nakamura T, Fushiki T, Kihara S, 
Shimomura I (2005) Aquaporin 7 deficiency is associ-
ated with development of obesity through activation 
of adipose glycerol kinase. Proc Natl Acad Sci U S A 
102:10993–10998

 34. Madeira A, Fernandez-Veledo S, Camps M, Zorzano 
A, Moura TF, Ceperuelo-Mallafre V, Vendrell J, 
Soveral G (2014) Human aquaporin-11 is a water and 
glycerol channel and localizes in the vicinity of lipid 
droplets in human adipocytes. Obesity (Silver Spring) 
22:2010–2017

 35. Rutkovskiy A, Valen G, Vaage J (2013) Cardiac aqua-
porins. Basic Res Cardiol 108:393

 36. Butler TL, Au CG, Yang B, Egan JR, Tan YM, 
Hardeman EC, North KN, Verkman AS, Winlaw DS 
(2006) Cardiac aquaporin expression in humans, rats, 
and mice. Am J Physiol Heart Circ Physiol 
291:H705–H713

 37. Gladka M, El Azzouzi H, De Windt LJ, da Costa 
Martins PA (2009) Aquaporin 7: the glycerol aquae-
ductus in the heart. Cardiovasc Res 83:3–4

 38. Rojek AM, Skowronski MT, Fuchtbauer EM, 
Fuchtbauer AC, Fenton RA, Agre P, Frokiaer J, 
Nielsen S (2007) Defective glycerol metabolism in 
aquaporin 9 (AQP9) knockout mice. Proc Natl Acad 
Sci U S A 104:3609–3614

 39. Best L, Brown PD, Yates AP, Perret J, Virreira M, 
Beauwens R, Malaisse WJ, Sener A, Delporte C 
(2009) Contrasting effects of glycerol and urea trans-
port on rat pancreatic beta-cell function. Cell Physiol 
Biochem 23:255–264

 40. Louchami K, Best L, Brown P, Virreira M, Hupkens 
E, Perret J, Devuyst O, Uchida S, Delporte C, Malaisse 

I. Vieira da Silva and G. Soveral



237

WJ, Beauwens R, Sener A (2012) A new role for 
aquaporin 7 in insulin secretion. Cell Physiol Biochem 
29:65–74

 41. Rojek A, Praetorius J, Frokiaer J, Nielsen S, Fenton 
RA (2008) A current view of the mammalian aqua-
glyceroporins. Annu Rev Physiol 70:301–327

 42. Skowronski MT, Lebeck J, Rojek A, Praetorius J, 
Fuchtbauer EM, Frokiaer J, Nielsen S (2007) AQP7 is 
localized in capillaries of adipose tissue, cardiac and 
striated muscle: implications in glycerol metabolism. 
Am J Physiol Ren Physiol 292:F956–F965

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

 44. Miyauchi T, Yamamoto H, Abe Y, Yoshida GJ, Rojek 
A, Sohara E, Uchida S, Nielsen S, Yasui M (2015) 
Dynamic subcellular localization of aquaporin-7 in 
white adipocytes. FEBS Lett 589:608–614

 45. Kuriyama H, Kawamoto S, Ishida N, Ohno I, Mita S, 
Matsuzawa Y, Matsubara K, Okubo K (1997) 
Molecular cloning and expression of a novel human 
aquaporin from adipose tissue with glycerol permea-
bility. Biochem Biophys Res Commun 241:53–58

 46. Ishibashi K, Yamauchi K, Kageyama Y, Saito-Ohara 
F, Ikeuchi T, Marumo F, Sasaki S (1998) Molecular 
characterization of human Aquaporin-7 gene and its 
chromosomal mapping. Biochim Biophys Acta 
1399:62–66

 47. Lebeck J, Ostergard T, Rojek A, Fuchtbauer EM, 
Lund S, Nielsen S, Praetorius J (2012) Gender- 
specific effect of physical training on AQP7 protein 
expression in human adiposetissue. Acta Diabetol 
49(Suppl 1):S215–S226

 48. Lee DH, Park DB, Lee YK, An CS, Oh YS, Kang JS, 
Kang SH, Chung MY (2005) The effects of thiazoli-
dinedione treatment on the regulations of aquaglyc-
eroporins and glycerol kinase in OLETF rats. 
Metabolism 54:1282–1289

 49. Matsumura K, Chang BH, Fujimiya M, Chen W, 
Kulkarni RN, Eguchi Y, Kimura H, Kojima H, Chan L 
(2007) Aquaporin 7 is a beta-cell protein and regula-
tor of intraislet glycerol content and glycerol kinase 
activity, beta-cell mass, and insulin production and 
secretion. Mol Cell Biol 27:6026–6037

 50. Ceperuelo-Mallafre V, Miranda M, Chacon MR, 
Vilarrasa N, Megia A, Gutierrez C, Fernandez-Real 
JM, Gomez JM, Caubet E, Fruhbeck G, Vendrell 
J (2007) Adipose tissue expression of the glycerol 
channel aquaporin-7 gene is altered in severe obesity 
but not in type 2 diabetes. J Clin Endocrinol Metab 
92:3640–3645

 51. Lindgren CM, Mahtani MM, Widen E, McCarthy MI, 
Daly MJ, Kirby A, Reeve MP, Kruglyak L, Parker A, 
Meyer J, Almgren P, Lehto M, Kanninen T, Tuomi T, 
Groop LC, Lander ES (2002) Genomewide search for 
type 2 diabetes mellitus susceptibility loci in Finnish 

families: the Botnia study. Am J Hum Genet 
70:509–516

 52. Loos RJ, Katzmarzyk PT, Rao DC, Rice T, Leon AS, 
Skinner JS, Wilmore JH, Rankinen T, Bouchard C, 
Study HF (2003) Genome-wide linkage scan for the 
metabolic syndrome in the HERITAGE Family Study. 
J Clin Endocrinol Metab 88:5935–5943

 53. Prudente S, Flex E, Morini E, Turchi F, Capponi D, 
De Cosmo S, Tassi V, Guida V, Avogaro A, Folli F, 
Maiani F, Frittitta L, Dallapiccola B, Trischitta V 
(2007) A functional variant of the adipocyte glycerol 
channel aquaporin 7 gene is associated with obesity 
and related metabolic abnormalities. Diabetes 
56:1468–1474

 54. Rodriguez A, Marinelli RA, Tesse A, Fruhbeck G, 
Calamita G (2015) Sexual dimorphism of adipose and 
hepatic Aquaglyceroporins in health and metabolic 
disorders. Front Endocrinol (Lausanne) 6:171

 55. Kondo H, Shimomura I, Kishida K, Kuriyama H, 
Makino Y, Nishizawa H, Matsuda M, Maeda N, 
Nagaretani H, Kihara S, Kurachi Y, Nakamura T, 
Funahashi T, Matsuzawa Y (2002) Human aquaporin 
adipose (AQPap) gene. Genomic structure, promoter 
analysis and functional mutation. Eur J Biochem 
269:1814–1826

 56. Goubau C, Jaeken J, Levtchenko EN, Thys C, Di 
Michele M, Martens GA, Gerlo E, De Vos R, Buyse 
GM, Goemans N, Van Geet C, Freson K (2013) 
Homozygosity for aquaporin 7G264V in three unre-
lated children with hyperglyceroluria and a mild 
platelet secretion defect. Genet Med 15:55–63

 57. Kishida K, Shimomura I, Kondo H, Kuriyama H, 
Makino Y, Nishizawa H, Maeda N, Matsuda M, Ouchi 
N, Kihara S, Kurachi Y, Funahashi T, Matsuzawa Y 
(2001) Genomic structure and insulin-mediated 
repression of the aquaporin adipose (AQPap), 
adipose- specific glycerol channel. J Biol Chem 
276:36251–36260

 58. Kishida K, Shimomura I, Nishizawa H, Maeda N, 
Kuriyama H, Kondo H, Matsuda M, Nagaretani H, 
Ouchi N, Hotta K, Kihara S, Kadowaki T, Funahashi 
T, Matsuzawa Y (2001) Enhancement of the aquapo-
rin adipose gene expression by a peroxisome 
proliferator- activated receptor gamma. J Biol Chem 
276:48572–48579

 59. Madeira A, Mosca AF, Moura TF, Soveral G (2015) 
Aquaporin-5 is expressed in adipocytes with implica-
tions in adipose differentiation. IUBMB Life 
67:54–60

 60. Maeda N (2012) Implications of aquaglyceroporins 7 
and 9 in glycerol metabolism and metabolic syn-
drome. Mol Asp Med 33:665–675

 61. Rodriguez A, Moreno NR, Balaguer I, Mendez- 
Gimenez L, Becerril S, Catalan V, Gomez-Ambrosi J, 
Portincasa P, Calamita G, Soveral G, Malagon MM, 
Fruhbeck G (2015) Leptin administration restores the 
altered adipose and hepatic expression of aquaglyc-
eroporins improving the non-alcoholic fatty liver of 
ob/ob mice. Sci Rep 5:12067

15 Aquaporins in Obesity



238

 62. Fasshauer M, Klein J, Lossner U, Klier M, Kralisch S, 
Paschke R (2003) Suppression of aquaporin adipose 
gene expression by isoproterenol, TNFalpha, and 
dexamethasone. Horm Metab Res 35:222–227

 63. Rodriguez A, Gomez-Ambrosi J, Catalan V, Gil MJ, 
Becerril S, Sainz N, Silva C, Salvador J, Colina I, 
Fruhbeck G (2009) Acylated and desacyl ghrelin 
stimulate lipid accumulation in human visceral adipo-
cytes. Int J Obes 33:541–552

 64. Madeira A, Camps M, Zorzano A, Moura TF, Soveral 
G (2013) Biophysical assessment of human aquapo-
rin- 7 as a water and glycerol channel in 3T3-L1 adi-
pocytes. PLoS One 8:e83442

 65. Kuriyama H, Shimomura I, Kishida K, Kondo H, 
Furuyama N, Nishizawa H, Maeda N, Matsuda M, 
Nagaretani H, Kihara S, Nakamura T, Tochino Y, 
Funahashi T, Matsuzawa Y (2002) Coordinated regu-
lation of fat-specific and liver-specific glycerol chan-
nels, aquaporin adipose and aquaporin 9. Diabetes 
51:2915–2921

 66. Jelen S, Wacker S, Aponte-Santamaria C, Skott M, 
Rojek A, Johanson U, Kjellbom P, Nielsen S, de 
Groot BL, Rutzler M (2011) Aquaporin-9 protein is 
the primary route of hepatocyte glycerol uptake for 
glycerol gluconeogenesis in mice. J Biol Chem 
286:44319–44325

 67. Gena P, Mastrodonato M, Portincasa P, Fanelli E, 
Mentino D, Rodriguez A, Marinelli RA, Brenner C, 
Fruhbeck G, Svelto M, Calamita G (2013) Liver glyc-
erol permeability and aquaporin-9 are dysregulated in 
a murine model of non-alcoholic fatty liver disease. 
PLoS One 8:e78139

 68. Yasui H, Kubota M, Iguchi K, Usui S, Kiho T, Hirano 
K (2008) Membrane trafficking of aquaporin 3 
induced by epinephrine. Biochem Biophys Res 
Commun 373:613–617

 69. Madeira A, de Almeida A, de Graaf C, Camps M, 
Zorzano A, Moura TF, Casini A, Soveral G (2014) A 
gold coordination compound as a chemical probe to 
unravel aquaporin-7 function. Chembiochem 
15:1487–1494

 70. de Almeida A, Soveral G, Casini A (2014) Gold com-
pounds as aquaporin inhibitors: new opportunities for 
therapy and imaging. MedChemComm 5:1444–1453

 71. Madeira A, Moura TF, Soveral G (2016) Detecting 
Aquaporin function and regulation. Front Chem 4:3

 72. Boque N, de la Iglesia R, de la Garza AL, Milagro FI, 
Olivares M, Banuelos O, Soria AC, Rodriguez- 
Sanchez S, Martinez JA, Campion J (2013) Prevention 
of diet-induced obesity by apple polyphenols in 
Wistar rats through regulation of adipocyte gene 
expression and DNA methylation patterns. Mol Nutr 
Food Res 57:1473–1478

I. Vieira da Silva and G. Soveral



239© Springer Science+Business Media B.V. 2017 
B. Yang (ed.), Aquaporins, Advances in Experimental Medicine and Biology 969, 
DOI 10.1007/978-94-024-1057-0_16

Aquaporin-Targeted Therapeutics: 
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Abstract

Drugs targeting aquaporins have broad potential clinical applications, 
including cancer, obesity, edema, glaucoma, skin diseases and others. The 
astrocyte water channel aquaporin-4 is a particularly compelling target 
because of its role of brain water movement, neuroexcitation and glia scar-
ring, and because it is the target of pathogenic autoantibodies in the neuro-
inflammatory demyelinating disease neuromyelitis optica. There has been 
considerable interest in the identification of small molecule inhibitors of 
aquaporins, with various candidates emerging from testing of known ion 
transport inhibitors, as well as compound screening and computational 
chemistry. However, in general, the activity of reported aquaporin inhibi-
tors has not been confirmed on retesting, which may be due to technical 
problems in water transport assays used in the original identification 
studies, and the challenges in modulating the activity of small, compact, 
pore- containing membrane proteins. We review here the state of the field 
of aquaporin-modulating small molecules and biologics, and the challenges 
and opportunities in moving forward.

Keywords
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16.1  Introduction and Potential 
Indications of Aquaporin 
Modulators

As reviewed in elsewhere in this book, more 
than a dozen mammalian aquaporins (AQPs) 
have been identified, many of which function as 
water channels, and some, the aquaglyceroporins, 
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also transport various small, polar non-electro-
lytes including glycerol and hydrogen peroxide. 
Structurally, AQP monomers are small, 
membrane- spanning proteins of molecular size 
~30 kDa, each containing one narrow aqueous 
pore. AQP monomers assemble in membranes as 
tetramers, with some AQPs such as AQP4 
assembling further into supramolecular aggre-
gates called orthogonal arrays of particles. There 
is high-resolution crystal structure data for some 
AQPs, as well as molecular dynamics simula-
tions of how water and small polar molecules 
might traverse the aqueous pore. The AQPs have 
broad tissue expression, which includes absorp-
tive and secretory epithelia, astrocytes, myo-
cytes, adipocytes, epidermal cells, and others. A 
priori challenges in AQP drug discovery include: 
(i) the wide distribution and the many structur-
ally similar AQP isoforms; (ii) the structural 
features of a narrow, drug-excluding pore and a 
compact tetramer; (iii) the lack of physiological 
regulation of intrinsic AQP function; and (iv) the 
unique ability of water, which is present at 55 
molar concentration, to circumvent obstacles. 
Nevertheless, there is no single compelling 
reason to exclude the possibility of identifying 
useful inhibitors of AQP function, modulators 
of AQP expression, or blockers of AQP-targeted 
pathogenic antibodies in certain diseases. 
Indeed, mercury-containing and other heavy 
metal-containing sulfhydryl- reactive compounds 
inhibit the function of some AQPs by chemical 
modification of cysteine residues, though their 
marked toxicity and lack of selectivity preclude 
their development as drugs.

Notwithstanding the caveats listed above, 
there are compelling potential opportunities for 
AQP-targeted therapeutics in human disease. The 
physiological functions of AQPs, which have 
been elucidated largely from phenotype studies 
on knockout mice, are reviewed elsewhere [39]. 
Some interesting potential applications are men-
tioned briefly. Inhibitors of AQP1 water transport 
are predicted to act as unique diuretics, inhibit 
tumor angiogenesis and growth, reduce intraocu-
lar pressure in glaucoma, and potentially reduce 
nociception [7, 19, 31, 32, 47, 49]. Inhibitors of 
AQP4 water transport are predicted to reduce 

brain swelling in ischemic stroke [22]. Inhibitors 
of AQP3 glycerol and/or hydrogen peroxide 
transport are predicted to prevent or retard skin 
tumor growth and inflammatory skin diseases 
[9, 10]. Though it is unlikely that AQP ‘activa-
tors’ can be identified, as the AQPs are probably 
already maximally active, selective transcrip-
tional upregulators of AQP7 may reduce adipo-
cyte hypertrophy in obesity, of AQP3 may 
promote wound healing, of AQP4 may have anti-
epileptic activity, and of AQP5 might increase 
glandular fluid secretion. There is evidence that 
AQP gene transfer may increase epithelial water 
permeability, promoting saliva secretion in sali-
vary gland disorders [2] and bile secretion in liver 
diseases associated with cholestasis [23]. Finally, 
blockers of binding of pathogenic AQP4-targeted 
autoantibodies to astrocyte AQP4 might prevent 
or reduce neuropathology and neurological 
deficit in neuromyelitis optica [28].

Herein, we review approaches to assay for 
AQP-modulating compounds, the state of the 
field in the identification and validation of AQP 
modulators, and potential directions in moving 
forward.

16.2  Aquaporin Functional 
Measurements

Reliable assay of AQP function is central to the 
identification and validation of pharmacological 
AQP modulators. This section focuses on mea-
surements of AQP water permeability, some of 
which are suitable for primary high-throughput 
screening, with discussion of assay limitations 
and potential artifacts. Alternative assays of 
transport functions of some AQPs, including 
glycerol, hydrogen peroxide and gas transport, 
merit consideration, but are not discussed further 
as available assays are not sufficiently robust for 
primary screening applications.

Measurement of water transport across an 
intact epithelium is accomplished by determina-
tion of net volume movement in response to a 
transepithelial osmotic gradient, which can be 
accomplished by a variety of methods such as 
displaced volume and dye dilution as measured 
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by electrical of fluorescence methods (Fig. 16.1a). 
The epithelial cell layer can consist of cells cul-
tured on a porous support or a native epithelium 
such as a kidney tubule or urinary bladder. 
Measurement of transepithelial water transport is 
robust and reliable, though not highly precise or 
suitable for high-throughput measurements. 
Additionally, because transcellular water trans-
port involves two barriers in series (apical and 
basolateral membranes) the results probe mainly 
the rate-limiting barrier.

Osmotic water transport in suspended or 
adherent cells is measured from the kinetics of 
cell volume in response to an osmotic gradient 
that is imposed over a time much less than the 
osmotic equilibration time (Fig. 16.1b). For sus-
pended cells (or vesicles or liposomes) an osmotic 
gradient can be imposed using a stopped-flow 
instrument in which cell-containing and aniso-
molar solutions are mixed within milliseconds or 
less. For adherent cells such as AQP-expressing 
transfected or transduced cells, an osmotic 
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Fig. 16.1 Assays of osmotic water permeability. (a) 
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net volume flux. Osm, osmolality. (b) Water permeability 
across cells or vesicles in suspension (top) or across 
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depicts water efflux in response to an inward osmotic gra-
dient and cell shrinkage. (c) AQP1 water transport mea-
sured in erythrocytes, which express AQP1 and the urea / 
acetamide transporter UT-B. Dilution of acetamide- 
loaded erythrocytes into an acetamide-free solution drives 
water influx, cell swelling and lysis, which are reduced by 
AQP1 inhibition. See text for further explanations
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 gradient can be imposed using a perfusion cham-
ber, or, for high-throughput applications, by rapid 
solution addition in a multi-well plate format. 
Cell volume readouts include light scattering, 
fluorescence of a volume-sensing dye, or direct 
imaging. Light scattering is used mainly to study 
small cells in suspension, such as erythrocytes, 
and is subject to various artifacts because the 
intensity of light scattered from cells depends not 
only on cell volume but on cell shape, the refrac-
tive index of intracellular and extracellular solu-
tions, and membrane optical properties, each of 
which can be influenced by a putative AQP mod-
ulator. In addition, a ‘mixing artifact’ results 
from changes in light scattering as flow slows, 
which is unrelated to cell water permeability. 
Fluorescence methods are relatively insensitive 
to cell shape, membrane properties and mixing 
artifact, but can be affected directly by test com-
pounds and confounded by dye leakage and bind-
ing to cell membranes, particularly in the calcein 
method in which calcein fluorescence is quenched 
by cytoplasmic proteins as cells shrink [35]. An 
alternative, genetically encoded chloride-sensing 
yellow fluorescent protein [3] does not suffer 
from leakage artifact, but is affected by changes 
in intracellular pH and anion concentrations, and 
has limited time resolution.

One particular cell type, the Xenopus oocyte, 
has been used in many studies to measure water 
permeability. Xenopus oocytes are injected with 
cRNA encoding an AQP, and the kinetics of 
oocyte swelling is measured in response to an 
osmotic gradient. Generally oocyte volume is 
inferred from its cross-sectional area (shadow) as 
measured with transmitted light microscopy 
using a low magnification lens. Though the 
oocyte swelling method was valuable in the orig-
inal identification of AQP1 as a water channel, 
where large and unambiguous increases in the 
rate of swelling were seen, leading to oocyte 
bursting, oocytes have limited value for study of 
potential AQP modulators because of many 
potential artifacts. Changes in oocyte cross- 
sectional area depend not only on oocyte osmotic 
water permeability, but on oocyte geometry, 
membrane properties, solute transport, cytoplas-
mic and extracellular unstirred layers, and other 

factors. For example, preincubation of oocytes 
with an ion transport inhibitor can alter oocyte 
volume and cytoplasmic ionic concentrations, 
precluding meaningful measurement of osmotic 
water permeability. A further problem with many 
published measurements is that oocyte volume 
responses are measured over minutes, rather than 
seconds, a time scale where mechanical restric-
tions can affect swelling and solute transport can 
affect the osmotic gradient.

For measurement of erythrocyte AQP1 water 
permeability, we developed a simple method that 
relies on a single read-out of cell lysis (Fig. 
16.1c). Erythrocytes, which natively express 
AQP1 and urea transporter UT-B, are preloaded 
with acetamide, a urea analog that is transported 
by UT-B and equilibrates across the erythrocyte 
membrane over a time course similar to that of 
osmotic water transport. Dilution of erythrocytes 
into an acetamide-free solution produces rapid, 
AQP1-dependent cell swelling and lysis, as 
assayed by solution absorbance in a platereader. 
Inhibition of AQP1 water permeability reduces 
cell lysis, as water influx is slower than dissipa-
tion of the osmotic gradient by acetamide efflux. 
A variation of this approach has been used to 
identify inhibitors of UT-B urea transport with 
low nanomolar potency [18], but a small- 
molecule screen for AQP1 inhibitors did not pro-
duce useful active compounds (unpublished 
data).

We have been developing microfluidics meth-
ods to measure water permeability, as microfluid-
ics can provide a technically robust platform for 
rapid assays using very small samples. In one 
study, a perfusion channel was developed to mea-
sure volume changes of epithelial organoids in 
which the organoids are entrapped by pillars and 
volume measured by dye exclusion [16]. In 
another study [15], a microfluidic channel was 
designed to mimic rapid stopped-flow mixing 
methodology, in which cells are subjected to an 
osmotic gradient in milliseconds by solution 
mixing inside a ~ 0.1 nL droplet surrounded by 
oil (Fig. 16.2a). Rapid mixing of cells with an 
anisomolar solution is accomplished in a mixing 
channel, which then deposits the cell-containing 
droplets in an observation area in which time 
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after mixing is determined by spatial position. 
Osmotic water permeability is then determined 
from a single, time-integrated fluorescence image 
of the observation area. As an example, water 
permeability was measured in calcein-labeled 
erythrocytes (Fig. 16.2b). Fluorescence of the 
observation area showed reduced fluorescence in 

the presence of an osmotic gradient (Fig. 16.2c), 
from which the kinetics of water transport can be 
deduced. Figure 16.2d shows the deduced kinet-
ics data from wildtype and AQP1-null mouse 
erythrocytes (left) and from control and pCMBS 
(a mercurial)-treated human erythrocytes (right), 
which agree with results using the conventional 
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tion in droplets drives osmotic water transport and cell 
volume change, as measured by fluorescence in a mea-
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mM NaCl gradient. Fluorescence micrographs of the 
measurement region for zero gradient (left) or a 200-mM 
NaCl gradient (right). (d) Deduced time course of eryth-
rocyte calcein fluorescence in erythrocytes from wild-type 
and AQP1-knockout mice for a 200-mM NaCl gradient, 
and in the absence of an osmotic gradient (PBS) (left). 
Measurements on human erythrocytes preincubated with 
indicated concentration of the mercurial AQP1 inhibitor 
pCMBS (right) (Adapted from Ref. [15])
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stopped-flow light scattering method. Compared 
with costly stopped-flow instrumentation, this 
microfluidics platform utilizes sub-microliter 
blood sample volume, does not suffer from mix-
ing artifact, and replaces kinetic measurements 
by a single image capture using a standard labo-
ratory fluorescence microscope. However, micro-
fluidics methods are in general not yet suited for 
automated high-throughput screening and do not 
obviate potential measurement artifacts in con-
ventional suspended cell measurements.

16.3  Aquaporin Inhibitors – State 
of the Field

16.3.1  Older Literature on Aquaporin 
Inhibitors

It has long been known that mercurial sulfhydryl- 
reactive compounds, including mercuric chloride 
and p-chloromercuribenzene sulfonate (pCMBS), 
inhibit water transport in erythrocytes and vari-
ous epithelia [20]. After the discovery of AQPs 
the cysteine(s) involved in mercurial water trans-
port inhibition were identified, such as Cys- 
187 in AQP1 [48]. More recently, gold-containing 
compounds were reported to inhibit AQP3, with 
auphen being the most potent [24]. Various non- 
metal- containing small molecules were reported 
to inhibit water permeability in some AQPs, 
including the K+ channel blocker tetraethylam-
monium (TEA+), the carbonic anhydrase inhibi-
tor acetazolamide, several anti-epileptic drugs 
and dimethylsulfoxide (DMSO) [5, 12, 34]. 
Subsequent testing, however, did not confirm 
AQP inhibition by these small molecules [34, 
43–45], suggesting measurement artifact in the 
oocyte swelling studies used to identify the com-
pounds, which, as discussed above, are prone to 
artifact, especially for compounds that inhibit ion 
transport processes.

16.3.2  Screening to Identify 
Aquaporin Inhibitors

Additional putative small molecule AQP inhibi-
tors have emerged from experimental and com-
putational screens, with structures of 12 proposed 
AQP1 inhibitors, and one AQP1 activator, shown 
in Fig. 16.3. Compounds #1, #2, and #3 were 
identified by virtual (computational) screening 
involving docking to the extracellular surface of 
human AQP1, and testing 14 compounds for 
inhibition of osmotic swelling in AQP1- 
expressing Xenopus oocytes [33]. These com-
pounds reduced osmotic swelling of oocytes by 
~80% with IC50 of 8–20 μM, but were reported 
not to inhibit AQP1 in erythrocytes. Compound 
#4 (AqB013), an analog of the NKCC1 inhibitor 
bumetanide, came from a small synthesis study, 
and was claimed to inhibit AQP1 and AQP4 with 
IC50 ~20 μM [25], though it did not show the pre-
dicted in vivo beneficial effect when tested in a 
brain injury model [27]. The same group also 
reported that an analog of the loop diuretic furo-
semide, compound #5 (AqF026), activated AQP1 
by ~20% in the oocyte assay [46], which is prob-
ably well below the limited reliability of such 
assays. Compounds #6, #7, #8 and #9, identified 
in small screen using the calcein fluorescence 
assay, were reported to inhibit AQP1 with IC50 
values of 25–50 μM [26]; however the organ-
olead and organotin structures are not drug-like 
and likely toxic, and compound #7 (trichopolyn 
I) is a 10-residue fungal, pore-forming lipopep-
tide. More recently, compounds #10 and #11 
emerged from a small screen using a yeast freeze- 
thaw assay, of unclear rationale, done in E. coli 
expressing AQP1 [36]. Compounds #12 and #13 
emerged from a small screen [29], though their 
reported activities were quite variable in oocyte, 
erythrocyte ghost and AQP1 proteoliposome 
assays. As described below, we have retested 
each of these compounds using several sensitive 
assays of AQP1 water permeability [6].
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16.3.3  Screening by Computational 
Chemistry

Several reports utilize computational methods 
(virtual screening, some with molecular dynamics 
(MD) simulations) to identify putative inhibitors 
of various AQPs. Surprisingly, multiple chemi-
cally unrelated antiepileptic drugs, which were 
selected from docking computation using an 
electron diffraction structure of rat AQP4, were 
reported to inhibit oocyte swelling [12]. The 
same investigators reported non- antiepileptic 
drugs as AQP4 inhibitors with IC50 of 2–11 μM, 
including 2-(nicotinamido)-1,3,4-thiadiazole, 
sumatriptan, and rizatriptan [13]. However, 
retesting of the compounds in Refs. [12, 13] did 
not confirm activity [45]. As mentioned above, 
several compounds emerged from a docking 
screen of ~106 compounds from the UCSF-ZINC 
library against an MD-refined structure of human 
AQP1 at a site near the ar/R selectivity filter [33]; 
docked conformations of two of the more prom-

ising structures were subjected to several 
hundred- ns MD simulations to confirm the sta-
bility of the docked poses. In a recent study, 
docking and MD simulations were done using 
homology models of mouse AQP9 [41], which 
identified a small set of inhibitors with IC50 <50 
μM from a shrinking assay in AQP9-expressing 
CHO cells, though compound activities have not 
been independently tested to date. In our lab, we 
carried out large-scale docking studies against 
high- resolution structures of AQP1 and AQP4, 
with testing of the best-scoring ~2000 com-
pounds, which, disappointingly, showed <20% 
inhibition at 50 μM (unpublished data). An 
example of a well-scored compound of the ben-
zoxazin-3-one class is shown in Fig. 16.4a bound 
to the cytoplasmic pore region of mouse AQP1. 
A surface depiction of the complex (Fig. 16.4b) 
shows a complementary fit, with the nonpolar 
cyclohexyl substituent projecting deep into the 
channel, positioned to interact with residues Ile-
60, Leu- 149, and Val-79.
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16.3.4  Reevaluation of Proposed 
AQP1 Inhibitors

In a recent study [6] we reevaluated the 13 com-
pounds shown in Fig. 16.3 for AQP1-modulating 
activity. The compounds were tested at 50 μM, a 
concentration predicted from published data to 
strongly inhibit (or weakly activate) AQP1 water 
permeability. One approach was stopped-flow 
light scattering in freshly obtained human eryth-
rocytes. Representative light scattering curves 
are shown in Fig. 16.5 (left), with averaged data 
summarized in the right panel. Whereas HgCl2 
strongly inhibited osmotic water permeability in 
erythrocytes, no significant effect was seen for 12 
of the 13 test compounds, with the small apparent 
effect of compound #13 related to cell toxicity. In 
addition, to rule out the possibility that the lack of 
inhibition might be due to hemoglobin, which 
might bind compounds, similar studies done in 
sealed, hemoglobin-free ghost membranes also 
showed no inhibition (or activation). Several 
of the compounds (#6, #9, #10, #12 and #13) 

showed toxicity as evidenced by erythrocyte 
crenation and aggregation. Multiple additional 
assays supported the conclusion that compounds 
#1 to #13 do not inhibit (or activate) AQP1 water 
permeability, including erythrocyte swelling 
assays, erythrocyte water transport assays using 
calcein fluorescence, and water transport assays 
in plasma membrane vesicles from AQP1- 
transfected CHO cells.

It is uncertain why activity could not be con-
firmed of the many putative AQP modulators 
reported in the literature. As discussed above the 
oocyte swelling or calcein fluorescence assays 
used in most of the studies are subject to consid-
erable artifact in which apparent inhibition of 
osmotic cell swelling could result from changes 
in cell size or shape, cell volume regulation, 
activities of non-AQP ion or solute transporters, 
etc. Inhibitors of known cell membrane trans-
porter processes, such as bumetanide, acetazol-
amide and tetraethylammonium, may affect 
resting cell volume and volume regulation. 
Because of the very low probability of identify-
ing AQP inhibitors, as suggested from screening 

Fig. 16.4 Computational approach to identify 
aquaporin- interacting small molecules. Docking 
computation using a homology model of mouse AQP1. 
(a) Side view of an AQP1-ligand complex with the 

approximate membrane position indicated. (b) Surface 
view of the same complex, showing the cyclohexyl group 
of the ligand projecting deep into the channel, interacting 
with a hydrophobic surface
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work, it is unlikely that testing of common drugs, 
such as loop diuretics, carbonic anhydrase inhibi-
tors, and antiepileptics, without large-scale 
screening, would yield bona fide AQP inhibitors.

16.3.5  Antibodies as AQP 
Therapeutics

Given the challenges and limited progress in 
small molecule AQP-targeted therapeutics, 
consideration of biologic therapeutics is war-
ranted. Of particular interest are IgG1 anti-AQP4 

autoantibodies (“AQP4-IgG”) in neuromyelitis 
optica (NMO), an inflammatory demyelinating 
disease of the central nervous system that can 
cause paralysis and blindness. It is thought that 
AQP4- IgG produces neuropathology by binding 
to AQP4 on astrocytes (Fig. 16.6a) to cause 
complement- and cell-mediated astrocyte cyto-
toxicity, which produces inflammation, blood-
brain barrier disruption, oligodendrocyte injury, 
demyelination and neurological deficit [28]. The 
AQP4-IgG autoantibodies are directed against 
various 3-dimensional epitopes on the AQP4 
extracellular surface. Though it was initially pro-
posed from oocyte swelling studies that inhibi-
tion of AQP4 water permeability plays a causal 
role in NMO [11], subsequent studies showed 
that AQP4-IgGs, even at saturating concentra-
tions, do not inhibit AQP4 water permeability 
[30]. Interestingly, autoantibodies against AQP2 
[17] and AQP5 [1] have been found recently in 
interstitial nephritis and Sjogren’s syndrome, 
respectively, though their involvement in disease 
pathogenesis is not known.

Though the identification of a neutralizing 
anti-AQP antibody is unlikely because of its large 
molecular size and binding to extracellular loop 
regions far from the narrow AQP pore, AQP- 
binding antibodies have other therapeutic 
applications. In one application, we generated a 
high-affinity anti-AQP4 antibody (“aquapo-
rumab”) in which the antibody Fc portion was 
mutated to eliminate effectors functions involved 
in complement- and cell-mediated cytotoxicity 
(Fig. 16.6b, left) [37]. The antibody prevented 
cytotoxicity from NMO patient sera in cell cul-
tures (Fig. 16.6b, right) and prevented pathology 
and demyelination in animal models of NMO, 
suggesting its application for primary therapy of 
NMO. Screening and computational analysis of 
small molecule blockers of AQP4-IgG binding to 
AQP4 produced candidate molecules (Fig. 16.6c) 
[21, 38]; however, their affinities are too low for 
development as NMO therapeutics, which is not 
unexpected given the recognized challenges in 
identifying potent small molecule blockers of 
protein-protein interactions.
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16.4  Perspective and Future 
Directions

Though there is much speculation about the util-
ity of AQP-targeted therapeutics [4, 8, 14, 40, 42], 
as well as compelling animal data to support 
AQP drug development, progress in the field has 
been disappointing. Reports of AQP inhibition 
by common ion transport inhibitors, such as loop 
diuretics and antiepileptics, have confused the 
literature, as have reports of small molecule 
AQP inhibitors that could not be confirmed on 
retesting. The potential pitfalls in assays of 
AQP function merit appreciation, as does the 
importance of showing robust, cell context-
independent compound action. Well-conceived, 
large-scale functional screens of random, drug-
like small molecules may yield useful, bona 
fide AQP inhibitors, as might smaller screens of 
compounds collections biased by computation 
chemistry. A relatively unexplored subject is 
antibody- and peptide-based AQP therapeutics, 
and small molecule transcriptional regulators of 
AQP expression. The interest in commercializing 

AQP-targeted therapeutics, and the need for 
useful research tools to overcome the limitations 
of transgenic animal models, will likely drive 
further developments in the field.
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Water Transport Mediated 
by Other Membrane Proteins

Boyue Huang, Hongkai Wang, and Baoxue Yang

Abstract

Water transport through membrane is so intricate that there are still some 
debates. (Aquaporins) AQPs are entirely accepted to allow water trans-
membrane movement depending on osmotic gradient. Cotransporters and 
uniporters, however, are also concerned in water homeotatsis. Urea trans-
porter B (UT-B) has a single-channel water permeability that is similar to 
AQP1. Cystic fibrosis transmembrane conductance regulator (CFTR) was 
initially thought as a water channel but now not believed to transport water 
directly. By cotranporters, water is transported by water osmosis coupling 
with substrates, which explains how water is transported across the iso-
lated small intestine. This chapter provides information about water trans-
port mediated by other membrane proteins except AQPs.
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17.1  Introduction

Although the aquaporin (AQPs) family have been 
identified to allow water transmembrane move-
ment depending on osmotic gradient, there is 
water transport mediated by proteins exclusive of 
AQPs. Water is either transported through AQPs 
driven by transmembrane difference in water 
osmosis, or cotransported with some other sub-
strates. Water is also uphill transported by some 
proteins, called water pump under specific cir-
cumstances (Fig. 17.1). The most representative 
non-AQP water channel is urea transporter B 
(UT-B). Some cotransporters that not only trans-
port specific solutes or organic molecules across 
the cell membrane, but also act as water trans-
porters. In this chapter, various modes of water 
transport and their physiological roles are reviewed.

17.2  Urea Transporter B

UT-B is widely expressed in many tissues, such 
as kidney, brain, liver, colon, small intestine, pan-
creas, testis, prostate, bone marrow, spleen, thy-
mus, heart, skeletal muscle, lung, bladder, and 
cochlea [1]. UT-B transports urea and several 
chemical analogues of urea, such as methylurea, 
formamide, acetamide, acrylamide, methylfor-
mamide, and ammonium carbamate. Several 
studies suggested that UT-B functions as an effi-
cient water channel [2–4].

In 1998, Yang et al. found that UT-B was per-
meable to water when they measured osmotic 
water permeability in Xenopus oocytes express-
ing UT-B (originally called UT3 and UT11) [4] 
(Fig. 17.2a). Quantitative measurement of single- 
channel osmotic water permeability (Pf) of UT-B 
gave a value of 1.4 cm3⋅s−1. UT-B medicating 
water and urea transport were weakly 
temperature- dependent, and mostly inhibited by 
the urea transport inhibitors [2, 4, 5], but not 
inhibited by the AQP inhibitors HgCl2 [2].

Fig. 17.1 Three ways of water transport. (a) Water is 
transported through a simple channel, driven by osmotic 
driving force, such as AQPs and UT-B. (b) Water is 
cotransported with substrate through a cotransporter that 
is bimodal, a passive component transport and a second-
ary active component transport. (c) Water is transported 
by a pump that actively transports water across mem-
branes relying on ATP hydrolysis (A darker and larger 
font indicates more substrates)
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The most direct evidence for a common water/
solute pathway is the low solute reflection coef-
ficient. In the induced osmosis method, oocytes 
were briefly swelled in 100 mM Barth’s buffer 
and then the external solution was switched to 
50 mM Barth’s buffer containing different con-
centrations of urea [4]. As seen in Fig. 17.2a 
(top), oocytes expressing UT-B initially swelled 
for external 200 and 400 mM urea and shrunk for 
600 and 800 mM, suggesting σurea (the urea 
reflection coefficient) << 1. The measurements 
were simulated numerically using the Kedem- 
Katchalsky equations of coupled water and sol-
ute transport for different values of σurea (Fig. 
17.2b). There was good agreement between the 
simulated and experimental data set for σurea ~0.3. 
An important control study was done with 
oocytes coexpressing water channel AQP1 that is 
permeable to water but not urea, and urea trans-
porter UT-A2 (originally called UT2) that is per-
meable to urea but not water. Figure 17.2a (bottom) 
shows little initial oocyte swelling or shrinking for 
external 200 mM urea, suggesting that σurea ~1, 
which was confirmed by the simulated curves in 
Fig. 17.2b (bottom). These results suggest that the 
UT-B is an aqueous channel that transports water 
and urea in a coupled manner (Fig. 17.2c).

Sidoux-Walter et al. confirmed increased 
water permeability in Xenopus oocytes express-
ing UT-B. However, they concluded that UT-B 

facilitated water transport did not occur under 
physiological conditions. They proposed that 
UT-B associated water permeability occurs only 
when UT-B expressed at non-physiologically 
high levels [6].

To quantify UT-B-mediated water transport in 
physiological conditions, double knockout mice 
lacking both UT-B and the major erythrocyte 
water channel AQP1 was generated [2]. Osmotic 
water permeability in erythrocytes from mice 
lacking both AQP1 and UT-B is 4.2-fold lower 
than in erythrocytes from mice lacking AQP1 
alone. Similar low water permeability was found 
in erythrocytes from AQP1 null mice after UT-B 
inhibition by phloretin and in erythrocytes from 
UT-B null mice after inhibition of AQP1 by 
HgCl2. The single-channel (per molecule) water 
permeability of UT-B in erythrocytes is very sim-
ilar to that of AQP1 (7.5×10−14 cm3⋅s−1) [2].

In 2013, Slim Azouzi et al. suggested that 
UT-B should be considered as a new member of 
water channel family, on the basis of the results 
that osmotic water unit permeability of UT-B 
(pfunit) is similar to that of AQP1. Five water mol-
ecules were found inside the UT-B pore to form a 
single-file, which moved rapidly along a channel 
by hydrogen bond exchange involving two criti-
cal threonines [7]. UT-B is a homotrimer and 
each protomer contains a urea conduction pore 
with a narrow selectivity filter [8]. The selectivity 
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Fig. 17.2 Urea transporter UT-B functions as a water 
channel. (a) Urea reflection coefficient of the UT-B path-
way determined in Xenopus laevis oocytes. (b) Predicted 
urea reflection coefficient of the UT-B pathway in mathe-

matical model (Derived from Ref. [4]). (c) Schematic dia-
gram of UT-B as a urea/water channel utilizing a common 
aqueous pathway (Derived from Ref. [5])
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filter is divided into three regions: So, Si and Sm 
sites. When the water molecules cross the region 
Sm, the water-water (W-W) hydrogen bonds 
decreases remarkably, and the number of hydro-
gen bonds with the residues lining the pore 
increases concomitantly [7]. The fact that urea 
and water share the same pathway through the 
pore of UT-B also indicates that UT-B acts as a 
water channel.

17.3  Cystic Fibrosis 
Transmembrane 
Conductance Regulator 
(CFTR)

CFTR is a membrane protein and chloride chan-
nel in vertebrates [9]. CFTR is expressed in the 
apical membrane of epithelial cells in the airway, 
pancreas, and intestine [10]. It conducts bicar-
bonate [11], interacting with other Cl−/HCO3

− 
exchangers to provide a recycling pathway [12]. 
CFTR is different from other Cl− channels. As a 
unique member of ABC transporter family, it is a 
primary active transporter that relies on ATP 
hydrolysis to actively pump the substrates across 
membranes [9]. It contains five domains: two 
membrane-spanning domains forming chloride 
ion channel, and two nucleotide-binding domains 
regulating channel to open or to close, and  
one regulatory domain regulating channel  
activity [13].

CFTR has been shown to be a regulator of 
Na+, K+, and Cl− channel, and it also enhances 
osmotic water permeability when activated by 
cAMP [14]. Because of the CFTR dependent 
activation of a water permeable membrane con-
ductance, the osmotic water permeability is acti-
vated through stimulation of CFTR in Xenopus 
oocytes. CFTR has a calculated single channel 
water conductance of 9 × 10−13 cm3⋅s−1, suggest-
ing a pore-like aqueous pathway [15].

In 2000, Schreiber et al. demonstrated func-
tional coupling between Cl− transport performed 
by the CFTR Cl− channel and water channel per-
formed by AQP3 [16]. Besides, other members 
of AQP family interact with CFTR to regulate 
osmotic water permeability in various cellular 

systems, including in the epididymis [17]. 
Considering that AQP7 and AQP8 are expressed 
in tar testis with a remarkable similar distribution 
of CFTR [18, 19], several studies attempted to 
describe their molecular interaction. The interac-
tion between AQP4 and CFTR occurs in vivo on 
condition of a fully intact blood-testis barrier [20, 
21]. The same mechanism was found between 
AQP9 and CFTR as well [22]. Pietrement et al. 
found water secretion maybe driven by a CFTR-
dependent mechanism in the distal regions of the 
epididymis [23]. These studies showed that 
CFTR controls the seminiferous tubular fluid in 
close association with AQPs, providing new 
sights of counteract male subfertility/infertility. 
CFTR also acts as a regulator of other membrane 
transporters. However, the regulation of AQP-
mediated water transport is poorly understood, 
we think that CFTR can not transport water 
directly but through the establishment of cAMP-
stimulated aqueous pore or by interaction with 
AQPs [14].

17.4  Cotransporters

Some cotransporters not only transport their spe-
cific substrates but also water (Table 17.1). 
Because of the large number of cotransporters 
per cell and the considerable unit water permea-
bility, the water transport medicated by cotrans-
porters may well be significant. The process and 
mechanism of water cotransport has been studied 
in cultured mammalian cells, native tissue, and 
by heterologous expression in Xenopus laevis 
oocytes. A variety of techniques have been used 
in this area and added the new vitality to it, for 
example, fluorescence, immunoprecipitation, 
electrophysiology, ion-selective micro-electrodes 
and other sensitive optical methods for volume 
measurements.

17.4.1  K-Cl Cotransporter (KCC)

KCC has been proposed to play a role in the 
maintenance and regulation of cell volume [24] 
and the movement of chloride and water in 
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erythrocytes, endothelial cells, trout hepatocytes, 
ascites tumour cells, and mammalian kidney epi-
thelial cells [25]. KCC is exclusively localized in 
the same membrane as the Na+/K+ ATPase. Four 
isoforms of KCC (KCC1–4) have been found, 
and shown different expression pattern depend-
ing on tissue type and stage of ontogenesis with 
no cell-specific expression [26]. Although KCC4 
is weakly expressed in the mammalian brain but 
abundant in the apical membrane of choroid 
plexus and peripheral neurons, the water trans-
port medicated by KCC4 was mostly studied 
with circumstance [27].

Thomas et al. studied the interaction between 
the K+, Cl−, and H2O fluxes in the membrane of 
the choroid plexus epithelium from Nectyrus 
maculosus [28]. They built a hypothesis of the 
cotransport of K+, Cl−, and H2O. Hydration of the 
binding of K+ and Cl− induces a conformational 
change in the KCC, which causes the permeabil-
ity barrier to shift from one side of the membrane 
to the other [29]. The external osmolality is 
higher than the intracellular osmolality by 
100 mOsm; the intracellular concentrations of K+ 
and Cl− changed only a few millimolar during the 
exposure to KCC. When the KCC was blocked 
by furosemide, the cell shrank osmotically in 
response to the addition of 50 mM of KCl [29]. 
Water transport by KCC is abolished with the 
absence of the Cl−, and the passive water perme-
ability is lower than other cotransporters (of the 
order of 10−16 cm3⋅s−1).

However, KCC1 from kidney inner medulla 
does not perform secondary active transport, with 
the evidence no water transport occurred in the 
absence of osmotic pressure [30], contrary to the 

water flux 1:500 stoichiometry of K+: H2O ratio 
in the choroid plexus [28].

These data of KCC clarified some unexplained 
findings for water transport and questioned the 
simple osmotic models. As a water pump, the 
KCC well explains the ability of the epithelia, 
such as small intestine and gallbladder absorb 
water against osmotic gradients of up to 
200 mOsm [31]. What surprises us is that at 
physiological osmolality, the KCC contributes to 
half of the capacity for water transport across the 
exit membrane.

17.4.2  Na-K-Cl Cotransporters 
(NKCC)

The Na-K-Cl cotransporters are a class of mem-
brane proteins that transport Na+, K+, and Cl− 
ions into and out of a wide variety of epithelium 
and other cells [32]. So far, two distinct Na-K-Cl 
cotransporter isoforms have been identified, i.e. 
NKCC1 and NKCC2. NKCC1 is present in baso-
lateral and the apical membrane of choroid 
plexus, the small intestine and the kidney proxi-
mal tubule [33]. NKCC2 is expressed only in the 
kidney epithelial cells of the thick ascending limb 
[34, 35]. Interestingly, in situ plasma membrane 
distribution of the blood-brain barrier endothelial 
cell NKCC1 is asymmetrical and most residing 
into the luminal membrane [36].

NKCC1 transports both ions and water, but 
NKCC2 only transports ions. The water transport 
by NKCC1 proceeds uphill against osmotic gra-
dients. In the pigmented epithelium, NKCC1 
contributes to half of the passive water permea-

Table 17.1 Number of water molecules co-transported per transport cycle

Cotransporters The coupling ratio
Passive water permeability per 
transporter (10−14 cm3⋅s−1) References

KCC4 500 0.01 [29]

NKCC1 59 4 [38]

SGLT1 (human) 230 – [50]

GAT1 (human) 330 0.7 [45, 46]

EAAT1 425 0.2 [49]

NaDC-1 176 1.5 [68]

MCT1 500 0.3 [41]
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bility of basolateral membrane at normal proper-
ties [37]. Different from the conventional 
channel-mediated osmotic transport, the activa-
tion energy is higher than that of aqueous pores 
(21 kcal⋅mol−1) [38]. Water permeability per pro-
tein is rather high about 4×10−14 cm3⋅s−1. The 
NKCC1-dependent influx of water is voltage 
insensitive, temperature dependent and Na+, K+-
ATPase independent. Around 115 water mole-
cules are transported per turnover cycle in NKCC1 
with one Na+, one K+, and two Cl− ions [39].

As a water pump, the Cl−-dependent influx 
proceeds inwards against the osmotic gradient of 
50 mOsm imposed by the mannitol, which indi-
cates that in NKCC1, ion fluxes are tightly cou-
pled to water influxes [38]. The selective NKCC1 
inhibitor (bumetanide) reduces the cytotoxic 
brain edema during middle cerebral artery occlu-
sion. NKCC1, as an important molecule in the 
water permeability of the blood-brain barrier, 
contributes to formation of cerebral edema dur-
ing ischemia [36]. The function that NKCC1 
controls Cl− and water transport also has clinical 
relevance about disorders of chloride transport 
and fluid absorption that mainly causes 
blindness.

Not all isoforms of NKCC1 transport water. 
The NKCC1 in renal medullary thick ascending 
limb cells has no capacity to cotransport water 
due to its low hydraulic conductance [37].

17.4.3  Moncarboxylate Transporter 
(MCT)

MCTs catalyse the facilitated of lactate with a 
proton and transport other metabolically impor-
tant monocarboxylates such as pyruvates, the 
branched-chain oxo acids derived from leucine, 
valine and isoleucine, and the ketone bodies ace-
toacetate, β-hydroxybutyrate and acetate [40]. 
There are nine MCTs and they distribute in dif-
ferent tissues. MCT1 and MCT4 are expressed 
ubiquitously in most tissues but MCT2 restric-
tively distribute in testis; MCT3 is exclusive 
expressed in the retinal pigment epithelium 
(RPE) [40]. Little consideration for MCT5- 
MCT9 made it unclear for the function.

It has been proposed that MCT1 on the apical 
surface of the RPE plays an additional role in 
regulating the volume of the subretinal space, 
since lactate-H+ transport is accompanied by 
water transport [41, 42]. The water cotransport 
properties of MCT1 have also been found in the 
human fetus, and the water permeability is gated 
by lactate. The interdependence of the fluxes of 
MCTs cotransport had a fixed ratio of about 
109 mmol of lactic acid per litre of water, that is 
to say MCT1 cotransports 500 water molecules 
with each lactate molecule, and exhibited satura-
tion for increasing driving forces [43].

It is worth raising that NKCC1 co-localized 
with the MCT1 contributes to the uphill transport 
of water against the osmotic gradient resembles 
in the apical membrane [44]. The ability of 
MCT-1 to transport rapidly both lactic acid and 
water across the RPE and into the blood prevent 
an accumulation of lactate, which would cause 
osmotic swelling and the retina detaching from 
the RPE. It suggests the physiological signifi-
cance of MCT1.

17.4.4  GABA Transporter (GAT)

GABA is removed from the synaptic cleft by 
means of Na+-Cl− coupled re-uptake. Four differ-
ent GABA transporter subtypes have been 
described (GAT-1, GAT-2, GAT-3 and the beta-
ine–GABA transporter-1 (BGT-1)). GAT1 
behaved as an SKF89976A-sensitive water  
channel [45]. Using the Xenopus laevis oocyte 
expression system, the water permeability  
of the GAT-1 in the oocyte was about 
3×10−6 cm⋅(s⋅osmol⋅l−1) or 1.6×10−4 cm⋅s−1. Data 
showed the strict proportionality between the 
GABA transport and the instant influx of water. 
The coupling ratio was 330 water molecules per 
cycle. Cotransport of water was composed of two 
parts: the cotransport component and the osmotic 
component. It was constant and independent of 
external osmotic gradients.

The GAT-1 also works as a Li+ channel in the 
absence of GABA and Na+. However, the water 
permeability was reduced by 40% when Na+ was 
replaced by Li+ in the bathing solution [46]. 
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Linked with the debates with SGLT, that also 
supports the water cotransport, is dependent on 
Na+-medicated cotransporter and not by the accu-
mulation of ions in an unstirred layer. Otherwise, 
when Li+ replaced Na+ in the bathing solution, 
cotransport of water was also observed.

17.4.5  Na+-Coupled Glutamate 
Transporter EAAT

The different five Na+-coupled glutamate trans-
porter isoforms (EAAT1-5) have distinct expres-
sion. The human EAAT1 was primarily found in 
glial cells [47] and also localized in peripheral 
tissue [48]. There are two modes of water trans-
port in human EAAT1, which are separated and 
proceed in parallel. Every unit charged with 
about 436 water molecules is co-transported 
along with glutamate and Na+ by a mechanism 
within the protein. The transporter also sustains 
passive water transport in response to osmotic 
challenges [49]. Cotransport of water processes 
uphill against the water chemical potential differ-
ence. Glutamate increases the osmotic water per-
meability of the EAAT1 irrespective of the rate of 
cotransport. Unlike the high external hyperosmo-
larity of Na+–glucose cotransporter SGLT1 
(15 mosmol⋅l−1), in ETAA1, it takes a lower 
external hyperosmolarity (5 mosmol⋅l−1) to match 
osmosis with cotransport [50].

17.4.6  Sodium Glucose Transporters 
(SGLT)

Twelve members are found in the human SGLT 
family. Except for SGLT1-5 co-transporting for 
sugars, they include Na+ cotransporters for myo- 
inositol, iodide, short-chain fatty acids, and cho-
line. SGLT6 is also known as Na+/inositol 
cotransporter 2 (SMIT, sodium myo-inositol 
[51]; CHT, choline; SMVT, sodium multivitamin 
[52]; SMCT, sodium monocarboxylic acid; NIS, 
sodium iodide cotransporters [53]).

As a multifunctional protein, SGLT1 works as 
a water channel and transporter, which couples 
water and glucose. The passive osmotic permea-

bility of the hSGLT1 plays an important role in 
the final achievement of isotonic transport. And 
the water cotransport (4 L of water with 1 M of 
glucose) in the human small intestine plays a 
vital important role in reuptake (total 9 L per day) 
[54].

SCLT1 has three modes in isotonic water 
transport. First, water influx is directly correlated 
with Na+ and glucose in the ratio of 260 
H2O/2Na+/1glucose with no delay in human [55]. 
Second, it acts as a water channel [50]. Last, it 
generates an osmotic driving force that is 
employed by other pathways. Water permeability 
is increased more than 10-fold in the circum-
stances of co-expression of AQP1 with SGLT1 
[56]. The initial rate of water transport varies 
with the membrane potential, temperature. 
Arrhenius plots of Na+/glucose cotransport is as 
high as water flow (26 kcal⋅mol−1) [55]. The 
cotransport of water is independent of the osmotic 
gradient and even occurs in the presence of 
adverse osmotic gradients.

However, Charron et al. agreed with that the 
water transport mediated by SGLT1 was osmotic 
and proposed to arise as an unstirred layer effect 
[57]. The cotransport hypothesis and the osmotic 
hypothesis explain some numerical analysis at 
the same time, but the cotransport hypothesis 
gave a better fit to the volume changes [58].

Study of the Na+-coupled iodide transporter 
(NIS), in which thiocyanate (SCN−), substituting 
for iodide (I−), was conducted in the cotransport-
ers expressed in Xenopus oocytes. Less water 
was co-transported along with the larger sub-
strates [59]. For example, the coupling of rabbit 
SGLT1, human SGLT1, NIS, and a plant H+/
amino acid cotransporter (AAP5) ranged from 50 
to 425 water molecules per turnover [60].

17.4.7  Sodium Borate Cotransporter

As a member of the Slc4 family, sodium borate 
cotransporter is an extremely important protein 
for both yeast and plant. Because borate plays an 
significant role to cross-link vicinal diols to sta-
blize the structure of cell walls in bacteria, plants 
and fungi [61]. However, it is still confused about 
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what role biochenmocal serves for borate in 
mammals. Sodium borate cotransporter is abu-
dantly expressed in the renal descending loop of 
Henle [62] and localizes basolaterally in the cor-
neal enthothelium. Also, it is broadly expressed 
in salivary glands, thyroid and testis [63].

Sodium borate cotransporter mediates water 
flux driven exclusively by an osmotic gradient 
when expressed in Xenopus laevis oocytes and 
HEK293 cells. Water-flux through Slc4a11 is 
103-fold faster than water movement reported for 
SGLT1 [64].

Sodium borate cotransporter localizes on the 
opposite surface from apical AQP1, functioned 
the basolateral pathway for the water transport 
from the corneal stroma into the endothelium, 
and AQP1 mediates water transport out of the 
corneal stroma into the aqueous humour. The 
studies suggest that AQP1 and sodium borate 
cotransporter are coefficient in mediating trans- 
endothelial water reabsorption [64].

17.4.8  Na+-Dicarboxylate 
Cotransporter (NaDC-1)

NaDC1 belongs to the Slc13 family of anion 
transporters [65]. Na+-dependent anion transport-
ers contain the Na+-dependent dicarboxylate 
transporter and the renal Na+-sulfate cotrans-
porter [66]. Na+-dicarboxylate cotransporter was 
found in the apical membrane of the kidney prox-
imal tubules and contributed to the reabsorption 
of tricarboxylic acid cycle intermediates [67].

NaDC-1 mediates both passive and solute- 
coupled water transport, and contributes to fluid 
reabsorption across the proximal tubule. Many 
studies suggest that SGLT1 and NaDC-1 share a 
common mechanism for passive water transport. 
Water transport medicated by NaDC-1 occurs in 
the absence or even against an osmotic gradient. 
The ratio between Na+, citrate (or succinate), and 
water is 3:1:176 per transport cycle [68].

NaDC1 plays an important role in regulating 
succinate and citrate concentrations in the urine. 
Single nucleotide polymorphisms in the human 
Na+-dicarboxylate cotransporter affect transport 

activity and protein expression, which contributes 
to human diseases such as kidney stones [69].

17.4.9  Glucose Transporter (GLUT)

Twelve different isoforms of GLUTs have been 
found in mammalian cells. GLUT1 was the first 
cloned and most extensively studied. It is abun-
dantly expressed in erythrocytes and endothelial 
cells of blood-brain barrier [70]. GLUT1, GLUT2 
and GLUT4 have been shown to support osmotic 
water fluxes in addition to its own role as glucose 
transporters.

In 1989, by investigating the effects of inhibi-
tors of glucose transport on membrane osmotic 
water permeability, Fischbarg et al. concluded 
that glucose transporter serves as a water channel 
in some cells and is sensitive to the specific inhib-
itor phloretin [71]. Xenopus laevis oocytes 
injected with mRNA encoding the glucose trans-
porters exhibited an average of 4.8-fold of the 
osmotic water permeability [72]. However, 
GLUTs serve as water channel in brain, skeletal 
and liver but not in kidney or intestine epithelia 
[73].

Water transport in the GLUT1 and GLUT2 has 
been demonstrated to be bimodal. They act as a 
water channel and water is co-transported together 
with the glucose. The water permeability of 
GLUT2 in oocytes is 0.11×10−5 cm⋅(s⋅osmol⋅l)−1, 
equivalent to 6.1×10−5 cm⋅s−1. The GLUT2 co-
transports less water in the inward than in the out-
ward. Compare with the Na+-coupled glucose 
transporter, the coupling ratio of GLUT2 is six 
times smaller [74].

Molecular mechanism of water transport for 
GLUT1 is unclear [75], but GLUT2 is based 
upon the alternating access model. 
Conformational changes occur when glucose is 
applied to the GLUTs. Glucose together with a 
number of water molecules is occluded, and an 
aqueous cavity opens to trans side with the glu-
cose exited [59]. The other three-compartment 
model for transepithelial water transport suggests 
the coupling space is associated with a static 
aqueous cavity with substrate binding site [76].
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Abstract

Water permeability is a key feature of the cell plasma membranes and it 
has seminal importance for a number of cell functions such as cell volume 
regulation, cell proliferation, cell migration, and angiogenesis to name a 
few. The transport of water occurs mainly through plasma membrane 
water channels, the aquaporins, who have very important function in phys-
iological and pathophysiological states. Due to the above the experimental 
assessment of the water permeability of cells and tissues is necessary. The 
development of new methodologies of measuring water permeability is a 
vibrant scientific field that constantly develops during the past three 
decades along with the advances in imaging mainly. In this chapter we 
describe and critically assess several methods that have been developed 
for the measurement of water permeability both in living cells as well as in 
tissues with a focus in the first category.

Keywords

Aquaporin • Cell volume • Osmotic water permeability • Plasma membrane

18.1  Introduction

Water transport in cell and tissue systems is a 
necessary function for their homeostasis [1]. 
Water is the most abundant component of the 
human body therefore mechanisms that regulate 
its transport are essential for life. Water permea-
bility is a key feature of the cell membranes that 
is of critical importance for a number of cell 
functions that among others include cell fluid 
secretion and absorption, cell volume regulation, 
cell proliferation, cell migration, tumor spread, 
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angiogenesis, and other processes [2, 3]. There 
are several different pathways involved in the 
transport of water across the cell plasma mem-
brane that involve water transport by simple dif-
fusion, transport of water molecules through 
water channels by facilitated diffusion and water 
transport with hydrated solutes. Facilitated diffu-
sion of water through plasma membrane chan-
nels is mediated through aquaporins (AQPs), a 
class of membrane water channels whose pri-
mary function is to facilitate the passive transport 
of water across the cell plasma membrane [4]. 
AQPs have attracted huge research interest dur-
ing the past 25 years and currently there is a suf-
ficient amount of evidence that they have 
important roles in nervous, respiratory, renal, car-
diovascular, gastrointestinal, reproductive and 
sensory system physiology [5–15]. Furthermore, 
various studies have shown that AQPs are 
involved in a number of pathologies such as can-
cer, brain edema, brain injury, epilepsy, obesity, 
glaucoma and others [4]. Finally, it is important 
to note that in humans there is a class of diseases 
recently termed aquarinopathies and refer to rare 
cases of loss-of-function mutations in human 
AQPs. More specifically, loss-of-function of 
AQP0 causes congenital cataract and of AQP2 
causes nephrogenic diabetes insipidous (NDI) 
[16, 17]. Serum autoantibodies against AQP4 is a 
hallmark of neuromyelitis optica (NMO), a rare 
autoimmune disease [17]. Due to the involve-
ment of the channels that mainly mediate the 
transport of water through cell plasma mem-
branes in so many physiological and pathophysi-
ological states researchers need to have the 
appropriate tools in order to assess and study 
water permeability. The fact that a lot of focus is 
placed in identifying modulators of AQPs for the 
treatment of several diseases demonstrates the 
importance of having precise and reliable experi-
mental techniques for water permeability mea-
surements [18].

Cell volume is the most sensitive parameter to 
the changes of the total water current across the 
cell plasma membrane [19]. In general water per-
meability is measured from the kinetics of the 
cell volume changes in response to an osmotic 

gradient. A variety of experimental approaches 
have been developed to subject cells to an osmotic 
gradient and subsequently record the resultant 
kinetics of cell volume from which water perme-
ability is deduced. The problem of water perme-
ability determination is a problem of 
volume-dependent physical parameters 
measurement.

The methods used to measure osmotic water 
permeability are technically challenging, subject 
to various mixing/flow-related artifacts, and not 
easily applied to highly water-permeable cells. A 
very critical characteristic of an experimental 
setup is the time needed for the establishment of 
the desired osmotic gradient. All the modern 
experimental approaches for measuring cell 
water permeability underestimate this parameter 
and the degree of the underestimation is depen-
dent on the lag time of the establishment of the 
osmotic gradient during the experiment. Many 
types of cells are highly permeable to water 
because of the abundant expression of AQPs in 
their plasma membrane [5, 20]. Studies of the 
water permeability conducted in highly water 
permeable cells require methods that have very 
short osmotic gradient formation time. Failure in 
the incorporation of such a parameter in water 
permeability measurement studies compromises 
the validity of the results and subsequently their 
translation to clinically useful therapies. Indeed, 
although AQPs are considered to be important 
drug targets for a variety of diseases and great 
effort is put in the identification of appropriate 
AQP modulators there is poor progress targeted 
therapeutics partially due to challenges and arti-
facts in measurement of cell membrane water 
permeability [18].

The purpose of this review is to survey the 
modern experimental approaches for the mea-
surement of water permeability of living cells 
and multicellular tissues. We will discuss the 
principles of each methodology, technical details 
and limitations. Strategies for the measurement 
of the plasma membrane osmotic water permea-
bility (Pf) in living cells that are described involve 
image analysis, light scattering, total internal 
reflection fluorescence microscopy, confocal 
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microscopy, interferometry, spatial filtering 
microscopy, scanning probe microscopy, 
 bioelectrical impedance methods and volume-
sensitive fluorescent indicators. The fundamental 
physical principles of the cell membrane osmotic 
water permeability were reviewed in detail ear-
lier [21]. In short, the osmotic volume flow (Jv, 
cm3/s) across selectively permeant membrane is 
described by the following equation and 
Fig. 18.1:

 
J P SV c c c c P P RTv f w i i p p p= − + − + −[( ) ( ) ( ) / ]2 1 2 1 1 2σ

 
(18.1)

The interpretation of the measured Pf assumes 
accurate definition of the cell membrane surface 
area S, the absence of significant unstirred layer 
effects and types of transporters, which carry 
water with or without hydrated solutes. As 
defined by the Eq. (18.1), Pf is measured from the 
volume flux produced by a defined osmotic gra-
dient or hydrostatic driving force. In animal cells 
that have just a soft plasma membrane the hydro-
static driving force is considered insignificant.

Molecular transporters that contribute to the 
total water flow could be temperature dependent 
according to their Arrhenius activation energy. 
The Arrhenius activation energy (Ea, kcal/mol) is 
defined by the relation ln Pf = −Ea/RT + A, where 

R is the gas constant, T is absolute temperature, 
and A is an entropic term. Ea provides a measure 
of the energy barrier to the water movement by 
the molecular transporter. For water movement 
through aqueous channels, Ea is generally found 
to be low (3~6 kcal/mol). The low Ea associated 
with water pores is assumed to be related to the 
weak temperature dependence of the water self- 
diffusion [21]. In the case that water is trans-
ported along with hydrated solvents and 
contributes significantly to the cell volume 
changes, the Ea of the specific solute transporters 
could produce temperature dependence of the Pf 
of the living cell plasma membrane. In such a 
case, the Pf values should be obtained at the tem-
perature that is normal for the cells under study in 
order to be adequate for the purpose of a physio-
logical study.

18.2  Water Permeability Methods 
Based on Cell Volume 
Measurements

18.2.1  Water Permeability 
Measurement by 2D Image 
Analysis

In cells observed under wide field microscopy the 
changes in their cell volume are often accompa-
nied by small changes in their size that can be 
measured in the images captured during the 
experiment. To estimate the cell volume, the area 
of a cell is measured by tracing its outline on the 
video images. This method of cell volume mea-
surement is based on the analysis of two- 
dimensional (2D) images and on the assumption 
that the cells change its sizes to the same extent in 
all three dimensions. Polarizing, phase contrast, 
and various forms of interference microscopy are 
the most frequently used microscopic methods 
for observing living cells and simultaneously 
recording images continuously using a video 
camera [22–26]. The relative volume of the cell 
was estimated as V/V0 = (A/A0)3/2, where V is the 
volume, A is the area, and the subscript 0 indi-
cates the control value. This method using dif-
ferential interference contrast microscopy and 

Ci1 Ci2

Jv
Js

Cp2Cp1

Fig. 18.1 Volume flow across a single barrier separat-
ing compartments 1 and 2. ci1 and ci2 are the osmolali-
ties of impermeant solutes on sides 1 and 2, and cp1 and 
cp2 the osmolalities of permeant solutes, Vw the partial 
molar volume of water, S the membrane surface area, σp 
the solute reflection coefficient, P the hydrostatic pres-
sure. Barrier permeability properties include the osmotic 
water permeability coefficient Pf, the solute permeability 
coefficient Ps and the solute reflection coefficient σp. 
Water flux (Jv) and solute flux (Js) are defined as positive 
in the left-to-right direction as indicated
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digital imaging was created for measurement of 
the cell volume and to examine the effects of 
muscarinic stimulation on single rat salivary 
gland acinar cells [27]. The advantage of this 
approach is the use of unlabeled cells and the 
possibility to measure the reaction of cells in 
small tissue structures [28]. The disadvantages of 
the several variations of this method are that they 
are mainly limited by: (a) the resolution power of 
the lens system used, (b) the contrast that the 
specimen generates in the image, and (c) the time 
required for an image to be recorded. As men-
tioned above in order to estimate the cell volume, 
the area of a cell is measured by tracing its out-
line on the video images, therefore this method is 
not adequate for cells that have high water per-
meability and thus fast kinetics of cell volume 
changes [25].

Based on the principles of this methodology 
in the recent years image-based cytometry sys-
tems have been developed that use bright-field 
and fluorescent imaging. These image-based 
systems have been demonstrated to perform 
numerous assays, such as quantitative cell size 
and morphology analysis and potentially can be 
used for measurements of cell water permeabil-
ity but no such experiments are currently pub-
lished [29, 30].

18.2.2  Water Permeability 
Measurement by Scanning 
Probe Microscopy (SPM)

The most accurate measurements of cell volume 
is achieved by the direct scanning of living cells 
and the use of Scanning Probe Microscopy 
(SPM) and in this context both Atomic Force 
Microscopy (AFM) or Scanning ElectroChemical 
Microscopy (SECM) have been used to image 
live cells [31]. In these studies 3-dimensional 
reconstruction of the cell shape is achieved by 
scanning confocal microscopy and different 
modifications of SPM such as real-time AFM 
[32, 33]. One of the drawbacks of AFM is the fact 
that an external mechanical force is applied to the 
cell because the detection of the cell surface is 
performed with the deflection of a cantilever. 

Such an external force is not acceptable in physi-
ologically relevant experiments with mechano-
sensitive live eukaryotic cells. Scanning ion 
conductance microscopy (SICM) is form of SPM 
that overcomes this problem by allowing the 
imaging of the cell surface under physiological 
conditions without any physical contact and with 
a resolution of 3~6 nm [34, 35]. Even SICM 
though like the other SPM methods are more fit 
for relatively flat surfaces given that in cases of 
convoluted surfaces there is a collision of the 
probe that interferes with cell integrity again. 
This problem is not an issue in hopping probe ion 
conductance microscopy (HPICM) where the 
probe never touches the surface of the cell. In this 
case the probe that senses current fluctuations 
and translates it in sample height even at a reduc-
tion of 1% is at a Z-position that still does not 
interfere with the cell membrane at the imaging 
point. Using HPICM non-contact imaging of the 
3-dimensional surfaces of live cells can be 
achieved with resolution better than 20 nm [36]. 
These methods are quantitative and provide the 
best spatial resolution of living cells but scanning 
is a relatively slow process and like all other SPM 
techniques their use is restricted to imaging rela-
tively flat surfaces with the exception of 
HPICM. These limitations make SPM probably 
not practical for studying the kinetics of cell vol-
ume fluctuations in living cells.

18.2.3  Water Permeability 
Measurement by Light 
Scattering and Spatial 
Filtering Microscopy

Cell volume changes lead to changes of the elas-
tically scattered light (Rayleigh scattering) and 
this effect is the basis of the method of measure-
ment of the cell water permeability by light scat-
tering. The method is simple to apply and 
requires very small sample quantity however, 
there is no practical theory that reflects the rela-
tionship of scattered light intensity and cell vol-
ume because of complexities in the cell optical 
configuration and interference phenomena. 
Therefore, assessment of light scattering provides 
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a semi quantitative index of the cell volume 
changes in relatively large and adherent cells 
such as the macrophages [37]. Quantitative data 
interpretation for this method is efficient for a 
limited kind of objects that have a relatively sim-
ple shape such as vesicles or erythrocytes [38, 
39]. Nevertheless the value of Pf of the cells can 
be calculated from the time course of the light 
scattering, the cell surface- to-volume ratio, and 
an empirical calibration of the cell volume and 
the intensity of the light scattering [40]. An 
advantage of this method is that it has satisfac-
tory temporal resolution and the main drawbacks 
are that a calibration step is required in order to 
evaluate the cell volume and the values that are 
obtained are relative values.

The angular dependency of the intensity of 
light scattering by a moving individual particle 
was the basis for the Flying Light Scattering 
Indicatrix method (FLSI) using a scanning flow 
cytometer (SFC) [29]. The FLSI method was 
used for the measurement of individual particle 
characteristics from light-scattering data, in order 
to determine the particle size of polystyrene, 
latex, milk fat, and spores of Penicillium levitum, 
Aspergillus pseudoglaucus. Measuring cell vol-
ume in a flow cytometer could potentially be a 
prospective approach for high-throughput screen-
ing studies of the distribution of Pf values in pop-
ulations of cells in suspension.

Methods based on the measurement of scat-
tered light intensity are suitable for investiga-
tions of homogeneous suspensions of uniform 
objects like cells or vesicles. They have been 
used for suspensions of erythrocytes [41], in 
flow cytometers [29, 42, 43], in suspensions of 
membrane vesicles and liposomes reconstituted 
with water channels [40, 44, 45]. Due to the suf-
ficient temporal resolution light scattering was 
used to determine the Pf of lung alveolar epithe-
lial cells that have very high cell membrane 
water permeability [46]. The method was also 
applied to calculate the plasma membrane Pf of 
cells in micro-dissected fragments of mouse kid-
ney collecting duct. More specifically, the time 
course of the light scattering intensity measured 
in dark field microscope on individual fragments 
positioned in a thermo-stabilized flow chamber 

was used to study regulation of Pf by vasopressin 
[47, 48].

A theory relating the signal intensity to the 
relative cell volume was developed based on the 
spatial filtering and the changes in the optical 
path length associated with cell volume changes. 
It was found that the integrated intensity of 
monochromatic light in a phase contrast or dark 
field microscope was dependent on the relative 
cell volume. The method was applied to charac-
terize transfected cells and tissues that natively 
express water channels and the results established 
light microscopy with spatial filtering as a techni-
cally simple and quantitative method to measure 
water permeability in cell layers (Fig. 18.2) [49]. 
The method is simple, accurate and robust if used 
in cell layers or uniform cells, however it may 
work in systems with heterogeneous cells.

Other approaches to follow osmotically 
induced changes in the cell volume include track-
ing of immobilized fluorescent beads at the cell 
surface and laser reflection microscopy [50, 51]. 
In another method the measurement of cell vol-
ume and osmotic water permeability in Madin 
Darby Canine Kidney (MDCK) cell layers has 
been performed by interferometry based on the 
cell volume dependence of the optical path length 
(OPL) of a light beam passing through cells. The 
time course of relative cell volume in response to 
an osmotic gradient was computed from serial 
interference images. To relate the interference 
signal to cell volume a mathematical model was 
developed for this purpose [52]. However, these 
methods are less practical due to the fact that are 
experimentally challenging, require complex 
instrumentation while at the same time may not 
work in many systems.

18.2.4  Water Permeability 
Measurement by Bioelectrical 
Impedance Analysis

Impedance data obtained from microfluidic 
impedance flow cytometry enable the character-
ization of cellular sizes, membrane capacitance 
and cytoplasm resistance in a high-throughput 
manner [53]. Bioelectrical impedance analysis is 
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used in flow cytometry, for example a Coulter 
counter measures the changing of DC resistance 
between two electrically isolated fluid-filled 
chambers when microparticles act as an insulat-
ing layer as DC passes through a small connect-
ing orifice [54]. Microfluidics is the technology 
of the processing and manipulation of small 
amounts of fluids (10−9 to 10−18 liters) in channels 
with dimensions of tens of micrometers. These 
advantageous features of microfluidic technolo-
gies have been used for characterizing the bio-
chemical and/or biophysical properties 
(mechanical and electrical) of cells at the 
 single- cell level [55]. This technology is prospec-
tive for high-throughput single-cell characteriza-
tion. Electrical impedance based noninvasive cell 
and tissue-characterizing techniques have 
become more and more popular in several fields 
of application [53, 56, 57]. Microfluidic technol-
ogy includes manipulation with laser tweezers to 
drag a single cell to a certain position for the 

measurement of cell characteristics in experi-
ments of electrorotation (ROT) [58]. ROT oper-
ates at a single-organism level and does not 
require extensive cell preparations while the 
technique is a noninvasive and allows for sequen-
tial investigations. A significant disadvantage of 
the ROT technique for analyzing single cells is 
that it takes approximately 30 min per test and 
also requires a skilled operator to position a sin-
gle cell in the middle of a rotating electric field. 
Therefore, the temporal resolution that it can 
offer at the moment is far from being suitable for 
measurements of cell volume changes kinetics. 
On the other hand methods with high temporal 
resolution based on light scattering, bioelectrical 
impedance changes and cell labelling with fluo-
rescent dyes are the most adequate to study the 
cells with high water permeability.

Several optical approaches are applied to mea-
sure the fluorescence intensity of an aqueous- 
phase fluorophore in the cytoplasm. Cell-loadable 

Fig. 18.2 Schematic of the principles of plasma mem-
brane water permeability measurement by means of 
spatial filtering microscopy. A cell layer under phase 
contrast or dark field microscopy is shown to change its 
cell volume under corresponding changes in the medium 
osmolality that lead to changes in the relative intensity of 

the higher and zero order beams due to optical path length 
changes. Attenuation of the zero order beam at the back 
focal plane of the objective results in light intensity 
dependency from the cell volume fluctuations (Adapted 
from Ref. [49])
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fluorescent dyes are available with various prop-
erties and wavelengths. Semi-quantitative infor-
mation about the cytoplasmic fluorophore 
concentration can be obtained using partial con-
focal optics in which the z-point spread function 
of a wide-field optical system is increased by the 
use of a high numerical aperture objective and a 
limiting aperture in the back focal plane of the 
emission path [21]. The confocal methods have 
limited utility in making quantitative Pf measure-
ments in polarized cell sheets. The z-point spread 
function of a wide-field optical system could not 
be increased inside most of the flat cells where 
thickness of the edges could be about 0.5 microm-
eter. This means that the volume where the fluo-
rescent signal is registered from is both undefined 
and unstable. The ratio signal/noise in such a sys-
tem could be low and unstable. This limitation 
has been overcome by the use of laser confocal 
systems with z-size of registering the volume 
inside the cell less than 0.5 micrometer [59]. This 
method is extremely sensitive to proper focusing 
and requires high quality optics. This limitation 
is the reason why it has been scarcely used for the 
measurement of cell water permeability.

A more robust method is based on the effect of 
Total Internal Reflection (TIR) that could be 
applied using a conventional microscope. 
However, a more sophisticated approach to mea-
sure the concentration of an aqueous-phase fluo-
rophore in the cytoplasm is the Total Internal 
Reflection Fluorescence Microscopy (TIRFM). 
TIRFM involves the excitation of fluorophores in 
a cell membrane area in great proximity with the 
adjacent cytosol near a high-to-low refractive 
index interface [60]. Fluorescence excitation is 
usually accomplished using a laser source and a 
glass prism to illuminate the sample at a subcriti-
cal angle at a glass-aqueous interface (Fig. 18.3). 
It is not difficult and costly to equip a conven-
tional epifluorescence microscope with a laser 
source and a prism in order to perform TIRFM 
measurements. The procedure involves loading 
cells with an aqueous-phase dye and the cell 
swelling in response to an osmotic gradient 
results in the cytosolic fluorophore concentration 
dilution and subsequently to decreased fluores-
cence signal [61].

Optical near fields have been successfully 
used to confine observation volumes of surface- 
confined and solution fluorescence correlation 
spectroscopy (FCS). The standard confocal FCS 
has the immanent problem that the ellipsoidal 
observation volume has a low axial confinement. 
TIR-FCS uses objective-type TIRF illumination 
to restrict the excitation to a thin section less than 
200 nm above the interface in combination with 
standard confocal detection to improve the lateral 
confinement of the detection volume. The quanti-
tative study of cellular dynamics even in the level 
of cellular compartments may be useful for the 
study of processes close to a surface/solution 
interface. Potentially, it can give access to a local 
fluorophore concentrations, or kinetic rate con-
stants for reversible association of fluorophores 
with specific substrates in interface [62].

The methods for measurement of rapid osmo-
sis in cultured cell monolayers using confocal 
and spatial filtering microscopy may not produce 
acceptable signal changes in cells that have a low 
water permeability profile and complex shape. 
Hamann and coworkers evaluated a calcein 

Fig. 18.3 Measurement of osmotic water permeability 
in adherent cells by total internal reflection fluores-
cence microscopy. Cells are loaded with a membrane 
impermeant volume marker. A thin (50~200 nm) layer of 
cytosol (labeled “penetration depth”) is illuminated by a 
laser beam directed through a glass prism at a subcritical 
illumination angle. As the cell shrinks in response to an 
osmotic gradient, fluorophore concentration in the illumi-
nated region increases, producing an increase in detected 
signal (Reprinted from Ref. [21])
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 self- quenching method for water transport mea-
surements [63]. In this method, high concentra-
tions of calcein are loaded into the cells in order 
to produce volume-dependent changes in the 
total cell fluorescence in response to changes in 
cytoplasmic calcein concentration due to cell 
swelling or shrinkage. A more practical modifica-
tion of the calcein fluorescence quenching 
method was created to measure osmotic water 
permeability in highly differentiated cultures of 
primary brain astrocytes from wild-type and 
aquaporin-4 (AQP- 4)-deficient mice [64]. Cell 
swelling resulted in a reversible increase in the 
calcein fluorescence, which was independent of 
cytosolic calcein concentration at levels well 
below where calcein self-quenching occurs. The 
method is based on the quenching of calcein fluo-
rescence by cytosolic proteins. The fluorescent 
signal in cells is sensitive to osmotic challenge 
because of changes in the cytosolic protein con-
centration that alter calcein quenching, explain-
ing the increased fluorescence with cell expansion 
after exposure hypotonic medium. A significant 
advantage of this method is that it is simple 
experimentally without expensive instrumenta-
tion requirements. A conventional fluorescent 
microscope equipped with a sensitive light detec-
tor, such as a photo multiplier tube is sufficient. 
However, the method provides relative results 
since it is not quantitative and therefore needs 
calibration as far as the adaptation of calcein 
loading protocol and the fluorescent signal is 
concerned for every kind of cells of tissue speci-
mens [65].

Modern microfluidic technologies promote 
the improvement of the methods for measuring Pf 
in cells and membrane vesicles. As mentioned 
previously the water permeability is generally 
measured from the kinetics of the cell volume 
changes in response to osmotic gradients. To 
diminish potential mixing artifacts the temporal 
aspect of osmotic gradient establishment should 
be minimized. This is an area where microfluidic 
technologies can provide new potential for the 
rapid creation of a gradient. Indeed recently it 
was demonstrated that a very fast development of 
an osmotic gradient was reached in a microfluid-
ics platform in which cells labeled with a cyto-

plasmic, volume-sensing fluorescent dye, were 
rapidly subjected inside a ~ 0.1 nL droplet sur-
rounded by oil with a solution mixing time of < 
10 ms. The osmotic water permeability was 
deduced from a single, time-integrated fluores-
cence image of an observation area in which time 
after mixing is determined by spatial position. 
Water permeability was accurately measured in 
aquaporin-expressing erythrocytes with half- 
times for osmotic equilibration down to <50 ms 
[66]. A similar approach was used for measuring 
the quantitative volume changes of immobilized 
intestinal enteroids in a microfluidics platform. 
The enteroids were trapped in a “pinball machine- 
like” array of polydimethylsiloxane posts for 
measurement of the volume changes in unlabeled 
enteroids by imaging of an extracellular, high- 
molecular weight long-wavelength fluorescent 
dye. The enteroids volume was deduced quantita-
tively from area-integrated fluorescence of an 
excluded extracellular dye. Changes in the 
enteroid volume altered the total amount of dye 
in the enteroid-containing area [67].

Finally, the method of Light Sheet 
Fluorescence Microscopy (LSFM) uses a plane 
of light to optically section and view tissues with 
subcellular resolution (Fig. 18.4) as compared to 
confocal and two-photon microscopy. This 
method is well suited for imaging deep (1 cm) 
within transparent tissues or within whole organ-
isms. The development of the technology and 
existing LSFM devices are described in the 
review of P.A. Santi (2011) [68]. Uncoupling of 
the illumination and detection axes of the micro-
scope, so that only the part of the specimen that is 
imaged gets illuminated, provides the ability to 
image biological systems for extended periods of 
time with minimal phototoxicity and photo-
bleaching of the specimens and the fluorophores 
respectively. LSFM produces optical sections 
that are suitable for three-dimensional image 
reconstruction. Stability is a critical issue in 
light-sheet microscopy but due to the low photo-
toxicity, one can image a sample for hours or 
days. Photobleaching is not a significant problem 
for repeated imaging as compared to wide-field 
fluorescent microscopy. Only a 13% reduction in 
the fluorescence over 475 s occurs [69].
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This advantage on the other hand necessitates 
thinking about the optimal ‘physiological’ condi-
tions that need to be established during the imag-
ing. The detection of fluorescent signals with a 
wide-field detection device such as a charge- 
coupled device (CCD) camera allows high-speed 

imaging [70]. The LSFM technology may be 
used in a variety of applications spanning all the 
scales of biological systems from molecules to 
organisms while the high speed of image record-
ing is an advantageous feature for Pf measuring. 
Current developments in LSFM by diagonal 
scanning have improved even further the tempo-
ral resolution and the potential of the method 
[71]. As far as the disadvantages of LSFM are 
concerned, the light-sheet microscopes are com-
plex and expensive hardware and typically pro-
duce enormous amounts of data (in the range of 
terabytes) streamed from digital cameras to com-
puter hard discs when the experiment lasts for 
hours or even days. These properties render it a 
powerful tool from the one hand but not one that 
can be widely used from the other. Despite their 
potential utility in making quantitative Pf mea-
surements in heterogeneous cell populations and 
tissue specimens, LSFM technologies have been 
used little to measure cell water permeability 
nowadays.

18.3  Water Permeability Methods 
for In Vivo and Ex Vivo Studies

Experimental data on fluid-absorbing epithelia 
are obtained in in vivo and ex vivo experiments. 
An example of water permeability measurements 
of more complex systems than living cells involve 
in vivo studies of bodily cavities that contain cer-
tain physiological amount such as the pleural or 
peritoneal cavity. The balance of fluid turnover of 
the pleural compartment occurs in normal chest 
physiology and is changed in pathophysiological 
conditions associated with pleural effusions, thus 
excess accumulation of water, solutes, proteins 
and cells within the cavity. Comparative physio-
logical studies were performed on wild-type vs. 
AQP1 null mice. Osmotically driven water trans-
port was measured in anesthetized, mechanically 
ventilated mice from the kinetics of pleural fluid 
osmolality after instillation of hypertonic or 
hypotonic fluid into the pleural space. Water per-
meability is determined assuming that the pleural 
barrier is a single barrier separating the pleural 

Fig. 18.4 Schematic of the principles of a light sheet 
fluorescence microscope (LFSM) arrangement dem-
onstrating the top and side views. A light sheet is 
formed by a laser, collimated and expanded by a beam 
expander and projected through an illuminative objective 
through a cylindrical lens. The focal point of the light 
sheet is centrally positioned on the specimen chamber 
made out of clear glass walls with an opening on the top-
side for specimen insertion purposes. The containing fluid 
in the specimens chamber depends on the experimental 
modality (live cell imaging or fixed tissue) therefore con-
tains either physiological solution or clearing fluid respec-
tively. The specimen chamber is attached to rotating and 
translating stages while the specimen is intersected by the 
light sheet and a fluorescent plane collected by an hori-
zontally positioned microscope (Adapted from Ref. [68])
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cavity and the blood compartment. The volume 
flux across of the pleural mesothelium (Jv) is 
given by Jv = PfVwS[Co − Ci(t)], where Vw is the 
partial molar volume of water (18 cm3/mol), S is 
pleural surface area (cm2), Co is plasma osmolal-
ity (320 mosmol/kgH2O), Ci(t) is pleural fluid 
osmolality, and Pf is the osmotic water permea-
bility. The same experimental model used for 
measurement of isosmolar pleural fluid clearance 
and modeling of hydrostatically driven pleural 
effusions. Hydrostatically driven pleural fluid 
accumulation was induced by bilateral renal 
artery ligation and infusion of saline in the perito-
neal cavity (40% body wt) to induce acute vol-
ume overload. The pleural fluid was collected in 
all cases and analyzed accordingly reaching the 
conclusion that AQP1 mediated water permeabil-
ity is critical only in cases of aniso-osmolality 
[72]. This type of experimental approach involv-
ing or not AQP knockout animals and cavitary 
effusion formation is useful in a range of medical 
disciplines for the elucidation of water permea-
bility kinetics of water transporting membranes 
in the whole body level. The rate of cavitary fluid 
absorption can be used for identifying therapeu-
tic drugs for effusion resolution [72–76].

Regarding the ex vivo assessment of water 
permeability in isolated tissues the application of 
the Ussing System has provided a lot of insight to 
such processes. Initially several isolated tissue 
from frog have been studied for their water trans-
porting capacities, such as frog skin as well as 
frog and toad urinary bladder [77–81]. The acti-
vation energy (Ea) for the diffusion of water 
across the epithelial cell layer of the toad bladder 
was determined in the absence and presence of 
vasopressin. It was shown that the hormone did 
not influence the activation energy, thus the con-
clusion that vasopressin was not changing the 
molecular structure of water channels was made 
[78]. More recently the transport properties of 
pleural, peritoneal, pericardial and leptomenin-
geal membranes in human and sheep models in 
ex vivo studies are investigated using the Ussing 
system [82–87]. Ussing Chamber experiments 
using human and animal transporting epithelia 
have established many of the biophysical 
 processes involved in the regulation of liquid 

homeostasis. For understanding the physiology 
that regulates biophysical processes involved in 
epithelial liquid homeostasis a biophysical model 
for water and ion transport to quantify the perme-
abilities of all pathways apical, basolateral and 
paracellular was created using Ussing Chamber 
data reported in the literature [88].

Another imaging method that was developed 
to map thickness changes in viable spinal cord 
and brain slices was applied to measure osmoti-
cally induced water transport in spinal cord slices 
from wildtype and aquaporin knockout mice. 
Changes in the slice thickness were mapped from 
the amount of light passing through a thin (~100 
μm) layer of perfusate bathing the slice, in which 
hemoglobin (6 mg/ml) was added as an inert 
absorbing chromophore. In response to osmotic 
challenges imposed by changing perfusate osmo-
lality by steps of 100 mOsm, the transmitted light 
intensity changed reversibly with approximately 
mono-exponential kinetics whose initial rate 
depended upon the position in the slice [89].

Understanding the mechanisms of fluid 
absorption and secretion by the kidney epithelia 
has a long story of intense studies on water trans-
port in isolated perfused tubules [90]. In this type 
of experiments the tubule segments were per-
fused in vitro in a modified version of the tech-
nique described by Burg et al. [91]. The tubules 
were placed into a temperature controlled flow 
chamber with a glass bottom and were observed 
with an inverted compound microscope. The 
upstream portion of the tubule was drawn into a 
holding pipette, which contained a concentric 
pipette. The downstream end of the tubule was 
drawn into a holding pipette that had inside a tip 
of collecting pipette. The theory and experimen-
tal design of this class of studies was described 
by Schafer et al. [92]. The osmotic Pf was calcu-
lated from the net transepithelial fluid flux (Jv) 
determined in the presence of an imposed osmo-
lality gradient. Measurements were conducted by 
collecting the perfusate, which contained an 
impermeant volume marker. The marker could be 
a radioisotope [93] or a fluorescent probe using 
continuous fluorescence measurement and photo 
bleaching as shown in Fig. 18.5 [94]. The fluores-
cein sulfonate concentration was measured in the 
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perfusate and the collected fluid using a continu-
ous flow fluorometer (coefficient of variation, 
2%) [95]. The theoretical basis for Pf calculation 
in these experimental approaches is the equation 
formulated by Al-Zahid et al. [96].

18.4  Conclusion

In conclusion a wide variety of methods for mea-
suring osmotic water permeability have been 
developed each one of which takes advantage of 
distinct biophysical principles of the process or 
the instrumentation. The selection of the most 
suitable method for water permeability measure-
ment depends on the purpose of physiological 
study that will be designed. When measurement 
accuracy and high resolution of water transport-
ing pathways across cell membranes or in contra-
lateral membranes of polarized cells then the 
experimental approach needs to be carefully 
planned based on the most suitable method and 
instrumentation. However, there are fundamental 
limitations imposed by the unstirred layer effects 
and the complex composition of tissues where the 
absolute water permeability coefficients and the 
activation energies cannot be even defined. Still, 
comparative measurements may be informative 

for understanding the physiological and patho-
physiological mechanisms involved. An impor-
tant application of the methods for water 
permeability measurement is in high-throughput 
screening assays for the discovery of modulators 
of water and electrolyte balance in range from a 
cell to a whole organism.
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