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Numerous data have indicated that water permeability in 
living systems is greater than it could be explained by simple 
diffusion. Electron microscope observations have identified 
special structures presumed to be water channels. The 
molecular identity of the first water channel was determined 
in the early 1990s and named Aquaporin 1 (AQP1). It has 
been now well documented that aquaporins are members of 
a large family of small (about 28- kDa/ monomer) integral 
membrane proteins which exist as tetramers, with each 
subunit containing its own pore. Mammalian AQPs are 
believed to fold and assemble in the endoplasmic reticulum 
before being transported to the cell surface. To date 13 AQP’s 
have been identified in mammals (AQP0-AQP12); however, 
functional studies have identified a subgroup of AQPs, i.e. 
AQP 3, 7, 9 and 10, responsible for both water and glycerol 
transport, named aquaglyceroporins. Further studies have 
demonstrated that, apart from water and glycerol, AQPs 3, 
7, 9 also transport ammonia and urea. Additionally, AQPs 
11 and 12 named superaquaporins, were localized inside 
the cells, but until now their functions have not been fully 
elucidated. AQP defects in the human adipose tissue and liver 
are recognized as a possible cause of obesity. Numerous data 
indicate that AQPs contribute to carcinogenesis. Data on the 
effects of physical activity on AQP are scarce; however, it has 
been recently demonstrated that AQP expression in skeletal 
muscle and adipose tissue, but also in the brain, respond to 
physical stress. Thus, it seems possible that in near future AQP 
studies will provide more knowledge concerning preventive 
effects of physical exercise in medicine. Furthermore, there is 
a growing interest in chemicals affecting AQPs, and it could 
not be excluded that AQP-targeting drugs will be used in 
medical practice. 
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What this paper adds?
The present paper discusses current views concerning 
the structure and functions of water channels 
(aquaporins – AQPs) in mammals. Data have 
indicated that distorted expression of AQPs brings 
about pronounced metabolic disturbances in the 
kidney, skin, eyes and lungs, but also in the adipose 
tissue and liver, the latter possibly contributing to the 
development of obesity. Physical activity was found 
to affect AQP expression; however, until now data 
concerning this issue are limited. In skeletal muscle 
AQPs are expressed mostly in fast twitch fibers, and 
in animals their knockout affects energy processes. 
Thus, analysis of AQPs function can shed light on 
our understanding of water function in metabolic 
processes, both in health and disease.

Studies of water transport in amphibian tissues have 
indicated that certain cells are more permeable to 

water than others. In other words, numerous data have 
demonstrated that in certain cells water permeability is 
greater than it could be explained by simple diffusion [1]. 
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Further studies and electron microscope observations 
identified special structures in the amphibian bladder 
which were presumed to be water channels. Similar 
structures were identified in red blood cells, and they 
were shown to be inhibited by mercury salts and reversed 
by reducing chemicals. Thus, it has been suggested 
that water transport, at least partially, occurs with the 
contribution of proteins containing sulfhydryl groups 
[2]. The molecular identity of the water channel was 
determined by Agre in the early 1990s, and was named 
Aquaporin 1 (AQP1) [3]. In 2003 Agre was honored 
with the Nobel Prize, after his team’s experiments 
markedly extended our knowledge concerning water 
transport in living systems. 

Aquaporin structure and regulation
Aquaporins are members of a large family of small 
(about 28-kDa/monomer) integral membrane proteins 
which exist as tetramers with each subunit containing 
its own pore. The monomer structure of bovine AQP1 
reveals six trans-membrane helices, each with highly 
conserved three amino-acid sequences (asparagine-
proline-alanine – NPA) [4, 5] (Figure 1). 
Mammalian AQPs are believed to fold and assemble 
in the endoplasmic reticulum before being transported 
to the cell surface, with NPA motifs playing a key 
role in plasma membrane targeting [6, 7]. However, 
the translocation of AQPs into the plasma membrane 
is precisely regulated by different stimuli such as 
hormones, neurotransmitters, amino acids, as well as 
by hypo- and hyper-tonicity [8] (Table 1). 

Aquaporins as small molecule transporters in 
mammals
To date 13 AQPs have been identified (AQP0-AQP12) 
in mammals; however, functional studies have identified 
a subgroup of AQPs, i.e. AQP3, 7, 9 and 10, named 
aquaglyceroporins, responsible for both water and 
glycerol transport [9]. Moreover, further studies 
demonstrated that, except for water and glycerol, AQPs 
3, 7, 9 also transport ammonia and urea [10] (Table 2). 
Additionally, AQPs 11 and 12, named superaquaporins, 
are localized inside the cells, but until now their functions 
have not been fully elucidated [11, 12]. Interestingly, 
AQP1 and 8 seem to be engaged in hydrogen peroxide 
transport [13]. This finding is of special importance, 
since in mammals, hydrogen peroxide is a signaling 
compound involved in the regulation of diverse functions 
such as immunity and vascular remodeling [14]. 

Figure 1. General structure of the Aquaporin family: A – 
monomer; B – tetramer in cell membrane www.nature.com/
nrendo/journal/v4/n11//images/ncpendmet0980-f1.jpg

Table 1. Selected triggers of aquaporin translocation in 
mammals [8]

AQUAPORIN Trigger Cell/Tissue

AQP1 Secretin Cholangiocytes
Hypotonicity Astrocytes

AQP2 Vasopressin Kidney tissue
Hypertonicity Collecting duct

AQP3 Isoprenaline Adipocytes
Hypotonicity Keranocytes

AQP4 Histamine Gastric cells
Glutamate Astrocytes

AQP5 Hypertonicity Lung epithelial cells
VIP* Brunner’s gland

AQP7 Isoprenaline Adipocytes

AQP8 Hypertonicity Amnion epithelium

AQP9 Hyperonicity Astrocytes

*VIP – vasoactive intestinal polypeptide
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Furthermore, there are experimental data suggesting 
that AQP1s transport carbon dioxide; however, this 
issue remains controversial [15, 16].
AQPs are thus multifunctional channels, and the 
function of a single AQP is difficult to define. However, 
recently, it has been found that, at least in amphibians, 
different AQPs exhibit a diverse range of selectivity 
for water, glycerol, ammonia and carbon dioxide. In 
consequence, by expressing specific combinations of 
AQPs different cells could control the movement of 
each of these substances [17]. It could not be excluded 
that a similar mechanism operates in mammals, which 
makes research on the AQP activity in different tissues 
and organs rather complicated. 
Nonetheless, considering that the water flow across 
cell membranes is fundamental for all living systems 
many studies have been undertaken to elucidate the 
role of aquaporins in physiology and pathology. Special 
attention has been paid to the gastrointestinal tract, 
eye, salivary glands, skin, lungs and kidneys, whose 
physiological functions are significantly regulated by 
the water flow [18, 19]. 

Metabolic consequences of AQPs knockout in 
animals and inherited human defects
Several AQPs have been identified in humans and 
animals in different GT regions: AQP1, 3, 4, 6, 7, 8, 9 
and 10 in the small intestine; AQP3 and AQP4 in the 
colonic epithelium [20, 21]. However, the functions of 
AQPs in GT have not been fully elucidated as yet. On the 
other hand, it has been found that AQP-3 deficient mice 
develop markedly more severe, experimental colitis 

than their wild-type littermates [22]. Moreover, 
it has been shown that in rats the AQP8 mRNA 
expression is significantly elevated in different 
GT regions either after subtotal colectomy or 
massive intestinal resection [23, 24]. 
A significant role of AQP8 in GT has been 
suggested in humans, since the expression 
of AQP8 differs between healthy colonic 
epithelial cells and colorectal tumors [25]. 
Furthermore, an elevated AQP8 expression 
was noted in inflammatory bowel disease [26]. 
Six APQs (AQP0-AQP5) have been found in 
the eye in mice. They are located in different 
organ regions (corneal epithelium, conjunctiva, 
lens and ciliary epithelium, lens fiber cells 
and Müller cells) [27]. Individual AQPs in 
mice have been shown to be responsible for 

intraocular pressure regulation, corneal epithelium 
repair, corneal and lens transparency, retinal signal 
transduction, retinal swelling after injury and accelerated 
cataract formation. Moreover, genetic defects of AQP0 
in humans lead to congenital inherited cataracts [28, 29].
AQP1, 3 and 4 are located in the lung and the airways, 
however, their knockout in mice does not affect lung 
function [30, 31]. In contrast, in rats, changes in AQP1 
and 5 in the small airways and the alveoli were found 
in an ovoalbumin sensitization asthma model [32]. 
Moreover, in rare cases of human AQP1 deletion, 
decreased pulmonary vascular permeability was noted 
[33]. Recently, it has been found that a decreased AQP5 
expression in the lung is observed in humans with 
chronic obstructive pulmonary disease (COPD), and 
that it correlates with the disease severity [34].
Early studies concerning the role of AQPs in the 
kidney demonstrated that in mice the lack of AQP1 
fluid re-absorption in the proximal tubule is defective 
and that the urinary concentrating ability is severely 
impaired [35, 36]. It has been documented, however, 
that seven AQPs (AQP1-AQP4, AQP6, 7 and AQP11) 
are expressed in the kidney [37]. They are located in 
different kidney regions and their deletion brings about 
different metabolic disturbances with diabetes insipidus 
in response to AQP2 deletion, both in humans and 
animals [38, 39]. 
Aquaporins (AQP1-AQP7) are expressed in the 
salivary glands [40]. In humans and animals the AQPs 
activity in the salivary glands is markedly affected by 
age, radiation therapy, and it is depleted in Sjögren’s 
syndrome – a chronic autoimmune inflammatory disease 

Table 2. Aquaporin permeability in mammals [5]

Aquaporin Water Glycerol Urea Ammonia
AQP0 +/–* – – Not detected
AQP1 + – – –
AQP2 + – – –
AQP3 + + +/– +
AQP4 + – – –
AQP5 + – – –
AQP6 +/– +/– +/– Not detected
AQP7 + + + +
AQP8 + – – +
AQP9 +/– + + +
AQP10 +/– + + Not detected

+/– relatively low permeability
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characterized by lymphocyte infiltration of the salivary 
and lacrimal glands. In an animal model of Sjöngren’s 
syndrome an altered AQP5 distribution was noted in the 
submandibular gland concomitantly with inflammation 
progress [41]. 
In mammals, the AQP3 water/glycerol transporter is 
responsible for skin hydration and skin wound healing, 
since both processes are depressed in AQP3 knockout mice 
[42]. On the contrary, glycerol replacement by topical, 
intra-peritoneal and oral routs corrects defective skin 
elasticity, hydration, and barrier function [43]. Moreover, 
it has been recently demonstrated that mutations in 
the AQP5 water channel in humans cause inherited 
palmoplantar keratoderma characterized by thickening 
of the stratum corneum on the palms and the soles [44]. 
Numerous data have indicated that AQP4 plays an 
important role in the brain, contributing to the regulation 
of water transmembrane movement at the blood-brain 
barrier and brain-cerebrospinal fluid interface [45]. In 
AQP4 knockout mice decreased CFS production and 
increased brain water content have been found together 
with ependymal layer disorganization [46]. Moreover, 
deletion of glial AQP4 brings about impairment of 
selected forms of spatial memory [47]. It was also found 
that AQP4 deletion in mice improved survival and 
neuroprotection following global cerebral ischemia due 
to reduced swelling [48]. Interestingly, it is suggested 
that in human neuromyelitis optica (NMO), an 
inflammatory demyelinating CNS disorder, and Baló’s 
disease, a rare variant of multiple sclerosis, are closely 
related to reduced AQP4 expression [49, 50]. 
Recent data have indicated several AQPs expressions 
in different regions of the male reproductive system 
suggesting their role in reproduction [51]. Furthermore, 
AQP8 seems to play an important role in pregnancy 
outcome in mice since its deletion induces a significant 
elevation in embryo number compared to wild controls 
[52]. Moreover, the distribution of and quantitative 
changes in amounts of AQP1, 5 and 9 have been found 
in the pig uterus during the estrous cycle and early 
pregnancy [53]. In addition, it was demonstrated that 
AQP4 is present in human follicles during ovulation and 
its and AQP3 expression markedly rise before follicle 
rupture [54]. In contrast, the late rise in AQP1 suggests 
its role in corpus luteum formation.
According to Rutkovsky et al. [55] AQP1, 3, 4 deletions 
in mice induce rather modest changes in the heart. On 
the other hand, AQP4 expression has been found to 
coincide with cardiac dysfunction [56]. In addition, 

in AQP4 knockout mice abnormalities of calcium 
modulating proteins were noted increasing the risk of 
cardiac failure and arrhythmia [57]. Furthermore, it is 
worth noting that deletion of aquaglyceroporin 7 in 
mice significantly and negatively affects heart energy 
production. This finding is of special importance since it 
indicates a significant influence of glycerol on energetic 
processes in cardiomyocytes [58]. It is worth noting that 
AQP1 also plays a significant role in regulation of the 
cardiovascular system, since its deletion in mice brings 
about microcardia and low blood pressure [59]. 
However, AQPs have been also identified in the 
pancreas, liver, adipose tissue and skeletal muscle, i.e. in 
tissues whose disturbed functions contribute to distorted 
lipid and carbohydrate metabolism. 

Aquaglyceroporins and pancreas 
It has been demonstrated that β-cells in mice express 
aquaglyceroporin 7 [60]. Additionally, the immuno-
histochemistry method revealed a complete overlap 
between insulin and AQP7 immunostaining in the 
pancreatic islet. AQP7-/ mice were healthy, however 
their β-islet mass and insulin content was lower and 
triacylglycerols content was higher than in AQP7+/+ 

littermates. Moreover, in AQP7 knockout animals the 
β-islet was characterized by a higher glycerol kinase 
activity and glycerol content. There was no evidence 
of insulin resistance in AQP7-/- animals; however, their 
circulating insulin was higher than in wild-type animals. 
Recently, Louchami et al. [61] have found a dual role of 
AQP7 in isolated mice β-islet. On the one hand, AQP7 
regulates the entry and exit of glycerol across islet cell 
membranes, and secondly – directly or indirectly – it 
affects the stimulus-secretion pathway of insulin in 
pancreatic islets. However, the last assumption has 
to be yet fully elucidated. Data concerning the AQPs 
role in the human pancreas are limited; however, it 
has been found that AQP1 is over-expressed in the 
plasma membranes of pancreatic ducts in autoimmune 
pancreatitis [62]. 

Adipose tissue and a new role of aquaglyceroporins
In fasting conditions triacylglycerols stored in the adipose 
tissue are hydrolyzed to glycerol and free fatty acids 
(FFA) by hormone-sensitive lipase, and both are released 
into the bloodstream [63]. To maintain circulating 
glucose glycerol is taken up by the liver and kidney, 
both expressing glycerol kinase, and used for glucose 
production in the gluconeogenesis pathway [64]. 
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However, for a long time our knowledge about the 
mechanism of glycerol transport across adipocyte cell 
membranes was limited. It is now well documented 
that in humans and animals glycerol transport from 
adipocytes into the bloodstream is regulated by 
aquaporin 7 [65, 66]. 
Further animal studies showed that young AQP7 
knockout (AQP7 KO) mice had lower circulating 
glycerol and were characterized by impaired 
glycerol response to adrenergic stimulation and 
rapid reduction in circulating glucose due to limited 
glycerol availability for gluconeogenesis in the liver 
[67]. 
On the contrary, in older AQP7 KO mice the loss 
of glycerol efflux from adipocytes resulted in 
elevated glycerol kinase (E.C.2.7.1.30) activity 
and increased synthesis of glycerol 3-phoshate 
followed by excessive triacylglycerol synthesis and 
accumulation [68, 69]. In consequence, whole-body 
metabolic disturbances have been noted such as 
elevated circulating FFA, hyperglycemia, and insulin 
resistance.
Taking into account the worldwide obesity epidemic 
animal data concerning AQP7 knockout initiated 
numerous human studies examining the AQP7 role in 
human obesity. Marrades et al. [70] and Ceperuelo-
Mallafrĕ et al. [71] found that AQP7 gene expression 
was markedly depressed in obese vs. lean subjects. 
A significant role of AQP7 in glycerol and TG 
accumulation in human adipocytes was confirmed in 
vitro using isolated 3T3-L1 cells [72]. Furthermore, 
in both subcutaneous and visceral fat there were 
positive associations between AQP7 expression and 
lipogenic and lipolytic enzymes genes [73]. 
Studies on the AQPs’ role in human adipose tissue 
have been in progress. For a long time AQP7 has been 
the only aquaporin associated with adipose tissue. 
Recently, it has been demonstrated that, different 
than in mice, in humans both superaquaporins, i.e. 
AQP10 and 11, are expressed inside subcutaneous and 
visceral adipocytes in the vicinity of lipid droplets 
[74, 75]. Furthermore, both AQPs are colocalized 
with perilipin, a lipid droplet protein contributing 
to the regulation of lipolysis, and this localization 
confirms their contribution to fat metabolism in 
adipose tissue [76, 77].
However, an overall AQPs’ contribution to 
the regulation of metabolic processes cannot be 
elucidated without the adipocyte-liver connection. 

Aquaporins in the liver 
AQPs are expressed in mammalian heptocytes, 
intrahepatic bile ducts and gallbladder epithelium, 
which suggests that they contribute to the regulation 
of bile formation and transport but also to glucose and 
fat metabolism [78]. Special interest has been paid to 
aquaglyceroporin 9 activities in hepatocytes, since its 
gene expression responds to fasting and refeeding [79]. 
Additionally, it has been noted that AQP9 and AQP7 
activities undergo coordinated regulation by insulin 
and, in consequence, AQP7-dependent glycerol efflux 
from adipocytes and AQP9-dependent glycerol uptake 
by hepatocytes play a crucial role in the regulation of 
liver gluconeogenesis and plasma glucose level [80] 
(Figure 2). 
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FFA Glycerol
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Figure 2. Adipocyte glycerol release and gluconeogenesis 
from glycerol in the liver under physiological conditions

1 – lipolysis; 2 – AQP7-mediated glycerol transport to the blood-
stream; 3 – AQP9-mediated glycerol uptake by the liver; 4 – liver 
gluconeogenesis; 5 – glucose transport to the blood. AQP7 dele-
tion in adipocytes brings about decreased glycerol transport into 
the blood, excessive glycerol accumulation in adipocytes and in-
creased triacylglycerol synthesis, but also depressed gluconeogene-
sis in the liver. AQP9 deletion in the liver depresses gluconeogene-
sis, increases circulating and adipocyte glycerol and triacylglycerol 
levels.
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More information concerning the AQP9 role in 
hepatocytes was provided by authors of studies on AQP9 
knockout mice [81, 82]. In AQP9 KO animals circulating 
glycerol and triacylglycerols were significantly 
elevated, while the glucose level was markedly lowered 
in comparison with their wild littermates. It suggests 
impaired liver gluconeogenesis due to limited glycerol 
uptake. 
Moreover, it is worth noting that high triacylglycerol 
accumulation in the liver in response to disturbed 
aquaporin function is a possible cause of non-alcoholic 
fatty liver disease (NAFLD) in the rats on a high-fat 
diet [83]. Furthermore, it was also noted that AQP9 
but also AQP8 and 11 are important for other vital 
liver functions, since it is postulated that in mice they 
contribute to liver regeneration after partial hepatectomy 
[84] (Table 3).

Function of aquaporins in skeletal muscle 
AQP expression in skeletal muscle was identified in 
1998 by Friegeri et al. [85], who demonstrated that in 
the rat AQP4 is expressed exclusively in fast-switch 
extensor digitorum longus (EDL) muscle but not in 
slow twitch soleus muscle. More detailed in vitro 
studies found that AQP4 was expressed in mice in the 
sarcolemma, but AQP1 is expressed in intramuscular 
capillary endothelial cells [86]. These findings enable 
a hypothesis that both AQP4 and AQP1 could be 
responsible for exercise-induced fast water transport 
from the blood into the muscle.
More data concerning the AQP4 function in the skeletal 
muscle were obtained from AQP4 knockout mice 
in which 19 proteins exhibited changed expression 
in comparison with wild-type animals [87]. Protein 

identification revealed that 12 were up- and 7 were 
down-regulated, but all were engaged in energy 
metabolism and/or calcium handling (e.g. creatine 
kinase, parvalbumin). Additionally, physical treadmill 
training markedly elevated AQP4 protein content in rat 
muscles, which positively correlated with running speed 
during a single bout of exercise [88]. However, AQP4 
mRNA was not elevated following training indicating 
posttranslational aquaporin regulation.
Until now data on effects of physical training on AQPs 
expression in humans have remained scarce. Lebeck 
et al. 2012 [89] revealed that – exclusively in females 
– AQP7 expression in subcutaneous fat increased 2.2-
fold following training. Contrarily, a marked decrease 
in AQP7 expression has been found in men. These 
findings may be significant for our understanding 
of sex-related differences in substrate utilization 
during exercise. Moreover, the results of the same 
study revealed that genetic predisposition to type 2 
diabetes was associated with lower AQP7 expression 
in subcutaneous abdominal fat. 
More data concerning training effects on AQP are 
available in rats. Wang and Chen [90] have noted 
that a 6-week exhaustive swimming training in rats 
brings about decreased renal water reabsorption due 
to decreased AQP2 expression, and according to 
them, this may be the main cause of fatigue following 
extreme physical load. Furthermore, He et al. [91] 
have noted that in rats pre-training down-regulates 
AQP4 expression in the brain and, in consequence, 
ameliorates brain edema following ischemic stroke. 
Thus, it could be suggested that at least in rats regular 
physical activity plays a protective role in brain edema 
following stroke. 

Table 3. Health consequences of disturbed AQP expression or deletion in humans

AQUAPORIN Disease Tissue/Organ

AQP0 deletion Cataract Eye

AQP1 over-expression Autoimmune pancreatitis Pancreas

AQP2 deletion Diabetes insipidus Kidney

AQP4 reduced expression Neuromyelitis optica, Baló disease, 
Duchenne muscular dystrophy

Brain 
Skeletal muscle

AQP5 mutation Palmoplantar keratoderma Skin

AQP7 depressed expression Obesity Adipose tissue

AQP8 over-expression Inflammatory bowel disease Gut

AQ 9 depressed expression Obesity Liver
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Much more attention has been paid to the role of AQP4 
in pathological skeletal muscle. It has been found that 
AQP4 expression is markedly reduced in the mdx mice 
model of Duchenne muscular dystrophy (DMD) [92]. In 
addition, there are also data suggesting decreased AQP4 
expression in human DMD [93]. Less attention has been 
paid to the AQP1 function in skeletal muscle; however, 
it is postulated that this capillary-located endothelial cell 
aquaporin enhances muscle regeneration [94]. 
On the other hand, more attention should be paid to the role 
of exogenous glycerol during exercise, since water and 
glycerol mixtures are popular as hyperhydrating agents 
[95]. However, data concerning glycerol drink effects on 
metabolic variables are scarce suggesting protection of 
the cardiovascular system due to better hydration and no 
effects on anaerobic metabolism [96, 97]. 
The data presented above clearly suggest that studies 
on the structure and functions of AQPs shed a new 
light on metabolic processes which are of substantial 
importance for human health (Table 2). This is why 
research focusing on strategies that may affect the 
functions of AQPs has been understaken. Kong et al. 
[98] have found that carboxymethyl chitin (CM-chitin), 
a water-soluble chitin derivative, may exert an anti-
obesity activity in isolated adipocytes by increasing 
glycerol efflux and decreasing triglyceride synthesis due 
to activation of AQP7 and AMP kinase. Additionally, it 
has been noted that gold-based compounds are effective 
in AQP protein inhibition, and according to researchers, 
are suitable for further research on anti-AQPs drugs [99, 
100]. Interestingly, it has also been indicated that anti-
AQP4 monoclonal antibodies are effective in preventing 
neuromyelitis optica (NMO) in mice [101]. Moreover, 
it is postulated that in the future AQPs may be drug 
targets in oncology due to their important role in cell 
proliferation and migration [102, 103]. Thus, it could 
not be excluded that aquaporin-mediated processes 
and their modulation by exogenous agents will open 
a new era in our understanding of body functions and in 
medical treatment of numerous serious diseases. 
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