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ABSTRACT 
 
Aquaporins (AQPs) are a tetramer structure with independent channels. The structure was discovered in 1991 by Preston and Agre. 
The channels are widely expressed throughout the body. Currently there are at least 10 isoforms of AQPs recognized namely AQP 
(0-9). Primarily AQPs function as water channel and expressed at the sites where rapid fluid transport is to occur such as kidneys, 
lungs, brain, eyes and glands but there are exceptions. In addition to its function as water channel AQP-1 also transports CO2, 
AQP-3, AQP-7 and AQP-9 are also permeable to glycerol and transport other molecules. The permeability to glycerol is associated 
with gluconeogenesis process especially in fasting condition. The AQP-4 and AQP-0 are also proposed to function as part of 
cytoskeleton system and to be involved in cell adhesion The expression and function of AQPs are altered or modulated by many 
substances such as corticosteroid, vasopressin, ANP, secretin, lithium and HgCl2. AQPs expression and function are also altered by 
many conditions such as pH and electrolytes change, pregnancy, thirst, anemia, congestive heart failure, renal disease and liver 
cirrhosis. The defective expression and function of AQPs are also associated with several pathological events such as defective 
urinary concentrating ability, defective cerebral and lung water balance, defective saliva and sweat production, defective dietary fat 
processing, cataract, glaucoma and nephrogenic diabetes insipidus. The association between AQPs with many pathological events is 
hopefully providing alternative approach to elucidate and to solve many clinical problems. 
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INTRODUCTION 
 
Water is an essential and the most abundant mass in the 
body. During life there is a continuous movement of 
water and other substances across the membrane of 
body compartments. Despite the well recognition on this 
event, the way the water penetrates the membrane is still 
unclear. Many hypotheses are proposed to elucidate 
mechanism but failed to completely reveal.  
 
History 
 
Permeability of small neutral molecules 
 
At he end of 19th Overton proposed a theory which 
stated that the permeability of neutral small molecules 
through membrane were linearly related to its oil-water 
partition coefficient. In 1986 Walter and Gutknecht 
found some deviations from this rule and reported that 
small solute had higher permeability than predicted. 
Still in 1986 Finkelstein proposed a solubility-diffusion 
model which stated that the permeability of a substance 
through a biological membrane was not only influenced 
by oil-water coefficient but also by the ease the 
substance  moved  through  the  interfacial  hydrocarbon  
 
 
_____________________ 
Department of Physiology,  
Airlangga University School of Medicine 

molecules. As occurred to Overton’s theory, several 
observations challenged this principle with its finding 
that the movement of some gases across the membrane 
did not follow solubility-diffusion model. It seemed 
likely that specific channels can altered the movement 
of gases across biological membrane (Cooper, 2002). 
 
Suggestion for the existence of water pores  
 
Water was the first small neutral molecule found as 
deviating from Overton’s rule. In 1935, Krogh and co-
workers found that upon exposing amphibian skin to a 
trans-epithelial osmotic gradient, the H2O flux was 3-5 
fold higher than predicted if H2O were simply diffusing 
through lipid membrane. The authors concluded that 
there were two pathways for water movement, a non-
watery pathway functioning for diffusional water flux 
and a watery pathway that permit osmotic flow of water. 
In 1953 Koefoed-Johnsen & Ussing reported that a 
posterior-pituitary hormone extract increased 
permeability of amphibian skin by 100-200 % without 
increasing the diffusional flux. The authors suggested 
that the augmentation was caused by the increase in the 
diameter of H2O-filled pore. In 1953, Padanelli & 
Solomon found that water permeability in erythrocytes 
was at least 30-fold greater than for any other cell type. 
The ratio of osmotic to diffusional H2O permeability 
indicated the presence of H2O pore with a diameter of 
3.5 Ao (Cooper, 2002). 
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Discovery of water pores: the aquaporins 
 
In 1991, Preston and Agre noted that whilst purifying a 
32-kDa Rh-polypeptide from human erythrocytes, a 28-
kDa protein was co-precipitated. This protein was 
originally named CHIP28 (channel-forming integral 
protein). The protein was homologous to MIP-26 
(membrane integral protein) from ocular lens. In 1992, 
major advance in understanding to the function of CHIP 
28 was coming when Preston et al found that expressing 
CHIP28 in oocytes markedly increase H20-permeability. 
CHIP28 was latter on designated as aquaporin-1 (AQP-
1) and lens MIP26 as aquaporin-0 (Agre, 2002; Loo, 
2002). Since then many other isoforms were found and 
currently there are ten isofoms in human recognized. 
This review will discuss the structure and the role of 
aquaporins in physiological as well as pathological 
processes.  
  
MOLECULAR STRUCTURE 
 
The earliest aquaporin structures studied are aquapiron-
0 and aquaporin-1. Aquaporins are a homo-tretamer 
structure containing independent water channels. The 
tetramer has side length of 7 nm. The monomer consists 
of 26-34 kDa “ six spanning domains “ protein with 
NH2 and COOH cytoplasmically oriented. The protein 
has two tandems with highly conserved two loops (B 
and E) containing signature motif asparagines-proline-
alanine (NPA). The pore is proposed in part made by 
the “hourglass” structure, generated by folding of the 
loops (Figure 1-4). With the exception of AQP-2, AQP-
6 and AQP-8 which are locating intracellular, the other 
aquaporins appear constitutively expressed at plasma 
membrane (Engel, 2000; Verkman, 2000-b; Agre, 2002). 
 
EXPRESSION 
 
The ten isoforms of human aquaporin are widely 
expressed through out the body: 

 
AQP-0: lenses, liver. 
AQP-1: erythrocytes, lungs (microvascular endothelia, 

pneumosit), kidneys (proximal tubule, 
descending limb of Henle, vasa recta), 
choroids plexus, ciliary bodies.  

AQP-2: kidneys (collecting tube), testis.  
AQP-3: kidneys (collecting tube), gastro intestinal 

tracts, large air ways, skin, eyes. 
AQP-4: brain, gaster, colon, skeletal muscles, kidneys 

(collecting tube), lungs (large & small 
airways). 

AQP-5: salivary glands, lungs (alveolar), sweat glands, 
lacrimal glands, corneas 

AQP-6:  kidneys (collecting tube) 
AQP-7:  kidneys  (proximal    tubule),     lipid     cells, 

spermatocytes.  
AQP-8: kidneys (proximal tubule, collecting tube), 

liver, pancreas, testis, salivary glands, heart, 
placenta  

AQP-9: liver, testis, leucocytes, lungs, spleen, brain. 
 (Verkman, 2000-a; Nejsum, 2001; Nico, 2001; Nielsen, 
2001; Huebert, 2002) 

 
 
BIOLOGICAL FUNCTIONS 
 
Primarily aquaporins function as water channel but 
several isoforms are also permeable to gas, glycerol, 
urea, and other molecules such as arsenite, carbamides, 
polyol and pyramidine. Some others are proposed to 
function as cytoskeleton and cell adhesion.  
 
Aquaporin-1 

AQP-1 is expressed in kidneys (proximal tube, thin 
descending loops of Henle , vasa recta), lungs 
(microvascular endothels, pneumosits), choroids plexus, 
ciliary bodies and erythrocytes. AQP-1 is also 
permeated to CO2. In eyes AQP-1 is proposed to have 
role in secretion and absorbtion of humor aqueous but 
still not confirmed wether AQP-1 is involved in 
pathogenesis of glaucoma (Verkman, 2000-a; Agre, 2002; 
Nielsen, 2002; Borras, 2003). 
 
Aquaporin-0 
 
AQP-0 is named latter than AQP-1 and the name AQP-
0 is attributed because this AQP is not inhibited by 
mercury. AQP-0 is expressed in lenses and liver. In 
addtion to its function as a water channel, AQP-0 is 
proposed to function as cytoskeleton and involved in 
cell adhesion. The disturbance of AQP-0 expression and 
function is linked with genesis of cataract (Engel, 2000; 
Francis, 2000; Agre, 2002). 
 
Aquaporin-2 
 
AQP-2 is mainly expressed in renal collecting tubes. 
The other organ where AQP-2 expressed is testis. In 
resting condition AQP-2 is located intracellular and 
only after activated migrates to cellular membrane. 
Many physiological and pathological events are 
reported to alter AQP-2 expression. Lithium, 
hypokalemia, hyponatremia, hypercalcemia, renal 
diseases and liver cirrhosis decrease expression while 
pregnancy, anemia and congestive heart failure are 
increasing. Defective function of this channel is linked 
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with the genesis of nephrogenic diabetes insipidus 
(Engel, 2000; Verkman, 2000-b; Nielsen, 2001). 
 
Aquaporin-3 
 
AQP-3 is widely expressed in multiple organs such as 
kidneys, airways, gastro intestinal tracts, skin and eyes. 

In addition to its water permeability this aquaporin is 
also permeated to glycerol and urea but the 
physiological role of this character has not been clear 
yet. Defective function of this channel is linked with 
several renal diseases (Engel, 2000; Nielsen, 2001; Agre, 
2002).

 
 
 

 
 

 
Figure 1.   Pictures produced with Cryo-electron microscopic technique.The pictures show the 

tetramer arrangement with independent channels.A: Red cell water channel (AQP-
1). B: Lens fiber water channel (AQP-0). (Engel, 2000) 

 
 
 

 
 
 

Figure 2. Surface topography of water channel A.:AQP-0. B: AQP-1. 
Left: extracellular surface. Right: cyroplasmic surface. (Engel, 
2000) 
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Figure 3.  Molecular structure of aquaporin. Top: six membrane-spanning motif. Bottom: 
“hourglass” configuration. (Cooper, 2002) 

 
 

 
 

Figure 4. Three dimensional space filling model of AQP-1 structure.  (Agre, 2002) 
 

 
Aquaporin-4 
 
AQP-4 is expressed in brain, retinas, lungs, gastro 
intestinal tracts and skeletal muscles. In brain AQP-4 

lies in certain glial cells, plexus choroid, ependymal 
cells and osmosensory regions surrounding vasopressin 
secretory neurons. In brain AQP-4 is suggested involved 
in liquor production and absorbtion, water transport 
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across blood-brain barrier and in edema condition. In 
retinas AQP-4 colocalizes with specific kalium channel. 
AQP-4 is also known to reside in sarcolemmal of 
skeletal muscle of fast twitch fibres. The location is 
associated with cytoskeletal protein and this protein is 
reduced in some muscle dystrophies (Nielsen, 2001; Agre, 
2002; Saadoun, 2002). 
 
Aquaporin-5 
 
AQP-5 is expressed in the apical membrane of secretory 
cells in submucosal glands of airways, type-I epithelial 
cells lining alveoli, salivary glands, corneal epitheliums, 
lacrimal glands and sweat glands. In corneas AQP-5 is 
suspected to have role in hydration, transparency and 
wound healing. Defficient of AQP-5 is suspected to 
have association with many pathological processes such 
as asthma, hyper or hypohydrosis, Sjogren’s syndrome 
(dry eye) and tonicity disturbance of saliva (Agre, 2002; 
Song, 2002; Sjuhada, 2004).  
 
Aquaporin-6 
 
Similar with AQP-2, AQP-6 is expressed intra cellular. 
AQP-6 is expressed in kidneys (collecting tube, α-
intercalated cells). It colocalizes with H+-ATP-ase, 
activated at lower pH and is suggested to have role in 
acid secretion and linked with acid-base disturbance. 
This channel seems to be relatively selective for anion. 
Chronic acidosis does not change but chronic alkalosis 
and water loading increase expression. AQP-6 is not 
sensitive to mercury and inversely shows increase water 
permeability when exposed to low concentration of 
mercury chloride (Nielsen, 2001; Agre, 2002).  
 
Aquaporin-7 
 
AQP-7 is expressed in kidneys, adipose cells and 
spermatocytes. AQP-7 is also permeable to glycerol and 
urea. The role of AQP-7 in adipose cells is not yet 
established but is suspected to provide exit route for 
glycerol during fasting conditions (Nielsen, 2001; Agre, 
2002).  
 
Aquaporin-8 
 
AQP-8 is present intra cellular and widely expressed in 
organs such as kidneys, liver, pancreas, testis, salivary 
glands, heart and placenta (Nielsen, 2001; Agre, 2002). 
 
Aquaporin-9 
 
AQP-9 is known to be expressed in liver, lungs, spleen, 
leucocytes, testis and brain. AQP-9 is also permeable to 

glycerol, arsenite, carbamides, polyol, purines, and 
pyramidine. Beside its role in water transport, AQP-9 is 
also suggested to provide glycerol entry for 
gluconeogenesis. The permeability to arsenite may be 
pharmacologically important during treatment of 
leukemia with the drug (Nielsen, 2001; Agre, 2002). 
 
TRANSPORT CAPACITY AND SELECTIVITY 
 
AQP-4 has the highest water permeability, whereas 
AQP-0 and AQP-3 has the lowest. The permeability of 
AQP-1 is 6 x 10 –14 cm3/s. In addition to water 
transportation capability, APQ-1 also transports CO2, 
AQP-(3, 7 and 9) transport glycerol and urea and AQP-
9 also transports carbamides, polyols, purines, arsenite 
and pyramidines (Engel, 2000; Verkman, 2000-b; Agre, 
2002). 
 
REGULATION AND MODULATION 
 
Several hormones, chemical substances, physiological 
and clinical events are reported can regulate or modulate 
AQPs. Corticosteroid increases 10-fold AQP-1 
expression in pulmonary endothelium (Agre, 2002) 
whereas ANP decreases expression in kidney (Verkman, 
2000-a). Vasopressin increases renal AQP-2 and AQP-3 
expression (Nielsen, 2001) and secretin is found to 
activate AQP-1 in cholangiocytes (Engel, 2000). In lower 
pH, AQP-0 and AQP-6 are activated whereas the 
function of AQP-3 decreases (Engel, 2000). Chronic 
alkalosis and water loading augment AQP-6 expression 
(Agre, 2002). Phosphorylation induces AQP-2 
translocation to membrane but phorbol ester (protein C 
kinase agonist) inactivates AQP-4 (Engel, 2000; Agre, 
2002). Except for AQP-0 and AQP-6, mercury chloride 
is known to inhibit AQP’s function (Agre, 2002). 
 
Several pathological and clinical events have been 
found to have association with AQPs expression. AQP-
2 expression increases in pregnancy, congestive heart 
failure but decreases in liver cirrhosis (Nielsen, 1997; 
Nielsen, 2001; Jonassen, 2000). Hypokalemia, 
hypercalcemia, urinary obstruction and lithium down 
regulate AQP-2 expression (Nielsen, 2001). Despite the 
existence of body water expansion, nephrotic syndrome 
does not exhibit up regulation of AQP-2 expression 
whereas puromycine aminonucleoside (PAN) and 
adriamycine induced nephrotic syndrome decreases 
AQP-2 and AQP-3 expression (Nielsen, 2001). Renal 
ischemia decreases AQP-(1,2,3) expression (Nielsen, 
2001) while anemia increases AQP-1 expression in fetal 
sheep heart (Jonker, 2003). 
 

7 



Aquaporin Water Channels: Physiology and Medicine 

Folia Medica Indonesiana                                                                           Vol. 40 No. 1 January – March 2004  

KNOCKED OUT EXPERIMENTS 
 
Gene knocked out experiment has been employed as 
another method to disclose AQP’s function and has 
been conducted upon several isoforms of AQPs. In 
brief, multiple abnormalities are found such as genesis 
of nephrogenic diabetes insipidus in AQP-2 null mice, 
defective urinary concentrating ability in AQP-1 and 
AQP-3 null mice, defective dietary fat processing in 
AQP-1 null mice, altered cerebral water balance in 
AQP-4 null mice, altered saliva production in AQP-5 
null mice and decrease lung water permeability in AQP-
1 and AQP-5 null mice. Despite AQP-4 expression in 
gastric parietal cells and skeletal muscles null mice of 
this AQP do not exhibit impairment of gastric 
acidification or muscle function (Ma, 1999; Verkman, 
2000-b; Agre, 2002). 
 
OTHER FINDINGS  
 
In addition to the above aforementioned possible roles 
of aquaporins, there are reports that AQP-1 expression 
increases in microvessel tumor. Inversely in AQP-1 
deficient mice, tumor growth and angiogenesis reduce. 
The high membrane density, very hydrophobic nature of 
aquaporins and the regular intra membrane assembly of 
AQP-4 suggest a possible role of aquaporins in 
membrane fluidity and integrity (Verkman, 2000-b).  
 
SUMMARY  
 
In general AQPs are expressed at the sites where rapid 
fluid transport is to occur. However there are a number 
of exceptions such as AQP-3 in skin, AOP-4 in skeletal 
muscles, AQP-7 in fat cells and AOP-9 in hepatocytes. 
AQP-1 is also proposed to transport CO2, AQP-3, AQP-
7 and AQP-9 also transport glycerol and urea. AQP-0 
and AQP-4 are also proposed to have role as 
cytoskeleton and involved in cell adhesion. AQP-4 is 
also suggested to have role in membrane fluidity and 
integrity. AQP-9 appears to be a unique as it has 
relatively non-selective ability to transport a variety of 
non polar solutes including monosaccharides. With the 
exception of AQP-2, AQP-6 and AQP-8 which are 
located intra cellular, the other AQP-s are constitutively 
expressed intra membrane. 
 
The function of the channels are regulated or modulated 
by many hormones, substances, physiological as well as 
pathological events such as vasopressin, ANP, secretin, 
corticosteroid, secretin, electrolyte disturbance, protein-
kinase agonist, pregnancy, anemia and pathological 
conditions of kidneys, liver and heart. The knowledge 
on AQP-s association with many physiological and 

pathological events is hopefully providing alternative 
approach to elucidate and to solve many clinical 
problems. 
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