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INTRODUCTION
Bile secretion is the main function of  the exocrine 
liver, and the maintenance of  normal bile formation 
and delivery into the intestinal lumen is essential 
for physiological processes such as digestion and 
absorption of  dietary lipids and elimination of  endo- and 
xenobiotics. Cholestasis is a pathologic condition defined 
as an impairment of  normal bile formation, bile flow 
obstruction or both[1]. There have been major advances 
in the understanding of  the molecular mechanisms 
underlying bile secretion and cholestasis, and much 
of  this work has been focused on the study of  solute 
membrane transporters[2,3]. However, considering that 
bile is composed of  more than 95% water, less attention 
has been paid to the molecular basis and regulatory 
mechanisms of  water transport in hepatocytes during bile 
formation. The cloning and functional characterization 
of  a family of  proteins that works as membrane water 
channels, named aquaporins (AQPs)[4], challenged the 
former concepts of  water transport and contributed to 
the better understanding of  bile physiology. The aim of  
this work is to give a concise overview of  the current 
knowledge and recent advances in the role of  AQPs 
during bile formation as well as the significance of  AQPs 
in the development of  bile secretory failure.

AQUAPORINS OVERVIEW-GENERAL 
STRUCTURE AND FUNCTION
AQPs are small integral proteins which belong to 
a family of  homologous tetrameric proteins widely 
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Abstract
This review focuses on current knowledge on hepato-
cyte aquaporins (AQPs) and their significance in bile 
formation and cholestasis. Canalicular bile secretion 
results from a combined interaction of several solute 
transporters and AQP water channels that facilitate wa-
ter flow in response to the osmotic gradients created. 
During choleresis, hepatocytes rapidly increase their 
canalicular membrane water permeability by modulat-
ing the abundance of AQP8. The question was raised 
as to whether the opposite process, i.e. a decreased 
canalicular AQP8 expression would contribute to the 
development of cholestasis. Studies in several experi-
mental models of cholestasis, such as extrahepatic 
obstructive cholestasis, estrogen-induced cholestasis, 
and sepsis-induced cholestasis demonstrated that the 
protein expression of hepatocyte AQP8 was impaired. 
In addition, biophysical studies in canalicular plasma 
membranes revealed decreased water permeability as-
sociated with AQP8 protein downregulation. The com-
bined alteration in hepatocyte solute transporters and 
AQP8 would hamper the efficient coupling of osmotic 
gradients and canalicular water flow. Thus cholestasis 
may result from a mutual occurrence of impaired sol-
ute transport and decreased water permeability.
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distributed in mammals, plants, and lower organisms[4]. 
The first AQP was purified from human erythrocytes 
and was initially named CHIP28. Following expression 
studies in Xenopus oocytes the protein was functionally 
identified as a water channel and renamed AQP1[5]. The 
discovery of  AQPs triggered an immense number of  
studies which advanced the current understanding of  
water permeation across biological membranes. At least 
13 AQP isoforms have been identified from mammalian 
tissues (AQP0-AQP12)[4,6,7]. While AQPs function 
primarily as water-transporting channels, some of  these 
proteins also exhibit permeability to certain small solutes 
such as glycerol, ammonia[8], hydrogen peroxide[9] and 
some gases such as carbon dioxide and nitric oxide[10]. 

AQP1 was the first member of  the AQP water channel 
family to be identified[5]. The functional unit of  AQP1 is 
a homotetramer, but in contrast to ion channels where 
the permeation site is placed in the center of  the tetramer, 
each AQP subunit contains a distinct aqueous pore. The 
monomers, composed of  approximately 270 amino acids, 
possess six transmembrane alpha-helix regions connected 
by five loops, with the amino- and carboxy-termini 
oriented towards the cytosol. Among the five connecting 
loops, two enclose the strictly conserved three-amino acid 
motif  (asparagine-proline-alanine, NPA), which overlap in 
the center of  the pore and are responsible for the water 
channel selectivity (Figure 1A and B). 

Cryoelectron microscopy in combination with 
atomic force microscopy and X-ray analysis confirmed 
the so-called “hourglass model”. It consists of  a wide 
extracellular and intracellular vestibule, joined in the center 
by a narrow region of  approximately 20 Ǻ in length that 
shapes the filter responsible for water selectivity[11]. In the 
vestibules water exists in bulk solution, while in the center 
of  the channel water transits in single file. Actually it has 
been identified as a two-stage filter in the central region of  
the pore: an outer barrier termed the aromatic/arginine 

constriction (ar/R), and the central constriction or NPA 
region. Both stages of  the filter add to the remarkable 
efficiency and selectivity of  the AQPs[12] (Figure 1C). 

The filter selectivity appears to be based on size 
exclusion, as the central constriction of  the filter is 
slightly wider than the water molecule (~2.8 Å) and 
represents a steric limit for bigger molecules through the 
channel. The ar/R constriction is composed of  a highly 
conserved arginine residue in the 195 position and a 
nearby histidine residue in the 180 position. This filter 
provides supplementary criteria for solute selection, as 
the conserved residues have a strong positive charge 
that repels protonated water. In the NPA region, water-
water interactions are distorted so water molecules 
remain isolated from their solvation shell in the bulk, 
a process essential for the filter selectivity[13]. As water 
molecules approximate to the constriction, the oxygen 
atom rotates towards the asparagine residues from the 
NPA motifs (asparagines 76 and 192) and creates new 
hydrogen bonds between the oxygen and the asparagine 
residues. The dipole reorientation breaks the hydrogen 
bonds among water molecules and avoids the passage of  
protonated water[13,14].

The hourglass model also explains the reversible 
inhibition caused by mercurial compounds. Mercury 
reacts with sulfhydryl groups from cysteine residues. 
Among the 4 cysteine residues present in AQP1, only 
that located in the 189 position reacts with mercurial 
compounds producing water transport inhibition[15]. This 
residue is located in the E loop, next to the NPA motif  
inside the pore[13]. 

Hepatocyte AQPs: EXPRESSION AND 
SUBCELLULAR LOCALIZATION
There has been much interest in the localization and 
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Figure 1  Topology, organization and functioning of the aquaporin water channel molecule. A: Each AQP monomer consist of six transmembrane domains (Ⅰ-Ⅵ) 
connected by five loops (a-e) with two NPA boxes shaping the water pore, and the amino and carboxy termini oriented toward the cytoplasm; B: Aquaporins are arranged 
in tetramers. The water pore does not reside in the center of the molecule, but is formed by connecting loops b and e in each subunit that functions as a unique water 
pore allowing bidirectional water movement; C: The hourglass model for aquaporin structure. The channel consist of an extracellular and intracellular vestibule containing 
water in bulk solution joined in the center by a central constriction 20 Å in length where water molecules pass in single file. The a/R constriction delimited by arginine in 
the position 195 (R195) and histidine in the position 180 (H180) provides fixed positive charges which prevent proton passage. The second constriction is bounded by two 
asparagine residues from the highly conserved NPA motif. The single water molecule passes through the constriction with no resistance as it forms transient hydrogen 
bonds with the nearby asparagines.
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physiological role of  AQPs in the liver. We and others 
have recently shown that rat hepatocytes express mRNA 
and protein for AQP0[16], AQP8[16-20], AQP9[16,21,22] and 
AQP11[6]. In addition, other cells of  the hepatobiliary 
tract such as cholangiocytes, gallbladder epithelia and 
peribiliary vascular endothelia also express AQPs[23-27]. 
The cellular and subcellular distribution and permeability 
characteristics of  AQPs in the hepatobiliary tract are 
summarized in Table 1. We will focus essentially on the 
hepatocyte AQPs that play a role in bile formation and 
secretory failure, i.e. AQP8 and AQP9.

Typically, AQP8 has a varied subcellular localization, 
which probably correlates with broad physiological 
roles in the hepatocyte. Accordingly, it was estimated 
that under basal (unstimulated) conditions most of  the 
hepatocyte AQP8 (75%) reside in intracellular structures, 
while the remainder reside in the plasma membrane[19]. 
Detailed biochemical, confocal immunofluorescence 
and immunoelectron microscopy analyses revealed that 
the intracellular AQP8 is mostly located in transport 
vesicles[17,19], smooth endoplasmic reticulum[28] and in 
the inner membrane of  some mitochondria[29]. The 
protein expression in the plasma membrane is specifically 
located in the canalicular domain[16,17] and it is regulated 
by cAMP. Based on immunoblot analysis it was found 
that hepatocyte AQP8 can be present in two forms of  
different molecular weight: a N-glycosylated protein 
of  about 34 kDa, and a non-glycosylated protein of  
28 kDa[19,29]. According to this, it can be assumed that 
hepatocytes exhibit two intracellular subpopulations 
of  AQP8 with different physiological functions. A 34 
kDa AQP8 in transport vesicles and canalicular plasma 
membrane domains involved in the formation and 
regulation of  bile (see below); and a 28 kDa AQP8, 
located in the inner mitochondrial membrane with still 
uncharacterized functions[29]. Regarding AQP8 distribution 
in the liver, there is evidence that it has a differential 
lobular localization. Accordingly, immunohistochemical 
studies showed staining predominantly in the hepatocytes 
surrounding the central vein of  rat liver[16]. Different 
results were shown in mouse hepatic lobules, where AQP8 
seems to be predominantly distributed in the periportal 
and midlobular hepatocytes with some immunostaining in 
the pericentral region[28].

AQP9 is a water channel of  approximately 32 kDa that 
allows the passage of  water and a wide variety of  neutral 
solutes such as urea, glycerol, purines and pyrimidines[30,31]. 
Immunolocalization studies performed in rodent liver 
revealed that AQP9 is exclusively restricted to the 
hepatocyte sinusoidal plasma membrane domain[21], with 
an expression pattern strongest around the perivenous 
zone[32]. 

Hepatocytes also express AQP0, formerly named 
major intrinsic protein[16]. AQP0 is mainly localized 
to intracellular vesicular compartments, but it is not 
responsive to cAMP and so far, there is no evidence that 
its trafficking is regulated[14]. The function of  AQP0 in 
hepatocytes has not yet been determined.

The last member to be identified was AQP11[6]. 
However, the study showed protein levels in total liver 
membranes, thus the AQP11 cellular and subcellular 
localization remains to be elucidated.

REGULATION OF HEPATOCYTE AQP 
TRAFFICKING
Certain epithelia adjust their transport capacity in the 
short term (i.e. min) by rapid insertion of  specific 
transporters in the secretory membrane. Therefore, 
the epithelial secretory or absorptive activity can be 
regulated by handling the number of  transport molecules 
in the plasma membrane. AQP2 is the vasopressin-
regulated water channel of  the kidney collecting duct[33]. 
Accordingly, the vasopressin-induced exocytic insertion 
and endocytic retrieval into and out of  the plasma 
membrane represents a rapid mechanism to regulate its 
water membrane permeability[34]. Likewise, AQP5 is the 
main AQP expressed in the acinar cells of  the salivary 
gland. While the water channel is normally sequestered in 
intracellular vesicles, it redistributes to the apical plasma 
membrane upon stimulation by muscarinic agonists[35]. 
Furthermore, it was demonstrated in cholangiocytes 
that AQP1 is located in intracellular vesicles and 
undergoes secretin-induced exocytic insertion into the 
apical membrane[25,36]. Thus, fluid-transporting epithelia 
can regulate the rate of  water transport across cell 
membranes by rapid relocalization of  AQP molecules.

Table 1  Cellular and subcellular localization and permeability characteristics of hepatic AQPs

Cell type Aquaporin Subcellular localization Permeability Ref.

Hepatocytes AQP0 ICV Water [16]
AQP8 ICV-CPM-Mitochondria-SER Water/NH3/H2O2 [9,16-20,28,29,32]
AQP9 BLM Water/glycerol/urea/certain small uncharged molecules [16,21,22,30,31]
AQP11 ND ND [6]

Cholangiocytes AQP1 APM-BLM-ICV Water [23,25,36]
AQP4 BLM Water [26]

Gallbladder 
epithelia

AQP1 APM-BLM Water [27]
AQP8 APM Water/NH3/H2O2

Peribiliary vascular 
endothelia

AQP1 APM-BLM Water [24]

ICV: Intracellular vesicles; CPM: Canalicular plasma membrane; BLM: Basolateral plasma membrane; APM: Apical membrane; SER: smooth 
endoplasmic reticulum; NH3: Ammonia; H2O2: Hydrogen peroxide; ND: Not determined. 
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By using isolated rat hepatocytes, it was found that the 
water channel AQP8 is localized largely in intracellular 
vesicles and can be redistributed to the plasma membrane 
in a mechanism stimulated by cAMP. This was the first 
evidence that hepatocytes were able to regulate their 
membrane water permeability[19]. Furthermore, confocal 
immunofluorescence microscopy and functional studies 
in polarized isolated rat hepatocyte couplets showed 
that the insertion of  AQP8 occurs specifically in the 
hepatocyte canalicular membrane domain, a mechanism 
that facilitates the osmotically-driven canalicular water 
secretion in response to a choleretic stimulus[16]. The 
microtubule blocker colchicine specifically inhibits the 
dibutiryl cAMP effect on both AQP8 translocation to 
plasma membrane and water transport, suggesting that 
the hormone-dependent AQP8 trafficking relies on 
microtubules[19].

Glucagon is a choleretic hormone, and its actions in 
hepatocytes are mostly mediated by cAMP-dependent 
protein kinase A (PKA). We found that glucagon induces 
the translocation of  intracellular AQP8-containing 
vesicles to the canalicular domain in hepatocytes, and 
that this mechanism is dependent on the activation of  
PKA and the integrity of  the microtubular network[37]. 
Because AQP8 lacks consensus PKA phosphorylation 
sites[38], we suggested that unidentified protein mediators 
might be involved in the vesicle trafficking induced by 
glucagon. The understanding of  the precise mechanisms 
by which glucagon stimulates AQP8 translocation 
requires further investigation. Because AQP1 also 
lacks phosphorylation sites for PKA, the mechanisms 
involved in AQP8 translocation are probably similar to 
those involved in the secretin-mediated AQP1 trafficking 
in cholangiocytes[25,36,39]. 

It has been shown that glucagon is able to induce 
phosphatidylinositol-3-kinase (PI3K) activation in 
rat hepatocytes[40]. PI3K mediates several signaling 
transduction pathways in hepatocytes, including some 
involved in the regulation of  vesicle trafficking and in the 
process of  bile formation[41-44]. In fact, we showed that 
PI3K is involved in the hepatocyte trafficking of  AQP8 
stimulated by glucagon[45]. Thus our studies indicate 
that there is a dual requirement of  PKA and PI3K for 
glucagon-induced AQP8 trafficking. The cross-talk 
between PKA and PI3K signaling pathways has already 
been suggested for the regulated translocation of  Bsep to 
the hepatocyte canalicular membrane[46]. This may reflect 
the need for a cooperative action between PKA and 
PI3K on a single downstream effector. Consistent with 
this, it has been reported that in rat hepatocytes, cAMP 
can activate protein kinase B/Akt, a downstream PI3K 
effector[44,46]. Interestingly, it has recently been shown 
that cAMP-PKA mediated phosphorylation of  the p85 
regulatory subunit of  PI3K which was suggested to be 
an important point of  convergence of  cAMP-PKA and 
PI3K signaling pathways[47]. Thus, the glucagon-induced 
AQP8 trafficking in hepatocytes seems to involve both 
the cAMP/PKA and PI3K signaling pathways in a 
cooperative manner.

Therefore, during active choleresis, hepatocytes 

rapidly increase their canalicular membrane water 
permeability by vesicle trafficking and thus modulate the 
abundance of  AQP8 in the membrane.

PHYSIOLOGICAL SIGNIFICANCE OF 
HEPATOCYTE AQPs: BILE FORMATION
Hepatocytes are highly polarized epithelial cells 
characterized by two definite plasma membrane domains: 
a basolateral domain in contact with the sinusoidal blood 
and a bile canalicular domain, defining a sealed apical 
compartment. The asymmetric distribution of  protein 
transporters to the apical and basolateral membrane 
domains is the basis of  vectorial flux of  solutes and 
water from blood into the bile canaliculi and therefore 
for the generation of  bile[1-3]. Canalicular bile formation 
is an osmotic secretory process resulting from the inflow 
of  water into the biliary space in response to osmotic 
gradients created by the active secretion of  solutes. The 
excretion of  bile salts via the bile salt transporter Bsep, 
glutathione via the organic anion transporter Mrp2, and 
HCO3- via the Cl-/HCO3- exchanger AE2 are known 
to be the major driving forces for water movement from 
the sinusoidal blood to the bile canaliculus[2]. While the 
generation of  bile flow depends on the molecular and 
functional canalicular expression of  the aforementioned 
solute transporters, the molecular route for water 
movement has been largely disregarded albeit the 
majority of  canalicular bile is water.

Theoretically, water can flow through the hepatocyte 
epithelial barrier either across tight junctions between 
adjacent hepatocytes (paracellular route) or across 
hepatocyte plasma membranes (transcellular route). 
The paracellular route was traditionally proposed as 
the major pathway for water movement. Nonetheless, 
the experimental data supporting this view remained 
limited and largely indirect[48]. Experimental evidence 
supporting the transcellular pathway came from AQP 
inhibitory experiments in polarized rat hepatocyte 
couplets. Under choleretic stimuli, the AQP blockers 
prevented osmotically-driven water transport into the 
bile canaliculus[16]. Direct osmotic water permeability 
assessment by stopped-flow spectrophotometry in 
canalicular and sinusoidal plasma membrane vesicles 
revealed the presence of  both lipid (non-channel) and 
AQP-mediated pathways for sinusoidal and canalicular 
water movement[49]. The study demonstrated that 
the canalicular plasma membrane domain has lower 
water permeability than the sinusoidal membrane, and 
thus it is rate limiting for transcellular water transport 
in hepatocytes. However, upon cAMP stimulus the 
intracellular AQP8 inserts to the canalicular domain 
and so this membrane becomes highly water permeable. 
Approximate estimations of  transcellular hepatocyte 
water permeability suggest it to be similar to rat kidney 
proximal tubule, in which water flow seems to be largely 
transcellular[49]. Therefore, the transcellular pathway via 
water channels seems to account for most of  the water 
entering the bile canaliculus.
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As stated above, hepatocytes express AQPs in 
intracellular compartments as well as in the basolateral 
and canalicular plasma membrane domain. In the 
canalicular membrane, AQP8 was shown to be localized 
in lipid microdomains (“rafts”) enriched with cholesterol 
and sphingolipids[50,51]. These rafts are thought to 
promote the assembly of  specific proteins into definite 
regions of  the plasma membrane. Because other 
canalicular transporters such as AE2 and Mrp2 are 
also localized in membrane microdomains[51], it seems 
plausible that in the apical membrane, AQP8 is clustered 
with functionally associated solute transporters, which 
would generate the driving force necessary for osmotic 
water transport mediated by AQP8. 

The hormone glucagon is known to modulate 
canalicular bile formation[52]. Although the actual osmotic 
driving force involved in glucagon-induced choleresis is 
currently unknown, the solute gradients are thought to 
be created by active HCO3-excretion mediated by the 
canalicular transporter AE2[52]. In line with this, it was 
shown that glucagon (via cAMP) is able to stimulate 
the microtubule-dependent vesicle insertion of  AE2 to 
hepatocyte plasma membrane[52]. This mechanism, in 
association with an increased activity of  the exchanger, 
may account for the bicarbonate-rich choleresis induced 
by glucagon. Furthermore, recent immunofluorescence 
studies carried out in the hepatoma-derived hybrid cell 
line WIF-B, showed that AQP8 and AE2 are packaged 
in the same vesicle population, possibly conforming to a 
functional bile secretory unit[53]. Thus our findings provide 
evidence that AQP8 may improve the efficient coupling 
of  canalicular water transport to the HCO3- secreted 
by AE2 during glucagon-stimulated hepatocyte bile 
formation. 

Further evidence for the role of  AQP8 in bile secre-
tion comes from ontogenic expression studies during 
mice liver development. It was shown that at the time 
of  weaning, there is a rapid increase in AQP8 mRNA 
and protein expression when the hepatobiliary transport 
systems complete their maturation, suggesting that AQP8 
is necessary for canalicular bile formation[28]. 

Although the mentioned studies support a role 
for AQP8 in canalicular water secretion, conclusive 
evidence should come from studies performed in 
hepatocytes lacking AQP8 expression. With regard to 
this, experimental evidence against a role for AQP8 
in canalicular bile formation came from data obtained 
from AQP8 knockout mice[54]. This study revealed that 
AQP8-null mice challenged with a high-fat diet did not 
show a significantly different phenotype when compared 
to their wild-type counterpart. The lack of  dietary fat 
misprocessing could suggest that the excretion of  bile 
salts required for proper lipid digestion was at least 
preserved. However, direct studies on bile formation in 
AQP8-null mice are mandatory, in order to determine if  
these animals develop cholestasis. On the other hand, as 
hepatocytes express several members of  the AQP water 
channel family, the normal AQP8-null mice phenotype 
could result from a compensatory overexpression or 
functional modification of  other genes.

Functional studies from our laboratory provided 
further evidence supporting the notion that canalicular 
water transport during bile secretion is AQP8-mediated. 
Indeed, we found that AQP8 gene suppression by RNA 
interference is able to inhibit osmotically-driven and 
cAMP-induced canalicular water secretion in the human 
hepatocyte cell line HepG2[55].

Therefore, while according to our model, AQP8 
modulates the canalicular, rate limiting water flow, 
AQP9 would contribute to the sinusoidal uptake. In 
agreement with this, functional studies in rat hepatocyte 
basolateral membrane indicate that sinusoidal water 
transport is AQP-mediated[49]. As bile secretion requires 
the transcellular movement of  water to the bile canaliculi 
and AQP9 is the only sinusoidal water channel described 
so far, it is logical to believe that water moves from the 
sinusoidal blood, at least in part, through AQP9. 

PATHOPHYSIOLOGICAL SIGNIFICANCE 
OF HEPATOCYTE AQPs: CHOLESTASIS
Bile secretion failure is a consequence of  several 
pathologic conditions with the risk of  producing severe 
liver injury and systemic disease. There have been 
major advances in the understanding of  the molecular 
pathogenesis of  bile secretory failure[1-3]. It is well known 
that hepatocyte canalicular bile secretion results from 
the coordinated interaction of  several solute membrane 
transport systems together with, as detailed above, AQP 
water channels. Hence, it is conceivable that defective 
AQP membrane expression may lead to alterations in 
normal bile physiology. The significance of  liver AQPs in 
bile secretory failure are summarized in Table 2.

Extrahepatic cholestasis is a pathologic condition 
caused by a mechanical obstruction of  the biliary 
tree secondary to a wide variety of  acute and chronic 
conditions including gallstones, pancreatic carcinoma and 
cholangiosarcoma[56]. If  uncorrected, the obstruction may 
lead to hepatocyte damage, secondary biliary cirrhosis 
and portal hypertension. The experimental model of  
bile duct ligation (BDL) in the rat has been extensively 
used to assess modifications in the molecular expression 
of  hepatocyte membrane transporters in obstructive 
cholestasis. In a recent study, we examined the effect of  
BDL on the protein expression and subcellular localization 
of  the hepatocyte water channel AQP8[57]. Biochemical 
and immunohistochemical studies determined that BDL-
induced extrahepatic cholestasis caused downregulation 
of  hepatocyte AQP8 at the protein level (Figure 2). In 
opposition, the AQP8 mRNA steady-state levels in BDL 
were increased, possibly as a compensatory mechanism in 
response to AQP8 protein reduction. The fact that AQP8 
protein downregulation was not associated with reduced 
levels of  the mRNA may indicate the involvement of  
posttranscriptional regulatory mechanisms. Additionally, 
the AQP8 translocation to the hepatocyte plasma 
membrane in BDL was found to be impaired. Hence 
it was concluded that the defective hepatocyte AQP8 
functional expression as well as impaired translocation 
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may contribute to the secretory dysfunction caused by 
obstructive cholestasis.

In addition, very recent work suggested a potential 
involvement of  sinusoidal AQP9 in the pathogenesis 
of  obstructive cholestasis. Detailed biochemical studies 
demonstrated that in BDL there is a decrease in AQP9 
protein in basolateral membranes with a simultaneous 
intracellular increase of  the protein[58]. In addition, 
functional studies performed in sinusoidal hepatocyte 
membrane found a close correspondence between the 
AQP9 decreased membrane protein levels and impaired 
osmotic water permeability. It was concluded that 
downregulation of  AQP9 in the hepatocyte basolateral 
plasma membrane affects sinusoidal water uptake during 
bile formation, thus contributing along with AQP8 
downregulation to the bile flow dysfunction in obstructive 
cholestasis. 

Estrogens are known to cause intrahepatic cholestasis 
in susceptible women. The most common clinical 

features of  this disorder are oral contraceptive-induced 
cholestasis and cholestasis associated with pregnancy or 
postmenopausal replacement therapy[2]. Experimental 
cholestasis induced by 17α-ethinylestradiol (EE) has 
been widely used to investigate in vivo alterations in 
the expression of  hepatocyte membrane transporters 
in this pathological condition. In a recent work, we 
found that the protein expression of  hepatocyte AQP8 
is downregulated in estrogen-induced cholestasis 
possibly by posttranscriptional mechanisms, without 
significant changes in the sinusoidal AQP9[59]. In 
fact, complementary studies in primary cultured rat 
hepatocytes with protease inhibitors indicated that 
estrogen-induced AQP8 downregulation was mediated 
by increased lysosomal degradation. Of  note, the 
canalicular AQP8 downregulation was correlated 
with a 22% reduction in the canalicular membrane 
water permeability. Previous reports have estimated 
that under basal conditions the AQP-mediated water 

Table 2  Molecular and functional expression of AQPs in cholestasis

Experimental model AQP8 AQP9 Ref.

Protein mRNA CPM P f Protein mRNA BLM P f

Obstructive cholestasis
   BDL ↓↓ ↑ ND ↓↓↓ ↓ ↓ [57,58]
Intracellular cholestasis
   EE-induced cholestasis ↓↓↓ ↑ ↓ ↔ ND ND [59]
   LPS-induced cholestasis ↓↓↓ ↑ ↓ ↔ ND ND [64]
   CLP-induced cholestasis ↓↓↓ ND ND ↔ ND ND [66]

Arrows depict significant protein and mRNA changes in treated rats compared with controls: ↑, 
increased; ↓, decreased; ↔, without change. ND: Not determined; Pf: Osmotic membrane water 
permeability; CPM: Canalicular plasma membrane; BLM: Basolateral plasma membrane; BDL: Bile 
duct ligation; EE: 17a-ethinylestradiol; LPS: Lipopolysaccharide; CLP: Cecal ligation and puncture.

Figure 2  Functional expression of AQP8 
in normal and cholestatic liver. Superior 
panel: Immunogold electron microscopy for 
AQP8 in liver from control (left) and 7-d BDL 
rats (right). Arrowheads indicate AQP8 in bile 
canalicular (bc) membranes. Arrows indicate 
AQP8 in the pericanalicular cytoplasm. The 
upper inset shows an AQP8-containing vesicle, 
and the lower insert shows AQP8 in the tip of 
a microvillus and in the intermicrovillar plasma 
membrane region. (Original magnification 
X 60 000) Modified and reproduced with 
permission[57]. Inferior panel: On the left, anti-
AQP8 immunoblot of the canalicular plasma 
membranes from normal and LPS-induced 
cholestatic liver. On the right, water permeability 
assessment of canalicular membranes from 
LPS-induced cholestatic liver. Typical tracings 
of a time course of scattered light intensity 
(osmotic water transport), along with single 
exponential fits in canalicular plasma membrane 
vesicles in response to a 250 mosM hypertonic 
sucrose gradient. Calculated Pf values (μm/s) 
are shown under each curve. Data are mean ± 
SE from 3 independent vesicle preparations. aP 
< 0.05 vs conrtol. Modified and reproduced with 
permission[64].
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pathway contributes to approximately 30% of  the total 
canalicular water transport[49]. For that reason, the 22% 
water permeability decrease caused by estrogens may 
be enough to impair the efficient canalicular coupling 
between osmotic solutes and water transport during bile 
formation. On the other hand, it is worth mentioning 
that the contribution of  AQP8 in acute cholestasis 
appears to be less significant. A recent study showed 
that experimental acute cholestasis in rats caused by the 
estrogen metabolite estradiol-17-d-glucuronide (E217G) 
failed to cause endocytic internalization of  canalicular 
AQP8[60], in contrast to that observed for Bsep and 
Mrp2[61,62]. Therefore the rapid retrieval of  solute 
transporters, but not that of  AQP8, seems to be the 
main cause of  acute cholestasis induced by E217G.

It is well known that sepsis, a systemic inflammatory 
response secondary to bacterial infection, is freque-
ntly associated with intrahepatic cholestasis [62]. 
Lipopolysaccharides (LPS) are endotoxins released 
into the circulation from bacterial sites of  infection 
and are responsible for the macrophage secretion of  
proinflammatory cytokines, primarily tumor necrosis 
factor α (TNF α), interleukin 1-β and interleukin-6. These 
cytokines are the principal mediators of  bile secretory 
failure[63]. In a study performed using a rodent model of  
endotoxemia, we demonstrated that LPS reduced the 
functional expression of  hepatocyte canalicular AQP8[64]. 
As shown in Figure 2, a decrease in canalicular AQP8 
protein expression of  approximately 70% was associated 
with a 25% decrease in water canalicular permeability 
measured by stopped-flow spectrophotometry. This 
result is in good agreement with the above-mentioned 
studies of  estrogen-induced cholestasis. Thus, LPS-
induced cholestasis may ultimately be caused by impaired 
transient osmotic gradients generated by defective 
canalicular expression of  the solute transporters Bsep 
and Mrp2[65], together with reduced canalicular water 
permeability secondary to defective AQP8 expression. 
The impairment in AQP8 expression was found to be 
posttranscriptional and mediated by the cytokine TNFα. 
Indeed, the passive immunization in vivo with anti-TNFα 
antibody prevented LPS-induced cholestasis and AQP8 
protein downregulation. These results were confirmed in 
cultured rat hepatocytes treated with recombinant TNFα. 
Complementary in vitro studies using lysosome and 
proteasome inhibitors showed that AQP8 degradation was 
mediated via both lysosomal and proteasomal pathways. 
It was concluded that LPS induces posttranscriptional 
AQP8 downregulation and an associated decrease in 
canalicular membrane water permeability, a mechanism 
that is likely to contribute to the molecular pathogenesis 
of  LPS-induced cholestasis.

As clinical sepsis is commonly polymicrobial, the 
above-mentioned results were further confirmed in an 
animal model of  peritoneal sepsis characterized by a 
focus of  infection with mixed intestinal flora instead 
of  an endotoxic challenge. Thus liver AQP8 expression 
was studied in rats with sepsis induced by cecal ligation 
and puncture (CLP)[66]. In agreement with the endotoxic 
model, immunoblotting and immunohistochemical 

studies revealed a significant decrease in AQP8 protein 
level in canalicular membranes, without any significant 
reduction in AQP9 expression. These results are in 
agreement with the findings in LPS-treated rats, and 
further support the notion that the defective expression 
of  hepatocyte AQP8 contributes to the development of  
bile secretory dysfunction in sepsis.

Based on the cumulative evidence described above, a 
schematic model for the hepatocyte AQP8 contribution 
to the development of  bile secretory failure is depicted 
in Figure 3. 

CONCLUSION
In conclusion, this review summarized recent progress 
in research and current available data on the expression 
and pathophysiological significance of  AQP water 
channels in the hepatocyte. It has long been established 
that canalicular bile secretion is the result of  a combined 
interaction of  several solute transporters. However, in the 
last few years further insight has been provided on the 
molecular basis of  water movement during bile secretion. 
The functional expression of  AQP8 is impaired in several 
experimental models of  cholestasis such as extrahepatic 
obstructive cholestasis, estrogen-induced cholestasis 
and sepsis-induced cholestasis. A combined alteration 
in solute transporters and AQP8 would hamper the 
efficient coupling of  osmotic gradients and canalicular 
water flow. Therefore, the common association of  
impaired solute transport together with decreased water 
permeability would ultimately lead to bile secretory failure. 
Nevertheless, more research is needed to expand the 
current knowledge underlying AQP expression regulation 
and water transport in cholestasis.
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