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Changes in hepatic vasculature accompany fibrogen-
esis, and targeting angiogenic molecules often atten-
uates fibrosis in animals. Aquaporin-1 (AQP1) is a
water channel, overexpressed in cirrhosis, that pro-
motes angiogenesis by enhancing endothelial inva-
sion. The effect of AQP1 on fibrogenesis in vivo and
the mechanisms driving AQP1 expression during cir-
rhosis remain unclear. The purpose of this study was
to test the effect of AQP1 deletion in cirrhosis and
explore mechanisms regulating AQP1. After bile duct
ligation, wild-type mice overexpress AQP1 that colo-
calizes with vascular markers and sites of robust an-
giogenesis. AQP1 knockout mice demonstrated re-
duced angiogenesis compared with wild-type mice, as
evidenced by immunostaining and endothelial inva-
sion/proliferation in vitro. Fibrosis and portal hyper-
tension were attenuated based on immunostaining,
portal pressure, and spleen/body weight ratio. AQP1
protein, but not mRNA, was induced by hyperosmo-
lality in vitro, suggesting post-transcriptional regula-
tion. Endothelial cells from normal or cirrhotic mice
were screened for microRNA (miR) expression using
an array and a quantitative PCR. miR-666 and miR-708
targeted AQP1 mRNA and were decreased in cirrhosis
and in cells exposed to hyperosmolality, suggesting
that these miRs mediate osmolar changes via AQP1.
Binding of the miRs to the untranslated region of
AQP1 was assessed using luciferase assays. In conclu-
sion, AQP1 promotes angiogenesis, fibrosis, and por-
tal hypertension after bile duct ligation and is regu-
lated by osmotically sensitive miRs. (Am J Pathol 2011,

179:1851–1860; DOI: 10.1016/j.ajpath.2011.06.045)
Liver cirrhosis is the final common end point in a variety of
toxic, metabolic, infectious, and autoimmune forms of
chronic liver disease. Progression toward end-stage liver
disease is characterized by an exaggerated wound heal-
ing response to long-term injury, culminating in regener-
ative nodules of hepatocytes surrounded by a dense scar
of extracellular matrix.1 In concert with this progressive
fibrogenesis, pathological changes in the hepatic angio-
architecture also occur and are thought to promote fibro-
sis, portal hypertension, and their clinical sequelae.2–4

Despite intensive investigations and significant insights
into the basic mechanisms driving these processes, no
effective anti-fibrotic therapies are yet available for use in
patients with chronic liver diseases. Thus, further mech-
anistic insights into liver fibrogenesis and coinciding
events, such as pathological angiogenesis, are needed
to identify potential anti-fibrotic targets and translate
those into advances in clinical care.

Aquaporins (AQPs) are a class of integral membrane
channel proteins that facilitate the rapid, transmembrane
flux of water that occurs passively and bidirectionally in
response to local osmotic gradients. These proteins have
well-characterized roles in epithelial secretion, absorp-
tion, and cell volume regulation.5–8 More recently, they
have also been implicated in localized protrusions of
plasma membranes, cell motility, and angiogenesis.9,10

Researchers11–13 have demonstrated robust overexpres-
sion of AQP1 in both human and rodent chronic liver
disease. The increased expression during cirrhosis is local-
ized to the pathological neovasculature and promotes dy-
namic membrane protrusions that facilitate invasion through
the dense extracellular microenvironment associated with
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that disease. However, direct in vivo evidence of a contribu-
tion of AQP1 to liver fibrogenesis is lacking.

The molecular mechanisms driving the increased ex-
pression of AQP1 during cirrhosis are unknown; however,
as our results will suggest, the mechanism may involve
epigenetic responses to osmotic stress within the endo-
thelium. microRNAs (miRs) are small noncoding nucleic
acids 21 to 23 nucleotides long that have emerged as
important post-transcriptional regulators of protein ex-
pression that affect a variety of developmental and patho-
biological processes. miRs are initially transcribed by
RNA polymerase II as monocistronic or polycistronic pri-
mary miRs and are further processed within and outside
the nucleus into functionally active mature miRs that act
by binding to target messenger RNAs and regulating
stability or translational efficiency. The mechanisms reg-
ulating miR expression remain largely unclear, but there
is precedent for the concept of osmotically sensitive miRs
in human, zebra fish, and plant responses to osmotic
stress.14–18 Furthermore, conceptual precedent for os-
moregulation of AQP1 exists in recent articles19 showing
increased AQP1 expression in response to osmolality in
renal epithelial cells.

Therefore, the aims of the present study were to test
the effect of genetic deletion of AQP1 on liver angiogen-
esis, fibrosis, and portal hypertension in an established
murine model of cirrhosis and to examine the mecha-
nisms by which AQP1 is overexpressed in cirrhotic en-
dothelia. The experimental results demonstrate a promi-
nent role for endothelial cell AQP1 in liver fibrogenesis
after bile duct ligation (BDL) and propose a novel mech-
anism driving AQP1 expression involving osmotically reg-
ulated miRs.

Materials and Methods

Animal Models

Mice with global genetic knockout of AQP1 in a CD1
background were a gift from the laboratory of Dr. Alan
Verkman (University of California San Francisco, San
Francisco, CA).6 Fibrosis was induced at the age of 8 to
10 weeks by common BDL using a well-established pro-
tocol with appropriate Institutional Animal Care and Use
Committee approval.20 Experiments were performed 4
weeks after BDL. Animals received humane care accord-
ing to the criteria outlined in the Guide for the Care and Use
of Laboratory Animals by the National Academy of Sci-
ences.

Cell Culture

Freshly isolated mouse hepatic sinusoidal endothelial
cells (mHSEC) were obtained using an immunomagnetic
bead isolation protocol and characterized using 3,3’-di-
octadecylindocarbocyanine labeled low-density lipopro-
tein and staining for von Willebrand’s factor (vWF), as
previously described.11,21,22 The cells were cultured on
collagen-coated plastic tissue culture dishes in endothe-
lial cell media (ScienCell, Carlsbad, CA) containing 5%

fetal bovine serum, 1% penicillin-streptomycin, and 1%
ECGS supplement (ScienCell). Primary human hepatic
sinusoidal endothelial cells (HHSECs; ScienCell), or
transformed sinusoidal endothelial cells (TSECs), an
SV40-immortalized mouse cell line derived from sinusoi-
dal endothelial cells,23 were grown on uncoated plastic
dishes in the same media. In some experiments, cells
were incubated in an experimentally modified hypoxia
chamber or in the presence of altered osmolality of the
culture media. Osmolality was altered using variable con-
centrations of sodium chloride in the culture media and
verified using an osmometer.

Immunoblotting

Western blot analyses were performed as previously de-
scribed.5 Briefly, mouse liver, mouse sinusoidal endothelial
cells, or TSECs were homogenized in lysis buffer and
cleared by centrifugation. Each sample, 50 to 100 �g, was
denatured, electrophoresed, transferred, blocked with milk,
and incubated with antibodies to AQP1 (1:1000; � Diagnos-
tic International, San Antonio, TX), �-actin (1:10,000; Sigma,
St. Louis, MO), or total extracellular signal–regulated kinase
(1:1000; BD Biosciences, Franklin Lakes, NJ) overnight at
4°C. Horseradish peroxidase–conjugated secondary anti-
bodies (GE Healthcare, Piscataway, NJ) were used at
1:5000. Protein was detected using chemiluminescence
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and au-
toradiography.

Immunofluorescence

Immunofluorescence (IF) was performed as previously
described.5 Liver was harvested, sliced, embedded, and
flash frozen on dry ice. Sections were cut to 4 to 8 �m.
Sections were fixed, quenched, blocked, and incubated
with antibodies against AQP1 (1:500; � Diagnostics In-
ternational), CD31 (1:250), vWF (1:250), vascular endo-
thelial growth factor receptor 2 (VEGFR2; 1:250), and
endothelial nitric oxide synthase (eNOS; 1:250). Fluores-
cently tagged secondary antibodies were used at 1:500.
In some experiments, nuclear counterstaining was per-
formed with TOTO-3 (Invitrogen, Carlsbad, CA). Slides
were mounted with Vectashield (Vector, Burlingame, CA)
and imaged by scanning laser confocal microscopy (Carl
Zeiss MicroImaging, Berlin, Germany). Similar proce-
dures were used to stain cultured cells using four-well
chamber slides.

IHC Analyses

Whole liver was harvested, sliced, formalin fixed, and
embedded in paraffin. Sections were cut to 4 to 8 �m and
antigen unmasked with hot citrate buffer. After quenching
of endogenous peroxidase, the sections were blocked
and incubated with antibody against AQP1 (1:500; �
Diagnostics International) overnight at 4°C. The remain-
ing steps were performed using an immunoperoxidase
detection kit (Vector Laboratories) and counterstaining

with hematoxylin.
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Cell Proliferation Assay

Cell proliferation rates of mHSEC, HHSECs, and TSECs
were measured in 96-well plates using the CellTiter 96
AQueous One Solution Cell Proliferation Assay (Promega,
Madison, WI), which is a colorimetric method for determin-
ing the number of viable cells. The AQueous One Solution
contains a tetrazolium compound 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium; [MTS] and an electron coupling reagent (phenazine
methosulfate; PES). The MTS tetrazolium compound is
bioreduced by cells into a colored formazan product that is
soluble in tissue culture medium. Assays were performed
by adding the AQueous One Solution directly to culture
wells, incubating for 1 to 4 hours, and measuring optical
density at 490 nm with a plate reader at baseline and 48
hours to calculate the proliferation rate.

Portal Pressure Measurements

Portal pressure was directly measured using a digital
blood pressure analyzer (Digi-Med, Louisville, KY) with a
computer interface. Once the analyzer was calibrated, a
16-gauge catheter attached to the pressure transducer
was inserted into the portal vein and sutured in place. The
pressure was continuously monitored, and the average
portal pressure was recorded. On sacrifice of the animal,
the spleen was removed and weighed and the spleen/
body weight ratio was calculated.

Serum Tests

Whole blood was obtained from each experimental ani-
mal via a heart puncture technique and transferred into
3.5-mL serum separating tubes. Specimens were pro-
cessed and analyzed for serum transaminase and biliru-
bin levels by the Mayo Clinic Special Studies Laboratory
(Rochester, MN), a clinically validated reference labora-
tory.

miR Microarray

Total RNA (including miRs) was isolated from endothelial
cells derived from BDL or sham operated on mice using
the MirVana miRNA Isolation Kit (Ambion, Inc., Austin,
TX), according to the manufacturer’s instructions. The
samples were delivered to the Mayo Clinic Advanced
Genomic Technology Center Microarray Shared Re-
source, where they were further analyzed. Briefly, the
samples were hybridized to the GeneChip miRNA Array
(Affymetrix, Santa Clara, CA), which interrogates miRs
from �70 species, including the entire known murine
transcriptome of miRs. Data were extracted, manually
curated, and analyzed using QC Toolbox software (Af-
fymetrix). Further rational processing of array data in-
cluded assessment of relative expression levels in BDL
versus sham endothelial cells. Down-regulated targets
were analyzed using TargetScan (Whitehead Institute for
Biomedical Research, Cambridge, MA) and Microcosm
software (European Bioinformatics Institute, Cam-

bridgeshire, UK) to identify down-regulated targets that
had potential binding sites within the untranslated re-
gions of AQP1 mRNA. TargetScan predicts biological
targets of miRs by searching for the presence of con-
served eight- and seven-base pair sites that match the
seed region of each miR. Predictions are ranked based
on the predicted efficacy of targeting, as calculated us-
ing the context scores of the sites. Microcosm uses an
algorithm to identify potential binding sites for a given
miR using dynamic alignment to identify highly comple-
mentary sequences. The algorithm uses a weighted scor-
ing system and prioritizes complementarity at the 5= end
of the miR.

Quantitative RT-PCR

Total RNA (including miRs) was isolated as previously
outlined. RNA was reverse transcribed using the miScript
RT-PCR system (Qiagen), and cyber green–based real-
time RT-PCR was performed using miScript Primer As-
says (Qiagen) or AQP1-specific primers, according to the
manufacturer’s instructions.

Hydroxyproline Assays

Hydroxyproline content was quantified from whole liver
tissue using a colorimetric assay, as described else-
where.24 Briefly, frozen tissue was weighed and pro-
cessed using hydrochloric acid hydrolysis and chlora-
mine-T–dimethylaminobenzaldehyde incubation, and
absorbance at 561 nm was recorded and compared with
a standard prepared from commercial hydroxyproline
(Sigma).

Luciferase Reporter Assays

Complementary oligonucleotides were designed to am-
plify a 300-bp portion of the untranslated region of mouse
AQP1. The primers were synthesized to contain SpeI and
HindIII restriction enzyme digestion sites and used to
amplify the region of interest using RT-PCR. The ampli-
fied fragment was digested with SpeI and HindIII and
ligated into the multiple cloning site of the pMIR-REPORT
Luciferase vector (Ambion, Inc.). Chinese hamster ovary
cells were transfected with the reporter construct and, in
some experiments, cotransfected with miR precursors for
miR-666, miR-708, or a control miR. This was followed by
assessment of luciferase activity 24 hours after transfec-
tion. Luciferase activity was normalized to the expression
of a control TK Renilla construct.

Endothelial Cell Biological PCR Array

RNA from TSECs overexpressing either AQP1 or a LacZ
control gene was isolated using the QiaShredder and
RNeasy kits (Qiagen), according to the manufacturer’s
instructions. RNA was used for reverse transcription us-
ing the RT2 kit (SA Biosciences, Frederick, MD). Cyber
green–based real-time quantitative RT-PCR was per-
formed with the Endothelial Cell Biology Array (SA Bio-

sciences), according to the manufacturer’s instructions.
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Array data were processed using the PCR Array Data
Analysis Web Portal (SA Biosciences).

Statistical Analysis

Data are presented as the mean � SEM. Bar graphs, blots,
and micrographs represent typical experiments repro-
duced at least three times. Data analysis was performed
using Graph Stat Prizm software (GraphPad Software, Inc.,
La Jolla, CA). Data were analyzed for normal gaussian
distribution using the Kolmogorov-Smirnov normality test.
For paired and normally distributed data, statistical analy-
ses were performed using two-tailed Student’s t-tests. For
normally distributed multiple comparisons, statistical analy-
ses were performed using one-way analysis of variance
with a Tukey post-test. For all analyses, P � 0.05 was
considered statistically significant.

Results

AQP1 Expression Is Increased after BDL

To directly test the role of AQP1 in chronic liver disease,

AQP1 / CD31 AQP1 / vWF
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Ac

Wild Type AQP-1 KO
A

Wild Type ShamC Wild Type BDLD
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Figure 1. AQP1 is increased in liver endothelia after BDL. A: Representative
mouse liver tissue. B: Representative immunoblots for AQP1 or total extrace
bile duct–ligated mouse liver tissue. C and D: Representative images of sham
and nuclear TOTO-3 (blue). Original magnification, �7.5. E and F: Represent
IHC for AQP1 (brown) and counterstained with hematoxylin. Original magnif
vein; thick arrows, hepatic artery; black arrowheads, sinusoids; and wh
liver tissue costained with IF for AQP1 (red) and CD31, vWF, VEGFR2, and
magnification, �63. Individual color images are in Supplemental Figure S1
we used mice from a CD1 background with global ge-
netic deletion of AQP1 or age-matched, wild-type con-
trols and induced cirrhosis and portal hypertension in
these mice. We confirmed deletion of AQP1 in total liver
lysates from knockout animals by using Western blot anal-
ysis (Figure 1A). We induced fibrosis in wild-type mice us-
ing BDL, a model of cholestatic liver injury, and confirmed
that AQP1 protein levels were significantly increased after
BDL using Western blot analysis (Figure 1B) and IF (Figure
1, C and D). Immunohistochemistry (IHC) for AQP1 in these
animals demonstrated a similar increase in AQP1 protein
levels and showed specific staining of vascular structures,
including sinusoids, the portal vein, and the hepatic artery
(Figure 1, E and F). IF costaining showed colocalization of
AQP1 with several vascular markers (Figure 1, G–J; see
also Supplemental Figure S1 at http://ajp.amjpathol.org), in-
cluding CD31 (Figure 1G), vWF (Figure 1H), VEGFR2 (Fig-
ure 1I), and eNOS (Figure 1J).

AQP1 Knockout Mice Have Reduced
Pathological Angiogenesis after BDL

To test the effects of AQP1 deletion on the pathological
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ages of sham operated on or bile duct–ligated mouse liver tissue stained with
�4. Insets: High-power images. Original magnification, �10. Arrows, portal
wheads, bile ducts. G–J: Representative images of bile duct–ligated mouse
(green). Original magnification, �10. Insets: High-power images. Original
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endothelial cell invasion and proliferation, both required
for angiogenesis. Liver endothelial cells were isolated
from wild-type or AQP1 knockout mice after BDL or sham
surgery and subjected to invasion and proliferation as-
says in vitro. Endothelial cell purity was validated using
uptake of diI-labeled acetylated low-density lipoprotein
and staining for vWF (see Supplemental Figure S2 at
http://ajp.amjpathol.org). Cells isolated from wild-type an-
imals showed markedly increased invasion after BDL, an
effect that was largely absent in the knockout animals
(Figure 2, A–E). Proliferation assays demonstrated a sim-
ilar effect (Figure 2F). We also measured proliferation in
two sinusoidal endothelial cell lines (TSECs and
HHSECs) transduced with retroviral AQP1 or control gene
and again found small, but statistically significant, in-
creases in proliferation after overexpression of AQP1
(see Supplemental Figure S3A at http://ajp.amjpathol.
org). We used IF staining for vWF in wild-type and knockout
mice subjected to either BDL or sham surgery and quanti-
fied the fluorescence signals. We found significantly in-
creased neovascularization after BDL in the wild-type ani-
mals, an effect that was partially abrogated in AQP1
knockout animals (Figure 2G). A similar effect was noted on
staining for CD31 (see Supplemental Figure S3, B–F, at
http://ajp.amjpathol.org).

AQP1 Knockout Mice Have Reduced Fibrosis
after BDL

To assess fibrogenesis, we immunostained for a stan-
dard panel of morphological markers of extracellular ma-
trix deposition, stellate cell activation, and fibrosis, as well
as complementary histochemical and biochemical ap-
proaches. After BDL, IF staining showed a prominent
increase in the extracellular matrix components, collagen
(Figure 3, A–E) and fibronectin (Figure 3F), that were
partially inhibited in the AQP1 knockout animals. A well-
accepted histochemical stain for fibrosis, Sirius red,
showed similar effects (Figure 3G). Smooth muscle actin (a
marker of stellate cell activation), H&E staining, and a bio-
chemical correlate of cross-linked collagen, hydroxyproline
content, further corroborated these findings (see Supple-
mental Figure S4 at http://ajp.amjpathol.org). Collectively,
these results strongly support a role for endothelial cell
AQP1 in fibrogenesis and its associated angiogenesis.

AQP1 Knockout Mice Have Less Portal
Hypertension after BDL

We next assessed the level of portal hypertension in
wild-type and AQP1 knockout mice after BDL using two
complementary approaches. After direct cannulation of
the portal vein and connection to a pressure transducer,
we directly measured portal pressure. The BDL-induced
increase in portal pressure seen in wild-type mice was
reduced in the absence of AQP1 (Figure 4A). As a com-
plementary approach, we also measured spleen/body
weight ratio, an indirect assessment of portal hyperten-
sion. AQP1 knockout mice demonstrated splenomegaly
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Figure 2. AQP1 knockout (KO) mice have reduced angiogenesis in re-
sponse to BDL. A–D: Representative images of invaded cells isolated from
wild-type (WT) and AQP1 KO mice, with and without BDL stained with IF
for nuclear TOTO-3 (white). Original magnification, �10. E: Quantifica-
tion of the average total fluorescence signal per high-power field is shown
(n � 10 wells per cell type, and n � 3 animals per group). Data are given
as the mean � SE. F: MTS proliferation assays were performed in endo-
thelial cells isolated from WT and AQP1 KO mice, with and without BDL.
Quantification of the average spectrophotometric signal per well is shown
(n � 9 wells per animal, and n � 3 animals per group). Data are given as
the mean � SE. G: Tissue from WT and AQP1 KO mice, with and without
BDL, was stained with IF for vWF. Quantification of the average total
fluorescence signal per high-power field is shown (n � 10 fields per
animal, and n � 3 animals per group). Data are given as the mean � SE.

*P � 0.05 versus WT sham; **P � 0.05 versus WT BDL. AU, arbitrary
unit.
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AQP1 in red blood cells and impaired hematopoiesis.25

Nevertheless, after normalizing BDL values to the corre-
sponding sham group, we again saw a significantly
smaller increase in spleen size in AQP1 knockout animals
compared with wild-type controls (Figure 4B). To broadly
assess liver inflammation, which is closely associated with,
and frequently parallels, angiogenesis, we also measured
transaminase (aspartate aminotransferase and alanine ami-

Figure 4. AQP1 knockout (KO) mice have reduced portal hypertension after
BDL. A: Portal pressure was directly measured by portal vein cannulation in
wild-type (WT) and AQP1 KO mice, with and without BDL. Quantification of
the average portal pressure is shown (n � 6). Data are given as the mean �
SE. B: Spleen and body weight were measured in WT and AQP1 KO mice,
with and without BDL. The average calculated spleen/body weight ratio of
BDL animals normalized to the corresponding sham groups is shown (n �
6). Data are given as the mean � SE. Serum was analyzed in a clinically
verified reference laboratory to measure aspartate aminotransferase (AST)
(C), alanine aminotransferase (ALT) (D), and total bilirubin (E) levels in WT
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Figure 3. AQP1 knockout (KO) mice have reduced fibrosis in response to BDL.
A–D: Representative images ofwild-type (WT) andAQP1knockout (KO)mice,with
and without BDL, stained with IF for collagen (green). Original magnification, �7.5.
E: Quantification of the average total fluorescence signal per high-power field (HPF)
is shown (n � 10 fields per animal, and n � 3 animals per group). Data are given
as the mean � SE. F: Tissue from AQP1 KO mice, with and without BDL, was
stained with IF for fibronectin. Quantification of the average total fluorescence signal
per HPF is shown (n � 10 fields per animal, and n � 3 animals per group). Data are
given as the mean � SE. G: Tissue from AQP1 KO mice, with and without BDL, was
stained with Sirius red. Quantification of the average total signal per HPF is shown
(n � 10 fields per animal, and n � 3 animals per group). Data are given as the
and AQP1 KO mice, with and without BDL (n � 6). Data are given as the
mean � SE. *P � 0.05 versus WT; **P � 0.05 versus WT BDL.
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notransferase) levels in the serum of these animals. There
was a substantially smaller increase in both transaminases
in AQP1 knockout animals after BDL (45% and 58% reduc-
tion for aspartate aminotransferase and alanine aminotrans-
ferase, respectively), albeit not statistically significant (Fig-
ure 4, C and D). This is consistent with the concept that the
angiogenic neovasculature may be a source of inflamma-
tory cytokines, driving chronic inflammation and progres-
sion of fibrosis. Total bilirubin levels were increased after
BDL but unchanged in knockouts compared with wild-type
controls (Figure 4E).

AQP1 Protein Is Induced by Hypertonicity

Given the robust overexpression of AQP1 in human cir-
rhosis11–13 and in animal models and the functional con-
sequences on liver angiogenesis, fibrosis, and portal
pressure, we next sought to elucidate a molecular mech-
anism whereby AQP1 protein expression is increased
during cirrhosis. We consistently saw that, although ECs
isolated from cirrhotic mice expressed high levels of
AQP1, this expression was rapidly lost in culture and that
cells in long-term culture, such as the TSEC cell line, do
not express AQP1 under normal culture conditions (see
Supplemental Figure S5 at http://ajp.amjpathol.org). We
anticipated that this could be the result of changes in the
endothelial microenvironment in the context of cirrhosis.
We explored two previously described AQP1 regulatory
mechanisms, hypoxia and altered osmolality. Indeed,
both have been linked to AQP expression19,26 and may
be physiologically relevant in chronic liver disease.2,27,28

Therefore, we incubated TSECs, an immortalized cell line
derived from sinusoidal endothelial cells,23 under normal
conditions, under hypoxic conditions, and in the pres-
ence of varying external osmolalities (based on the so-
dium chloride content of the culture media). No signifi-
cant induction of AQP1 was seen under hypoxic
conditions (data not shown), but AQP1 protein levels
were significantly induced by hyperosmolality (Figure 5A)
and proportionally increased with increasing osmolality
(Figure 5B). This finding was confirmed using IF staining,
which showed an increasing number of cells staining
positive for AQP1 as osmolality increased (Figure 5C).
Higher-power images suggested that staining intensity
within individual cells also increased in proportion to the
osmolality (Figure 5C). We expected that the increase in
AQP1 protein would be the result of transcriptional acti-
vation of the AQP1 gene. However, surprisingly, we could
not detect any significant increase in AQP1 mRNA levels,
as measured by quantitative RT-PCR (Figure 5D), sug-
gesting a post-transcriptional regulatory mechanism,
such as that conferred by miRs.

Osmotically Sensitive miRs Are
Down-Regulated after BDL

To investigate whether post-transcriptional regulation of
AQP1 by miRs may be occurring in the setting of cirrhosis,
we initially used an miR array screening approach. We

isolated total RNA (including miR) from endothelial cells
derived from sham operated on or BDL mice and screened
the relative expression levels of the entire mouse transcrip-
tome of miRs, consisting of 610 distinct miRs. An in silico
analysis using TargetScan and Microcosm software identi-
fied miRs with potential binding sites within the untranslated
region of AQP1. These targets were then cross-referenced
with the array data to identify potential regulators of AQP1
that were down-regulated in BDL compared with sham
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mice. This analysis yielded four miRs meeting these criteria

http://ajp.amjpathol.org


5.23

1858 Huebert et al
AJP October 2011, Vol. 179, No. 4
(Table 1). We followed up these results using quantitative
RT-PCR for three of the miRs to confirm the down-regulation
(miR-574 could not be validated by this method because
specific PCR primers for this miR are not available). We
confirmed that the miRs were down-regulated in BDL com-
pared with sham mice (miR-7a � miR-666 � miR-708; Fig-
ure 6A). Furthermore, in TSECs exposed to increasing osmo-
lality, we found that two of the miRs (miR-666 � miR-708 but
not miR-7a) were osmotically sensitive and down-regulated as
osmolality increased (Figure 6B). Luciferase reporter assays
assessed functional binding of miR-666 and miR-708 to the
untranslated region of AQP1 (Figure 7); consistent with the
PCR studies, miR-666 showed a larger and statistically signif-
icant effect size. In total, these data suggest a mechanism by
which alterations in the local solute and water milieu may influ-
ence osmotically sensitive endothelial miR levels and, subse-
quently, AQP1 protein levels.

Discussion

Extensive dynamic changes in the hepatic vasculature
occur in the setting of chronic liver disease and progres-

Table 1. AQP1 Regulatory miRs Down-Regulated in BDL Endoth

miR Sham signal

mmu-miR-574-5p 6.565967
mmu-miR-7a 4.270513
mmu-miR-666-5p 4.163507
mmu-miR-708 5.470477

0

20

40

60

80

100

0

20

40

60

80

100

120

140

160
200 mOsm
300 mOsm
400 mOsm
500 mOsm

Sham
BDL

m
iR

N
A

 E
xp

re
ss

io
n 

(%
 S

ha
m

)

807-Rima7-Rim miR-666

807-Rima7-Rim miR-666

m
iR

N
A

 E
xp

re
ss

io
n 

(%
 C

on
tr

ol
)

A

B

*

* *

* *

**

**

******

Figure 6. Osmotically sensitive miRs are down-regulated after BDL. A:
Quantitative real-time RT-PCR was performed on total RNA (including miR)
isolated from endothelial cells derived from wild-type sham or BDL mice.
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group is shown (n � 9). Data are given as the mean � SE. B: Quantitative
real-time RT-PCR was performed on total RNA (including miR) isolated from
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to the control group is shown (n � 9). Data are given as the mean � SE. *P �

0.05 versus 200 mOsm. **P � 0.05 versus 300 mOsm. ***P � 0.05 versus 400
mOsm.
sion toward liver cirrhosis.29,30 The mechanisms by which
pathological angiogenesis may promote fibrosis are not
entirely clear, but it is tempting to speculate that targeting
early vascular changes might afford an opportunity to
intervene on chronic liver disease at a stage before irre-
versible fibrosis. Indeed, most strategies targeting angio-
genic molecules have shown benefit in preclinical animal
models of liver disease.11,31–34 In this context, our study
extends the current knowledge of an emerging anti-an-
giogenic target, AQP1, by providing direct in vivo evi-
dence that AQP1 regulates the angiogenesis, fibrosis,
and portal hypertension that occurs after BDL; and de-
fining a novel, molecular, fine-tuning mechanism involv-
ing osmotically sensitive miRs that may contribute to the
pathological overexpression of AQP1 during cirrhosis.

We previously demonstrated that AQP1 is overex-
pressed in the angiogenic neovasculature within fibrotic
septa in human cirrhosis and in CCl4-induced liver injury
in C57 black mice.11 We also showed in vitro that AQP1
promotes angiogenic invasion and dynamic membrane
protrusions. To more directly test the role of AQP1 in
angiogenesis and fibrosis in vivo, we used mice from a
CD1 background with global genetic deletion of AQP1.
Concordant with the prior findings, we describe herein
significant overexpression of AQP1 in liver after BDL. The
signal was prominently localized to endothelia and, more
important, there was complete absence of AQP1 expres-
sion seen in biliary epithelia in this strain of mice (in
contrast to C57 black mice). This excludes potentially
confounding effects of biliary AQP1 in a fibrosis model
with prominent biliary proliferation, such as BDL.

Vascular remodeling was significantly inhibited in the
AQP1 knockout animals, with a much smaller increase in
the number of vWF-positive neovessels. This is consistent
with reduced angiogenesis seen in these animals in a
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tumor implantation model,9 but it also extends this con-
cept to a pathophysiologically relevant context in the
liver. We also noted a prominent increase in endothelial
cell invasion and proliferation after BDL that was absent
in the knockout animals. A smaller, but statistically signif-
icant, effect of AQP1 overexpression on proliferation was
also noted in two sinusoidal endothelial cell lines. The
smaller effect size may reflect a high baseline in vitro
proliferation rate in these cell lines.

Conflicting reports9,35–37 exist in the literature regard-
ing the effect of AQPs on cell proliferation, possibly re-
flecting cell type–specific phenomena. Conceptually,
however, a role for AQPs can be envisioned in the cell
volume regulation required for mitosis38–40 and in the
dramatic cell shape changes accompanying cytokinesis.
Indeed, we see prominent localization of AQP1 to the
cleavage furrow between daughter cells during cytokine-
sis (data not shown). A recently proposed poroelastic
biophysical model of the cytoplasm allows rapid local-
ized water transport to affect cellular shape changes on
time scales relevant to these processes.41 Regardless,
the considerable effect of AQP1 knockout in our model
suggests a prominent role for this protein in the path-
ological angiogenesis that occurs during chronic liver
disease.

Fibrosis, portal hypertension, and liver inflammation
were also reduced after BDL in the knockout animals,
suggesting that AQP1 may be a promising potential anti-
fibrotic target. Although compounds, such as mercuric
chloride, can inhibit AQP function in vitro,42 no clinically
useful inhibitors of AQPs are known. There are, however,
significant pharmacological efforts underway to develop
such compounds.43–46 Understanding the mechanisms
by which angiogenesis can promote progression of liver
fibrosis is an area of ongoing research, but the field is
moving toward a concept of an activated endothelial
phenotype that occurs during chronic liver injury. This
pathological phenotype is characterized by a transition
from a normal, fenestrated, sinusoidal endothelium that
lacks a basement membrane to a more capillarized and
less compliant vascular system, with endothelial cells that
are angiogenic, invasive, and proliferative and may serve
as paracrine sources of inflammatory cytokines/chemo-
kines. Indeed, we see alterations in the expression of
inflammatory cytokines/chemokines in endothelial cells
overexpressing AQP1, which could potentially serve as a
paracrine source of stellate cell activation (see Supple-
mental Figure S6 at http://ajp.amjpathol.org). AQP1
seems to be a prominent marker of this type of activated
endothelium in the liver and seems to contribute to sev-
eral angiogenic features, including invasion and prolifer-
ation. Increased bulk angiogenesis may also provide a
conduit for delivery of a variety of circulating inflammatory
and fibrogenic cell types.

We have identified a mechanism by which increasing
osmolality can induce the expression of AQP1 protein in
liver endothelial cells. These findings are particularly in-
teresting in light of the fact that patients with cirrhosis
have avid sodium retention and, thus, have long-term
sodium overload.28 However, ensuing water retention

generally results in cirrhotic patients with low serum os-
molality. The local solute concentration in the cirrhotic
microenvironment is not known, but it seems clear that
osmoregulation is generally an important variable to be
considered in this group of patients. A similar phenom-
enon recently described in hyperosmotic regions of the
kidney implicates transcriptional regulation of the
AQP1 gene by the transcription factor TonEBP.19 How-
ever, surprisingly, in liver endothelial cells, we could
not detect increased AQP1 mRNA after a hyperosmotic
stress, which led us to consider post-transcriptional
regulation via miRs, an emerging regulatory mechanism
in liver.47–50 We show a subset of endothelial miRs that
are down-regulated during cirrhosis and have potential to
repress translation of AQP1 mRNA. Furthermore, a sub-
set of those miRs appears to be regulated by changes in
external osmolality. These results suggest a mechanism
by which liver endothelial cells can sense and respond to
local osmotic shifts during disease. Interestingly, several
matrix molecules and inflammatory cytokines/chemo-
kines are also potentially regulated by these miRs and
could theoretically provide an additional and parallel
mechanism for regulation of hepatic stellate cell activa-
tion and fibrosis. Furthermore, miR-666 exists within a
region of the genome containing an unusually large clus-
ter of miRs, suggesting that many other miRs could also
potentially be induced by osmolality if driven by the same
promoter elements/transcription factors. Of course, these
studies do not exclude other parallel mechanisms of
AQP1 regulation, such as altered rates of protein degra-
dation.

In summary, the current study shows a dramatic in vivo
effect of AQP1 knockout on the angiogenesis, fibrosis,
and portal hypertension that follows BDL in mice, further
validating this protein as a logical treatment target in
chronic liver disease. Furthermore, our experiments on
osmotically regulated miR expression suggest a novel
mechanism contributing to the intense overexpression
of AQP1 in cirrhotic endothelial cells, which may ulti-
mately provide pathophysiological insight and addi-
tional points of therapeutic intervention at the molecu-
lar level.
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