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Liver injury leads to a vasculopathy in which post-translational modifications of endothelial nitric
oxide synthase (eNOS) lead to impaired nitric oxide synthesis. We hypothesized that caveolin 1
(CAV1), a well-known eNOS interactor, regulates eNOS activity in sinusoidal endothelial cells (SECs) via
its interaction with G-proteinecoupled receptor kinase-2 (GRK2) that also post-translationally mod-
ifies eNOS. Liver injury with portal hypertension was established using bile duct ligation in rats. CAV1
function was modified using a CAV1 scaffolding domain construct and cDNAs encoding wild-type CAV1,
and CAV1 phosphorylation was increased in injured SECs, resulting in increased GRK2-CAV1 interaction
and decreased eNOS activity. In injured SECs, endothelin-1 blocked CAV1 phosphorylation induced by
CAV1 scaffolding domain, indicating that CAV1 interaction with GRK2 is inversely regulated by
endothelin-1 and CAV1 scaffolding domain after liver injury. In addition, after transduction with DNA
encoding wild-type CAV1 into SECs isolated from Cav1-deficient mice, GRK2 association with CAV1 was
evident, whereas transduction with a dominant negative CAV1 mutated at tyrosine 14 reduced the
interaction. Finally, isoproterenol-induced GRK2 phosphorylation enhanced CAV1-GRK2 interaction
and reduced eNOS activity. Our data suggest a novel mechanism and model in which CAV1 phos-
phorylation facilitates CAV1 scaffolding and GRK2-CAV1 interaction, thus clustering eNOS within a
complex that inhibits eNOS activity. This process takes place in injured, but not in normal, SECs.
(Am J Pathol 2017, 187: 896e907; http://dx.doi.org/10.1016/j.ajpath.2016.11.017)
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Endothelial nitric oxide synthase (eNOS) is well known to
be the major source of nitric oxide (NO) in the vasculature,1

and aberrant regulation of eNOS activity has been linked to
a range of vascular diseases.2,3 In the liver, we and other
investigators have shown that after liver injury, eNOS
function is reduced, generating an endothelialopathy in
the hepatic sinusoid.4,5 This endothelial dysfunction appears
to be linked to a complex series of post-translational
molecular events; one prominent event is mediated by
G-proteinecoupled receptor (GPCR) kinase-2 (GRK2),
which is known to dampen GPCR signaling. GRK2 has
been shown to bind directly to caveolin-1 (CAV1).6,7 In
addition, we have demonstrated that GRK2 expression is
increased in sinusoidal endothelial cells (SECs) after liver
injury, resulting in reduced eNOS-specific activity, reduced
NO production, and elevated portal pressure.8 Although
stigative Pathology. Published by Elsevier Inc
GRK2 is known primarily as a regulator of GPCR function,
we and others have suggested that GRK2 also has multiple
non-GPCR functions,9 presumably via its phosphorylation
of non-GPCR substrates.
CAV1,10 a structural coat component of caveolae known

to be important in protein-protein interactions11e15 in the
cell, has been shown to play a role in the regulation of
numerous signaling pathways, both in physiological and
pathophysiological settings,16e20 including eNOS-signaling
cascade.21 In endothelial cells, eNOS appears to be associ-
ated with CAV1,22 specifically leading to reduced eNOS
phosphorylation at serine 1177 and resulting in reduced NO
generation.20,23e25 Although the association of CAV1 and
. All rights reserved.
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Regulation of eNOS Activity
eNOS is well established, available data suggest that other
proteins may also be involved. For example, CAV1 binds to
other proteins, such as GRK2, affecting its activity.6 In
addition, CAV1 is phosphorylated on tyrosine-14 by Src
and Fyn,26 and this phosphorylation appears to be important
functionally.27,28 How caveolin affects the enzyme activity
of its partners in different systems remains largely
unexplored.

Given the known link between eNOS and GRK2 in
injured SECs, the reported regulation of eNOS by CAV1,
and the putative importance of CAV1 phosphorylation on
other protein functions, we hypothesized that CAV1 and
GRK2 may cooperate to regulate eNOS function. Further-
more, we postulated that CAV1 phosphorylation was likely
to be important in signaling to eNOS. Thus, we examined
the association of CAV1 with eNOS and GRK2 in normal
and injured SECs and the effect of the CAV1 scaffolding
domain on eNOS activity. We also modulated GPCR
signaling with isoproterenol (Iso; known to increase GRK2
phosphorylation and dampen GPCR signaling)29,30 and the
ETB receptor (to enhance GPCR signaling) to understand
how CAV1 interaction with GRK2 regulates eNOS/NO
signaling. Our data indicate that the CAV1-GRK2 interac-
tion is important for regulation of eNOS function and sug-
gest new mechanisms of eNOS post-translational regulation
via protein-protein interactions in injured SECs.

Materials and Methods

Reagents

Endothelin-1 (ET-1) was purchased from American
Peptide Company (Sunnyvale, CA). A synthetic peptide
corresponding to the CAV1 scaffolding domain (CSD;
DGIWKASFTTFTVTKYWFYR) and a scrambled peptide
(WGIDKAFFTTSTVTYKWFRY) were purchased from
Sigma-Aldrich (St. Louis, MO). The tyrosine phosphoryla-
tion inhibitor, 4-amino-5-(4-chlorophenyl)-7-(dimethylethyl)
pyrazolo[3,4-d]pyrimidine (PP2), and a b-adrenergic agonist,
Iso, were also purchased from Sigma-Aldrich.

Animals

All animal studies were conducted using male mice and rats,
according to federal guidelines, and approved by the Insti-
tutional Animal Care and Use Committee at Medical
University of South Carolina (Charleston, SC).

Animal Model of Liver Injury with Portal Hypertension

Liver injury and portal hypertension were induced by
performing bile duct ligation in 400-g male Sprague-Dawley
rats, as described.31 Briefly, bile duct ligation was
performed by surgical isolation and ligation of the common
bile duct. This model generates a portal-based fibrogenic
response and portal hypertension 10 to 14 days after
The American Journal of Pathology - ajp.amjpathol.org
surgery.31,32 In sham-operated rats, laparotomy without
isolation and section of the bile duct was performed. All
animals received humane care according to NIH guidelines;
studies were approved by the Medical University of South
Carolina Institutional Animal Care and Use Committee.

Cell Isolation and Culture

SECs were isolated from male Sprague-Dawley rats (450 to
500 g) (Harlan, Indianapolis, IN) or male Cav1 wild-type
(CAV1þ/þ; C57 Bl/6J ) and knockout mice (CAV1�/� with
C57 Bl/6J background) mice33 from Jackson Laboratory
(Bar Harbor, ME). In brief, after in situ perfusion of the liver
with 20 mg/dL pronase (Roche Molecular Biochemicals,
Indianapolis, IN), followed by collagenase (Worthington
Biochemical Corp., Lakewood, NJ), dispersed cell suspen-
sions were removed from a layered discontinuous density
gradient of 8.2% and 15.6% Accudenz (Accurate Chemical
and Scientific, Westbury, NY), and further purified by
centrifugal elutriation (18 mL/minute flow). Cells were
grown in medium containing 20% serum (10% horse
plus 10% fetal calf). The purity of endothelial cells
was documented by their uptake of fluorescently labeled
di-I-acetoacetylated low-density lipoprotein. We have
additionally performed immunohistochemical experiments
with antibodies specific for Kupffer cells and hepatic stellate
cells, as described.34,35 Cell isolations contain rare Kupffer
cells and small numbers of stellate cells. We routinely use
only isolates of >95% purity.36

Adenovirus

Adenovirus containing full-length endothelin-B receptor
was a gift from Michael B. Fallon (The University of Texas
Health Science Center at Houston, Houston, TX).37

Adenovirus containing an empty vector and adenovirus
containing full-length endothelin-B receptor were purified
from infected 293 cells, as described.32 We confirmed the
efficiency of adenovirus infection of SECs, as described
previously.38 SECs were exposed to adenovirus in 2%
serum for 16 hours, and medium was exchanged; cells were
then harvested at the specified time points.

Plasmids

Human Myc-tagged CAV1 wild-type and tyrosine 14
mutated to phenylalanine (CAV1 Y14F) was obtained from
Dr. Ivan R. Nabi (University of British Columbia, Vancou-
ver, BC, Canada).39 For transient transfection, plasmid DNA
encoding CAV1 (or an empty vector as control) was trans-
fected into SECs isolated from CAV1�/� mice (CAV1þ/þ

mice as additional control) using FuGENE 6
transfection reagent from Promega Corp. (Madison, WI),
according to the manufacturer’s instructions. Transfected
proteins and cell culture conditioned medium were routinely
analyzed at 36 hours after transfection. Transfection
897
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efficiency was confirmed using antiec-myc antibody from
Abcam (Cambridge, MA).

Isolation of Cell Fractions

Cells isolated from normal and injured (bile duct ligation)
primary SECs were harvested after being cultured for 16 to
24 hours. Cell compartment proteins were then separated
into cytosolic, membrane, and nuclear fractions using the
Fraction-PREP Cell Fractionation System (BioVision,
Mountain View, CA), according to the manufacturer’s
protocol. Immunoblotting was performed on the fractions.

Immunoprecipitation, Immunoblotting, and
Immunofluorescence Microscopy

Immunoprecipitation assays were used to investigate the
interaction of caveolin 1 with GRK2 or ETBR, and detec-
tion of GRK2 activity or tyrosine phosphorylation in
primary SECs. Briefly, cell lysates (200 mg total protein)
were subjected to immunoprecipitation with antibody to
GRK2 (Santa Cruz Biotechnology, Dallas, TX) or antibody
to CAV1 (BD Transduction Laboratories, San Jose, CA)
overnight. Immunoprecipitation using a control nonimmune
IgG was used in each experiment. Immunocomplexes were
captured by incubating with protein A beads (GE Health-
care Bio-Sciences, Pittsburgh, PA) for 4 hours at 4�C.
Immunoprecipitated proteins were separated by SDS-
PAGE.

Immunoblotting was performed, as described,36 using
specified primary antibodies, including anti-CAV1 antibody
(1:1000; BD Transduction Laboratories), antiephospho-
CAV1-Y14 (1:1000; Santa Cruz Biotechnology), anti-eNOS
(1:1000; BD Transduction Laboratories), antiephospho-
eNOS-Ser1177 (1:1000; BD Transduction Laboratories),
anti-GRK2 antibody (1:1000; BD Transduction Laboratories
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or Cell Signaling Technology, Danvers, MA), anti-ETBR
antibody (1:1000; Molecular Probes, Carlsbad, CA), anti-
phosphotyrosine 4G-10 antibody (1:1000; Merk Millipore
Crop, Billerica, MA), and horseradish peroxidasee
conjugated secondary antibody. Specific signals were visu-
alized using West Pico enhanced chemiluminescence
reagents (Rockford, IL), as per the manufacturer’s in-
structions, and were scanned and quantitated with Syngene G
Box Chemi XT4 (Division of Synoptics Group, Frederick,
MD) and Genetools gel analysis software version 4.03.00
(Division of Synoptics Group). Immunoblot images shown
are representative of other replicate experiments.
Immunofluorescence microscopy was used to investigate

the colocalization of CAV1 with GRK2. Briefly, primary
SECs from normal or injured livers were fixed in 4%
paraformaldehyde/phosphate-buffered saline and per-
meabilized in 0.2% Trition X-100, and then labeled with
monoclonal anti-CAV1 antibody (1:200; BD Transduction
Laboratories), followed by Alexa Fluor 488 donkey anti-
mouse IgG secondary antibody (Molecular Probes) and with
polyclonal anti-GRK2 antibody (1:200; Santa Cruz
Biotechnology), followed by Alexa Fluor 555 donkey
anti-rabbit IgG secondary antibody (Molecular Probes).
Fluorescent labeling was visualized using a Zeiss LSM-510
confocal microscope (Carl Zeiss Inc., Thornwood, New
York), and images were overlaid with Zeiss LSM Image
Browser version 4.2.0.121 (Carl Zeiss Inc.).

NO Measurement

To assess NO production, we analyzed the release of ni-
trite, the stable breakdown product of NO, using a nitric
oxide assay kit (Abcam, Cambridge, MA), as per the
manufacturer’s instructions. Briefly, a standard curve was
generated to measure levels between 1 and 100 mmol/L of
nitrite per well. Cells were harvested, and an aliquot of cell
0

1

2

3

1
VA

C-
P

)ecnadnuba
evit al er(

    C      M       N         C      M      N       

NEC BEC
**

CAV1

P-CAV1

β-tubulin NEC BEC

phosphorylation in normal and injured sinusoidal endothelial cells
m-operation (NEC) and injured [by bile duct ligation (BDL); BEC] rat
Total SEC protein (50 mg) was subjected to immunoblotting to detect
horylation at Ser 1177 (P-eNOS), total eNOS, caveolin 1 phosphor-
AV1) separately. Specific bands corresponding to P-eNOS or P-CAV1
the ratio of P-eNOS/total eNOS or P-CAV1/total CAV1 separately.
ere fractionated, as in Materials and Methods, and subjected to
sponding to P-CAV1 were quantitated and presented graphically.
s in A were collected and nitrite levels were measured as in
wn graphically. Data are presented as means� SEM. nZ 3 for each
lic; M, membrane; N, nuclear.

ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Regulation of eNOS Activity
lysate was used to determine total protein concentration
(Bio-Rad Laboratories, Hercules, CA). Conditioned me-
dium and standards were exposed to Griess reagent,
following the manufacturer’s instructions, and developed
B
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over 10 minutes. The optical density of each well was
detected at 540 nm after zeroing against a blank well, using
a linear model in a Molecular Devices (Sunnyvale, CA)
microplate reader.
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Statistical Analysis

All experiments were performed in replicates using cells
isolated from different rats. All results were expressed as the
means � SEM. We performed statistical analysis using the
two-tailed t-test; P < 0.05 was considered statistically
significant.
Results

CAV1 Phosphorylation in Injured SECs

We first examined eNOS protein expression, eNOS phos-
phorylation (at Ser 1177), and NO production in normal and
injured SECs. As previously reported,4,5 we found that total
eNOS expression did not change after injury, but eNOS
phosphorylation and NO production in injured SECs were
significantly decreased (Figure 1, A and C).

We also initially examined CAV1 protein expression and
CAV1 phosphorylation in normal and injured SECs. We
found that CAV1 expression did not change after injury, but
that there was a fourfold to fivefold increase in CAV1
phosphorylation at Y14 in injured SECs in both total protein
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lysate (Figure 1A) and the isolated membrane fraction
(Figure 1B). These results suggested a role for CAV1
phosphorylation in SEC dysfunction after injury.

CAV1-GRK2 Interaction in Injured SECs

CAV1 binding to eNOS leads to reduced eNOS activity.40,41

Similarly, GRK2 interaction with eNOS also leads to reduced
eNOS activity.42 GRK2 contains CAV1-binding motifs that
mediate its binding toCAV1.6,43We hypothesized that GRK2
inhibits eNOS signaling, in part, through interaction with
CAV1. Because it is unknown whether the interaction of
CAV1 and GRK2 occurs in liver SECs and whether this may
be altered after liver injury, we examined whether CAV1
interacts with GRK2 in SECs and whether this complex also
contains eNOS, by performing dual-immunolabeling exper-
iments. Immunofluorescence staining showed localization of
both CAV1 and GRK2 in the cytoplasm and plasma mem-
brane. Interestingly, colocalization was more prominent in
injured cells (Figure 2A). More importantly, phospho-CAV1
and GRK2 colocalization also was significant in injured cells
(Figure 2A). Given the apparent colocalization of GRK2
with both CAV1 and phospho-CAV1, we next explored
V1
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Figure 3 The effects of caveolin 1 (CAV1)
scaffolding domain (CSD) on CAV1 phosphorylation
and G-proteinecoupled receptor kinase-2 (GRK2)
eCAV1 interaction. A: Sinusoidal endothelial cells
(SECs) from injured [by bile duct ligation (BDL)] rat
livers were exposed to 20 nmol/L endothelin-1 (ET-
1) from0 to 120minutes. Cell lysateswere subjected
to immunoblotting to detect P-CAV1 or CAV1. Bands
corresponding to P-CAV1 and CAV1 were quantified,
and the ratio of P-CAV1 at 120 minutes of ET-1
exposure versus total CAV1 at the same conditions
was set as 1. B: SECs from injured (BDL) rat livers
were pretreated with 5 mmol/L CSD or control
scrambled peptide for 6 hours before stimulation
with 20 mmol/L ET-1 for the indicated times. Cell
lysates were subjected to immunoblotting with anti
ephospho-caveolin 1 (Tyr14) and anti-CAV1 anti-
bodies separately. Bands corresponding to P-CAV1
and CAV1 were quantified, and the ratio of P-CAV1
without treatment versus total caveolin 1 under the
same conditions was set as 1. C and D: GRK2 or CAV1
from the same treatment as in B was immunopre-
cipitated (IP) and the presence of associated CAV1
(C) or GRK2 (D) protein was assessed by immuno-
blotting (IB); GRK2 and CAV1 levels used for
immunoprecipitation were assessed by immuno-
blotting with antibody to GRK2 (C) or CAV1 (D).
Specific CAV1 or GRK2 bands were quantified and
normalized to the level of immunoprecipitated
GRK2; 10% of total cell lysate used to detect CAV1
position and immunoprecipitation with IgG are also
shown as indicated. Data are presented as
means � SEM. n Z 3 for each group (AeD).
*P < 0.05, **P < 0.01, and ***P < 0.001 versus
0 minute (A) or control scrambled peptide treat-
ment (BeD); yP< 0.05, yyP< 0.01 CSD alone versus
CSD plus ET-1. Ctl, control scrambled peptide.
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Figure 4 Caveolin 1 (CAV1) phosphorylation
dynamically regulates G-proteinecoupled receptor
kinase-2 (GRK2)eCAV1 interaction. A: Sinusoidal
endothelial cells (SECs) isolated from injured [by
bile duct ligation; BEC] rat livers were exposed to
the tyrosine inhibitor, PP2 (5 to 20 mmol/L for 2
hours), and cells were harvested and cell lysates
were subjected to immunoprecipitation (IP) with
antibody to GRK2 and the presence of associated P-
CAV1 or total CAV1was assessed by immunoblotting
(IB) with antibody to P-CAV or CAV1; GRK2 protein
levels used for immunoprecipitation were assessed
by immunoblotting with antibody to GRK2. Specific
bands of P-CAV or CAV1 were quantified and
normalized to the level of immunoprecipitated
GRK2 and presented in the graph. Immunoprecipi-
tation with IgG is also shown as indicated. B: CAV1
from the same cells as in Awas immunoprecipitated
and the presence of associated GRK2 protein was
assessed by immunoblotting. CAV1 protein levels
used for immunoprecipitation were assessed by
immunoblotting with antibody to CAV1 (top
panel). Specific GRK2 bands were quantified and
normalized to the level of immunoprecipitated
CAV1 and presented in the graph in the bottom
panel, total cell lysate used to detect GRK2 position
and immunoprecipitation with IgG are also shown
(top panel). C: SECs isolated from CAV1 knockout
mice (Cav�/�) were transfected with CAV1 full-
length cDNA [CAV1/wild type (WT)], CAV1-Y14F
mutation which has inactivated CAV1 tyrosine
phosphorylation site at 14 (CAV1/Y14F), or empty
vector (EV) as indicated. After 36 hours, cells were
harvested and cell lysates were subjected to
immunoprecipitation with antibody to CAV1 and
the presence of associated GRK2 was assessed by
immunoblotting with antibody to GRK2; additional
controls included a sample of 10% of the cell lysate
and immunoprecipitated IgG. Further controls
included measurement of CAV1 protein levels after
transfection by immunoblotting with antibody to
CAV1. A representative image is shown. D: Condi-
tioned medium from SECs in C and the cells from
caveolin 1 wild-type mice (Cav1þ/þ) were collected,
nitrite levels were measured, and the data presented
graphically. Data are presented as means� SEM (A,
B, and D). n Z 3 for each group (A, B, and D).
*P< 0.05, **P< 0.01 versus no treatment (A andB)
or cells from Cav1þ/þ with EV (D); yP < 0.05,
yyP < 0.01 versus cells from Cav1�/� with Cav1/WT.

Regulation of eNOS Activity
this interaction biochemically using immunoprecipitation.
CAV1 coimmunoprecipitatedwithGRK2 (Figure 2, B andC)
and eNOS (Figure 2C), and both partners were enriched in
injured compared to normal cells. To determine whether
CAV1 phosphorylation plays a role in protein-protein inter-
action, we investigated phosphorylation of CAV1 in complex
with GRK2 and found that CAV1 phosphorylation was
increased after liver injury (Figure 2B). These results suggest
that CAV1, eNOS, and GRK2 may interact in a complex and
raise the possibility that CAV1 phosphorylation facilitates its
interaction with GRK2 in both normal and injured SECs.
The American Journal of Pathology - ajp.amjpathol.org
CSD and ET-1 Regulate CAV1 Interaction with GRK2

The CSD (residues 82 to 101 of CAV1) has been reported to
be an endogenous negative regulator of eNOS function,21,44

is required for the binding of CAV1 to eNOS,41 and is
known to interact with other signaling proteins, such as G
proteins12 and nonreceptor tyrosine kinases.45 On the other
hand, ET-1 is a well-known stimulator of eNOS activity in
endothelial cells.46 First, we examined CAV1 phosphory-
lation after ET-1 stimulation, including in the presence or
absence of CSD. On the basis of our finding that CAV1
901
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phosphorylation level was low in normal cells but was high
in injured cells (Figure 1, A and B), we tested the effects of
ET-1 and CSD on CAV1 phosphorylation in injured cells.
ET-1 caused a clear decrease in CAV1 phosphorylation
(Figure 3A), whereas CSD caused an increase in CAV1
phosphorylation (Figure 3B). Interestingly, ET-1 blocked
the CAV1 phosphorylation induced by CSD, most promi-
nently after 60 to 120 minutes (Figure 3B). Next, we tested
the effect of CSD and ET-1 on GRK2 binding to CAV1.
CSD caused a clear increase in GRK2 and CAV1 interac-
tion, and this was abrogated by ET-1 (Figure 3, C and D).
CAV1 Tyrosine Phosphorylation Modulates CAV1 and
GRK2 Interaction

On the basis of our finding that in injured SECs, CAV1
phosphorylation and the CAV1-GRK2 interaction both were
increased, we hypothesized that phosphorylation of CAV1
at tyrosine 14 (Tyr14) facilitates this interaction. After
exposure of injured SECs to the tyrosine phosphorylation
inhibitor, PP2, we found that not only was there reduced
phospho- CAV1 associated with GRK2, but also that GRK2
association with CAV1 was inhibited in a dose-dependent
manner (Figure 4, A and B). To examine whether phos-
phorylation of CAV1 at tyrosine 14 affects eNOS activity
and NO production, CAV1 full-length cDNA (CAV1/wild
type) and a tyrosine 14 mutant (CAV1/Y14F) were
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isoproterenol (Iso) or 20 nmol/L endothelin-1 (ET-1) for 1 hour. GRK2 tyrosine ph
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antibody. Specific phospho-GRK2 bands were quantified and normalized to the le
treatment but harvested in the time as indicated were subjected to immunoblot
eNOS), anti-eNOS, and antieb-actin antibodies separately. Specific bands cor
normalized, and are presented graphically. C: SECs isolated from injured (BDL)
immunoprecipitated with anti-GRK2 antibody, then immunoblotted to detect C
immunoblotting with antibody to GRK2. Specific bands were quantified and norm
graph. Immunoprecipitation with IgG is also shown as indicated. Data are presente
versus no treatment. Un, untreated.

902
transfected into SECs from Cav1 knockout mice (Cav1�/�).
We found that after transduction of wild-type CAV1 into
Cav1-deficient endothelial cells, GRK2 association with
CAV1 was evident (Figure 4C) and NO production was
similar to normal SECs (Figure 4D). In CAV1-deficient
SECs after transduction with the tyrosine mutant
(CAV1/Y14F), GRK2 association with CAV1 was reduced
(Figure 4C) and NO production was unchanged
(Figure 4D). These data confirm the importance of
CAV1 phosphorylation in the CAV1-GRK2 interaction
and eNOS/NO activity.
GRK2 Activation by Iso Enhances CAV1 and GRK2
Interaction

GRK2 is stimulated by activated G-proteinecoupled
receptors and activated G-protein bg-subunits,47 and func-
tions to phosphorylate and inactivate cell surface receptors in
the heterotrimeric G-protein signaling cascade. GRK2
expression levels are up-regulated on liver injury in SECs,8

and GRK2 can desensitize ETB receptor signaling48 in
injured SECs,8,49 suggesting that GRK2 activationmay play a
role in CAV1 and eNOS signaling and activity. Because Iso, a
b-adrenergic agonist,50 has been reported to induce GRK2
phosphorylation,29,30 we assessed GRK2 activity by immu-
noprecipitation of GRK2 from cell lysates and immunoblot-
ting with anti-phosphotyrosine antibody30,51 after stimulation
eNOS
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with either ET-1 or Iso. ET-1 exposure decreased, but Iso
exposure (to activate b2-adrenergic receptors) increased
GRK2 phosphorylation (Figure 5A), whereas ET-1 increased
but Iso decreased eNOSphosphorylation (most prominently at
60 minutes) (Figure 5B). Iso exposure also led to enhanced
GRK2 interaction with CAV1 (Figure 5C).

Overexpression of ETB Receptor Overcomes the Effects
of GRK2 and CAV1 Phosphorylation in Injured SECs

As shown above, GRK2 and CAV1 phosphorylation led to
reduced eNOS phosphorylation and activity; furthermore,
this effect appeared to be facilitated by the interaction of
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GRK2 with CAV1. It is known that increased GRK2 levels
and activity may initiate the desensitization of endothelial
receptors48 and trigger GRK2-mediated phosphorylation of
proteins with a variety of cellular functions.52 To further
explore the relationship between endothelin receptor
signaling and GRK2-CAV1 signaling to eNOS, we first
examined the ETB receptor in injured SECs. ETB receptor
expression was significantly reduced after injury (Figure 6A).
Despite this decrease, ETB receptor association with CAV1

53

was increased (Figure 6A). These data raise the possibility
that after liver injury, CAV1 binding to ETB receptors reduces
the potential for ETB receptors to respond to ET-1 signaling to
eNOS activation. To determine whether this effect was
ETBR
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Figure 6 ETB receptor overexpression reduces
G-proteinecoupled receptor kinase-2 (GRK2) and
caveolin 1 (CAV1) interaction and rescues nitric
oxide (NO) production in injured sinusoidal endo-
thelial cells (SECs). A: SECs isolated from normal or
injured rat livers were subjected to immunoprecipi-
tation (IP) with anti-CAV1 antibody, and then
samples were immunoblotted (IB) with anti-ETB
receptor (ETBR) antibody, CAV1 protein levels used
for immunoprecipitation were assessed by immu-
noblotting with antiecaveolin-1 antibody; ETB re-
ceptor and b-actin were detected in cell lysates by
immunoblotting. A representative image is shown.
B: SECs isolated from bile duct ligated (BDL) rat
livers were transduced with recombinant adenovirus
encoding the ETB receptor (Ad-ETBR) or a control
empty adenovirus (Ad-EV). After 36 hours, CAV1 was
immunoprecipitated with anti-CAV1 antibody, then
immunoblotted to detect GRK2. Immunoprecipita-
tionwith IgG as a control and the expression ofGRK2
from 10% of the total cell lysate used for immuno-
precipitation are also shown; CAV1 protein levels
used for immunoprecipitation were assessed by
immunoblotting with antiecaveolin-1 antibody.
Specific GRK2 bands were quantified and normalized
to the level of immunoprecipitated CAV1 and are
presented graphically; phospho-endothelial nitric
oxide synthase (P-eNOS), ETB receptor, total eNOS,
andCAV1expressionweremeasured in cell lysatesby
immunoblotting; conditioned media from injured
SECs were harvested and nitrite production was
measured, and the data are presented graphically.C:
SECs isolated fromBDL rat livers transducedwithAd-
ETBR or Ad-EV, as in B, were exposed to 20 nmol/L
endothelin-1 (ET-1) and/or 10mmol/L isoproterenol
for additional 1 hour, as indicated. SECs were har-
vested, and P-eNOS, P-CAV1, ETB receptor, total
eNOS, total CAV1, and b-actin were detected by
immunoblotting, as indicated. Bands corresponding
to P-eNOS or P-CAV1were quantified and normalized
to the level of total eNOS or total CAV1, respectively,
and presented graphically; conditionedmediumwas
collected, and nitrite levels were measured, and the
data are presented graphically. Data are presented
as means � SEM. n Z 3 for each group (B and C).
*P < 0.05, **P < 0.01 versus Ad-EV; yP < 0.05,
yyP < 0.005 versus Ad-EV with isoproterenol. BEC,
injured sinusoidal endothelial cells by BDL; NEC,
normal sinusoidal endothelial cells with sham-
operation.
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reversible, we overexpressed ETB receptors in injured SECs,
and found this to dramatically increase NO production
(Figure 6B) and eNOS phosphorylation (Figure 6C).
Furthermore, receptor expression partially restored the eNOS
phosphorylation that had been inhibited by Iso,whereas it also
suppressedCAV1phosphorylation (Figure 6C). ETB receptor
expression also inhibited the CAV1-GRK2 interaction
(Figure 6B), indicating that desensitization of the ETB re-
ceptor caused by GRK2 activation48 in injured cells can be
rescued by restoring ETB receptors.

Discussion

Herein, we have shown that CAV1-GRK2 interaction is
enhanced by CAV1 phosphorylation on tyrosine-14 after
liver injury. We have also shown that the interaction be-
tween CAV1 and GRK2 requires CAV1 tyrosine-14 phos-
phorylation (Figure 4) and GRK2 phosphorylation
(Figures 5 and 6). The functional consequence of this
CAV1-GRK2 interaction is a reduction in eNOS phos-
phorylation and eNOS activity (Figure 1).

The current study extends previous data demonstrating
that CAV1 and GRK2 each negatively regulate eNOS
P
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activity after their interaction with eNOS. In previous work,
it was shown that eNOS and CAV1 interact directly and the
interaction affects eNOS activity.40 In the heart, it was
shown that eNOS and GRK2 interact to form a key nodal
point that determines outcomes of ischemic injury, because
increased GRK2 activity or decreased eNOS activity lead to
beadrenergic receptor desensitization and myocyte injury.7

Herein, we demonstrate CAV1 and GRK2 together regulate
eNOS. In addition, CAV1 tyrosine-14 phosphorylation
(Figure 4, A and B) is required, as evidenced by the effect of
inhibition of CAV1 phosphorylation by PP2. Previous data
indicating that CAV1 can be tyrosine phosphorylated by the
Src kinase family,54 and that Src activation and CAV1
phosphorylation leads to increased eNOS/CAV1 interac-
tion28 support our findings. In addition, our finding that
injured SECs possess an elevated level of P-CAV1 within
the CAV1-GRK2 complex (Figure 2B), leading to the in-
hibition of eNOS activation, further suggests that CAV1
phosphorylation is critical in CAV1-GRK2emediated sup-
pression of eNOS activation in injured cells.
Previous data have shown that GRK2 possesses caveolin-

binding motifs, located in PH (residues 567 to 584)
and RH (residues 63 to 71) domains.43 These data also
P
K2 Iso

(NO)

S

Figure 7 A proposed model for G-proteine
coupled receptor kinase-2 (GRK2)/caveolin 1
(CAV1) signaling in normal and injured sinusoidal
endothelial cells (SECs). In SECs, G-protein
ecoupled endothelin B receptors (ETB receptor)
activate Gbg/GRK2 and link CAV1/GRK2 complexes
with GIT1/endothelial nitric oxide synthase
(eNOS). There are several differences between the
normal and injured state. In normal SECs, GIT1
interacts with eNOS to promote eNOS phosphory-
lation, and Akt increases this interaction and
enhances eNOS activity.32,36 In injured SECs, CAV1
phosphorylation and GRK2 expression and activity
are increased, enhancing the GRK2-CAV1 interac-
tion and resulting in eNOS being more tightly held
in its inactive state. CAV1 phosphorylation by CAV1
scaffolding domain or/and GRK2 activity increase
by isoproterenol (Iso) will enhance CAV1-GRK2 as-
sociation, further inactivating eNOS. These inter-
linked pathways lead to reduction of nitric oxide
(NO) production. BEC, injured sinusoidal endothe-
lial cells by BDL; ET-1, endothelin-1; NEC, normal
sinusoidal endothelial cells.
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support the concept that caveolae appear to be a key locus in
G-proteinecoupled receptor signal transduction.55 A previ-
ous study indicating that CAV1, through its scaffolding
domain, regulates GRK2 function is consistent with this
concept.6 Herein, we show that the CSD induces CAV1
phosphorylation at Tyr-14, and this is attenuated by ET-1
(Figure 3B). Furthermore, ET-1 alters the GRK2-CAV1
interaction (Figure 3, C and D). Note that CSD peptide is
reported to alter CAV1 phosphorylation,56 block eNOS
activity and cellular NO release,21 mediate the membrane
binding of CAV1,57 and play essential roles in caveolin
protein-protein interactions,58 such as with Rho GTPases.59

Recently, a construct with a mutation in the CAV1 scaf-
folding domain was found to disrupt the actions of endoge-
nous CAV1 toward eNOS in endothelial cells and enhance
NO release.44 In this setting, it is possible that CSD also has a
critical role in mediating the GRK2-CAV1 interaction in
injured SECs.

In this study, we have extended the GRK2 signaling
paradigm to include CAV1, eNOS, and NO. We believe that
in injured SECs, GRK2 binding to CAV1 leads to eNOS
becoming bound in the same complex, resulting in a
blockade of eNOS activity (Figure 2C). The beadrenergic
receptor agonist Iso increased GRK2 tyrosine phosphoryla-
tion (Figure 5A) and GRK2-CAV1 interaction (Figure 5C),
and further inhibited eNOS activity (Figure 5B). Liver injury
leads to increased GRK2 expression and reduced eNOS
activity in SECs,8 and failing myocardium leads to increased
GRK2, resulting in enhanced desensitization of b-adrenergic
receptor and other GPCRs on the sarcolemmal membrane of
cardiomyocytes.60 Now, we have shown that CAV1 binding
appears to be important in the GRK2/eNOS scaffold,
promoting the negative signaling effect of GRK2 on eNOS.
However, several questions remain, in particular: how does
CAV1 phosphorylation mechanistically stimulate GRK2 to
regulate eNOS function?

We also found that overexpression of the ETB receptor
increased eNOS phosphorylation and NO production, and
partially rescued the inhibition of eNOS activity by Iso
(through stimulating GRK2 tyrosine phosphorylation)
(Figure 6, B and C). These results suggest that in injured
SECs, the decline in ET-1/ETB receptor-mediated eNOS
activity may be caused by either (or both) a reduction in
ETB receptor expression or an increase in interaction of the
ETB receptor with CAV1. This may lead to a decrease in the
amount of ETB receptor available to be stimulated by ET-1.
In addition, b-adrenergic agonists (eg, Iso) are expected to
increase the activity of GRK2,30,51 further triggering the
interaction with CAV1 through modulating ETB receptor
desensitization.48,61 We propose that increased GRK2
expression (and activity) in injured SECs results in
increased desensitization of endothelial G-protein receptors
and also alters GPCR-independent signaling mediated
through direct interaction with GRK2, such as occurs with
caveolin and eNOS, all resulting in attenuation of ET-1
signaling toward eNOS in injured SECs (Figure 7).
The American Journal of Pathology - ajp.amjpathol.org
In summary, we have shown that both eNOS and GRK2
interact with CAV1. In addition, this interaction involves
the CSD and appears to require CAV1 tyrosine phosphor-
ylation, which, in turn, modulates GRK2 phosphorylation,
together leading to reduced eNOS function. Most important,
this system is dysregulated in injured SECs. Taken together,
the data suggest that CAV1 and GRK2 work together as
critical modulators of eNOS function.
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