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Endothelial cell nitric oxide (NO) synthase (eNOS), the enzyme
responsible for synthesis of NO in endothelial cells, is regulated by
complex posttranslational mechanisms. Sinusoidal portal hyper-
tension, a disorder characterized by liver sinusoidal endothelial cell
(SEC) injury with resultant reduced eNOS activity and NO pro-
duction within the liver, has been associated with defects in eNOS
protein—protein interactions and posttranslational modifications.
We and others have previously identified novel eNOS interactors,
including G protein-coupled receptor (GPCR) kinase interactor 1
(GIT1), which we found to play an unexpected stimulatory role
in GPCR-mediated eNOS signaling. Here we report that g-arrestin
2 (B-Arr2), a canonical GPCR signaling partner, localizes in SECs
with eNOS in a GIT1/eNOS/NO signaling module. Most impor-
tantly, we show that $-Arr2 stimulates eNOS activity, and that
B-Arr2 expression is reduced and formation of the GIT1/eNOS/
NO signaling module is interrupted during liver injury. In
p-Arr2—-deficient mice, bile duct ligation injury (BDL) led to signif-
icantly reduced eNOS activity and to a dramatic increase in portal
hypertension compared to BDL in wild-type mice. Overexpression
of B-Arr2 in injured or p-Arr2-deficient SECs rescued eNOS function
by increasing eNOS complex formation and NO production. We
also found that p-Arr2-mediated GIT1/eNOS complex formation
is dependent on Erk1/2 and Src, two kinases known to interact
with and be activated by p-Arr2 in response to GCPR activation.
Our data emphasize that -Arr2 is an integral component of the
GIT1/eNOS/NO signaling pathway and have implications for the
pathogenesis of sinusoidal portal hypertension.

cirrhosis | liver | portal hypertension

iver fibrosis and portal hypertension cause significant mor-

bidity and mortality. The pathogenesis of portal hypertension
includes both extrahepatic and intrahepatic factors (1) and
intrahepatic portal hypertension appears to be related to endo-
thelialopathy in injured sinusoidal endothelial cells (SECs) (2).
SECs are highly specialized endothelial cells that play a prom-
inent role in maintaining overall liver homeostasis (3, 4). En-
dothelial nitric oxide synthase (eNOS) expressed in liver SECs
plays an essential role in the regulation of endothelial function
and acts as a master regulator of vascular tone and liver blood flow
through the generation of nitric oxide (NO) in liver (2). Appropriate
NO synthesis by eNOS is regulated by complex posttranslational
modifications and protein—protein interactions, where the balance
between eNOS stimulatory and inhibitory pathways controls NO
production in SECs (5). Precise control of eNOS activity is critical in
regulation of portal blood flow and portal pressure in human liver
disease and in animal models of liver injury (6-8).

We previously reported on a G protein-coupled receptor
(GPCR) signaling pathway in SECs in which endothelin B (ETg)
receptor-mediated eNOS activation and NO production are
dependent on G protein py subunit-mediated activation of PI3K/
Akt to regulate eNOS (6). After liver injury, G protein-coupled
receptor kinase 2 (GRK2), an important GPCR signaling part-
ner, is up-regulated and interacts with Akt to blunt eNOS activity
(7). Additionally, we have shown that the G protein-coupled
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receptor kinase-interacting protein 1 (GIT1) serves as a scaffold
protein to stimulate eNOS enzymatic activity, but is down-regulated
after injury (8). Together, these data suggest that multiple G protein
signaling pathway components are tightly integrated to regulate
eNOS in health and disease.

B-Arrestins are ubiquitously expressed signaling molecules that
have diverse functions in the regulation of GPCR signaling cascades.
Together with GRKSs, arrestins are key mediators of GPCR de-
sensitization, endocytosis, intracellular trafficking, and resensitiza-
tion (9, 10). The two p-arrestin proteins p-arrestinl (B-Arrl) and
B-arrestin2 (B-Arr2) also function as scaffolds regulating important
downstream intracellular signaling cascades (11), including MAPK/
Erkl1/2 (12-14), Src (11, 15), and Akt (16-18). Although p-Arr2 has
been previously suggested to serve as a scaffold for functional cou-
pling of eNOS (19-21), the role of B-Arr2 in regulating eNOS in-
teractions is not understood. In this study, we show that -Arr2
works together with other GPCR partners to regulate eNOS func-
tion, but also that p-Arr2 down-regulation in injured SECs following
liver injury contributes to reduced NO production and portal hy-
pertension in that state. The data have distinct implications for the
pathogenesis and treatment of sinusoidal portal hypertension.

Materials and Methods

Animal Model of Liver Injured and Portal Hypertension. Sprague-Dawley rats
(450 to 500 g male) were purchased from Charles River Laboratory, and
B-Arr1 and B-Arr2 knockout (KO) (22) and wild-type (WT) male littermate
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mice on a C57BL/6J background aged 16 to 18 wk, were used in all experi-
ments. Mice were bred using heterozygous breeding pairs to obtain KO and
WT littermates. Liver injury and portal hypertension were induced by per-
forming bile duct ligation in rats and mice as described previously (7, 23, 24).
Briefly, common bile duct ligation (BDL) ligation was performed during
laparotomy under anesthesia by isolating and ligating the common bile
duct. Control animals were subjected to sham laparotomy without bile duct
ligation. At 10 to 14 d after surgery, this animal model leads to liver injury/
fibrosis and portal hypertension. All animals were cared for in the Medical
University of South Carolina (MUSC) animal facility and received humane
care according to the National Institutes of Health Guidelines; all experi-
mental procedures were approved by the MUSC Institutional Animal Care
and Use Committee.

Cell Isolation. SECs and hepatic stellate cells (HSCs) were isolated from male
rats or male p-Arr2 WT and KO mice as described (23, 25). In brief, the liver
was perfused and digested with 1 mg/mL pronase (Roche Molecular Bio-
chemicals) followed by 0.13 mg/mL collagenase (Worthington Biochemical
Corporation) and the digested liver was agitated in a solution containing
0.2 mg/mL pronase (Roche) and 0.0375 mg/mL DNase (Roche); HSCs and SECs
were separated by density gradient centrifugation after layering cells on a
gradient of 8.2% and 15.6% Accudenz (Accurate Chemical and Scientific).
HSCs were removed and cultured as described (25). SECs were further puri-
fied by centrifugal elutriation at an 18 mL/min flow rate and were plated on
rat-tail collagen-coated dishes and grown in standard 1990R medium con-
taining 20% serum (10% horse/calf). The purity of SECs and HSCs was
assessed as described previously (24, 25). Cultures of only more than 95%
purity were used for study.

Adenovirus. Recombinant adenoviruses encoding mouse WT full-length
B-Arr2, and GIT1 were constructed by Vector Biolabs. Briefly, mouse p-Arr2
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or GIT1 were subcloned into a pAAV-cis plasmid, followed by preparation of
the pAAV cis-plasmid and complimentary plasmids using standard cloning
protocols. Adenoviruses encoding mouse WT full-length $-Arr2 (Ad p-Arr2)
or GIT1 (Ad-GIT1) were grown in HEK293 cells and purified using CsCl cen-
trifugation as described (8, 26). Adenovirus without insert DNA (Ad-empty
vector [EV]) was used as a control adenovirus. For cell culture experiments,
adenoviral constructs were used at a multiplicity of infection (MOI) of 250. In
in vivo BDL animal experiments, adenovirus at a concentration of 1 x 10"
pfu/kg in 200 pL of phosphate-buffered saline was administered via the
femoral vein. The efficiency of adenovirus infection of SECs in vivo was as
previously described (26).

Isolation of Cell Fractions. Primary SECs isolated from normal and injured
(BDL) rat or from B-Arr2 WT and KO mice were harvested after cultured for
24 h. Cell compartment proteins were then separated into cytosolic (C) and
membrane (M) fractions using the Fraction-PREP Cell Fractionation System
(BioVision) according to the manufacturer’s protocol. Immunoblotting was
performed on indicated fractions.

Immunoprecipitation Assay. Immunoprecipitation assays were used to in-
vestigate the interaction of eNOS with GIT1 and with tyrosine phosphory-
lated GIT1 in SECs freshly isolated from p-Arr2 WT and KO mice. Briefly, cell
lysates from SECs (200 pg of total protein) were incubated with rabbit anti-
GIT1 antibody (AB) (catalog H-170, Santa Cruz Biotechnology) overnight.
After GIT1 immunoprecipitation (using Protein A/G Plus-Agarose; Santa Cruz
Biotechnology), immunoprecipitates were subjected to immunoblotting with
mouse monoclonal anti-eNOS antibody (BD Transduction Laboratories) or to
detect tyrosine phosphorylation, mouse monoclonal anti-phosphotyrosine
antibody (clone 4G10, Millipore Sigma). An immunoprecipitation with 1gG
was utilized in each experiment as an additional control. Inmunoprecipitated
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Fig. 1. B-Arr2 expression and localization in SECs in normal and injured livers. (A) SECs were isolated from normal (sham operated) and injured (by BDL) rat
livers as in Materials and Methods. Total SEC protein (50 pg) was subjected to immunoblotting to detect B-Arr2 and -actin. Specific bands corresponding to
B-Arr2 were quantitated and are presented graphically as the ratio of -Arr2 to p-actin, shown on the Bottom (n = 4/group). (B) SECs were isolated as in A,
eNOS enzymatic activity was measured in cell lysates and normalized to that of normal SECs and presented graphically (the activity in normal rat SECs was set
at 100; n = 4/group). (C) Immunofluorescence labeling was performed in normal and injured (BDL) rat liver sections with mouse monoclonal anti-B-Arr2/Alex
Fluor 488-label (green) and rabbit polyclonal anti-eNOS/Alex Fluor 555-label (red), as described in Materials and Methods. The Left images depict repre-
sentative normal liver sections, while the Right images depict representative injured liver sections. (Scale bars, 100 pm.) Images are representative of at least
10 fields in each liver. (D and E) The assessment of protein expression and colocalization of B-Arr2 and eNOS as in C were quantitated using Fiji (ImageJ)
software. The integrated density (D) and PCC (F) as described in Materials and Methods are shown; changes in normal and injured livers are presented
graphically (n = 6/group). Statistical significance for A, B, D, and E was evaluated using an unpaired two-tailed Student’s t test. Data are mean + SD, *P < 0.05,
**P < 0.01 for differences between indicated groups; ns, no significant difference.
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Superresolution imaging of B-Arr2/eNOS in normal and injured SECs. SECs were isolated form normal (A) and injured (BDL, B) rat livers. B-Arr2 and

eNOS were immmunolabeled with mouse monoclonal anti-p-Arr2 and rabbit polyclonal anti-eNOS antibody. p-Arr2 (Alexa Fluor 647, green) and eNOS (Alexa
Fluor 568, magenta) were visualized in horizontal cross-section (X-Y), and in cross-section (X-Z) with an SR-200 inverted microscope (Vutara, Inc.) (60x/1.2 NA
Olympus water immersion objective). Samples were imaged based on the SML biplane FPALM technology as described. Representative white field (Left) with
the portion of the cell that is imaged at high resolution; X-Y section with eNOS labeled in magenta and p-Arr2 in green; and X-Z section images with p-Arr2
and eNOS colocalization appearing white from normal SECs (Upper) and injured SECs (Lower) are shown. (Scale bars, 1 um.)

proteins were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS/PAGE).

Immunoblot Analysis. A total of 25 to 50 pg protein lysate from primary SECs
(or HSCs, used as a control) were separated by SDS/PAGE and transferred to
nitrocellulose and probed by the indicated primary antibodies followed by
respective horseradish peroxidase (HRP)-conjugated secondary antibodies.
Primary antibodies used in immunoblotting included anti-eNOS antibody
(BD Transduction Laboratories), anti-phospho-eNOS-Ser1177 (BD Transduction
Laboratories or Cell Signaling Technology), anti--arrestin1/2 (Cell Signaling),
anti-p-Arr1 (Abcam), anti-B-Arr2 (Santa Cruz Biotechnology), anti-GIT1 anti-
body H-170 (Santa Cruz), anti-desmin antibody (Sigma), anti-phospho-Erk1/2
antibody (Cell Signaling); total Erk1/2 antibody (Cell Signaling) and HRP-
conjugated secondary antibodies. Immunoreactive bands were visualized
using Super Signal West Pico chemiluminescent substrate (Thermo Scientific)
as per the manufacturer’s instruction and scanned and quantitated with
standard software. Inmunoblot images shown are representative of at least
three experiments.

Immunohistochemistry and Immunofluorescence Microscopy. Briefly, frozen
rat or mouse liver sections were fixed in methanol for 5 min, permeabilized in
0.1% Triton X-100, and incubated in blocking reagent. Primary antibodies
(anti—p-Arr2 [B-4] mouse monoclonal AB from Santa Cruz Biotechnology,
anti-p-Arr2 goat polyclonal antibody from Abcam, anti-g-Arr1 rabbit polyclonal
antibody from Cell Signaling Technology, anti-eNOS rabbit monoclonal anti-
body from Cell Signaling Technology, anti-eNOS mouse monoclonal antibody
from BD Pharmingen, anti-ALB [P-20] goat polyclonal antibody from Santa Cruz
Biotechnology, or anti-desmin rabbit polyclonal antibody from Thermo Scien-
tific) were incubated with slices at 4 °C overnight. After washing, sections were
incubated with secondary fluorescent antibodies conjugated to Alexa Fluor 555
(red, Invitrogen), Alexa Fluor 488 (green, Invitrogen), or Alexa Fluor 647 (blue,
Abcam). Fluorescent images were acquired on a Zeiss Axio Observer Z1 fluo-
rescence microscope (Carl Zeiss) with 20x/0.8 Zeiss Plan-Apochromat objective,
and channel images were overlaid with Zeiss LSM Image Browser software.
Immunostaining was also used to observe the colocalization of eNOS with GIT1,
and eNOS with GIT1 and B-Arr2 in SECs. Briefly, primary SECs isolated from
B-Arr2 WT and KO mice after transduction with the indicated adenovirus, or
from rat liver, were fixed and permeabilized and then labeled with primary
antibodies followed by Alexa Fluor 488 (green, Invitrogen), Alexa Fluor 555
(red, Invitrogen), or Alexa Fluor 647 (blue, Abcam). eNOS and GIT1 expression
and localization were visualized using an LSM-510 Zeiss confocal microscope.
eNOS with GIT1 and p-Arr2 were visualized using a Zeiss LSM 880 laser scanning
confocal microscope with a 63 numerical aperture (NA), 1.4 oil-immersion
plan-apochromat objective, and channel images were overlaid using Zeiss
LSM Image Browser software.

Three-Dimensional Superresolution Imaging. f-Arr2 and eNOS were immuno-
labeled with_anti-p-Arr2_and_anti-eNOS_antibody as described above.
B-Arr2 (Alexa Fluor 568, magenta) or eNOS (Alexa Fluor 647, green) were
visualized in horizontal cross-section (X-Y) and cross-section (X-Z) with an
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SR-200 inverted microscope (Vutara, Inc.) with 60x/1.2 NA Olympus water
immersion objective. Samples were imaged based on the single molecule
localization (SML) biplane fluorescence photoactivation localization mi-
croscopy (FPALM) technology as described (27, 28) and data were analyzed
using Vutara SRX software (version 3.16).

Colocalization Analysis. Colocalization of p-Arr1 and eNOS, p-Arr1 and albu-
min, B-Arr1 and p-Arr2, p-Arr2 and eNOS, p-Arr2 and VE-cadherin, and p-Arr2
with GIT1 and eNOS in fluorescence images from liver sections or SECs was
analyzed from the confocal images of double- or triple-labeled liver sections
using the Coloc2 tool and/or scatterplots in FlJI (a version of Imagel, http://
fiji.sc), to determine the correlation between the intensities of the two-color
channels at each pixel, and quantified by Pearson correlation coefficient
(PCQ) (29, 30). Values of PCC close to unity indicate strong colocalization,
while values near zero indicate minimal colocalization.

Portal Pressure Measurement. Portal pressure measurement was as described
(7, 31). In brief, after anesthesia (ketamine 50 mg/kg i.p.), laparotomy was
performed, and an i.v. catheter (18 gauge for rat, 23 gauge for mouse,
Becton Dickinson Vascular Access) was inserted into the portal vein. A cali-
brated SPR-1000 pressure catheter (SPR-1000, ADInstruments) was directly
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Fig.3. Overexpression of p-Arr2 in SECs after liver injury. SECs isolated from
normal (A) and injured (BDL, B) rat livers were infected with adenovirus (MOI
250) encoding p-Arr2 (Ad-B-Arr2), an empty vector (Ad-EV), or without any
treatment for 36 h. Conditioned media was collected and nitrite levels were
measured as in Materials and Methods, and quantitative data are shown
graphically (n = 3/group). Statistical significance for A and B was evaluated
using an unpaired two-tailed Student'’s t test. Data are mean + SD, *P < 0.05,
**P < 0.01 for differences between indicated groups.
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Fig. 4. Physiologic effects of 8-Arr2 deficiency. (A) Normal or injured (imaging was performed 14 d after BDL) p-Arr2 WT or -Arr2 KO mice were anesthetized
and liver lobes were examined using in vivo microscopy; images of hepatic sinusoids were obtained as described in Materials and Methods. (Scale bars, 50 pm
[images are representative of more than 10 fields in each liver, from three different mice]). (B) Sinusoidal volume as in A was quantitated as described in
Materials and Methods (n = 6/group). (C) Portal pressure in normal or injured B-Arr2 WT or p-Arr2 KO mice as in A was measured as described in Materials and
Methods. Sham surgery was performed as a control (n = 6/group). Statistical significance for B and C was evaluated by one-way ANOVA. Data are mean =+ SD,
*P < 0.05, **P < 0.01, ***P < 0.005 for differences between indicated groups.

attached to a blood-filled portal vein, and portal pressure was recorded con-
tinuously via a PowerLab 4/35 Channel Recorder (PL 3504, ADInstruments).

Nitric Oxide Measurement. NO production was measured in conditioned
medium by measuring total nitrite concentration, measured with a colori-
metric Nitric Oxide Assay Kit (Abcam) as per the manufacturer’s instructions.
Briefly, nitrate in the conditional medium was converted to nitrite by adding
nitrate reductase and enzyme cofactor to the medium. After addition of
an enhancer and Griess Reagent R1 and R2, changes in absorbance were
measured at 550 nm with a microplate reader. The amount of nitrite was
expressed as nanomole of nitrite per milligram protein.

NOS Activity Assay. >H-labeled L-arginine conversion to *H-labeled L-citrulline
was assessed as described per the manufacturer’s instructions (Cayman
Chemical Company). To determine NOS activity, triplicate samples of cell
lysates were incubated with a reaction buffer at room temperature for
30 min, then 37 °C for 30 min in the presence or absence of 1 mM .-NAME,
an inhibitor of eNOS. The reaction was terminated by the addition of stop
buffer and passed over a Dowex AG 50WX 8 resin column. Radiolabeled
easured and used to
experiment includes

Statistical Analyses. All experiments were performed in replicates using cells
isolated from different rats or mice. All results were expressed as mean + SD
from at least three independent experiments. Differences between two
groups were evaluated using the two-tailed Student’s t test, and compari-
sons among multiple groups were performed with one-way ANOVA. Sta-
tistical analysis was performed with Prism 8.0 software (GraphPad Software).
No data were excluded from the analyses; P < 0.05 was considered statistically
significant.

Data Sharing. To allow others to replicate data and/or build on the published
work, the authors will provide readers access to the data, associated pro-
tocols, code, and materials in the paper upon request. Unique Materials (e.g.,
cloned DNAs) will be made promptly available on request by qualified re-
searchers for their own use.

Results

p-Arr2 Localization and Expression in Normal and Injured Liver. To
clarify the cellular expression and localization of f-Arrl and p-Arr2
in whole liver, we performed immunohistochemistry in rat liver
tissue utilizing cell-specific markers (albumin for hepatocytes;
eNOS and VE-cadherin for SECS). Dual immunofluorescence
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Fig. 5. ET-1 activation of B-Arr2 and eNOS. (A) SECs from normal (Left two panels) and BDL injured (Right two panels) rat livers were cultured for 24 h and
exposed to ET-1 (20 nM) for 30 min. Cells were fixed and labeled with antibody to p-Arr2 (Upper red) and nuclei were labeled with DAPI (Lower, blue).
Representative images (of more than 10 others) of single and merged channels are shown. (Scale bars, 10 pm.) (B) SECs isolated from normal rat livers (Left
two panels) and BDL injured (Right two panels) rat livers were cultured for 24 h and exposed to ET-1 as in A. B-Arr2 and eNOS were immmunolabeled with
anti—B-Arr2 and anti-eNOS antibodies. -Arr2 (Alexa Fluor 647, green) and eNOS (Alexa Fluor 568, magenta) were visualized in horizontal cross-section (X-Y),
in cross-section (X-Z) with an SR-200 inverted microscope (Vutara, Inc.) (60x/1.2 NA Olympus water immersion objective). Samples were imaged based on the
SML biplane FPALM technology as described. Representative X-Y section (Upper) and X-Z (Bottom) section images from control (Left) and exposed to ET-1
(Right) are shown. (Scale bar, 1 um.) (C) p-Arr2 and eNOS colocalization in normal and injured SECs as in B was quantified as in Materials and Methods; the
changes in normal and injured SECs are presented graphically (1 for complete and 0 for no colocalization [n = 3/group]). (D) SECs isolated from p-Arr2 WT and
KO mice were exposed to ET-1 (20 nM) for 30 min. Cell lysates were subjected to immunoblotting with the indicated antibodies. Specific bands corresponding
to P-eNOS were quantified and are presented as the ratio of P-eNOS to eNOS, shown on the Right (n = 3/group). (E) eNOS enzymatic activity was measured in
cell lysates treated as in D and NOS activity was normalized to that of control cells from p-Arr2 WT mice without ET-1 exposure and is presented graphically
(the activity in SECs from p-Arr2 WT mice without ET-1 exposure was set at 100; n = 3/group). Statistical significance for C-E was evaluated by ordinary one-
way ANOVA. Data are mean + SD, *P < 0.05, **P < 0.01, ***P < 0.005 for differences between indicated groups; n.s., no significant difference.

imaging revealed that p-Arrl and eNOS colocalized minimally
(SI Appendix, Fig. S14), with p-Arrl being found primarily in
what appear to be hepatocyte nuclei, consistent with previous
data (32), while there was substantial colabeling of p-Arrl and
albumin (SI Appendix, Fig. S1B). eNOS or VE-cadherin (found
only in endothelial cells in the liver) colocalized extensively
with p-Arr2 (SI Appendix, Fig. S1C). These data suggest that in
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the liver, p-Arrl is found primarily in hepatocytes, while p-Arr2
is found primarily in SECs.

In order to validate the specificity of anti—p-Arrl and anti—f-
Arr2 antibodies, we performed double immunofluorescence
studies on livers from WT, p-Arrl KO, and p-Arr2 KO mice. As
with colabeling of p-Arrl and eNOS (SI Appendix, Fig. S14),
there was little colocalization of B-Arrl and B-Arr2 (SI Appendix,
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Fig. 6. GIT1 regulation of eNOS/NO activity is p-Arr2 dependent. (A) SECs isolated from p-Arr2 WT and KO mice were infected with adenovirus (MOI 250)
encoding B-Arr2 (Ad-p-Arr2, Left), GIT1 (Ad-GIT1, Right) or empty virus (Ad-EV) for 36 h and NOS activity was measured in cell lysates (NOS activity was
normalized to that of control cells from B-Arr2 WT mice and is presented graphically) (the activity of cells from p-Arr2 WT mice was arbitrarily set to 100; n =
3/group). (B) SECs were isolated from p-Arr2 WT and KO mice, seeded in 96-well plates, and then infected with Ad-B-Arr2 or empty virus (MOI 250) as in-
dicated. Thirty-six hours later, cells were fixed, labeled with anti-eNOS (Alexa Fluor 488, green) and anti-GIT1 (Alexa Fluor 552, red) antibodies as indicated.
Representative images (of >10 others) of single and merged channels are shown. (Scale bars, 10 pm.) (C) Colocalization of GIT1 and eNOS as in B was
quantified using Fiji (ImageJ) software and PCC as described in Materials and Methods and changes are presented graphically (n = 5/group). (D) SECs were
isolated from B-Arr2 WT and KO mice and infected with Ad-p-Arr2 and Ad-GIT1 or Ad-EV as in A. Protein levels of phospho-eNOS (P-eNOS), phosphor-Erk1/
2(P-Erk1/2), and total Erk1/2 were assessed by immunoblotting with antibodies to P-eNOS, P-Erk1/2, and total Erk1/2 (Left). Specific bands of P-eNOS (Right,
Upper) or P-Erk1/2 (Right, Lower) were quantified and normalized to the level of total eNOS or Erk1/2 and presented in the graph (n = 3/group). (E) SECs
isolated from B-Arr2 WT and KO mice were infected with Ad-p-Arr2 or Ad-EV as in C for 36 h. Cells were harvested, and cell lysates were subjected to im-
munoprecipitation (IP) with antibody to GIT1 followed by immunoblotting with antibodies to eNOS (Upper), 4G-10 (Middle), and GIT1 (Lower). On the Right,
bands corresponding to eNOS-GIT1 complex (Upper) and GIT1 tyrosine phosphorylation with 4G-10 expression (Lower) were quantified and normalized to
the level of immunoprecipitated GIT1 (n = 3/group). Statistical significance for A and C—E was evaluated by ordinary one-way ANOVA. Data are mean + SD,
*P < 0.05, **P < 0.01 for differences between indicated groups; n.s, no significant difference.

Fig. S2, Left). In p-Arrl knockout mice, only background labeling  in p-Arr2 KO SECs compared to WT, in whole cell lysates and in
of B-Arrl was identified (SI Appendix, Fig. S2, Middle), and  cytosolic and membrane fractions (SI Appendix, Fig. S3 B and C).
B-Arr2 was found in a sinusoidal pattern, typical of SEC labeling We next measured pB-Arr2 expression in SECs isolated from
(similar to SI Appendix, Fig. S1 A and C). In B-Arr2 knockout normal and BDL-injured livers, and found that p-Arr2 expres-
mice, p-Arrl was found in hepatocyte nuclei (similar to ST Ap-  sion was dramatically reduced in SECs after liver injury (Fig. 14,
pendix, Fig. S1 A and B), while p-Arr2 was not identified (SI  total cell lysates, and SI Appendix, Fig. S3D, primarily in cytosolic
Appendix, Fig. S2, Right). These data confirm the cellular spec-  fractions). f-Arr2 phosphorylation at Ser412 was also corre-
ificity of p-Arrl and B-Arr2 antibodies used in our studies. spondingly reduced by injury (SI Appendix, Fig. S3D). Addi-
To determine whether specific arrestin isoforms signaled to  tionally, eNOS enzymatic activity was reduced in injured cells
eNOS, we overexpressed f-Arrl and B-Arr2 in SECs from nor-  compared to sham SECs (Fig. 1B). These data suggest that re-
mal rat livers and then measured eNOS activation. We found  duced B-Arr2 directly impacts eNOS function in injured SECs,
that -Arr2 overexpression increased eNOS Ser1177 activation-  and that p-Arr2 normally regulates eNOS.
associated phosphorylation, while B-Arrl did not (SI Appendix, We next mapped the localization and expression of $-Arr2 in situ
Fig. S34). Conversely, eNOS activation was significantly reduced  in normal and injured whole rat liver (Fig. 1C). We found that
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Fig. 7. A model of p-Arr2-mediated eNOS activation through GIT1-eNOS
signaling in SECs. In SECs, ET-1 activates its cognate G protein-coupled re-
ceptor (ETg receptor) and causes Ga and Gfy activation and dissociation. In
normal SECs, ETg receptor-mediated p-Arr2 recruitment of Src and activation
of Erk1/2 after p-Arr2 replaces GRK2. Activated Src phosphorylates GIT1 (24).
Phosphorylated GIT1 then associates with eNOS to facilitate its activating
phosphorylation at Ser1177 by Akt. Receptor-activated GBy simultaneously
stimulates Akt (at Ser473) activation through PI3-kinase and this activation
may be amplified by other signaling pathways, likely through reduced GRK2/
Akt interaction. In injured SECs, the reduction of p-Arr2 likely limits Src and
Erk1/2-mediated GIT1 phosphorylation, with subsequent downstream ef-
fects on eNOS activity and NO production.

B-Arr2 appeared reduced in the injured liver, while eNOS ex-
pression was unchanged compared to normal liver. f-Arr2 normally
colocalized with eNOS in a pattern typical of SECs (in hepatic si-
nusoids), but there was less colabeling of B-Arr2 and eNOS after
liver injury (Fig. 1 C and D). To further investigate the cellular
expression of B-Arr2 in the liver, we colabeled B-Arr2 (green) and
desmin (red), a marker for HSCs (33). While p-Arr2 expression was
reduced after liver injury (SI Appendix, Fig. S4 A, Upper), desmin
labeling was increased, consistent with stellate cell proliferation.
There was minimal colabeling of B-Arr2 with desmin in either
normal or injured liver (SI Appendix, Fig. S4B). We also examined
B-Arr2 protein expression in HSCs and found little to no p-Arr2
protein expression or phosphorylation in either normal or injured
HSCs (SI Appendix, Fig. S2C). In aggregate, the data suggest that
B-Arr2 is abundantly expressed in SECs in the normal liver, but its
expression is remarkably reduced in SECs in the injured liver.

Three-Dimensional Superresolution Imaging of $-Arr2/eNOS Colocalization
in Normal and Injured SECs. To examine B-Arr2 and eNOS coloc-
alization more closely, we' performed superresolution imaging of
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individual SECs. p-Arr2 (green) and eNOS (magenta) colocalized
(white, X-Z section) in the cytoplasm of normal SECs (Fig. 2,
Upper). However, p-Arr2 expression was reduced after liver injury,
and eNOS and p-Arr2 interaction (white, X-Z section) was mark-
edly reduced after liver injury (Fig. 2, Lower). Thus, these data in-
dicate that p-Arr2 normally closely associates with eNOS.

fB-Arr2 Overexpression in Injured SECs Rescues NO Production. Given
this finding of reduced pB-Arr2 expression in injured SECs, and
the known reduced eNOS phosphorylation and enzymatic activity
that occurs in SECs after liver injury, we attempted to rescue
eNOS phosphorylation by overexpressing p-Arr2 in SECs using
B-Arr2 adenovirus. We found that overexpression of p-Arr2 en-
hanced NO production in both normal SECs (Fig. 34) and injured
SECs (though not surprisingly, the effect was less prominent in
injured SECs, Fig. 3B).

p-Arr2 Deficiency Has Prominent Effects on Sinusoidal Dynamics and
Physiologic Function. To specifically address the in vivo relevance
of p-Arr2 in SECs, we performed in vivo microscopy experiments
(34) in p-Arr2 gene KO mice (35). The diameter of sinusoids in
B-Arr2 KO mice was reduced before and (to a greater extent)
after injury compared to controls (Fig. 4 A, Lower). The dis-
ruption in sinusoidal structure and function was most prominent
in KO mice after liver injury (Fig. 4 4, Right Lower); quantitative
analysis of the sinusoidal area revealed a significant reduction in
KO mice (Fig. 4B). Additionally, portal pressure was elevated in
both normal and injured p-Arr2—deficient mice (Fig. 4C). These
data point to dramatic abnormalities in sinusoidal dynamics in
B-Arr2—deficient mice.

ET-1 Stimulates B-Arr2 Translocation. Because B-Arr2 translocates
to and is activated by agonist-stimulated G protein-coupled re-
ceptors (36, 37), we examined the effect of ET-1 stimulation on
B-Arr2 translocation. SECs isolated from normal livers were
exposed to ET-1, leading to rapid B-Arr2 translocation from the
cytoplasm to the cell membrane (Fig. 5 4, Left). However, p-Arr2
translocation was blunted in injured SECs after exposure to ET-1
(Fig. 5 A, Right). We used superresolution imaging to examine
B-Arr2 (green) and eNOS (magenta) colocalization after exposure
to ET-1 in normal SECs (Fig. 5 B, Left) and injured SECs
(Fig. 5 B, Right). Quantitative analysis demonstrated that ET-1
stimulation increased p-Arr2 and eNOS colocalization in normal
SECs, while this was significantly reduced in cells isolated after
liver injury (Fig. 5C). We next examined ET-1 stimulation of eNOS
phosphorylation in p-Arr2 KO mice. Lack of B-Arr2 led to blunting
of ET-1 stimulation of eNOS phosphorylation (Fig. 5D). Finally, the
ability of ET-1 to stimulate eNOS enzymatic activity was reduced in
B-Arr2—deficient mice (Fig. 5E).

GIT1 Activation of eNOS Is B-Arr2 Dependent. We previously iden-
tified GIT1 as a potent stimulator of eNOS activity (8). In the
context of these previous findings, we tested the hypothesis that
B-Arr2 might facilitate GIT1 interaction with eNOS and stimu-
lation of eNOS activity.

We initially performed localization experiments to evaluate
the possibility that these three proteins co-colocalized. In triple
immunofluorescence studies, eNOS, GIT1, and B-Arr2 colocalized in
both whole liver sections (in a sinusoidal pattern, ST Appendix, Fig.
S5A) and in isolated SECs (SI Appendix, Fig. S5B), suggesting that
these three proteins are physically associated. Next, SECs isolated
from B-Arr2 WT and KO mice were transduced with full-length
GIT1 or B-Arr2 adenoviruses (Ad-GIT1 or Ad-p-Arr2). In these
experiments, we first confirmed that overexpression of p-Arr2 in
SECs led to increased eNOS activity (Fig. 64); this was the case
for SECs isolated from either WT or f-Arr2 KO mice. Remarkably,
while overexpression of GIT1 in SECs from WT mice dramatically
increased eNOS activation as expected (24), transduced GIT1 in
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B-Arr2—deficient SECs did not restore eNOS activity (Fig. 6 A4,
Right), suggesting that p-Arr2 is necessary for GIT1 augmentation
of eNOS activity.

We examined the effect of p-Arr2 on the GIT1-eNOS interac-
tion using dual immunolabeling; we found that eNOS and GIT1
colocalization was prominent in normal WT SECs (Fig. 6 B, Left),
but reduced in p-Arr2 KO cells (Fig. 6 B, Middle). This eNOS—
GIT1 colocalization was rescued by reintroduction of f-Arr2 in KO
SECs (Fig. 6 B, Right and Fig. 6C). -Arr2 transduces a number of
GPCR signals, in part by acting as a scaffold for activation of the
Erk1/2 (12, 38-40) and Src (9, 11) pathways. GIT1 is also a known
scaffold for Erk1/2 activation (39, 41, 42) and a prominent Src
substrate (43, 44), and serves to facilitate c-Src-dependent activation
of MEK1-Erk1/2 in response to both GPCRs and tyrosine kinase-
coupled receptors (TKRs) (41, 45). Therefore, we examined Erk1/2,
and found that Erk1/2 and eNOS phosphorylation were reduced in
B-Arr2—deficient cells (SI Appendix, Fig. S64). Overexpression of
GIT1 or p-Arr2 in normal SECs increased Erk1/2 and eNOS
phosphorylation (Fig. 6 D, Left). However, in p-Arr2—deficient
SECs, p-Arr2 partially restored Erk1/2 and eNOS phosphoryla-
tion, whereas GIT1 was unable to restore these (Fig. 6 D, Right).

To further explore the molecular mechanism underlying regu-
lation of GIT1 and p-Arr2 interaction, we examined GIT1 tyrosine
phosphorylation and eNOS-GIT1 interaction. We hypothesized
that B-Arr2 might work through Erk1/2 to regulate GIT1 tyrosine
phosphorylation, thus regulating eNOS-GIT1 interaction and eNOS
activation. Both GIT1 tyrosine phosphorylation and eNOS-GIT1
interaction were reduced when SECs were exposed to the MEK/
Erk1/2 inhibitor PD98059 (SI Appendix, Fig. S6B). Further, GIT1
tyrosine phosphorylation was reduced in p-Arr2-deficient cells,
and this reduction in GIT1 tyrosine phosphorylation was rescued
by overexpression of p-Arr2 (Fig. 6E). We have previously dem-
onstrated that Src regulates GIT1 tyrosine phosphorylation and
GIT1/eNOS/NO signaling (24). These data suggest that p-Arr2
works with Erk1/2 to mediate GIT1 tyrosine phosphorylation
and subsequent GIT1-tyrosine-mediated GIT1-eNOS interaction
that leads to eNOS activation.

Discussion

G protein-coupled receptor regulation of eNOS activity and NO
production in liver SECs is traditionally conceived as being
mediated primarily by the Akt/PI3K and calcium/calmodulin
pathways, both of which may act at some distance from the re-
ceptor(s) that activate them (21, 46-49). Our previous studies
have identified additional signaling connections between GPCRs
and eNOS that are mediated by receptor regulatory proteins
including GRK2 and GIT1 (6, 8, 24). In this work, we demon-
strate that an additional GPCR regulatory protein, B-Arr2, is
also a key player in eNOS regulation by GPCRs. That these
numerous GPCR regulatory proteins appear to all act together
to regulate eNOS suggests the formation of an extended sig-
nalosome around the activated receptor that directs multiple
signals to eNOS within this complex to regulate its activity.
GPCR signaling to eNOS is thought to occur primarily
through convergence of two distinct pathways: the G protein-
dependent release of calcium (usually Gyq-PLCP-IP3/DAG-me-
diated) to activate calmodulin, and the G protein-dependent
activation of Akt (usually Gpy-PI3Ky-PIP;-PDK-mediated) to
phosphorylate eNOS at Ser1177 (50) However, eNOS also is
known to undergo posttranslational modification by additional
protein kinases, such as Src and PKC, and to bind to other
regulatory partner proteins such as caveolin-1 (51). In particular,
we have shown that in SECs, eNOS activity is stimulated directly
by association with GIT1 (8) and this association is promoted by
tyrosine phosphorylation of GIT1 by Src kinases (24). f-Arr2 is a
GPCR-regulated scaffolding protein that is intimately involved
in numerous aspects of GPCR signaling, and many of these likely
contribute to the ability of GPCR activators such as endothelin-1
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to activate eNOS. First, f-Arr2 is a negative regulator of GPCR
signaling and is known to desensitize and internalize activated
endothelin receptors (52). This effect should limit eNOS activa-
tion by ET-1, and must therefore be counterbalanced by addi-
tional signaling events. Second, B-Arr2 also functions to transduce
GPCR signaling pathways that are independent of G proteins, by
scaffolding signaling molecules such as Src (11, 53) and MEK/Erk
(54, 55). p-Arr2-facilitated endothelin receptor activation of Src
family members (56) and MEK/Erk (57) are known. Interestingly,
an additional pathway from p-Arrl through ILK to Akt has been
reported (58); the ability of B-Arr2 to utilize such a mechanism
remains unknown, although a recent study indicated that f-Arr2 is
critical for shear stress-induced Akt/eNOS activation in human
vascular endothelial cells (59). Third, p-Arr2 has been reported to
directly bind to eNOS in an in vitro binding assay (19), although
the significance of this for eNOS function has not yet been assessed.
Thus, p-Arr2 may potentially affect eNOS activity through multiple
mechanisms.

Previously, we have demonstrated that ET-1 and the ETg re-
ceptor couple to the heterotrimeric G protein ag/11 (Gag/11),
leading to PI3K activation and stimulation of eNOS activity (6).
We previously also found that ET-1 signaling promotes Src kinase
tyrosine phosphorylation of GIT1 to activate eNOS/NO; the Src
kinase inhibitor PP2 blocked ET-1-induced Src kinase activity,
GIT1 tyrosine phosphorylation, and GIT1-eNOS binding (24).
But we did not know how Src was regulated. In this study, we
examined f-Arr2, and found that ET-1 stimulates p-Arr2 coloc-
alization with eNOS, and that overexpression of $-Arr2 promoted
GIT1-eNOS interaction in both normal and injured SECs (Fig. 5).
We find that ET-1-stimulated tyrosine phosphorylation of GIT1 is
B-Arr2-dependent, suggesting that the f-Arr2-Src kinase complex
mediates ET-1 signaling to GIT1-eNOS to induce eNOS stimu-
lation. p-Arr2 also scaffolds the MEK/Erk1/2 mitogen-activated
kinase cascade (60). In this study, we found that ERK1/2 phos-
phorylation of eNOS is dependent on B-Arr2 (Fig. 6). Further,
GIT1 is downstream of B-Arr2, since overexpression of GIT1 in
WT SECs increases ERK1/2 and eNOS phosphorylation and
eNOS activity, but GIT1 expression in -Arr2-KO SECs is unable
to augment phosphorylation or activity (Fig. 6). Additionally,
overexpression of f-Arr2 together with GIT1 enhanced eNOS
activity (Fig. 6). These findings suggest that the efficient GIT1-
eNOS phosphorylation itself is also dependent upon on Erk1/2
activity and that Erk1/2 is critical in p-Arr2-mediated eNOS ac-
tivation. Interestingly, GIT1 has also been reported to scaffold
MEK/Erk downstream of GPCRs (particularly for the angiotensin
II ATI1A receptor) (41, 61), but does not appear to function as
such a scaffold in this instance.

Our current working model is that in normal SECs, p-Arr2 fa-
cilitates GIT1 activation through Src phosphorylation, which in
turn stimulates GIT1-eNOS association, forming a ternary com-
plex of p-Arr2, GIT1, and eNOS that leads to normal NO pro-
duction. This is supported by a number of pieces of data. First, we
have demonstrated that p-Arr2, GIT1, and eNOS colocalize (SI
Appendix, Fig. S5). Additionally, GIT1 and eNOS colocalization is
reduced in B-Arr2—deficient SECs (SI Appendix, Fig. S5). In con-
trast, in injured SECs, down-regulation of p-Arr2 leads to reduced
GIT1-eNOS interaction and therefore reduced NO production
(Fig. 7). Because injury also reduces the level of GIT1, supple-
mentation of injured SECs with p-Arr2 alone leads to only a
partial rescue of activity (Figs. 3 and 5). In this model, the multi-
plex interactions among several receptor-proximal signaling ele-
ments (B-Arr2, GIT1, GRK?2) strongly suggests that these proteins
form a multiprotein signalosome to activate eNOS, and leads to
further questions about how such a multiprotein complex forms
and is regulated.

Here, we have shown not only that f-Arr2 is a critical mediator
of eNOS activation, but also that p-Arr2 levels are regulated after
liver injury. B-Arr2 expression is reduced following cholestatic injury
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to contribute to dysfunctional reduced eNOS activity in injured liver
sinusoids. Repletion of p-Arr2 expression in injured liver partially
restored eNOS activity. The mechanism underlying the down-
regulation of B-Arr2 in injured SECs remains unknown, but it has
been previously shown that $-Arr2 expression is transcriptionally
regulated by such transcription cofactors as p300, cCAMP-response
element-binding protein (CREB) (62, 63), and the glucocorticoid
receptor (64). Alternatively, B-Arr2 may be posttranscriptionally
regulated (65), as emphasized by data showing that $-Arr2 can be
up-regulated by the proteasome pathway, a process that seems to be
mediated by competing with GRK2 (66). It is noteworthy that our
data are consistent with previous data demonstrating that p-Arr2
levels are altered in other disease states (20, 67-70).

In summary, we have shown that p-Arr2 is a critical component
of the multiprotein GPCR-eNOS signaling complex that promotes
eNOS activation (Fig. 7). Additionally, the down-regulation of
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