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Abstract

To understand the adverse effects of cholesterol crystals on vascular homeostasis, we have studied
their effects on endothelial barrier function. Cholesterol crystals increased endothelial barrier
permeability in a dose and time dependent manner. In addition, cholesterol crystals induced
tyrosine phosphorylation of VE-cadherin and a-catenin, disrupting endothelial AJ and its barrier
function and these effects required xanthine oxidase-mediated H,O, production, SHP2
inactivation and Frk activation. Similarly, feeding C57BL/6 mice with cholesterol-rich diet
increased xanthine oxidase expression, H,O, production, SHP2 inactivation and Frk activation
leading to enhanced tyrosine phosphorylation of VE-cadherin and a-catenin, thereby disrupting
endothelial AJ and increasing vascular permeability. Resolvin D1, a specialized proresolving
mediator, prevented all these adverse effects of cholesterol crystals and cholesterol-rich diet in
endothelial cells and mice, respectively. Based on these observations, it is likely that cholesterol
crystals via disrupting AJ increase vascular permeability, a critical event of endothelial
dysfunction and specialized proresolving mediators such as Resolvin D1 exert protection against
these effects.

INTRODUCTION

Endothelial cells are involved in the maintenance of vessel integrity, vascular tone and
vascular permeability as well as prevention of vascular inflammation and thrombosis [1-3].
Intercellular junctions between endothelial cells maintain vascular integrity and its barrier
function [4-7]. Under physiological conditions, the endothelial barrier function is tightly
regulated and vascular permeability is limited [5, 6]. On the other hand, vascular pathologies
such as atherosclerosis are associated with disruption of endothelial barrier function [8, 9].
Adherens junctions (AJ) and tight junctions (TJ) are the two major types of intercellular
junctions that maintain endothelial barrier function [4, 5]. The steady state levels and
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posttranslational modifications such as phosphorylation of AJ and TJ proteins determine
their stability and are involved in the regulation of vascular permeability [10-16]. AJ are
composed of a transmembrane protein namely, vascular endothelial (VE)-cadherin and its
binding partners a-, -, -y-, and p120-catenins [4-6]. Besides its association with catenins,
VE-cadherin interacts with actin-binding proteins via a-catenin and thus plays a crucial role
in the maintenance of cell-to-cell junction and cytoskeleton stability [4, 5, 7, 17]. In recent
years, various laboratories have reported the presence of cholesterol crystals in human
atherosclerotic plaques [18-20]. It was also reported that cholesterol crystals promote plaque
vulnerability and rupture [20, 21]. In addition, it was shown that cholesterol crystals induce
NLRP3 inflammasome formation [22]. Furthermore, inhibition of NLRP3 inflammasome
formation attenuated atherosclerosis [23]. Besides, studies from our laboratory showed that
cholesterol crystals induce foam cell formation [24]. Although the presence of cholesterol
crystals in various stages of atherogenesis and their capacity in stimulating NLRP3
inflammasome formation and foam cell formation have been reported [18-22, 24], the
adverse effects of these crystals on vascular function at large are less clear. Since endothelial
dysfunction is an early event in the development of atherosclerosis [25, 26], we asked the
question whether cholesterol crystals affect endothelial function. To address this assumption,
in the present study we have tested the effects of cholesterol crystals on endothelial AJ
integrity and its barrier function. Our findings reveal that cholesterol crystals trigger XO-
mediated H,0, production, SHP2 cysteine oxidation and its inactivation, Frk activation and
VE-cadherin and a.-catenin tyrosine phosphorylation and their dissociation from each other
leading to AJ disruption and increased endothelial barrier permeability. In addition, we
found that RvD1, a specialized proresolving mediator, protects endothelial AJ and its barrier
function from cholesterol crystals-induced disruption. Furthermore, feeding mice with
cholesterol-rich diet (CRD) also induced xanthine oxidase expression, H,O, production,
SHP2 cysteine oxidation and its inactivation, Frk activation, VE-cadherin and a-catenin
tyrosine phosphorylation affecting AJ integrity and vascular permeability and RvD1
attenuated all these adverse effects of CRD feeding substantially.

MATERIALS AND METHODS

Reagents:

Anti-VE-cadherin (SC-9989), anti-a-catenin (SC-9988), anti-p-catenin (SC-7199), anti-
p120 catenin (SC-23872), anti-Frk (SC-166478) and anti-a-tubulin (SC-23948) antibodies
were purchased from Santa Cruz Biotechnology Inc., (Santa Cruz, CA). Resolvin D1
(10012554) was obtained from Cayman Chemical Company (Ann Arbor, MI). Fluorescein
isothiocyanate-dextran (FD70S) and PHPS1 (P0039) were bought from Sigma Aldrich
Company (St. Louis, MO). Anti-PY20 (05-777) antibodies and PTP assay kit (17-125) were
obtained from Millipore (Temecula, CA). Anti-SHP2 (610622) antibodies were purchased
from BD Biosciences (San Jose, CA). Anti-cysteine sulfonate antibody (ADI-OSA-820-F)
was bought from Enzo Life Sciences (Farmingdale, NY). HRP-conjugated goat anti-rabbit
(31460) and goat anti-mouse (31437) secondary antibodies, anti-VE-cadherin (MA1-198),
Hoechst 33342 (10 mg/ml) solution (H3570), Alexa Fluor 568 goat anti-mouse (A11004),
Alexa Fluor 488 goat anti-mouse (A11001), fluorochrome secondary antibodies, ProLong
Gold antifade reagent (P36930), Medium 200 (M200500), low serum growth supplements
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(S003K), Lipofectamine 3000 (L3000015), non-targeting siRNA (D-001810-10), Frk
SiRNA (55363), and gentamycin/amphotericin solution (R01510) were bought from
ThermoFisher Scientific (Carlsbad, CA). The enhanced chemiluminescence (ECL) Western
blotting detection reagents (RPN2106) was obtained from GE Healthcare Life Sciences
(Pittsburg, PA).

Human aortic endothelial cells (HAECSs) (Cat. No. H6052) were purchased from Cell
Biologics (Chicago, IL) and cultured in Medium 200 containing low serum growth
supplements (LSGS), 10 pg/ml gentamycin and 0.25 pug/ml amphotericin B. Cultures were
maintained at 37°C in a humidified 95% air and 5% CO, atmosphere. HAECs between 6-10
passages were growth-arrested by incubating in Medium 200 without LSGS for 6 hrs and
used to perform the experiments unless otherwise indicated.

C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA). Mice
were maintained at UTHSC vivarium according to the Institutional Animal Care and Use
Committee’s guidelines. The experiments involving animals were approved by the Animal
Care and Use Committee of the University of Tennessee Health Science Center, Memphis,
TN. To study the effect of RvD1 on the protection of endothelial barrier function, mice were
fed with chow diet (CD) or cholesterol-rich diet (CRD) for 12 weeks and the group of mice
that were on CRD were given intraperitoneal injection of vehicle or RvD1 at a dose of 10
mg/kg body weight every third day for the entire period of the regimen. At the end of the
experimental period, mice were used either to measure vascular permeability or sacrificed
and aortas were isolated for further analysis as required.

Cholesterol crystal preparation:

Flux assay:

Cholesterol crystals were prepared as described previously [24]. Briefly, twenty-five grams
of anhydrous cholesterol was dissolved in 2L of prewarmed (60°C) 95% ethanol. While
warm, the mixture was filtered through Whatmann-1 filter paper to remove the unwanted
debris. The mixture was left overnight at room temperature and the sedimented cholesterol
crystals were filtered through Whatmann-1 filter paper and dried at room temperature. The
same procedure was repeated twice in order to obtain pure monohydrated cholesterol
crystals. The crystals were grounded using mortar and pestle and stored in amber colored
bottle at —20°C. The cholesterol crystals were used as needed.

HAECs were grown to a confluent monolayer on the apical side of a 12-well Transwell
(polycarbonate membrane with 0.4 mm pore size). The cells were growth-arrested for 6 hrs
in serum-free Medium 200. The monolayer was treated with and without cholesterol crystals
(200 mg/ml) for the indicated time periods. Wherever siRNAs were used, cells were
transfected with the indicated siRNA and 36 hrs later, these cells were seeded onto the
transwell. In the case of pharmacological inhibitors or RvD1, they were added 30 min prior
to the addition of cholesterol crystals. Fluorescein isothiocyanate-conjugated dextran (MW
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~70 kDa) was added to the top chamber (apical surface) at 100 mg/ml concentration and
incubated at 37°C for 2 hrs. The fluorescence intensity of the medium from each chamber
(both apical and basal) was measured using SpectraMax Gemini XPS Spectrofluorometer
(Molecular Devices). Permeability coefficient of dextran flux was calculated by using the
following equation: Po = (F1/AT) VA/FA x A, where F1 is basal fluorescence; FA is apical
fluorescence; AT is change in time (min); A is surface area; VA is volume of basal chamber.
The flux was expressed as % dextran diffused/min/cm2.

Transendothelial electrical resistance (TER):

HAECs were seeded onto apical chamber of a 12-well Transwell (polycarbonate membrane
with 0.4 mm pore size) at a density of 10° cells/cm?. The cells were allowed to grow to
reach a complete monolayer and then growth-arrested for 6 hrs in serum-free Medium 200.
The cells were treated with and without cholesterol crystals (200 pug/ml) in the presence and
absence of RvD1 (200 ng/ml) or the indicated pharmacological inhibitors for the indicated
time periods. Wherever siRNAs were used, cells were transfected with the indicated siRNA
and 36 hrs later, these cells were seeded onto a transwell. Resistance, as an index of barrier
function, to current flow between cells and beneath the cell layer, created by cell-cell and
cell-matrix components, was measured at various time periods using a Millicell
ERS-2VOhm Meter (MERS00002, EMD Millipore). Transendothelial resistance was
calculated using the following equation: TER= (TER at a particular time period — basal
TER)/surface area of the transwell. Surface area of 12-mm inserts, which were used in this
study, is approximately 1.33 cm?2. Resistance was expressed as Q.cmZ.

H,0O, production assay:

HAECs with and without the indicated treatments were collected by scraping and 500 pl of
the cell suspension was incubated with 50 pl of 100 pM Amplex Red along with 0.2 U/ml of
HRP for 30 min at 37°C in the dark. Following the incubation, the fluorescence intensities
were measured in SpectraMax Gemini XPS Spectrofluorometer (Molecular Devices) with
excitation at 530 nm and emission at 590 nm. The H,O, production was expressed as RFU.

Transfections:

HAECs were transfected with the indicated siRNA at a final concentration of 100 nM using
Lipofactamine 3000 transfection reagent according to the manufacturer’s instructions. After
transfections, cells were quiesced in Medium 200 without LSGS for 6 hrs and used as
required.

Immunoprecipitation:

Immunoprecipitation was performed as described by us previously [16]. Cell or tissue
extracts containing equal amounts of protein from control and the indicated treatments was
incubated with the indicated primary antibody at 1:100 dilution overnight at 4°C. Protein
AJ/G-conjugated Sepharose CL-4B beads were added and incubation continued for an
additional 1 hr at room temperature and the beads were collected by centrifugation at 1000
rpm for 1 min at 4°C. The beads were washed three times with lysis buffer and once with
PBS, boiled in SDS sample buffer and analyzed by immunoblotting.
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Western blot analysis:

Cell or tissue extracts containing equal amounts of protein from control and the indicated
treatments were resolved by SDS-PAGE. The proteins were transferred electrophoretically
to a nitrocellulose membrane. After blocking in either 5% (W/V) nonfat dry milk or 5%
(W/V) BSA, the membrane was probed with appropriate primary antibodies followed by
incubation with horseradish peroxidase-conjugated secondary antibodies. The antigen-
antibody complexes were detected using enhanced chemiluminescence detection reagents.

Immunofluorescence:

SHP2 assay:

HAECs were grown to a confluent monolayer on cell culture grade glass cover slips,
quiesced and treated with and without cholesterol crystals (200 mg/ml) in the presence and
absence of RvD1 (200 ng/ml) alone or in combination with the indicated inhibitors for the
indicated time periods. After the treatments, cells were washed with cold PBS, fixed with
95% ethanol for 30 min at 4°C, permeabilized in TBS (10 mM Tris-HCI, pH 8.0, 150 mM
NaCl) containing 0.1% Triton X-100 for 10 min at room temperature and blocked with 2%
BSA in TBS containing 10 mM CaCl,, 5 mM MgCl, and 0.1 % saponin overnight at 4°C.
After incubation with appropriate primary antibodies (1:200 dilution), Alexa Flour-
conjugated secondary antibodies were added (1:500 dilution) and incubation continued for 1
hr at room temperature, counter stained with Hoechst 33342 (1:3000 dilution in PBS) for 2
min at room temperature and mounted onto glass slides with Prolong Gold antifade
mounting medium. In the case of aortas, after dissection they were cleaned from fat tissue,
opened longitudinally, fixed with 2% paraformaldehyde for 1 hr, permeabilized with 0.2 %
Triton-X-100 in PBS for 20 min and blocked in PBS containing 0.1 % Triton-X-100 and 5%
FBS for 1 hr at room temperature before being incubated with primary and secondary
antibodies. Fluorescence images of the cells and aortas were captured using an inverted
Zeiss fluorescence microscope (AxioObserver Z1) via a 40X (NA 0.6) objective and
AxioCam MRm camera without any enhancements using the microscope operating and
image analysis software AxioVision Version 4.7.2 (Carl Zeiss Imaging Solutions GmbH).

Cell or tissue extracts containing equal amounts of protein from control and the indicated
treatments were immunoprecipitated with anti-SHP2 antibodies at 1:100 dilution overnight
at 4°C. Protein A/G-conjugated Sepharose CL-4B beads were added (50 pl of 50% slurry)
and incubation continued for an additional 3 hrs at 4°C. The beads were washed three times
with 10 mM Tris-HCI, pH 7.4 containing 100 uM dithiothreitol. The washed beads were
resuspended in 25 pl of 10 mM Tris-HCI, pH 7.4 and incubated with 100 uM
phosphopeptide (RRLIEDAEpYAARG) substrate at room temperature for 30 min. The
samples were centrifuged and the supernatants were collected. Twentyfive microliters of the
supernatants were incubated with 100 ml of malachite green solution in a microwell plate for
15 min and the inorganic phosphate release was measured in Spectramax 190
spectrophotometer (Molecular Devices) at 650 nm and calculated using a free phosphate
standard curve. The SHP2 activity was presented as picomoles of pi released.
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Vascular permeability was determined by quantitative measurement of the Evans Blue dye
diffusion into the aorta as described previously using Miles assay [16]. Briefly, WT mice
that were fed with CRD in combination with and without RvD1 (10 ug/kg body weight) for
12 weeks were anesthetized, and 0.1 ml of 1% Evans Blue dye was injected into the inferior
vena cava. After 30 min, blood vessels were perfused with PBS through the left ventriculum
and aortas were isolated and pictures were taken using Nikon SLR camera (Model D7100).
Then, Evans Blue dye was extracted from the arteries by incubating in formaldehyde at 55°C
for 24 hrs, cleared by centrifugation and the optical density was measured at 610 nm.
Vascular permeability was expressed as the amount of Evans Blue extravasated per mg
artery.

All the experimental data was presented as Mean + SD. The treatment effects were evaluated
by one way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison
tests. A value of p < 0.05 was considered to be statistically significant.

Cholesterol crystals induce HAEC barrier dysfunction

Many studies have demonstrated the presence of cholesterol crystals in atherosclerotic
plaques and their capacity to trigger inflammasome formation [9, 18-22]. A few studies
have also shown that formation of cholesterol fatty streaks as one of the major factors in the
development of atherosclerosis [9, 27]. But the underlying mechanisms of inflammation and
atherosclerotic lesion progression by cholesterol crystals are just begun to be unfolded [22—
24]. As endothelial dysfunction [25, 26] and inflammation [28] are linked to the
development of atherosclerosis and to understand the potential mechanisms by which
cholesterol crystals may influence these events, we tested the effect of cholesterol crystals
on endothelial barrier function. Cholesterol crystals increased dextran flux in a dose and
time dependent manner compared to vehicle control (Figure 1A & B). Consistent with these
observations, cholesterol crystals decreased transendothelial resistance (TER) (Figure 1C).
These results indicate that cholesterol crystals disrupt endothelial barrier function. Since AJ
play an important role in the maintenance of endothelial barrier function and to understand
the mechanisms by which cholesterol crystals disrupt endothelial barrier function, we first
tested the effect of cholesterol crystals on the steady state levels of AJ proteins, namely VE-
cadherin, a-catenin, B-catenin and p120-catenin. Cholesterol crystals had no effect on the
steady state levels of VE-cadherin, a-catenin, B-catenin and p120-catenin over a period of 4
hrs (Figure 1D). As cholesterol crystals disrupted the endothelial barrier function without
altering the steady state levels of AJ proteins, we reasoned that cholesterol crystals might be
disrupting AJ by posttranslational modifications of these proteins. It was reported that
phosphorylation of AJ proteins regulates AJ integrity and endothelial barrier function [11,
12]. Therefore, we examined the effects of cholesterol crystals on AJ protein tyrosine
phosphorylation. Cholesterol crystals while having a modest effect on p120-catenin tyrosine
phosphorylation, robustly increased the tyrosine phosphorylation of VE-cadherin, a-catenin
and p-catenin (Figure 1E). To understand the significance of increased tyrosine
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phosphorylation of AJ proteins by cholesterol crystals, we next examined their interactions.
First, a-catenin, p-catenin and p120-catenin existed in complex with VE-cadherin in
quiescent cells (Figure 1F). Second, in response to cholesterol crystals, a-catenin but not 8-
catenin or p120-catenin dissociated from VE-cadherin (Figure 1F). Accordingly, both VE-
cadherin and a-catenin were found colocalized on the cell surface of quiescent HAEC and
in response to cholesterol crystals their colocalization was disintegrated as seen by double
immunofluorescence staining (Figure 1G).

Frk mediates cholesterol crystals-induced HAEC barrier dysfunction

We have previously reported that Frk, a member of the Src family of protein tyrosine kinases
[29], plays a role in LPS-induced AJ protein tyrosine phosphorylation leading to AJ
disruption [30]. Based on these observations, we asked whether Frk is involved in the
tyrosine phosphorylation of VE-cadherin and a-catenin in the disruption of AJ in response
to cholesterol crystals. Cholesterol crystals induced tyrosine phosphorylation of Frk in a
time dependent manner (Figure 2A). This result infers that cholesterol crystals activate Frk
in HAEC. Next, we tested the role of Frk in cholesterol crystals-induced VE-cadherin and
a-catenin tyrosine phosphorylation and AJ disruption. Depletion of Frk levels by its SIRNA
inhibited cholesterol crystals-induced VE-cadherin and a-catenin tyrosine phosphorylation
and their dissociation from each other as compared to siControl (Figure 2B). Double
immunofluorescence staining for VE-cadherin and a.-catenin showed reappearance of their
colocation on the cell surface of Frk-depleted cells as compared to siControl cells (Figure
2C). In line with these observations, depletion of Frk levels prevented cholesterol crystals-
induced increases in HAEC barrier permeability and thereby restored their TER (Figure 2D
& E).

Xanthine oxidase-dependent H,O, production mediates cholesterol crystals-induced
HAEC barrier dysfunction

Earlier studies from others as well as our laboratory have shown that ROS production is an
underlying factor in endothelial cell dysfunction [30-33]. Based on these findings, we tested
whether cholesterol crystals induce ROS production in the disruption of endothelial barrier
function. As shown in Figure 3A, cholesterol crystals induced H,O, production in a time
dependent manner with maximum effect at 10 min. To identify the source of H,0,
production, we tested the role of xanthine oxidase. Inhibition of xanthine oxidase by
Allopurinol [34] substantially blocked cholesterol crystals-induced H,O, production (Figure
3B). In addition, preincubation with PEG-catalase abolished H,O, production by cholesterol
crystals (Figure 3B). These observations reveal that cholesterol crystals triggers HoO»
production via xanthine oxidase activation in HAEC. To explore the role of H,0, in
cholesterol crystals-induced AJ protein tyrosine phosphorylation and AJ disruption, we
studied the effect of Allopurinol. Allopurinol inhibited cholesterol crystals-induced Frk, VE-
cadherin and a-catenin tyrosine phosphorylation, VE-cadherin and a-catenin dissociation
from each other and their disintegration from the cell surface of HAEC (Figure 3C-E).
Consistent with these observations, Allopurinol also prevented cholesterol crystals-induced
increases in HAEC barrier permeability and restored their TER (Figure 3F & G).
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Resolvin D1 protects endothelial barrier function from cholesterol crystals-induced

disruption

Resolvins, a group of specialized proresolving mediators produced by metabolic conversion
of omega 3 polyunsaturated fatty acids, particularly docosahexaenoic acid and
eicosapentaenoic acid have been shown to possess anti-inflammatory functions [35-37].
Since cholesterol crystals induced endothelial barrier permeability, which is implicated in
the propagation of inflammation [2], we asked the question whether Resolvin D1 has any
antagonistic effects to cholesterol crystals. RvD1 blocked cholesterol crystals-induced H,04
production, Frk activation, VE-cadherin and a-catenin tyrosine phosphorylation and their
dissociation from each other and their disintegration from the cell surface of HAEC (Figure
4A-F). In addition, RvD1 inhibited cholesterol crystals-induced increase in endothelial
barrier permeability and restored their TER (Figure 4 G & H).

Role of SHP2 inactivation in cholesterol crystals-induced endothelial barrier disruption

Many studies have shown that ROS via oxidation of the catalytic cysteine residues of protein
tyrosine phosphatases leads to their inactivation and thereby influences protein tyrosine
kinase activation [38, 39]. Previously, we have reported that ROS mediates SHP2 cysteine
oxidation and its inactivation in the modulation of LPS-induced Frk activation and AJ
protein tyrosine phosphorylation leading to AJ disruption and endothelial barrier
dysfunction [30]. In view of these observations, we tested the role of SHP2 in cholesterol
crystals-induced Frk activation and AJ protein tyrosine phosphorylation. Cholesterol crystals
induced SHP2 cysteine oxidation (Figure 5A). In addition, Allopurinol and PEG-catalase
inhibited cholesterol crystals-induced SHP2 cysteine oxidation and its inactivation (Figure
5B). Similarly, RvD1 also inhibited SHP2 cysteine oxidation and its inactivation (Figure
5C). To find whether SHP2 inactivation is involved in cholesterol crystals-induced
endothelial barrier dysfunction, we examined the effects of its pharmacological inhibition on
the protective effects of RvD1. In the presence of SHP2 inhibitor, PHPS1 [40], RvD1 was
not able to suppress cholesterol crystals-induced Frk activation, VE-cadherin and a-catenin
tyrosine phosphorylation and their dissociation from each other and AJ disruption (Figure
6A & B). Similarly, in the presence of SHP2 inhibitor, RvD1 was not able to prevent
cholesterol crystals-induced increases in endothelial barrier permeability and therefore failed
to restore its TER (Figure 6C & D). These results infer that SHP2 mediates cholesterol
crystals-induced Frk activation, VE-cadherin and a-catenin tyrosine phosphorylation and
their dissociation and AJ disruption and that RvD1 exerts its protective effects on endothelial
barrier function via blockade of H,0, production and SHP2 oxidation and its inactivation.

CRD disrupts endothelial barrier function via oxidative inactivation of SHP2, Frk activation,
AJ protein tyrosine phosphorylation and AJ disruption and RvD1 alienates these effects

To validate the in vitro observations in vivo, WT mice were fed with CRD in the presence
and absence of RvD1 (10 mg/kg body weight by IP every 3" day) or left on CD for 12
weeks and tested for XO expression, ROS production, SHP2 inactivation, Frk activation and
AJ protein tyrosine phosphorylation and AJ disruption. Feeding mice with CRD for 12
weeks led to increased XO expression and HoO5 production (Figure 7A), SHP2 cysteine
oxidation and its inactivation (Figure 7B), Frk activation (Figure 7C) and AJ protein tyrosine
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phosphorylation and their dissociation (Figure 7C). According to these observations, CRD
feeding also led to AJ disruption and increased vascular permeability (Figure 7D & E).
Interestingly, RvD1 inhibited all these adverse effects of CRD feeding on XO expression
and H,0, production, SHP2 cysteine oxidation and its inactivation, Frk activation, AJ
protein tyrosine phosphorylation and their dissociation, AJ disruption and vascular
permeability (Figure 7A-E).

DISCUSSION

High blood cholesterol levels are considered as a major risk factor for cardiovascular
diseases including plaque formation in the arteries leading to the development of
atherosclerosis [27]. In addition, many studies have shown the presence of cholesterol
crystals in the atherosclerotic plaques [18-21]. Interestingly, feeding mice with high fat diet
led to generation and appearance of cholesterol crystals in the sinus [9]. Cholesterol crystals
have also been reported to trigger inflammasome formation, which is involved in the
production of proinflammatory cytokines [22]. Since inflammation plays an essential role in
the development of atherosclerosis [28], the presence of cholesterol crystals in the plaques
and its capacity to stimulate inflammasome formation can be indeed viewed cholesterol
crystals as a causative factor in the development of atherosclerosis. Although there is
mounting evidence for the involvement of cholesterol crystals in atherosclerosis (9, 18-21,
27], the underlying mechanisms by which cholesterol crystals influence the pathogenesis of
atherosclerosis are just beginning to be unfolded [22]. Towards this end, previously we have
reported that cholesterol crystals induce foam cell formation [24], whose build up in the
artery leads to lesion progression [41]. Since endothelial dysfunction is an early event in
atherosclerosis [25, 26], we asked the question whether cholesterol crystals affect
endothelial function. In the present study, we show that cholesterol crystals increase vascular
permeability. Endothelial cell-to-cell junctions, namely AJ and TJ, play a crucial role in the
modulation of vascular permeability [4, 5]. Disruption of these cell-to-cell contacts increases
vascular permeability and affects endothelial function [8, 9]. VE-cadherin is a
transmembrane protein of AJ and exists in complex with a large number of intracellular
molecules including a-catenin, p-catenin, a-catenin and p120 catenin [4, 5]. It also interacts
with actin-binding proteins such as vinculin [42]. Its interaction with actin-binding proteins
is critical for its role in the maintenance of the cytoskeleton and cell-to-cell junction stability
[17]. More interestingly, VE-cadherin interacts with actin-binding proteins via a.-catenin
[17]. In addition, many signaling molecules such as protein tyrosine kinases and protein
tyrosine phosphatases have been found to be associated with VE-cadherin [43-45]. Based on
its interactions with various proteins, it could be speculated that VE-cadherin could be a
target of intense regulation by various cues in the modulation of vascular permeability.
Therefore, changes in its steady state levels or function could affect the overall stability of
the endothelial cell-to-cell junctions and cytoskeleton. In fact, previous studies from other
laboratories have demonstrated that phosphorylation-dependent VE-cadherin internalization
and degradation leads to AJ disruption and increased endothelial barrier permeability [46].
Along with these observations, in the present study we show that cholesterol crystals
increase tyrosine phosphorylation of VE-cadherin and a-catenin leading to their dissociation
from each other, thereby affecting endothelial AJ integrity and barrier function. Previously,
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we have reported that LPS stimulates Frk activation in the phosphorylation of VE-cadherin
and a-catenin leading to their dissociation and affecting endothelial AJ and its barrier
function. Interestingly, cholesterol crystals also activated Frk in the stimulation of tyrosine
phosphorylation of VE-cadherin and a-catenin leading to their dissociation and affecting
endothelial AJ and its barrier function.

Many studies have shown that H,O5 acts as a signaling molecule, particularly via its
capacity to influence PTK activation in response to a variety of stimulants [47, 48]. In this
regard, it is interesting to note that cholesterol crystals trigger H,O», production via XO-
dependent manner. Furthermore, the observations that Allopurinol, an inhibitor of XO,
suppresses cholesterol crystals-induced Frk activation, VE-cadherin and a-catenin tyrosine
phosphorylation and their dissociation from each other restoring endothelial AJ integrity and
barrier function suggest that XO-mediated H,O, production is required for cholesterol
crystals-induced endothelial AJ disruption and barrier dysfunction. Many reports have
shown that endogenously derived metabolites of omega-3 fatty acids, namely resolvins
promote resolution of inflammation [35-37]. These molecules have also been reported to
exhibit protective effects against atherosclerosis [49, 50]. Furthermore, it was shown that the
cellular levels of these lipid molecules deplete during the development of atherosclerotic
lesions [51]. In addition, it was demonstrated that RvD1, the metabolite of DHA, while
enhancing anti-inflammatory cytokine expression, promoting phagocytosis and inhibiting
pro-inflammatory cytokine expression/secretion suppresses proinflammatory cellular actions
such as neutrophil migration, PMN infiltration into the inflamed tissues and their activation
as well as ROS production [37, 52-54]. Supporting the role of these lipid mediators in the
resolution of inflammation, it was further reported that RvD1 protects endothelial TJ and its
barrier function from LPS-induced disruption [55, 56]. In this context, our findings show
that RvD1 protects endothelial AJ and its barrier function from cholesterol crystals-induced
disruption. Specifically, RvD1 was found to block cholesterol crystals-induced H,0,
production, Frk activation, VE-cadherin and a-catenin tyrosine phosphorylation and their
dissociation from each other, thereby restoring endothelial AJ integrity and its barrier
function.

Oxidation of PTP catalytic cysteine residues leads to their inactivation [47, 48]. In the
present study, we show that cholesterol crystals inactivate SHP2 via xanthine oxidase-
mediated H,0, production and oxidation of its catalytic cysteine residue. Consistent with its
effect on H,O, production, RvD1 also suppressed SHP2 cysteine oxidation and its
inactivation. These observations along with the lack of the capacity of RvD1 in the
suppression of Frk activation and VVE-cadherin and a.-catenin tyrosine phosphorylation and
their dissociation, endothelial AJ disruption and its barrier dysfunction while SHP2 was
inhibited pharmacologically suggest that the protective effects of RvD1 on endothelial AJ
integrity and its barrier function require SHP2 activity. In other words, protection of SHP2
from oxidative inactivation is the underlying mechanism of RvDL1 in the suppression of Frk
activation, VE-cadherin and a-catenin tyrosine phosphorylation and their dissociation and
endothelial AJ disruption and its barrier dysfunction. These findings also infer that the
effects of cholesterol crystals on Frk activation, VE-cadherin and a-catenin tyrosine
phosphorylation and their dissociation and endothelial AJ disruption and its barrier
dysfunction were due to its ability of inhibition of SHP2. If it was true, then one would
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expect that inhibition of SHP2 alone should enhance tyrosine phosphorylation of VE-
cadherin and a-catenin, which was no the case. Based on these findings, it appears that
besides SHP2 inactivation, blockade of other PTPs may also be involved in cholesterol
crystals-induced VE-cadherin and a-catenin tyrosine phosphorylation and endothelial AJ
disruption. The present observations also reveal that feeding mice with CRD induces XO
expression and H,O, production, SHP2 cysteine oxidation and its inactivation, Frk
activation, VE-cadherin and a-catenin tyrosine phosphorylation and their dissociation from
each other, endothelial AJ disruption and vascular permeability and RvD1 protects mice
against all these adverse effects of CRD. RvD1 has been reported to protect both epithelial
and endothelial barrier integrity in a murine model of hydrochloric acid-induced acute lung
injury (57). Based on all these observations, it is likely that cholesterol crystals mimic LPS
in the disruption of endothelial AJ and its barrier function and RvD1 exerts its protective
effects via guarding PTPs such as SHP2 from inactivation by H,O,. In addition, these
findings suggest that while inflammatory cues such as LPS and cholesterol crystals are
inducing the disruption of endothelial cell-to-cell junctions and its barrier function, the
antiinflammatory lipid mediators such as RvD1 suppress these effects at the level of ROS
production and PTP inactivation.
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Figure 1. Cholesteral crystalsdisrupt endothelial AJ integrity and itsbarrier function.
A. Quiescent HAEC monolayer was treated with and without the indicated concentrations of

cholesterol crystals for 2 hrs and flux was measured. B & C. Quiescent HAEC monolayer
was treated with and without cholesterol crystals (200 mg/ml) for the indicated time periods
and flux (B) and TER (C) were measured. D-F. Quiescent HAEC were treated with and
without cholesterol crystals (200 mg/ml) for the indicated time periods, cell extracts were
prepared and equal amounts of proteins from control and each treatment were either
analyzed by Western blotting (IB) for the steady state levels of the indicated proteins (D) or
immunoprecipitated (IP) with PY20 or VE-cadherin antibodies and the immunocomplexes
were analyzed by immunoblotting (IB) for the indicated proteins (E & F) using their specific
antibodies. G. Quiescent HAEC were treated with and without cholesterol crystals (200
pg/ml) for the indicated time periods and examined for AJ integrity by double
immunofluorescence staining for VE-cadherin and a-catenin. Nucleus was stained with
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DAPI. The bar graphs represent quantitative analysis of three experiments. The values are
expressed as Means + SD. *, p < 0.05 vs control.
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Figure 2. Frk mediates cholesterol crystals-induced endothelial AJ disruption itsbarrier
dysfunction.

A. Quiescent HAEC were treated with and without cholesterol crystals (200 pg/ml) for the
indicated time periods, cell extracts were prepared and equal amounts of proteins from
control and each treatment were immunoprecipitated with PY20 antibodies and the
immunocomplexes were analyzed by IB for Frk using its specific antibodies. The same cell
extracts were analyzed by IB for total Frk levels. B. HAEC were transfected with siControl
or siFrk, quiesced, treated with and without cholesterol crystals (200 pg/ml) for 30 min, cell
extracts were prepared and equal amounts of proteins from control and each treatment were
immunoprecipitated with PY20 or VE-cadherin antibodies and the immunocomplexes were
analyzed by IB for the indicated proteins. The same cell extracts were also analyzed by 1B
for total VE-cadherin, a-catenin, Frk or a-tubulin levels to show the efficacy of the SIRNAs
on their target and off target molecules levels. C & D. All the conditions were the same as in
panel B except that after 2 hrs, cells were either examined for AJ integrity by double
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immunofluorescence staining for VE-cadherin and a-catenin (DAPI for nucleus) or
subjected to flux analysis. E. All the conditions were the same as in panel B except that TER
was measured at the indicated time periods. The bar graphs represent Mean * SD values of
three experiments, *, p < 0.05 vs siControl; **, p < 0.05 vs CC.
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Figure 3. Cholesterol crystals-induced endothelial AJ disruption and itsbarrier dysfunction are
required xanthine oxidase-mediated H2O» production.

A. Quiescent HAEC were treated with and without CC (200 pg/ml) for the indicated time
periods and H,O, production was measured. B. Quiescent HAEC were treated with and
without CC (200 pg/ml) in the presence and absence of Allopurinol (50 uM) or PEG-
catalase (PEG-CAT) (100 U/ml) for 10 min and H,O, production was measured. C & D.
Quiescent HAEC were treated with and without CC (200 pg/ml) in the presence and absence
of Allopurinol (50 uM) for 30 min and cell extracts were prepared. Equal amounts of
proteins from control and each treatment were immunoprecipitated with PY20 or a-catenin
antibodies and the immunocomplexes were analyzed by IB for the indicated proteins. The
same cell extracts were also analyzed by IB for total Frk, VE-cadherin or a-catenin to show
that the treatments do not affect their steady state levels. E & F. All the conditions were the
same as in panel C except that after 2 hrs, cells were either examined for AJ integrity by
double immunofluorescence staining for VE-cadherin and a-catenin (DAPI for nucleus) or
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subjected to flux analysis. G. All the conditions were the same as in panel C except that TER
was measured at the indicated time periods. The bar graphs represent Mean * SD values of
three experiments. *, p < 0.05 vs control; **, p < 0.05 vs CC.
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Figure 4. RvD1 inhibits cholesterol crystals-induced H>O» production in suppressing Frk
activation, AJ disruption and endothelial barrier dysfunction.

A. Quiescent HAEC were treated with and without CC (200 pg/ml) in presence and absence
of RvD1 (200 ng/ml) for 10 min and H,0, production was measured. B-E. Quiescent HAEC
were treated with and without CC (200 pg/ml) in presence and absence of RvD1 (200 ng/ml)
for the indicated time periods and cell extracts were prepared. Equal amounts of proteins
from control and each treatment were immunoprecipitated with PY20, VE-cadherin or a-
catenin antibodies and the immunocomplexes were analyzed by IB for the indicated
proteins. The same cell extracts were also analyzed by IB for total Frk, a.-catenin, p-catenin,
p120 catenin or VE-cadherin to show that the treatments do not affect their steady state
levels. F-H. Quiescent HAEC were treated with and without CC (200 mg/ml) in presence
and absence of RvD1 (200 ng/ml) for 2 hrs and examined for either AJ integrity by double
immunofluorescence staining for VE-cadherin and a-catenin (DAPI for nucleus) or
subjected to flux assay or for the indicated time periods and TER was measured. The bar

IP: a-Catenin
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graphs represent Mean + SD values of three experiments. *, p < 0.05 vs control; **, p < 0.05
vs CC.
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Figure5. Cholesterol crystalsvia xanthine oxidase-mediated H2O> production inhibits SHP2
activity.

A Qu)i/escent HAEC were treated with and without CC (200 pg/ml) for the indicated time
periods, cell extracts were prepared and equal amounts of protein from control and each
treatment were immunoprecipitated with cysteine sulfonate (CSN) antibodies and the
immunocomplexes were analyzed by IB for SHP2 using its specific antibodies. The same
cell extracts were also analyzed by 1B for total SHP2 levels to show that the treatments do
not affect its steady state levels. B & C. Quiescent HAEC were treated with and without CC
(200 mg/ml) in the presence and absence of Allopurinol (50 pM), PEG-CAT (100 U/ml) or
RvD1 (200 ng/ml) for 30 min, cell extracts were prepared and equal amounts of protein from
control and each treatment were immunoprecipitated with CSN or SHP2 antibodies. Anti-
CSN immunocomplexes were analyzed by IB for SHP2 levels using its specific antibodies
and the anti-SHP2 immunocomplexes were analyzed for SHP2 activity. The bar graphs
represent Mean + SD values of three experiments. *, p < 0.05 vs control; **, p < 0.05 vs CC.
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Figure 6. Pharmacological inhibition of SHP2 preventsthe capacity of RvD1 in the attenuation
of CC-induced Frk activation, VE-cadherin and a-catenin Tyr phosphorylation, AJ disruption
and endothelial barrier dysfunction.

A. Quiescent HAEC were treated with and without CC (200 pg/ml) in the presence and
absence of RvD1 (200 ng/ml) alone or in combination with or without PHPS1 (10 pM), a
potent inhibitor of SHP2, for 30 min, cell extracts were prepared and an equal amount of
protein from control and each treatment was immunoprecipitated with PY20 or a-catenin
antibodies and the immunocomplexes were analyzed by IB for the indicated proteins. The
same cell extracts were also analyzed for the indicated protein total Frk, VE-cadherin or a-
catenin levels to show that the treatments do not affect their steady state levels. B & C. All
the conditions were the same as in panel A except that after 2 hrs, cells were either examined
for AJ integrity by double immunofluorescence staining for VE-cadherin and a-catenin
(DAPI for nucleus) or subjected to flux analysis. D. All the conditions were the same as in
panel A except that TER was measured at the indicated time periods. The bar graphs
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represent Mean + SD values of three experiments. *, p < 0.05 vs control; **, p < 0.05 vs CC;
*** p <0.05vs RvD1 + CC.
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Figure 7. Cholesterol crystalsincrease vascular permeability by disrupting aortic endothelial AJ
via H>Oo-mediated SHP2 inactivation.

A. Eight weeks old C57BL/6 mice were fed with cholesterol rich diet (CRD) in combination
with and without RvD1 (10 mg/kg body weight, every 2 days by IP) for 12 weeks, aortas
were isolated and either tissue extracts were prepared and analyzed for XO expression by IB
or minced and equal amounts were used to measure H,0, levels by Amplex Red method. B.
An equal amount of protein from aortic tissue extracts of the same regimen as in panel A
were analyzed for SHP2 cysteine oxidation and its activity as described in Figure legend 5B.
C. All the conditions were the same as in panel A except that tissue extracts containing an
equal amount of protein from each regimen were immunoprecipitated with PY20 or a-
catenin antibodies and the immunocomplexes were analyzed by IB for the indicated proteins
using their specific antibodies. The same tissue extracts were also analyzed by IB for total
Frk, a-catenin or VE-cadherin levels to show that the diet did not affect their steady state
levels. D. All the conditions were same as in panel A except that after isolation the aortas
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were opened longitudinally, fixed, permeabilized, blocked and immunostained for VE-
cadherin (nucleus was stained with DAPI). E. All the conditions were the same as in panel A
except that mice were anesthetized and 0.1 ml of 1% Evans Blue was injected via tail vein.
After 20 min, the blood vessels were perfused with PBS through the left ventricle and the
aortas were isolated and photographed. After taking the pictures, the aortas were minced,
incubated in formamide solution at 55°C for 24 hrs, centrifuged and the optical density of
the supernatant was measured at 610 nm in SpectraMax 190 spectrophotometer (Molecular
Devices). The aortic endothelial barrier permeability was expressed as ng of Evans Blue
extravasated per mg aorta. The bar graphs represent Mean + SD values of three experiments
with 2 animals/group or 6 animals minimum. *, p < 0.05 vs CD; **, p < 0.05 vs CRD.
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