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Purpose: This study aims to develop an impedance-based drug screening platform that
will help identify drugs that can enhance the vascular barrier function by stabilizing
vascular endothelial cell junctions.

Methods: Changes in permeability of cultured human retinal microvascular endothe-
lial cells (HRMECs) monolayer were monitored in real-time with the xCELLigence RTCA
system. Using this platform, we performed a primary screen of 2100 known drugs
and confirmed hits using two additional secondary permeability assays: the transwell
permeability assay and theXPerT assay. The cellular andmolecularmechanismsof action
and in vivo therapeutic efficacy were also assessed.

Results: Eleven compounds blocked interleukin 1 beta (IL-1β) inducedhyperpermeabil-
ity in the primary screen. Two of 11 compounds, apigenin and ethaverine hydrochlo-
ride, reproducibly blocked multiple cytokines induced hyperpermeability. In addition
to HRMEC monolayers, the two compounds stabilized three other types of primary
vascular endothelial cell monolayers. Preliminary mechanistic studies suggest that the
two compounds stabilize the endothelium by blocking ADP-ribosylation factor 6 (ARF6)
activation, which results in enhanced VE-cadherin membrane localization. The two
compounds showed in vivo efficacy in an animal model of retinal permeability.

Conclusions: We developed an impedance-based cellular phenotypic drug screen-
ing platform that can identify drugs that enhance vascular barrier function. We found
apigenin and ethaverine hydrochloride stabilize endothelial cell junctions and enhance
the vascular barrier by blocking ARF6 activation and increasing VE-cadherin membrane
localization.

Translational Relevance: The drugs identified from the phenotypic screen would have
potential therapeutic efficacy in retinal vascular diseases regardless of the underlying
mechanisms that promote vascular leak.

Introduction

The retina is one of the most metabolically active
tissues, resulting in high demand for oxygen and nutri-
ents.1 There are two vascular layers that provide nutri-
ents and oxygen to the retina: retinal blood vessels and

choroidal blood vessels. One-third to one-half of the
retina relies on choroidal blood vessels for its supply of
oxygen and nutrients, thus reducing the need for high
densities of blood vessels in the anterior segment of
the retina. Because photoreceptors are located in the
posterior retina, a high density of retinal blood vessels
can interfere with light transmission. The blood-retinal
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barrier (BRB) is a strictly regulated permeable system.2
The BRB consists of the inner BRB (tight junction
between retinal capillary endothelial cell) and the outer
BRB (tight junction between retinal epithelial cell). Any
pathological alteration can break the equilibrium of
the BRB and cause angiogenesis or vascular leakage
that interferes with the recycling of metabolic waste.
This can cause damage to photoreceptors and other
retinal neuronal cells, eventually impairing the visual
system.

Diabetic retinopathy (DR) and wet age-related
macular degeneration (AMD) are two retinal diseases
that are caused by vascular leakage and angiogene-
sis.3 Breakdown of inner BRB is a common patho-
logic feature in patients with diabetes and experimental
animalmodels.DR is a commonmicrovascular compli-
cation of diabetes mellitus and is one of the fastest
growing causes of blindness and visual impairment in
the working age populations, whereas AMD mainly
affects aged populations. AMD is characterized by
visual disability, including blindness in elderly people.4
There are about 14 million people affected by AMD
worldwide.5 There are two primary types of AMD:
wet and dry. Wet AMD is characterized by choroidal
neovascularization (CNV), in which immature and
fragile blood vessels cross the retinal pigment epithe-
lium (RPE), breakdown the outer BRB, and enter
the retina. Breakdown of the BRB causes macular
edema through multiples ways and results in damage
of retinal neuron cells, which eventually impair vision.
Dry AMD is the most common form of AMD (85%–
90%) and is caused by small yellow deposits (drusen)
under the macula. In contrast to wet AMD, there is no
neovascularization or edema in dry AMD. It has been
commonly accepted that AMD can be caused bymulti-
ple pathogenic factors.6,7

Blocking the vascular endothelial growth factor
(VEGF) signaling pathway is the current standard
pharmacological therapy for both DR and wet AMD.3
However, anti-VEGF treatments require frequent and
long-term pharmacologic administration to maintain
vision gains, and although many patients respond well
to anti-VEGF therapy, some have only a moderate or
poor response and patients may lose their initial vision
gains over time.8–10 Therefore, the development of new
drugs for DR and AMD is vital.

Herein, we developed a label-free, phenotypic drug
screening platform to discover drugs that could poten-
tially be used to treat DR and wet AMD by enhancing
the vascular barrier function. This is a high throughput
compatible phenotypic screen that monitors changes
in the endothelial cell monolayer barrier function.
We utilized the xCELLigence RTCA system (Supple-
mentary Fig. S1), a method for label-free, real-time

monitoring of electrical impedance of endothelial cell
monolayers, which can be used to assess changes in
permeability over time (Supplementary Fig. 2 shows
an overview of the screen). Because we did not screen
against a single target, but rather screened for endothe-
lial cell monolayer barrier function enhancement, the
drugs we identified in this screen should be useful for
the treatment of DR and wet AMD regardless of the
pathogenic factors promoting the disease. To facilitate
the transition of the identified hits to clinical use, we
utilized a repurposing drug strategy and chose to screen
a known drug compound library.

Materials and Methods

Cell Culture

Human retinal microvascular endothelial cells
(HRMECs), human dermal microvascular endothe-
lial cells (HMVECs-d), and human umbilical vein
endothelial cells (HUVECs) were purchased from
Lonza (Portsmouth, NH, USA) and cultured in
the EBM-2 media that supplemented with reagents
from EGM-2MV kit (for HRMEC and HMVEC-d)
or EGM-2 SingleQuots kit (for HUVEC). Human
synovial microvascular endothelial cells (HSMECs)
were purchased from Cell Systems (Kirkland, WA,
USA) and cultured in the EBM-2 media supplemented
with EGM-2 SingleQuots kit. All the primary endothe-
lial cells were counted as passage 0 upon thawing of the
original vial from the vendor. After three expansions
(passage 3), cells were frozen at 1.5 × 106 cell/mL/vial.
The frozen cells were thawed and expanded one more
time for all screening experiments.

Drug Treatment

The compound library (Spectrum collection)
was purchased from MicroSource Discovery System
(Gaylordsville, CT, USA) at 2 mM in 100% DMSO.
At the time of treatment, compounds were diluted to
1 mM with complete culture media, then 1 μl of the
appropriate diluted compound was added to each well
for a final concentration of 10 μM in 0.5% DMSO
(vehicle) in complete cell culture media (100 μl). The
hit compounds from the primary screen were ordered
from MicroSource Discovery System individually and
dissolved in 100% DMSO for a stock concentration
of 20 mM for the following dose response, transwell
permeability assay, XPerT assay, and in vivo animal
experiments. For the in vitro dose response and other
cellular assays, compounds were serially diluted with
100% DMSO and then diluted 1:200 into cell culture
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media to get the final treatment concentration with
0.5% DMSO.

Impedance-Based Primary Screen

HRMECwere cultured to 80% confluency in EBM-
2 media that was supplemented with EGM-2MV kit
(Lonza, USA), treated with trypsin, and then collected
for permeability assay. The 96-well E-plate (ACEA
Biosciences, Inc., San Diego, CA, USA) was coated
with human fibronectin (10 μg/mL, 100 μl/well, 37°C
for 30 minutes) before seeding the HRMEC. The
HRMEC single cell suspension was diluted to 1 ×
105 cells/mL, then seeded 100 μl/well (10,000 cell/well)
onto a 96-well E-plate. The 96-well E-plate was loaded
onto xCELLigence RTCA system (ACEA Biosciences,
Inc.) inside a tissue culture incubator (37°C, 5% CO2).
Cell growth and monolayer formation were monitored
in real-time. The culture media was replaced with
fresh complete media with interleukin 1 beta (IL-
1β; 20 ng/mL) plus compound (10 μM) or vehicle
control (DMSO = 0.5%) only once the cells formed
a monolayer (determined by impedance plateau).
Changes in impedance were monitored for another
12 hours. The impedance was converted to cell index
by the xCELLigence RTCA software, and so all the
graph’s Y-axis were labeled as cell index (normalized to
the time point before treatment, and so called “relative
cell index”) instead of impedance.

Transwell Permeability Assay

Ninety-six-well transwell insert (Corning, NY,
USA) was coated with human fibronectin (10 μg/mL,
100 μl/well, at 4°C overnight) and equilibrated with
complete media (50 μl/well in insert, 100 μl/well in
bottom receiving plate, 37°C tissue culture incubator
overnight) before seeding HRMEC. The HRMEC
single cell suspension was diluted to 1 × 105 cells/mL
and then 100 μl/well (10,000 cell/well) of cells was
seeded onto the top insert. The bottom receiving plate
was filled with complete media (100 μl/well). Cells were
cultured for 2 days andmedia was changed daily before
the induction of permeability and compound treat-
ment. Both top insert and bottom wells in the receiving
plate were changed to fresh complete media with IL-1β
(20 ng/mL), or IL-6 (20 ng/mL) + soluble IL-6 recep-
tor (sIL-6r; 40 ng/mL) plus compound (1:200 dilution
to get the final treatment concentration) or vehicle
control (0.5% DMSO in media). No induction control
wells had vehicle control only. FITC-dextran (70 KD;
Sigma, USA) stock solution was 100 mg/mL, which
was diluted to 50 mg/mL with PBS before adding 1
μl/well to the top insert at 8 hours post-treatment.

After 2 hours of incubation, 100 μl of media was
removed from each bottom well of the receiving plate
and transferred to a 96-well black wall plate to measure
fluorescence intensity using a plate reader (Ex 485 nm,
Em 528 nm).

XPerT Assay

Clear bottom black 96-well plates (Corning)
were coated with homemade biotinylated gelatin
(0.25 mg/mL, 50 μl/well) at 4°C for overnight and
then washed twice with PBS before being seeded with
HRMEC (10,000 cell/well). The cells were cultured for
2 days after seeding and media was changed daily. The
culture media was changed to fresh complete media
with IL-1β (20 ng/mL) plus compound (1:200 dilution
into culture media to the final treatment concentra-
tion in 0.5% DMSO) or 0.5% DMSO only once the
cells formed a monolayer. The uninduced control
wells had media only with 0.5% DMSO. FITC-avidin
(5 mg/mL in 50% PBS + 50% glycerol; Molecular
Probes, Eugene, OR, USA) was added to the media
(5 μl/well, final concentration was 0.25 mg/mL) at
8 hours post IL-1β treatment and incubated for 10
minutes at 37°C. The plate was then washed three
times with 100 μl PBS and fluorescent intensity was
read using a plate reader (Ex 490 nm, Em 520 nm).

Immunocytochemistry

Twenty-four well chambered cover glass was coated
with human fibronectin (10 μg/mL, 100 μl/well
at 4°C for overnight) before seeding HRMEC
(30,000 cell/well). Cells were treated with IL-1β (20
ng/mL) or BSA control for 30 minutes at 24 hours
post-seeding and then compound (1:200 dilution into
culture media to get the final treatment concentration)
or 0.5% DMSO only was added to the correspond-
ing treatment wells and the cells were incubated for an
additional 2 hours at 37°C.Cells werewashed oncewith
PBS and were fixed with 4% paraformaldehyde for 20
minutes at room temperature. Cells were blotted with
VE-cadherin antibody (Cell Signaling Technology,
Danvers, MA, USA) overnight at 4°C after blocking
with 1% BSA, thoroughly washed, and then blotted
with Alexa 488 labeled anti-Rabbit secondary antibody
2 hours at room temperature. The nucleus was stained
with 4,6-diamidino-2-phenylindole (DAPI). Confocal
microscopy was used to take images.

VE-Cadherin Membrane Localization

HRMECs were treated with the compound or
DMSO only in EBM-2 + 1% fetal bovine serum (FBS)
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media for 3 hours at 37°C after the cells formed a
monolayer on a 60-mmdish. The cells were then treated
with IL-1β (20 ng/mL) and primaquine (0.6 mM) in
EBM-2 + 1% FBS for 2 hours at 37°C. The media was
aspirated and the dish was immediately placed on ice.
Cells were washed with ice-cold PBS and labeled with
EZ-link Sulfo-NHS-SS-Biotin (0.5 mg/mL; Thermo
Fisher Scientific) for 2 hours at 4°C in the dark box.
The unbound free biotin was washed off with PBS,
and the cells were lysed in NP-40 buffer supplemented
with protease inhibitor. The cell lysate was clarified
by centrifugation. Biotin labeled protein was pulled-
down from cleared lysate using streptavidin agarose
resin (Thermo Fisher Scientific). Protein was eluted
from resin using 2X sample buffer supplemented with
5% β-mercaptoethanol and then boiled for 5 minutes.
Western blotting was performed using the anti-VE-
cadherin antibody.

ADP-Robosylation Factor 6-GTP Pull-Down
Assay

HRMECswere cultured in completemedia in 6-well
plates until 80% confluency was reached. Cells were
treated with compound or 0.5%DMSOonly in EBM-2
media with 1% FBS for 4 hours at 37°C. Treated cells
were then stimulated with IL-1β (20 ng/mL) or BSA
control for 10 minutes to activate ADP-ribosylation
factor 6 (ARF6). The plate was placed on ice immedi-
ately after aspirating the treatment media and washed
with ice cold PBS for one time. Cells were lysed on
ice for 15 minutes with ice cold lysis buffer from
ARF6-GTP pull-down kit (Cell Biolabs, San Diego,
CA, USA) supplemented with protease inhibitor. The
lysates were collected into ice cold 1.5 mL tubes and
centrifuged at 13,000 rpm for 10minutes in 4°C. Super-
natants were transferred to new ice cold 1.5 mL tubes.
Pull-down was performed according to the manufac-
turer’s directions (all the experimental procedures were
performed in the 4°C cold room).

Quantitative Real-Time PCR

HRMECs were cultured in complete media in 10
cm dish until 80% confluency was reached. Cells were
treated with compound or 0.5% DMSO in EBM-2
media with 1% FBS for 4 hours in 37°C thermal
conductivity (TC) incubator. The IL-1β (final concen-
tration was 20 ng/mL) or BSA control were added
to the dishes and incubated for 10 minutes in 37°C
TC incubator at 4 hours post compound treatment.

Following treatment, the media was quickly aspirated
from the dish and cells were washed once with PBS
before lysing them for total RNA isolation. Total
RNA was extracted from the HRMECs using Trizol
reagent and converted into cDNA using TransStart
All-in-One First-Strand cDNA Synthesis Super-
Mix for qPCR (One-Step gDNA removal) (Trans-
gen, China). Quantitative real-time polymerase chain
reaction (qRT-PCR) was performed on 7500 Fast Real-
Time PCR system using TransStart Tip Green qPCR
SuperMix (+DyeI/+DyeII; TransGen Biotech Co.,
Beijing, China). Primers used for PCR: VE-cadherin-F
(5’-TTGGAACCAGATGCACATTGAT-3’) and VE-
cadherin-R (5’-TCTTGCGACTCACGCTTGAC-3’),
GAPDH-F (5’-AGGTCGGAGTCAACGGATTT-3’)
andGAPDH-R (5’-TGACGGTGCCATGGAATTTG-
3’).

Retinal Vascular Permeability Assay

Retinal vascular permeability assay was performed
using 6 to 8 weeks old C57BL/6 mice as described
previously.11–13 All the animals were provided by and
experimental protocols were reviewed and approved
by The Institution of Animal Medical Research of
Sichuan Provincial People’s Hospital in accordance
with theARVOSTATEMENT for the use of animals in
ophthalmic and vision research. For intravitreal injec-
tion of IL-1β (or BSA control; 2 μl of 100 ng/μl) and
compound (1 μl of 200 ng/μl) or DMSO control (1 μl
of 100% DMSO), the mice were sedated by 4% chloral
hydrate (8 μl/g, intraperitoneal), then carefully injected
with the mixture of IL-1β (or BSA control) with
compound (or DMSO control) from the side of the eye
into the vitreous without touching the retina. Evans
blue (45 mg/kg; Sigma Aldrich, USA) was injected
via the tail vein at 2 hours post intravitreal injection.
The mice were sacrificed by CO2 10 hours after receiv-
ing Evans blue. Mouse eyes and retina were collected
for Evans blue quantification. The Evans blue that
penetrated into retina was extracted using formamide
(Sigma Aldrich) for 20 hours at 70°C. The absorbance
of extracts was measured at 620 nm and 740 nm after
clarification by centrifugation (13,000 rpm, 5 minutes).
Data are presented as mean ± SEM.

Statistical Analysis

All the data were analyzed using GraphPad Prism
6.0. One-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons test was performed to
assess statistical significance.When aP value is<0.05 it
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was counted as statistically significant. *P < 0.05, **P
< 0.01, ***P < 0.001, and ****P < 0.0001.

Results

Development of Impedance-Based Primary
Screen

The xCELLigence RTCA system allows us to
monitor cell growth and monolayer formation on 96-
well E-plates (the bottom is coated with microelec-
trode) in real-time and label free (Supplementary Fig.
S1 shows an image of the system that was used in
this study). The impedance plateaued once the cells
formed a monolayer on the E-plates, meaning transcel-
lular resistance had hit amaximum.We added IL-1β to
destabilize the monolayer and to induce hyperperme-
ability, which is measured as a reduction in impedance
on the xCELLigence RTCA system and converted to
cell index by its software. By optimizing cell’s seeding
number, culture time, and IL-1β dose, we consistently
decreased HRMEC monolayer barrier function. The
positive control compound, Forskolin, blocks IL-1β
induced hyperpermeability (Fig. 1A).

Execution of Primary Screen

To further evaluate the impedance-based screen
platform, we screened a collection of 2100 small
molecules (Spectrum collection, MicroSource Discov-
ery System, USA). These 2100 compounds include
known drugs or compounds with known biologi-
cal activity and greatly facilitates the translation of
hits to clinical use. Repurposing of existing drugs
(known as drug repurposing, drug repositioning, or
drug rediscovery) has many advantages, and there are
many successful examples.14 We chose to screen this
library consisting of many known drugs to validate
our platform in the hope that this would accelerate
clinical usage of identified drugs. Eleven compounds
blocked IL-1β induced hyperpermeability in our screen
(Table). We re-ordered these 11 hits individually and
tested dose responses in the primary screen. Two out
of 11 hits (apigenin and ethaverine hydrochloride)
consistently rescued IL-1β induced hyperpermeability
(Figs. 1B, 1C).

Validating Hits in Secondary Screen

We validated apigenin and ethaverine hydrochloride
in two different secondary screen assays: the transwell

permeability assay and the XPerT assay. Impedance-
based screens monitor permeability changes through
the change in electrical current of the microelectrode
in a 96-well E-plate on which the HRMEC monolayer
formed. The transwell permeability assay is a more
direct measure of permeability changes at a specific
time point because it monitors the permeability tracer
that passes through the cell monolayer and enters
the bottom chamber in the receiving plate. We were
able to generate a very high signal to background
ratio in transwell permeability assay by optimizing cell
seeding numbers, culture time, and the size of FITC-
dextran. The XPerT assay was originally developed
by Dubrovskyi et al. and later modified by Rokhzan
et al.15,16 In this assay, the paracellular permeabil-
ity changes can be detected either by reading the
FITC fluorescent intensity or by imaging FITC-avidin
that crosses paracellular gaps and binds to the pre-
coated biotin on the plate. Both apigenin and ethaver-
ine hydrochloride inhibited IL-1β induced hyperper-
meability in these two secondary permeability screen-
ing assays (Figs. 1D, 1E).

Apigenin and Ethaverine Hydrochloride
Rescue Multiple Cytokines Induced
Hyperpermeability

Currently, blocking VEGF signaling is the gold
standard treatment for retinal vascular diseases that are
caused by leaking blood vessels or angiogenesis, includ-
ingDR andwet AMD.However, it has been commonly
accepted that multiple factors/signaling pathways can
cause hyperpermeability, thus likely accounting for the
existence of nonresponders to anti-VEGF treatment.
The purpose of our study is to develop a screening
platform for the discovery of drugs that stabilize vascu-
lar endothelium and inhibit leaky blood vessels or
angiogenesis regardless of the initiating factors. There-
fore, we tested apigenin and ethaverine hydrochloride
for efficacy in reducing the hyperpermeability induced
by other cytokines, including thrombin (1 U/mL),
VEGF (20 ng/mL), TNFα (0.2 nΜ), and IL-6 + sIL-6r
(thrombin, VEGF, and TNFα induce hyperpermeabil-
ity were performed in the primary screen. IL-6 + sIL-
6r induced permeability was performed in transwell
assay.). Thrombin induced hyperpermeability lasts a
very short time, which is indicated by the red arrow-
head in Figures 1H and 1I. Both apigenin and ethaver-
ine hydrochloride were effective in reducing the hyper-
permeability induced by these four cytokines (Figs. 1F–
M).
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Figure 1. Identification of compounds that enhance endothelial cell monolayer barrier function and block cytokines induced hyperper-
meability. (A–C) Positive control compound Forskolin (A) and two hits, Apigenin (Apig) and Ethaverine Hydrochloride (Etha) (B, C), block
IL-1β induced hyperpermeability in an impedance-base permeability assay. (D, E) Apigenin and ethaverine hydrochloride rescue IL-1β

→
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←
induced permeability in two secondary permeability assays: transwell permeability assay (D) and XPerT (E). (F–K) Apigenin and ethaver-
ine hydrochloride block the hyperpermeability induced by multiple cytokines in the impedance assay. (L, M) Compounds enhance HSMEC
monolayer barrier function and block IL-6 induced permeability in transwell permeability assay. (N–Q) Compounds enhance HMVEC-d (N
and O) and HUVEC (P and Q) monolayer barrier function in impedance-based permeability assay. Black arrowhead indicates the time of
starting compound and/or cytokine treatment in the impedance-based permeability assay.

Table. The Name and Structure of 11 Hits from the Primary Screen
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Apigenin and Ethaverine Hydrochloride
Enhance Barrier Function of Monolayers of
Endothelial Cells Isolated from Different
Tissues (organs)

Pathogenic vascular leak can happen anywhere in
the body, not just the eyes. We wanted to identify
drugs through our screening platform that not only
could be used for retinal vascular diseases but also
diseases caused or exacerbated by leakage in other
vascular beds. Vascular endothelial cells isolated from
three other vascular beds HMVEC-d, HUVEC, and
HSMEC were cultured on 96-well E-plates (HMVEC-
d and HUVEC) or transwell inserts (HSMEC) and
hyperpermeability was induced with IL-1β or IL-6 +
sIL-6r once a monolayer was formed. Both apigenin
and ethaverine hydrochloride blocked IL-1β- or IL-
6-induced hyperpermeability in these three types of
endothelial cell monolayers (Figs. 1L–Q).

Apigenin and Ethaverine Hydrochloride
Enhance VE-Cadherin Membrane
Localization by Blocking ARF6 Activation

Wenext explored themechanism bywhich these two
compounds enhance vascular barrier function. VE-
cadherin is a cell surface protein that is a key compo-
nent of endothelial cell adherens junctions. Published
studies also suggest that VE-cadherin can promote the
formation of tight junctions by upregulating claudin-5
expression.17

We checked VE-cadherin mRNA levels in IL-
1β- and compound-treated HRMEC by RT-PCR.
Neither IL-1β nor the compound affectedVE-cadherin
transcription (Fig. 2A). However, Western blots of
membrane-associated proteins (biotinylated) showed
that IL-1β significantly reduced surface VE-cadherin
without affecting the total VE-cadherin protein level
(Figs. 2B, 2C). This suggested that IL-1β induced
VE-cadherin internalization and resulted in hyperper-
meability. Both apigenin and ethaverine hydrochlo-
ride blocked IL-1β-induced VE-cadherin internaliza-
tion and enhanced VE-cadherin membrane localiza-
tion (Figs. 2B–D).

Our recent studies suggested that ARF6 might
be a convergence point in regulating vascular
barrier function.18,19 ARF6 is a small GTPase,
cycling between GDP-bound inactive and GTP-
bound active forms. This cycling procedure regulates
membrane protein traffic, including VE-cadherin. We
performed active ARF6 pull-downs from IL-1β and
compound treated HRMECs. Apigenin and ethaverine
hydrochloride blocked IL-1β-induced ARF6 activa-

tion (Figs. 2E, 2F), suggesting that these compounds
act by inhibiting ARF6.

Apigenin and Ethaverine Hydrochloride
Enhance Retinal Vascular Barrier Function In
Vivo

Next, we investigated whether these two compounds
could enhance retinal vascular barrier function in vivo.
We performed a retinal permeability assay by intravit-
real injection of IL-1β with or without the compounds.
Evans blue was injected via the tail vein as a perme-
ability tracer. IL-1β alone increased the amount of
Evans blue that penetrated into the surrounding tissues
(Fig. 3). Both apigenin and ethaverine hydrochloride
significantly reduced the extravasation of Evans blue
into surrounding retinal tissues. These results suggest
that both compounds enhance blood vessel barrier
function and block IL-1β-induced hyperpermeability
in vivo.

Discussion

Retinal blood vessels are a good model to study
vascular systems because the structures can be viewed
directly and noninvasively using a digital fundus
camera.20 Retinal blood vessel structure changes can
be associated with vascular diseases of other tissues or
organs, such as cardiovascular disease and hyperten-
sion.21 Therefore, the retinal blood vessel system can
suggest drug therapeutic efficacy for vascular diseases
of other tissues or organs that cannot be viewed
directly.

The traditional label-based cellular assay for study-
ing drug effects and cellular functions requires the
use of labeled either drug or target or staining the
whole cell with a fluorescent tracer. The advantages
of xCELLigence RTCA system is that it is label free
and can monitor multiple physiological factors of
the cell in real-time. This phenotypic assay allows us
to study complex biology process in a physiologic
relevant environment.22 Since the advent of this label
free electrical biosensor system in 1993, it has been
widely used in many different types of research and has
been compared to the transwell permeability assay.23
Like the study BRB of the human induced pluripotent
stem cells (hiPSC)-RPE from patients with AMD and
sibling control,24 and the role of S1P signaling pathway
in regulation of blood-brain barrier (BBB).25 In the
Wiltshire et al. paper, they studied S1P’s effect on
the barrier function of human brain microvascular
endothelia cells (hCMVECs; mimic BBB) using the
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Figure 2. Compounds stabilize VE-cadherin membrane localization by blocking IL-1β-induced ARF6 activation. (A) RT-PCR analysis of VE-
cadherin mRNA levels. (B, C) Western blot analysis of membrane-bound VE-cadherin. (D) Immunofluorescence images of HRMEC. Scale bar
= 100 μm. (E, F) Activated ARF6 (ARF6-GTP) pull-down assays of HRMEC following treatment with compounds and/or IL-1β .
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Figure 3. Compounds enhance retinal vascular barrier function in
vivo. Retinal vascular permeability assays were performed on 6 to
8 week old C57BL/6 mice. IL-1β (or BSA control) and compound (or
DMSOcontrol)were administeredby intravitreal injection, andEvans
blue was injected via tail vein at 2 hours post intravitreal injection.
The mice were euthanized by CO2 inhalation 10 hours after receiv-
ing Evans blue.Mouse eyes and retinaswere collected for Evans blue
quantification. Data are presented as mean ± SEM.

xCELLigene RTCA system. They showed that S1P
temporarily affect the BBB and quickly rebound back
to normal and enhanced BBB. They also found S1P
promoted release of proinflammatory cytokines like
IL-6 and IL-8.25 However, our study suggested that IL-
6 + sIL-6r decreased the HSMEC monolayer barrier
function. This inconsistency might be due to barrier
difference (BBB versus HSMEC) or lack sIL-6r in their
assay since sIL-6r is necessary for IL-6 signaling, in
addition to our IL-6+ sIL-6r induced hyperpermeabil-
ity was performed in transwell permeability assay.

Target-based drug screens identify drugs that target
a specific signaling pathway associated with a disease.
But some diseases, such as DR and wet AMD, can be
caused by multiple pathogenic factors. In these cases,
phenotypic screens can be used to identify drugs that
give the desired effect in cultured cells, tissues/organs,
or animals although themechanism underlying a drug’s
effect may take time to determine.26,27

We chose HRMEC as the primary model of our
screen and changes in endothelium barrier function
as our cellular phenotypic readout. We reasoned that
this screening system could help us identify a drug
that blocks the effect of multiple factors that induce
vascular leakage in the retina. Our data show that
apigenin and ethaverine hydrochloride each blocked
IL-1β-, ΙL-6-, thrombin-, VEGF-, and TNFα-induced
hyperpermeability, which verified our hypothesis that a
single compound can block leakage induced by multi-
ple factors and suggested that these two compounds
might be potential drug candidates for DR and wet
AMD.

Pathological capillary leakage can take place in
different diseases and different regions of our body.28
We designed this cellular phenotypic screen platform
with the hope that it would also identify compounds
that would be useful for the treatment of diseases
caused or exacerbated by leak in other vascular beds, so
we tested permeability of endothelial monolayers from
three other type of tissues: umbilical cord (HUVEC),
dermis (HMVEC-d), and synovial tissue (HSMEC).
Apigenin and ethaverine hydrochloride successfully
blocked IL-1β or IL-6 induced hyperpermeability in
vascular endothelial cell monolayers from all three
tissues. This result suggests that our screening platform
has broad applications.

Apigenin is a flavonoid natural product from plants.
It has therapeutic effects in many diseases, includ-
ing neuroprotective, anticancer, and anti-inflammatory
effects.29–31 Apigenin has been shown to inhibit angio-
genesis by suppressing VEGF, erythropoietin expres-
sion, and blocking other signaling pathways.32 Our
study suggests that apigenin enhances vascular barrier
function by blocking ARF6 activation, which leads to
increased VE-cadherin membrane localization. Earlier
studies have shown that apigenin inhibits histamine
release and this might be another potential mechanism
by which apigenin enhances the vascular barrier.33,34
In addition, apigenin has been shown to inhibit
choroidal angiogenesis and retinal vascular leakage
in laser-induced choroidal neovascularization animal
models.35

Vascular barrier integrity can be disrupted bymulti-
ple pathogenic factors in the body.36 Shear stress,
which is caused by constant blood flow, is one of the
factors that can affect vascular barrier integrity.37,38
Physiologic shear stress helps maintain normal vascu-
lar barrier function. Either excessive shear stress or
static flow, which is caused by impaired circulation,
can compromise vascular integrity. There is clinical
evidence suggesting that retinal circulation is altered
in both patients with DR and AMD.39,40 The elevated
expression of proinflammatory cytokines caused by
abnormal shear stress might be one of the reasons
for the existence of anti-VEGF treatment nonrespon-
ders in DR and wet AMD.41 Our previous studies
have indicated that ARF6 is a convergence point
in the signaling pathways of these proinflammatory
cytokines.18,19 We have shown that apigenin and
ethaverine hydrochloride blockedARF6 activation. All
of these results suggest that our screening platformwas
effective in identifying drugs that could be repurposed
for the treatment of DR and wet AMD.

In summary, we have developed a cellular drug
screening platform designed to identify known drugs
that can enhance vascular barrier function by stabiliz-
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ing endothelium. We found two compounds, apigenin
and ethaverine hydrochloride, that blocked IL-1β-
induced hyperpermeability both in vitro and in
vivo. The two compounds blocked cytokines induced
hyperpermeability of monolayers of endothelial cells
isolated from four different tissues. Cellular studies
suggest that these two compounds stabilize adherens
junctions by blocking ARF6 activity, which promotes
VE-cadherin membrane localization. These results
indicate that this drug screening platform can be used
to identify drugs that can prevent vascular leakage in
multiple tissues regardless of the underlying factors
that contribute to the hyperpermeability.
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