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Abstract

Choroidal neovascularization (CNV) is a major cause of severe visual loss in patients with
age-related macular degeneration (AMD). Recently, itraconazole has shown potent and
dose-dependent inhibition of tumor-associated angiogenesis. We evaluated the anti-angio-
genic effect of itraconazole in a rat model of laser-induced CNV. After laser photocoagula-
tion in each eye to cause CNV, right eyes were administered intravitreal injections of
itraconazole; left eyes received balanced salt solution (BSS) as controls. On day 14 after
laser induction, fluorescein angiography (FA) was used to assess abnormal vascular leak-
age. Flattened retinal pigment epithelium (RPE)-choroid tissue complex was stained with
Alexa Fluor 594-conjugated isolectin B4 to measure the CNV area and volume. Vascular
endothelial growth factor receptor 2 (VEGFR2) mRNA and protein expression was deter-
mined 1, 4, 7, and 14 days after intravitreal injection by quantitative RT-PCR or Western
blot. VEGF levels were analyzed by enzyme-linked immunosorbent assay (ELISA). Intravi-
treal itraconazole significantly reduced leakage from CNV as assessed by FA and CNV area
and volume on flat mounts compared with intravitreal BSS (p = 0.002 for CNV leakage,
p<0.001 for CNV area and volume). Quantitative RT-PCR showed significantly lower
expression of VEGFR2 mRNA in the RPE-choroid complexes of itraconazole-injected eyes
than those of BSS-injected eyes on days 7 and 14 (p = 0.003 and p = 0.006). Western blots
indicated that VEGFR2 was downregulated after itraconazole treatment. ELISA showed a
significant difference in VEGF level between itraconazole-injected and BSS-injected eyes
ondays 7 and 14 (p = 0.04 and p = 0.001). Our study demonstrated that intravitreal itracona-
zole significantly inhibited the development of laser-induced CNV in rats. ltraconazole had
anti-angiogenic activity along with the reduction of VEGFR2 and VEGF levels. Itraconazole
may prove beneficial for treating CNV as an alternative or adjunct to other therapies.

Introduction

Age-related macular degeneration (AMD) is the leading cause of blindness in older people in
industrialized countries [1]. Severe vision loss in patients with AMD is commonly due to
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choroidal neovascularization (CNV) [2]. Although the CNV pathogenesis is not clearly under-
stood, pathological angiogenesis mediated by growth factors, such as vascular endothelial
growth factor (VEGF) and fibroblast growth factor, is important in CNV development. These
factors induce activation of signaling pathways after binding receptors on endothelial cells.
Several key signaling mediators including phospholipase C, phosphatidylinositol-3 kinase, and
protein kinase C deliver angiogenic signals to stimulate endothelial cell proliferation, migra-
tion, and survival.

Currently available treatments for CNV include laser photocoagulation, photodynamic
therapy, and intravitreal injection of anti-VEGF drugs. Although these treatments are helpful
in reducing the risk of visual deterioration, they only improve vision in 6-33% of patients
[3,4]. In addition, patients often exhibit AMD recurrence and require repeated treatments.
Multiple intravitreal injections for months or years are associated with complications, such as
cataract, retinal detachment, and endophthalmitis, and increase treatment costs [5]. To
enhance the outcomes of CNV treatment and reduce patient costs, novel, alternative anti-
angiogenic drugs are being investigated.

Itraconazole is a triazole antifungal drug that inhibits the enzyme lanosterol 14-o-demethy-
lase, which is important in ergosterol synthesis in fungi. Previous studies reported that itraco-
nazole has anti-angiogenic effects in in vitro assays and murine models [6,7]. The anti-
angiogenic mechanism involves inhibiting the mammalian target of rapamycin (mTOR) path-
way in human umbilical vein endothelial cells (HUVEC), hedgehog signaling in NIH-3T3
cells, and N-glycosylation in macrophages [8-10]. Itraconazole also inhibits activation of
VEGEF receptor 2 (VEGFR2), the receptor that is primarily responsible for angiogenesis [11].
Since itraconazole showed a dose-dependent inhibitory effect on endothelial cell proliferation,
migration, and tube formation stimulated by VEGFR2-mediated signaling, itraconazole might
be useful as an inhibitor of pathological angiogenesis. However, few studies have evaluated the
effect of itraconazole in ocular neovascular disorders [12].

In this study, we investigated the anti-angiogenic effect of itraconazole in a rat model of
laser-induced CNV, which is a widely used CNV model and is well-suited for assessing the
inhibitory effects of intraocular drugs [13].

Materials and methods
Animals

Male Brown Norway rats weighing 200-250 g (Orient Bio Inc., Seongnam, Korea) were fed
laboratory chow and water ad libitum and acclimated to the animal facilities at Kangbuk Sam-
sung Hospital under a 12-hour on/off light cycle for one week. All experiments were designed
and conducted in accordance with guidelines for animal use and ophthalmic research of the
Association for Research in Vision and Ophthalmology and were approved by the Institutional
Animal Care and Use Committee of Kangbuk Samsung Hospital, Sungkyunkwan University
School of Medicine (Permit Number: 201503079).

Induction of CNV

Before all procedures, animals were anesthetized with intraperitoneal zolazepam-tiletamine
(Zoletil™, Virbac, Carros, France) at 30 mg/kg and xylazine hydrochloride at 10 mg/kg. Pupils
were dilated with 0.5% tropicamide and 0.5% phenylephrine HCL. Proparacaine hydrochloride
0.5% was applied to anesthetize the cornea. Animals were positioned in front of a slit-lamp
biomicroscope, and the fundus was visualized using a slide glass. A 532-nm Nd:YAG laser
(Pattern Scan Laser, OptiMedica Corp., Santa Clara, CA, USA) was used to induce CNV by
rupturing the Bruch membrane. The laser parameters were 60-um spot size, 30-ms exposure,
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and 320-mW power. Six laser burns were placed concentrically, two disc diameters from the
optic disc in both eyes of all animals. Subretinal bubbles indicated ruptured Bruch membranes.
Eyes with vitreous or subretinal bleeding or no bubble formation were excluded.

Preparation and intravitreal injection of itraconazole
Itraconazole 250 mg/25 ml (Sporanox@, Janssen Pharmaceuticals Inc., Buckinghamshire, UK)
was diluted to a final concentration of 100 pg/ml under sterile conditions. Itraconazole con-
centrations used in this study were previously reported to be nontoxic [14]. Immediately after
inducing CNV, intravitreal injection was performed in eyes with laser induction and normal
control eyes. Topical proparacaine hydrochloride 0.5% was applied to the eye surface, and an
initial hole was made with a 30-gauge needle 2.0 mm posterior to the limbus in the superotem-
poral quadrant. The eye was gently massaged with a cotton tip to remove prolapsed vitreous. A
32-gauge needle on a 50-pl Hamilton syringe was inserted into the mid-vitreous cavity through
the initial hole at a 45° angle to the scleral surface to avoid injuring the lens with the needle
[15]. Animals were given intravitreal injections of itraconazole 1 pg/10 pul in the right eye and
10 pl balanced salt solution (BSS) in the left eye. Before and immediately after injection, 0.5%
moxifloxacin hydrochloride ophthalmic solution (Vigamox™, Alcon, Fort Worth, Texas,
USA) was applied to the ocular surface.

Leakage assessment and CNV grading

On day 14 after laser induction, 12 rats underwent fluorescein angiography (FA) with a Hei-
delberg Retina Angiograph (HRA; Heidelberg Engineering, Heidelberg, Germany) at a view-
ing angle of 50 degrees. For a wider field of view, a 20-diopter lens was attached to the fundus
camera. For FA examinations, 0.3 ml of 10% sodium fluorescein (5 ml; Novartis Korea, Seoul,
Korea) was administered intraperitoneally, and photographs were taken by a single trained
operator using the Automatic Real Time (ART) module (Heidelberg Engineering, Heidelberg,
Germany) at 30 seconds and 1, 2, 5, 10, and 15 minutes after dye injection. Angiograms at
five-minute (+1 minute) phase were used for comparative analyses. Images were evaluated
according to grading criteria [16] by two retinal specialists (JHB and SCL) in a masked fashion.
CNV lesions were classified as grade 0 (no hyperfluorescence), grade I (hyperfluorescence
without leakage), grade ITA (hyperfluorescence in early or mid-transit images and late leak-
age), or grade IIB (bright hyperfluorescence in transit images and late leakage beyond lesions).
Grade IIB was defined as clinically significant. The proportions of grade IIB CNV lesions in
itraconazole- and BSS-injected eyes were compared.

Size measurement of CNV on choroidal mounts

On day 14 after inducing CNV, five rats were euthanized by cervical dislocation, and their eyes
were enucleated and fixed with 10% formalin for 2 hours. The cornea and lens were removed,
four radial cuts were made to flatten the tissue, and the neural retina was gently removed from
the eyecup. Retinal pigment epithelium (RPE)-choroid-sclera complexes were washed with
phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPO,, 1.5 mM
KH,PO,) and incubated in blocking solution (1% bovine serum albumin, 10% normal goat
serum, 0.5% Triton X-100 in PBS) for 30 minutes. Alexa Fluor 594-conjugated isolectin B4
(1:100, 1 mg/ml solution, lectin from Bandeiraea simplicifolia, Invitrogen, Carlsbad, CA, USA)
was applied to eyecups overnight at 4°C in blocking solution. After washing with PBS, eyecups
were placed flat with the RPE-side facing up on microscope slides. Flat mounts were examined
by fluorescence microscopy (IX71; Olympus, Tokyo, Japan), and CNV images were captured
with a digital camera attached to the microscope. Under magnification of digital images, the
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borders of hyperfluorescent CNV lesions were manually outlined by a masked investigator
(HGY), and the area of CNV lesions on flat mounts was measured. For the measurements of
CNV volume, Z-stack images through the entire CNV lesion were taken at a constant intensity
by a laser confocal microscope (LSM510 META; Carl Zeiss, Jena, Germany). Image analysis
was performed using Image]J software (National Institutes of Health, Bethesda, MD, USA),
and the average area and volume of the CNV lesions were used for evaluation.

Real-time quantitative polymerase chain reaction

On days 1, 4, 7, and 14 after intravitreal injection, RPE-choroid complexes were isolated from
three eyes from each group at each time point and stored at -80°C until use. RT-qPCR was per-
formed with the StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA,
USA) as described elsewhere [17]. Total RNA was purified with RNeasy Mini Kits (Qiagen,
Valencia, CA, USA), and cDNA was prepared using SuperScript III first-strand synthesis kits
(Invitrogen, Carlsbad, CA, USA) with 0.5 ug total RNA according to the manufacturer’s rec-
ommendations. Quantitative PCR used primers specific for rat VEGFR2 and B-actin with
SYBR Premix Ex Taq (Takara Bio, Inc., Shiga, Japan). Primer sequences were rat VEGFR2
5'-CTC CAT CTT TTG GTG GGA TG-3' (forward) and 5'-~AGG CCA CAG ACT CCC TGC
TTT TAC TG-3' (reverse) and rat B-actin 5'-TGC CTG ACG GTC AGG TCA-3' (forward) and
5'-CAG GAA GGA AGG CTG GAA G-3’ (reverse). All RT-qPCR experiments were performed
in triplicate.

The housekeeping gene B-actin was an internal control, and VEGFR2 mRNA levels were
normalized against -actin levels. The StepOnePlus real-time PCR system was used to analyze
data and obtain threshold cycle (CT) values according to the manufacturer’s instructions. The
AACT method was used to transform CT values into relative quantities with standard devia-
tions [18].

Western blot analysis

VEGEFR2 expression was evaluated by Western blot. On days 1, 4, 7, and 14 after intravitreal
injection, RPE-choroid complexes (three eyes per group at each time point) were homoge-
nized with a bead beater at 4°C in cell lysis buffer (Cell Signaling Technology, Danvers, MA,
USA). Samples were centrifuged at 14,000 rpm for 15 minutes at 4°C, and protein concentra-
tions of the supernatants were measured with the Pierce™ Bicinchoninic Acid Protein Assay
Kit (Thermo Fisher Scientific, Inc., Rockford, IL, USA). Soluble proteins (30 ug per sample)
were boiled for 5 minutes and resolved by 10% SDS-PAGE. Proteins were electrotransferred to
0.45-um-pore polyvinylidene fluoride membranes and blocked with 5% skim milk. Mem-
branes were blotted overnight with primary antibodies diluted in 0.1% bovine serum albumin
and 0.01% sodium azide in TBS-T for VEGFR2 (Novus Biologicals) and B-actin. After washing
three times with TBS-T, blots were incubated with horseradish peroxidase-conjugated second-
ary antibody (Cell Signaling Technology) for 1 hour at room temperature. Blots were washed
three times with TBS-T, and immunoreactive bands were visualized by enhanced chemilumi-
nescence. Relative intensities of immunoreactive bands were measured after normalization for
B-actin. Representative Western blots are shown after three independent experiments.

Enzyme-linked immunosorbent assay

VEGEF protein was analyzed in enucleated eyes via enzyme-linked immunosorbent assay
(ELISA) 1, 4,7, and 14 days after inducing CNV. The cornea and lens were removed, and the
retina was separated from the eyecup. Retinas were homogenized in cell lysis buffer and incu-
bated for 30 minutes on ice. Lysate was centrifuged at 14,000 rpm for 15 minutes at 4°C.
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Supernatants were assayed using commercially available ELISA Kits against rat VEGF (RayBio-
tech Inc., Norcross, GA, USA) according to the manufacturer’s protocols. Total protein con-
centrations were determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, Inc., Rockford, IL, USA) as the standard. VEGF concentrations were measured by
ELISA in triplicate.

Statistical analyses

All statistical analyses were performed with the statistical package PASW 18.0 (SPSS Inc., Chi-
cago, IL, USA). All values are mean + standard deviation. Comparative analyses of two values
between groups were made with the unpaired t-test or the Mann-Whitney U test. FA image
grades were compared with a chi-square test. P < 0.05 was considered significant.

Results
Inhibition of CNV formation by itraconazole

To assess the inhibitory effect of itraconazole on CNV formation, FA and isolectin B4 staining
of RPE-choroid complex flat mounts were conducted on day 14 after inducing CNV. FA
showed that intravitreal itraconazole significantly reduced fluorescein leakage from CNV com-
pared with intravitreal BSS (Fig 1A). The incidence of grade IIB CNV lesions was significantly
lower in itraconazole-injected eyes (34.7%, 25 of 72 lesions) than in BSS-injected eyes (61.1%,
44 of 72 lesions) (p = 0.002, Fig 1B).

Fig 2A shows isolectin B4-stained endothelial cells for angiogenesis in flat mounts of the
RPE-choroid complex. CNV lesions were smaller in the itraconazole group than in the BSS
group. The mean CNV area was significantly reduced in itraconazole-injected eyes (18154 +
8767 um?, n = 30 lesions) compared with BSS-injected eyes (29762 + 6376 um?, n = 30 lesions;
p<0.001, Fig 2B). Similarly, the mean CNV volume was also significantly decreased in itraco-
nazole-injected eyes (1232 + 284 x 10° um®, n = 18 lesions) compared with BSS-injected eyes
(620 + 151 x 10° um?, n = 18 lesions; p<0.001, Fig 2C).

These results suggest that intravitreal itraconazole effectively suppresses CNV development
and reduces vascular leakage in rats.

Reduction of VEGFR2 mRNA and protein after itraconazole treatment

As VEGF-mediated signaling plays an important role in CNV development, we investigated
the mRNA and protein levels of VEGFR2, a key receptor for pathological angiogenesis stimu-
lated by VEGF. To determine whether itraconazole affected expression of VEGFR2 in a rat
model of laser-induced CNV, RT-qPCR was performed for VEGFR2 mRNA in the RPE-cho-
roid complex 1, 4, 7, and 14 days after laser induction. RT-qPCR showed that VEGFR2 mRNA
increased gradually at each time point. The relative expression of VEGFR2 mRNA was signifi-
cantly lower in itraconazole-injected eyes than in BSS-injected eyes on days 7 and 14 (p =
0.003 and p = 0.006, respectively; relative gene expression indicates the ratio of VEGFR2
mRNA levels relative to those in BSS-injected normal eyes, Fig 3A).

Similarly, Western blots on days 1, 4, 7, and 14 after inducing CNV indicated that itracona-
zole treatment prominently reduced the density of the VEGFR2 band in the RPE-choroid
complex of rat eyes compared to BSS (Fig 3B). These results suggest that itraconazole might
prevent the development of laser-induced CNV along with the reduction of VEGFR2 mRNA
and protein.

To evaluate the effects of itraconazole on the expression of VEGFR2 in normal rat eyes, RT-
qPCR was performed for VEGFR2 mRNA in the RPE-choroid complex 1, 4, and 7 days after
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Fig 1. Representative fluorescein angiography (FA) of choroidal neovascularization (CNV) lesions. Six laser burns were introduced around the
optic disc of each eye. Immediately after inducing CNV, either itraconazole or balanced salt solution (BSS) was injected intravitreally. On day 14, FA was
conducted to assess leakage from CNV. (A) Midphase (5 + 1 minutes) FA of eyes injected with itraconazole or BSS. Arrows, lesion grades of laser-induced
CNV: grade |, grade A, or grade IIB. (B) Percentage of grade 0, |, 1A (defined as no-to-moderate leakage), and 11B (considered clinically significant)
lesions in itraconazole-injected eyes (n = 12) and BSS-injected eyes (n = 12). “p =0.002.

https://doi.org/10.1371/journal.pone.0180482.9001

intravitreal injection. The expression of VEGFR2 mRNA remained low in normal eyes, and
there was no significant difference in the relative expression level of VEGFR2 mRNA between
itraconazole-injected normal eyes and BSS-injected normal eyes at any time point (Fig 3C).

Reduction of VEGF level after itraconazole treatment

Because itraconazole inhibited VEGFR2 expression, we further evaluated whether itraconazole
affected the intraocular level of VEGF protein in laser-induced CNV. ELISA was performed
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Fig 2. (A) Representative fluorescein microscopic photographs of flat mounts of the RPE-choroid complex stained with Alexa Fluor 594-conjugated
isolectin B4 from Bandeiraea simplicifolia on day 14 after inducing CNV in itraconazole-injected and BSS-injected eyes. (B and C) Reduced CNV area and
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with cleared lysates of retinal protein 1, 4, 7, and 14 days after inducing CNV. The mean nor-
malized VEGF levels in the retina increased considerably after laser induction, with the highest
VEGEF level observed on day 7 in both groups. There were significant differences in retinal
VEGEF levels between itraconazole-injected eyes and BSS-injected eyes on days 7 and 14 (p =
0.04 and p = 0.001, respectively, Fig 4). Itraconazole treatment was associated with reduction
of the retinal VEGF level in laser-induced CNV after 7 days.

Discussion

In this study, we identified a novel effect of itraconazole as an anti-angiogenic agent in sup-
pressing CNV development in rats. On day 14 after inducing CNV, intravitreal itraconazole
significantly reduced fluorescein leakage from CNV and the vascular budding area on flat
mounts of the RPE-choroid complex. Our results also demonstrated that VEGFR2 mRNA
and protein levels in the RPE-choroid complex were reduced in laser-induced CNV after
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intravitreal itraconazole. However, the reduction of VEGFR?2 after intravitreal itraconazole
was not significant in normal rat eyes. This finding suggests that the inhibitory effect of itraco-
nazole occurs selectively in pathological angiogenesis. To our knowledge, this is the first report
demonstrating the effects of intravitreal itraconazole in a rat model of CNV.

Several studies have reported the potent anti-angiogenic activity of itraconazole, and multi-
ple phase IT human clinical trials are currently ongoing to study itraconazole as a cancer treat-
ment [6-9,19]. A recent in vivo study reported that oral itraconazole inhibited the growth of
primary xenografts of human non-small cell lung cancer [7]. In addition, a noncomparative
randomized phase II clinical trial suggested that oral itraconazole had modest antitumor activ-
ity by downregulating hedgehog signaling in advanced prostate cancer [20]. Because of its
good safety profile as an antifungal drug and its relatively high serum levels, itraconazole is a
candidate anticancer drug. Given its promising results as an anticancer drug, itraconazole may
have efficacy in treating ocular pathological angiogenesis such as CNV. In our study, mean
CNV area was reduced by 39% in itraconazole-injected eyes compared to BSS-injected eyes,
which was similar to previous similar studies with other drugs. Recently, intravitreal treatment
of triamcinolone acetonide was reported to reduce the CNV area by 41.8% compared to vehi-
cle treatment in laser-induced CNV in mice, and eyes with intravitreal VEGF-TRAP showed a
significant 29.9% reduction in CNV area compared to controls in a mouse model of laser-
induced CNV [21,22].

The mechanisms of CNV pathogenesis are complicated and not fully understood. Multiple
signaling pathways are involved in CNV development. Chronic oxidative stress in the RPE
and photoreceptors increases HIF-1 levels, which activate the gene expression of angiogenic
growth factors, such as VEGF and platelet-derived growth factor [23,24]. However, increased
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VEGF expression in RPE cells is not sufficient to cause CNV without abnormalities or defects
in Bruch’s membrane [25]. In addition to the angiogenic factors associated with CNV, the
extracellular matrix and surrounding cells facilitate survival and stabilize endothelial cells [26].
Animal studies showed that inflammatory cells such as macrophages play a critical role in cho-
roidal angiogenesis through the recruitment and activation in CNV lesions to release pro-
angiogenic factors [27,28]. Thus, considering the various pathogenic factors involved in CNV,
therapies targeting multiple participants in CNV pathogenesis would provide benefits beyond
a single-target therapy.

Itraconazole, like other azole antifungal drugs, inhibits lanosterol demethylation to ergos-
terol in fungi and to cholesterol in humans. Cellular cholesterol trafficking activates the mTOR
pathway regulating multiple environmental signals required for cell growth and proliferation
[8,29]. Therefore, itraconazole could interrupt endothelial cell proliferation by lowering choles-
terol levels and inhibiting mTOR [30]. However, inhibiting lanosterol 14-o-demethylase alone
is not sufficient to explain itraconazole’s anti-angiogenic properties because other azoles do not
inhibit endothelial cell proliferation [6,19]. In some studies, itraconazole potently and selectively
inhibited multiple key regulators of tumor angiogenesis in murine models and in vitro assays
using HUVECs and human dermal microvascular endothelial cells (HMEC-1) [7,31]. Further-
more, itraconazole potently inhibits the hedgehog signaling pathway, which is implicated in
angiogenesis [9,20]. In fact, blockade of the mTOR pathway or hedgehog signaling pathway has
proven to be effective in reducing CNV in rodent models [32,33]. Thus, the inhibition of those
pathways via itraconazole treatment may show efficacy in preventing CNV, but further investi-
gation is needed to determine its effect.

Itraconazole was reported to inhibit VEGFR2 glycosylation and autophosphorylation and
VEGEF binding to VEGFR2, which might be important in inhibiting angiogenesis in vivo [11].
VEGE is critical for CNV development, and preclinical and clinical data suggest that the VEGF
pathway may be a primary therapeutic target for CNV treatment [34]. Blocking VEGF recep-
tors can provide another way to antagonize VEGF and can potentially block multiple VEGF
subtypes. Of the VEGF receptors, VEGFR2 is involved in almost all VEGF-mediated responses
in pathological angiogenesis [35-37]. Thus, inhibiting VEGFR2 expression could result in
anti-VEGF activity by preventing VEGF-mediated signaling, leading to suppression of laser-
induced CNV in rats. In our study, VEGFR2 was markedly expressed in RPE-choroid tissue 7
days after laser induction, and the inhibitory effect of itraconazole was prominent in the late
period when CNYV typically began to form; itraconazole effectively prevented the development
of CNV. However, the reduction of VEGFR?2 level after itraconazole treatment might result
from fewer VEGFR2-expressing cells in RPE-choroid tissue, rather than from lower VEGFR2
expression on endothelial cells. Our data could not confirm that VEGFR2 expression on en-
dothelial cells would be suppressed by itraconazole treatment. Considering the complicated
pathogenesis of CNV, the anti-angiogenic effects of itraconazole might have a common down-
stream target in vivo. Thus, how closely the effects are associated with one another and how
potently they inhibit angiogenesis with itraconazole treatment should be investigated.

Anti-VEGF agents such as ranibizumab and aflibercept inhibit intraocular VEGF activity
and are promising treatments for CNV from AMD. Given the multifactorial pathogenesis of
AMD, however, a single anti-VEGF agent may not always be effective and would require
monthly or bimonthly injections. The lack of therapeutic options for CNV and limitations
associated with anti-VEGF antibody therapies have led to the search for other anti-angiogenic
agents. Itraconazole is a well-tolerated and orally bioavailable drug that has a well-established
safety profile. Targeting multiple pathways might enhance the efficacy of itraconazole as an
anti-angiogenic agent. Therefore, itraconazole is a novel candidate for an alternative treatment
for CNV.
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In this study, we evaluated the ability of itraconazole to prevent CNV development when
administered shortly after laser induction. Many therapeutic modalities have been evaluated in
preventing laser-induced CNV [38-40]. However, patients with AMD who require treatment
have an established disease, and efficacy in a preventive model of CNV does not necessarily
correspond to the human disease. The treatment model for established CNV is more suitable
for assessing the efficacy of drug therapies. Thus, further studies are warranted to determine
the efficacy and proper dosage of intraocular itraconazole for treating CNV.

In summary, our study demonstrated that intravitreal itraconazole significantly inhibited
the development of laser-induced CNV in rats. Itraconazole had anti-angiogenic effects along
with the reduction of VEGFR2 and VEGF levels. Itraconazole may prove beneficial for treating
CNV as an alternative or adjunct to other therapies.

Supporting information

S$1 Fig. Original uncropped Western blots of the RPE-choroid complex on days 1, 4, 7, and
14 after laser induction.
(TIF)

Acknowledgments
We thank Yangjae Kim, Hyuntae Kim, Dayoung Kim, and Jaehyuk Lee for their great support.

Author Contributions

Conceptualization: Jeong Hun Bae, Sung Chul Lee.

Formal analysis: Jeong Hun Bae, Ah Reum Hwang, Sung Chul Lee.

Funding acquisition: Jeong Hun Bae.

Investigation: Jeong Hun Bae, Ah Reum Hwang, Sung Chul Lee.

Methodology: Jeong Hun Bae, Hyeong Gon Yu, Hyoung Jun Koh, Sung Chul Lee.
Project administration: Woo Ick Yang, Hae Ran Chang, Sung Chul Lee.
Resources: Jeong Hun Bae, Chan Yun Kim, Sung Chul Lee.

Supervision: Sung Chul Lee.

Validation: Hyeong Gon Yu, Hyoung Jun Koh, Woo Ick Yang, Hae Ran Chang, Sung Chul
Lee.

Writing - original draft: Jeong Hun Bae, Hyeong Gon Yu, Hyoung Jun Koh, Sung Chul Lee.
Writing - review & editing: Chan Yun Kim, Woo Ick Yang, Hae Ran Chang.

References

1. Klein R, Peto T, Bird A, Vannewkirk MR. The epidemiology of age-related macular degeneration. Am J
Ophthalmol. 2004; 137: 486—495. https://doi.org/10.1016/j.2j0.2003.11.069 PMID: 15013873

2. Jager RD, Mieler WF, Miller JW. Age-related macular degeneration. N Engl J Med. 2008; 358: 2606—
2617. https://doi.org/10.1056/NEJMra0801537 PMID: 18550876

3. Rosenfeld PJ, Brown DM, Heier JS, Boyer DS, Kaiser PK, Chung CY, et al. Ranibizumab for neovascu-
lar age-related macular degeneration. N Engl J Med. 2006; 355: 1419-1431. https://doi.org/10.1056/
NEJMoa054481 PMID: 17021318

4. Blinder KJ, Bradley S, Bressler NM, Bressler SB, Donati G, Hao Y, et al. Effect of lesion size, visual acu-
ity, and lesion composition on visual acuity change with and without verteporfin therapy for choroidal

PLOS ONE | https://doi.org/10.1371/journal.pone.0180482 June 30, 2017 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180482.s001
https://doi.org/10.1016/j.ajo.2003.11.069
http://www.ncbi.nlm.nih.gov/pubmed/15013873
https://doi.org/10.1056/NEJMra0801537
http://www.ncbi.nlm.nih.gov/pubmed/18550876
https://doi.org/10.1056/NEJMoa054481
https://doi.org/10.1056/NEJMoa054481
http://www.ncbi.nlm.nih.gov/pubmed/17021318
https://doi.org/10.1371/journal.pone.0180482

@° PLOS | ONE

ltraconazole and inhibition of choroidal neovascularization

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

neovascularization secondary to age-related macular degeneration: TAP and VIP report no. 1. Am J
Ophthalmol. 2003; 136: 407—418. PMID: 12967792

Thompson JT. Cataract formation and other complications of intravitreal triamcinolone for macular
edema. Am J Ophthalmol. 2006; 141: 629—637. https://doi.org/10.1016/j.aj0.2005.11.050 PMID:
16564796

Chong CR, Xu J, Lu J, Bhat S, Sullivan DJ Jr., Liu JO. Inhibition of angiogenesis by the antifungal drug
itraconazole. ACS Chem Biol. 2007; 2: 263-270. https://doi.org/10.1021/cb600362d PMID: 17432820

Aftab BT, Dobromilskaya I, Liu JO, Rudin CM. ltraconazole inhibits angiogenesis and tumor growth in
non-small cell lung cancer. Cancer Res. 2011; 71: 6764—6772. https://doi.org/10.1158/0008-5472.
CAN-11-0691 PMID: 21896639

Xu J, Dang Y, Ren YR, Liu JO. Cholesterol trafficking is required for mTOR activation in endothelial
cells. Proc Natl Acad Sci USA. 2010; 107: 4764—4769. https://doi.org/10.1073/pnas.0910872107
PMID: 20176935

Kim J, Tang JY, Gong R, Lee JJ, Clemons KV, Chong CR, et al. ltraconazole, a commonly used antifun-
gal that inhibits hedgehog pathway activity and cancer growth. Cancer Cell. 2010; 17: 388—399. https://
doi.org/10.1016/j.ccr.2010.02.027 PMID: 20385363

Frey T, De Maio A. The antifungal agent itraconazole induces the accumulation of high mannose glyco-
proteins in macrophages. J Biol Chem. 2009; 284: 16882—16890. https://doi.org/10.1074/jbc.M109.
007609 PMID: 19414590

Nacev BA, Grassi P, Dell A, Haslam SM, Liu JO. The antifungal drug itraconazole inhibits vascular
endothelial growth factor receptor 2 (VEGFR2) glycosylation, trafficking, and signaling in endothelial
cells. J Biol Chem. 2011; 286: 44045—-44056. https://doi.org/10.1074/jbc.M111.278754 PMID:
22025615

Goktas S, Sakarya R, Erdogan E, Sakarya Y, Ozcimen M, Dursunoglu D, et al. Antiangiogenic effect of
itraconazole on corneal neovascularization: A pilot experimental investigation. Ophthalmic Res. 2014;
52: 170-174. https://doi.org/10.1159/000366283 PMID: 25342430

Kim SJ, Toma HS. Inhibition of choroidal neovascularization by intravitreal ketorolac. Arch Ophthalmol.
2010; 128: 596-600. https://doi.org/10.1001/archophthalmol.2010.69 PMID: 20457981

Schulman JA, Peyman GA, Dietlein J, Fiscella R. Ocular toxicity of experimental intravitreal itracona-
zole. Int Ophthalmol. 1991; 15: 21-24. PMID: 1849126

Lambert V, Lecomte J, Hansen S, Blacher S, Gonzalez ML, Struman |, et al. Laser-induced choroidal
neovascularization model to study age-related macular degeneration in mice. Nat Protoc. 2013; 8:
2197-2211. https://doi.org/10.1038/nprot.2013.135 PMID: 24136346

Krzystolik MG, Afshari MA, Adamis AP, Gaudreault J, Gragoudas ES, Michaud NA, et al. Prevention of
experimental choroidal neovascularization with intravitreal anti-vascular endothelial growth factor anti-
body fragment. Arch Ophthalmol. 2002; 120: 338—346. PMID: 11879138

Lyzogubov VV, Tytarenko RG, Bora NS, Bora PS. Inhibitory role of adiponectin peptide | on rat choroi-
dal neovascularization. Biochim Biophys Acta. 2012; 1823: 1264—1272. https://doi.org/10.1016/j.
bbamcr.2012.05.017 PMID: 22633972

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25: 402—408. https://doi.org/10.1006/meth.2001.
1262 PMID: 11846609

Shi W, Nacev BA, Bhat S, Liu JO. Impact of absolute stereochemistry on the antiangiogenic and antifun-
gal activities of itraconazole. ACS Med Chem Lett. 2010; 1: 155—-159. https://doi.org/10.1021/
mI1000068 PMID: 21892383

Antonarakis ES, Heath EI, Smith DC, Rathkopf D, Blackford AL, Danila DC, et al. Repurposing itracona-
zole as a treatment for advanced prostate cancer: a noncomparative randomized phase Il trial in men
with metastatic castration-resistant prostate cancer. Oncologist. 2013; 18: 163—173. https://doi.org/10.
1634/theoncologist.2012-314 PMID: 23340005

Takata S, Masuda T, Nakamura S, Kuchimaru T, Tsuruma K, Shimazawa M, et al. The effect of triam-
cinolone acetonide on laser-induced choroidal neovascularization in mice using a hypoxia visualization
bio-imaging probe. Sci Rep. 2015; 5: 9898. https://doi.org/10.1038/srep09898 PMID: 25927172

Saishin Y, Saishin Y, Takahashi K, Lima e Silva R, Hylton D, Rudge JS, et al. VEGF-TRAP(R1R2) sup-
presses choroidal neovascularization and VEGF-induced breakdown of the blood-retinal barrier. J Cell
Physiol. 2003; 195: 241-248. https://doi.org/10.1002/jcp.10246 PMID: 12652651

OzakiH, Yu AY, Della N, Ozaki K, Luna JD, Yamada H, et al. Hypoxia inducible factor-1a is increased
in ischemic retina: temporal and spatial correlation with VEGF expression. Invest Ophthalmol Vis Sci.
1999; 40: 182—-189. PMID: 9888442

PLOS ONE | https://doi.org/10.1371/journal.pone.0180482 June 30, 2017 12/13


http://www.ncbi.nlm.nih.gov/pubmed/12967792
https://doi.org/10.1016/j.ajo.2005.11.050
http://www.ncbi.nlm.nih.gov/pubmed/16564796
https://doi.org/10.1021/cb600362d
http://www.ncbi.nlm.nih.gov/pubmed/17432820
https://doi.org/10.1158/0008-5472.CAN-11-0691
https://doi.org/10.1158/0008-5472.CAN-11-0691
http://www.ncbi.nlm.nih.gov/pubmed/21896639
https://doi.org/10.1073/pnas.0910872107
http://www.ncbi.nlm.nih.gov/pubmed/20176935
https://doi.org/10.1016/j.ccr.2010.02.027
https://doi.org/10.1016/j.ccr.2010.02.027
http://www.ncbi.nlm.nih.gov/pubmed/20385363
https://doi.org/10.1074/jbc.M109.007609
https://doi.org/10.1074/jbc.M109.007609
http://www.ncbi.nlm.nih.gov/pubmed/19414590
https://doi.org/10.1074/jbc.M111.278754
http://www.ncbi.nlm.nih.gov/pubmed/22025615
https://doi.org/10.1159/000366283
http://www.ncbi.nlm.nih.gov/pubmed/25342430
https://doi.org/10.1001/archophthalmol.2010.69
http://www.ncbi.nlm.nih.gov/pubmed/20457981
http://www.ncbi.nlm.nih.gov/pubmed/1849126
https://doi.org/10.1038/nprot.2013.135
http://www.ncbi.nlm.nih.gov/pubmed/24136346
http://www.ncbi.nlm.nih.gov/pubmed/11879138
https://doi.org/10.1016/j.bbamcr.2012.05.017
https://doi.org/10.1016/j.bbamcr.2012.05.017
http://www.ncbi.nlm.nih.gov/pubmed/22633972
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1021/ml1000068
https://doi.org/10.1021/ml1000068
http://www.ncbi.nlm.nih.gov/pubmed/21892383
https://doi.org/10.1634/theoncologist.2012-314
https://doi.org/10.1634/theoncologist.2012-314
http://www.ncbi.nlm.nih.gov/pubmed/23340005
https://doi.org/10.1038/srep09898
http://www.ncbi.nlm.nih.gov/pubmed/25927172
https://doi.org/10.1002/jcp.10246
http://www.ncbi.nlm.nih.gov/pubmed/12652651
http://www.ncbi.nlm.nih.gov/pubmed/9888442
https://doi.org/10.1371/journal.pone.0180482

@° PLOS | ONE

ltraconazole and inhibition of choroidal neovascularization

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kelly BD, Hackett SF, Hirota K, Oshima Y, Cai Z, Berg-Dixon S, et al. Cell type-specific regulation of
angiogenic growth factor gene expression and induction of angiogenesis in nonischemic tissue by a
constitutively active form of hypoxia-inducible factor 1. Circ Res. 2003; 93: 1074—1081. https://doi.org/
10.1161/01.RES.0000102937.50486.1B PMID: 14576200

Oshima Y, Oshima S, Nambu H, Kachi S, Hackett SF, Melia M, et al. Increased expression of VEGF in
retinal pigmented epithelial cells is not sufficient to cause choroidal neovascularization. J Cell Physiol.
2004; 201: 393-400. https://doi.org/10.1002/jcp.20110 PMID: 15389527

Campochiaro PA. Molecular pathogenesis of retinal and choroidal vascular diseases. Prog Retin Eye
Res. 2015; 49: 67-81. https://doi.org/10.1016/j.preteyeres.2015.06.002 PMID: 26113211

ShiYY, Wang YS, Zhang ZX, Cai Y, Zhou J, Hou HY, et al. Monocyte/macrophages promote vasculo-
genesis in choroidal neovascularization in mice by stimulating SDF-1 expression in RPE cells. Graefes
Arch Clin Exp Ophthalmol. 2011; 249: 1667—1679. https://doi.org/10.1007/s00417-011-1699-4 PMID:

21655971

Liu J, Copland DA, Horie S, Wu WK, Chen M, Xu Y, et al. Myeloid cells expressing VEGF and arginase-
1 following uptake of damaged retinal pigment epithelium suggests potential mechanism that drives the
onset of choroidal angiogenesis in mice. PLoS One. 2013; 8: €72935. https://doi.org/10.1371/journal.
pone.0072935 PMID: 23977372

Waullschleger S, Loewith R, Hall MN. TOR signaling in growth and metabolism. Cell. 2006; 124: 471—
484. https://doi.org/10.1016/j.cell.2006.01.016 PMID: 16469695

Fingar DC, Blenis J. Target of rapamycin (TOR): an integrator of nutrient and growth factor signals and
coordinator of cell growth and cell cycle progression. Oncogene. 2004; 23: 3151-3171. https://doi.org/
10.1038/sj.onc.1207542 PMID: 15094765

Del Carratore R, Carpi A, Beffy P, Lubrano V, Giorgetti L, Maserti BE, et al. ltraconazole inhibits HMEC-
1 angiogenesis. Biomed Pharmacother. 2012; 66: 312—317. https://doi.org/10.1016/j.biopha.2011.11.
004 PMID: 22564244

Lin CH, Li CH, Liao PL, Tse LS, Huang WK, Cheng HW, et al. Silibinin inhibits VEGF secretion and age-
related macular degeneration in a hypoxia-dependent manner through the PI-3 kinase/Akt/mTOR path-
way. BrJ Pharmacol. 2013; 168: 920-931. https://doi.org/10.1111/j.1476-5381.2012.02227.x PMID:
23004355

Surace EM, Balaggan KS, Tessitore A, Mussolino C, Cotugno G, Bonetti C, et al. Inhibition of ocular
neovascularization by hedgehog blockade. Mol Ther. 2006; 13: 573-579. https://doi.org/10.1016/j.
ymthe.2005.10.010 PMID: 16343995

Barouch FC, Miller JW. Anti-vascular endothelial growth factor strategies for the treatment of choroidal
neovascularization from age-related macular degeneration. Int Ophthalmol Clin. 2004; 44: 23-32.
PMID: 15211174

Grunewald FS, Prota AE, Giese A, Ballmer-Hofer K. Structure-function analysis of VEGF receptor acti-
vation and the role of coreceptors in angiogenic signaling. Biochim Biophys Acta. 2010; 1804: 567-580.
https://doi.org/10.1016/j.bbapap.2009.09.002 PMID: 19761875

Kerbel RS. Tumor angiogenesis. N Engl J Med. 2008; 358: 2039—-2049. https://doi.org/10.1056/
NEJMra0706596 PMID: 18463380

Nagy JA, Dvorak AM, Dvorak HF. VEGF-A and the induction of pathological angiogenesis. Annu Rev
Pathol. 2007; 2: 251-275. https://doi.org/10.1146/annurev.pathol.2.010506.134925 PMID: 18039100

Fu Y, Ponce ML, Thill M, Yuan P, Wang NS, Csaky KG. Angiogenesis inhibition and choroidal neovas-
cularization suppression by sustained delivery of an integrin antagonist, EMD478761. Invest Ophthal-
mol Vis Sci. 2007; 48: 5184—5190. https://doi.org/10.1167/iovs.07-0469 PMID: 17962472

Takahashi H, Obata R, Tamaki Y. A novel vascular endothelial growth factor receptor 2 inhibitor,
SU11248, suppresses choroidal neovascularization in vivo. J Ocul Pharmacol Ther. 2006; 228: 213—
218.

Yamada K, Sakurai E, ltaya M, Yamasaki S, Ogura Y. Inhibition of laser-induced choroidal neovascular-
ization by atorvastatin by downregulation of monocyte chemotactic protein-1 synthesis in mice. Invest
Ophthalmol Vis Sci. 2007; 48: 1839-1843. https://doi.org/10.1167/iovs.06-1085 PMID: 17389519

PLOS ONE | https://doi.org/10.1371/journal.pone.0180482 June 30, 2017 13/13


https://doi.org/10.1161/01.RES.0000102937.50486.1B
https://doi.org/10.1161/01.RES.0000102937.50486.1B
http://www.ncbi.nlm.nih.gov/pubmed/14576200
https://doi.org/10.1002/jcp.20110
http://www.ncbi.nlm.nih.gov/pubmed/15389527
https://doi.org/10.1016/j.preteyeres.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26113211
https://doi.org/10.1007/s00417-011-1699-4
http://www.ncbi.nlm.nih.gov/pubmed/21655971
https://doi.org/10.1371/journal.pone.0072935
https://doi.org/10.1371/journal.pone.0072935
http://www.ncbi.nlm.nih.gov/pubmed/23977372
https://doi.org/10.1016/j.cell.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16469695
https://doi.org/10.1038/sj.onc.1207542
https://doi.org/10.1038/sj.onc.1207542
http://www.ncbi.nlm.nih.gov/pubmed/15094765
https://doi.org/10.1016/j.biopha.2011.11.004
https://doi.org/10.1016/j.biopha.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22564244
https://doi.org/10.1111/j.1476-5381.2012.02227.x
http://www.ncbi.nlm.nih.gov/pubmed/23004355
https://doi.org/10.1016/j.ymthe.2005.10.010
https://doi.org/10.1016/j.ymthe.2005.10.010
http://www.ncbi.nlm.nih.gov/pubmed/16343995
http://www.ncbi.nlm.nih.gov/pubmed/15211174
https://doi.org/10.1016/j.bbapap.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19761875
https://doi.org/10.1056/NEJMra0706596
https://doi.org/10.1056/NEJMra0706596
http://www.ncbi.nlm.nih.gov/pubmed/18463380
https://doi.org/10.1146/annurev.pathol.2.010506.134925
http://www.ncbi.nlm.nih.gov/pubmed/18039100
https://doi.org/10.1167/iovs.07-0469
http://www.ncbi.nlm.nih.gov/pubmed/17962472
https://doi.org/10.1167/iovs.06-1085
http://www.ncbi.nlm.nih.gov/pubmed/17389519
https://doi.org/10.1371/journal.pone.0180482

