
Pleiotropic Effects of YC-1 Selectively Inhibit Pathological
Retinal Neovascularization and Promote Physiological
Revascularization in a Mouse Model of Oxygen-Induced
Retinopathy□S

M. DeNiro, A. Al-Halafi, F. H. Al-Mohanna, O. Alsmadi,1 and F. A. Al-Mohanna
Research Department (M.D.) and Vitreoretinal Division (A.A.), King Khaled Eye Specialist Hospital, Riyadh, Saudi Arabia;
Department of Comparative Medicine, Research Center (M.D., F.H.A.), Department of Genetics, Research Center (O.A.), and
Department of Biological and Medical Research (F.A.A.), King Faisal Specialist Hospital and Research Centre, Riyadh, Saudi
Arabia; and University of California, San Diego/Shiley Eye Center, La Jolla, California

Received September 29, 2009; accepted December 14, 2009

ABSTRACT
Vascular endothelial growth factor (VEGF) and inducible nitric-
oxide synthase (iNOS) have been implicated in ischemia-in-
duced retinal neovascularization. Retinal ischemia has been
shown to induce VEGF and iNOS expression. It has been
postulated that one of the crucial consequences of iNOS ex-
pression in the ischemic retina is the inhibition of angiogenesis.
Furthermore, iNOS was shown to be overexpressed in Müller
cells from patients with diabetic retinopathy. YC-1, a small
molecule inhibitor of hypoxia-inducible factor (HIF)-1�, has
been shown to inhibit iNOS expression in various tissue mod-
els. Our aim was to assess the pleiotropic effects of YC-1 in an
oxygen-induced retinopathy (OIR) mouse model and evaluate
its therapeutic potential in HIF-1- and iNOS-mediated retinal
pathologies. Dual-injections of YC-1 into the neovascular reti-
nas decreased the total retinopathy score, inhibited vaso-oblit-
eration and pathologic tuft formation, and concomitantly pro-
moted physiological retinal revascularization, compared with

dimethyl sulfoxide (DMSO)-treated group. Furthermore, YC-1-
treated retinas exhibited a marked increase in immunoreactiv-
ities for CD31 and von Willebrand factor and displayed sig-
nificant inhibition in HIF-1� protein expression. Furthermore,
YC-1 down-regulated VEGF, erythropoietin, endothelin-1, ma-
trix metalloproteinase-9, and iNOS message and protein levels.
When hypoxic Müller and neuoroglial cells were treated with
YC-1, iNOS mRNA and protein levels were reduced in a dose-
dependent fashion. We demonstrate that YC-1 inhibits patho-
logical retinal neovascularization by exhibiting antineovascular
activities, which impaired ischemia-induced expression of
HIF-1 and its downstream angiogenic molecules. Furthermore,
YC-1 enhanced physiological revascularization of the retinal
vascular plexuses via the inhibition of iNOS mRNA and protein
expressions. The pleiotropic effects of YC-1 allude to its pos-
sible use as a promising therapeutic iNOS inhibitor candidate
for the treatment of retinal neovascularization.

Retinal neovascularization (NV) is the major cause of se-
vere vision loss and irreversible blindness in developed coun-

tries, affecting people of all ages (Lee et al., 1998). These
clinical and pathologic manifestations occur in diabetic retinop-
athy, retinopathy of prematurity (ROP), age-related macular
degeneration and retinal vein occlusion. The early stages of
retinopathy result from retinal ischemia as a result of nonper-
fusion of the retina or a decrease in oxygen tension (Barinapa,
1995). In the late stages, the ischemia-induced pathologic
growth of new blood vessels can cause catastrophic loss of
vision.
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Hypoxia-inducible factor-1 (HIF-1) is a heterodimer that
play important roles in embryonic vascularization, angiogen-
esis, and apoptosis. Under hypoxic/ischemic conditions, and
because of the inhibition of proline hydroxylase/von Hippel
Lindau degradation pathway (Semenza, 2000), and the con-
sequent stabilization of the � subunit, HIF-1 binds to the
hypoxia response element in hypoxia-responsive target genes
and triggers the transcription of many genes such as vascu-
lar endothelial growth factor (VEGF) (Pe’er et al., 1995; For-
sythe et al., 1996), inducible nitric-oxide synthase (iNOS)
(Melillo et al., 1995), erythropoietin (EPO) (Wang and Se-
menza, 1996), and endothelin-1 (ET-1) (Hu et al., 1998).

Oxygen-induced retinopathy (OIR) is a model for human
retinopathy of prematurity (ROP). The mouse model for OIR
was introduced by Smith et al. (1994), and it is widely used to
study retinal neovascularization in vivo. In this model, P7
mice were exposed for 5 days (P7–P12) to hyperoxic condi-
tions (75% O2), producing vaso-obliteration (more than 60%
of the retinal vasculature is lost during this stage) and ces-
sation of vascular development in the capillary beds of the
central retina. In addition, exposure to hyperoxia induces
vessel regression via selective apoptosis of vascular endothe-
lial cells (Alon et al., 1995; Yamada et al., 1999). On P12,
mice are returned to room air (i.e., normoxia); relative hyp-
oxia ensues in the severely hypovascular central retina, caus-
ing abnormal vascular growth. As a result, HIF-1 is overex-
pressed, VEGF is up-regulated, and pathological conditions
will lead to angioproliferation in the immature retina over
the next 3 to 5 days (P17). These pathological conditions of
the retina will ultimately cause the development of retinal
neovascularization (Pierce et al., 1995; Ozaki et al., 2000).
Around P15, the retinal ischemia initiates an aggressive
neovascular response at the interface of the perfused retinal
periphery and the ischemic central capillary beds. In addi-
tion, VEGF is up-regulated, and preretinal neovasculariza-
tion appears between P15 and P21 with maximal neovascu-
larization at P17 (Pierce et al., 1995; Ozaki et al., 2000).

Clinical and experimental observations have indicated
that ischemia triggers retinal NV through an excessive pro-
duction of one or more angiogenic factors. Furthermore,
pathologic angiogenesis in the mouse model of OIR is known
to be regulated by ischemia-mediated expression of angio-
genic factors such as VEGF (Ishida et al., 2003). When cells
were incubated under hypoxic conditions, oxygen becomes
limiting, and HIF-1� accumulates within the cells; ulti-
mately, several downstream molecules, such as VEGF, EPO,
and iNOS, are up-regulated. VEGF has a profound impact on
multiple functions in endothelial cells, such as proliferation,
migration, survival, tube formation, and vascular permeabil-
ity (Matsumoto and Claesson-Welsh, 2001; Cross et al.,
2003). In addition, previous data have indicated that in-
creased levels of HIF-1� in ischemic retinas correlated tem-
porally and spatially with the increased expression of VEGF
in such a way that HIF-1� preceded the up-regulation of
VEGF (Ozaki et al., 1999). Furthermore, retinal ischemia is
the major driving force behind the induction of VEGF, which
plays a crucial role in ocular pathogenesis (Campochiaro,
2000). Several studies have indicated that no single growth
factor acts alone to cause retinal NV. Such interaction occurs
between basic fibroblast growth factor and VEGF in the
induction of angiogenesis. There is substantial evidence to
indicate that EPO, which is a potent ischemia-induced an-

giogenic factor, acts independently of VEGF during retinal
angiogenesis in proliferative diabetic retinopathy (Jaquet et
al., 2002; Watanabe et al., 2005). Another pro-angiogenic
factor that has been implicated in preretinal NV, including
diabetic retinopathy and ROP, is matrix metalloproteinase-9
(MMP-9). Studies by Das et al. (1999) indicated that both
MMP-2 and MMP-9 are present in neovascular diabetic
membranes and that MMP-2 and -9 retinal mRNAs and
proteins are increased in mice with ischemia-induced retinal
NV. In addition, MMP-9 plays a major role in the pathogen-
esis of diabetic retinopathy and in choroidal neovasculariza-
tion (Steen et al., 1998; Das et al., 1999; Majka et al., 2001;
Lambert et al., 2002, 2003; Sivak and Fini, 2002; Zhang
et al., 2002). Moreover, ET-1, another pro-angiogenic factor,
is produced by endothelial cells (Inoue et al., 1999) and in-
duced by HIF-1-signaling (Hu et al., 1998). ET-1 exhibits a
substantial increase in the mRNA levels in the retinas of
chronic diabetic BB/W rats (Chakrabarti and Sima, 1997). In
addition, ET-1 is involved in various stages of neovascular-
ization from endothelial cell proliferation to stimulation of
endothelial cell migration, invasion, protease production, and
tube formation (Salani et al., 2000). Furthermore, ET-1 se-
cretion has been implicated in retinal hyperoxic vasoconstric-
tion (Takagi et al., 1996), and it has been shown that hyper-
oxia stimulates ET-1 secretion from endothelial cells
(Higgins et al., 1998). Moreover, ET-1 expression in the ret-
ina increased 4.1-fold from P7 to P12 and a 1.9-fold increase
from P12 to P17. Overall, there was an 8-fold increase in
ET-1 expression from P7 to P17 (Tadesse et al., 2001).

Nitric oxide (NO) is a crucial signaling molecule that me-
diates a variety of essential processes, including neurotrans-
mission and vasodilation (Christopherson and Bredt, 1997).
Furthermore, NO has also been implicated in the pathogen-
esis of retinal injury from hypoxia/ischemia (Adachi et al.,
1998), and it has been shown to exert negative effects in
diabetic retinopathy, glaucoma, and ROP. Data have indi-
cated that cytokine- and growth factor-iNOS) is associated
with production of large quantities of NO (Chiou et al., 2001).
Moreover, NO is known to influence neovascularization in a
variety of models of angiogenesis, and its effect can be pro-
angiogenic (Papapetropoulos et al., 1997; Ziche et al., 1997;
Parenti et al., 1998) or antiangiogenic (Tuder et al., 1995;
Tsurumi et al., 1997; Liu et al., 1998). These seemingly
contradictory data may be explained by the action of different
nitric-oxide synthase (NOS) isoforms in the different models
used. The role of nNOS in angiogenesis remains undeter-
mined (Borda et al., 2005); however, there is increasing evi-
dence that endothelial NOS play a pro-angiogenic role (Mu-
rohara et al., 1998; Fulton et al., 1999). Previous studies have
indicated that the effects of iNOS were contradictory with
both (Sennlaub et al., 1999; Pipili-Synetos et al., 2000), and
proangiogenic (Hattenbach et al., 2002; He et al., 2007). The
current manuscript focused on the effect of YC-1 on iNOS
inhibition; ultimately, the impact of YC-1 on retinal NV.
Sennlaub and Goureau (2001) and Kobayashi et al. (2000)
have both shown that iNOS is induced in ischemic prolifer-
ative retinopathy. In addition, iNOS induction by hypoxia
has been demonstrated by others in vitro (Melillo et al., 1995)
and in vivo (Palmer et al., 1998). HIF-1 is up-regulated in the
murine model of ischemic proliferative retinopathy (Ozaki et
al., 1999). Because the consensus sequence for HIF-1 tran-
scription factor is present in the promoter of iNOS (Melillo et
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al., 1995), HIF could be responsible for iNOS induction in the
ischemic retina. In recent years, accumulating evidence sug-
gests that inflammation is a key event in the pathogenesis of
diabetic vascular complications (Abu el-Asrar et al., 1997;
Mitamura et al., 2001; Hernández et al., 2005). During dia-
betic retinopathy, the expression of iNOS is up-regulated and
is thought to play a key role in the pathogenesis of retinal
neovascularization. Nitric oxide (NO), derived from iNOS,
regulates the expression of P-selectin and intercellular adhe-
sion molecule-1 and contributes to vasodilation (Lush et al.,
2001; Cuzzocrea et al., 2002; Hierholzer et al., 2004). In
addition, iNOS expression in the retina is likely to cause
tissue damage by interfering with the beneficial activities of
constitutive neuronal NOS and endothelial NOS (Thillaye-
Goldenberg et al., 2000; Liversidge et al., 2002; Rajendram et
al., 2007). Previous data have indicated that YC-1 profoundly
blocked LPS-induced up-regulation of iNOS expression in
tissues of the endotoxemic mouse model (Pan et al., 2005). In
addition, previous investigations have confirmed the up-reg-
ulation of both VEGF and iNOS in the retina of OIR models.
The up-regulation of both VEGF and iNOS indicate that
their pathological roles in the retinal NV (Kaur et al., 2006).
Moreover, it has been revealed that VEGF induces the ex-
pression of iNOS (Kroll and Waltenberger, 1998) and stimu-
lates production of NO (van der Zee et al., 1997). Müller cells,
which are astrocyte-like radial glial cells that extend verti-
cally throughout the retina, are thought to play an important
role in pathologic processes of retinal wound healing and NV.
In addition, they control the onset of endothelial activation
and neovascularization largely by releasing antiangiogenic
cytokines. Moreover, massive local proliferation of Müller
cells is a key feature of retinal proliferative disorders. Data
have identified iNOS as one of the major contributors to NO
production in Müller cells (Du et al., 2004), and several
investigations have demonstrated that rat Müller cells
(rMC–1) can be used as an in vitro model to study the VEGF
induction pathway in ischemia-induced retinal angiogenesis
(Qi et al., 2004). Moreover, iNOS immunoreactivity was up-
regulated in retinal Müller glial cells from human patients
with nonproliferative diabetic retinopathy (Abu El-Asrar
et al., 2004).

YC-1 is a small molecule HIF-1 inhibitor that potentiates
soluble guanylyl cyclase (sGC) stimulation. In a previously
published chemical structure of YC-1, Ko et al. (1994) indi-
cated that this synthetic chemical benzylindazole compound
possessed antiplatelet activity and potentiated sGC stim-
ulation. In platelets and vascular smooth muscle, the ad-
ministration of YC-1 is accompanied by an increase in the
intracellular cGMP concentration, which occurs via the
stimulation of sGC (Teng et al., 1997; Galle et al., 1999).
We have recently demonstrated that YC-1 down-regulates
HIF-1�, HIF-2�, VEGF, EPO, ET-1, and MMP-9 protein
levels in the human retinal microvascular endothelial cells
(DeNiro et al., 2009). During this study, we hypothesized the
following: 1) YC-1 possesses novel pleiotropic effects, which
could impair ischemia-induced expression of HIF-1 and its
downstream angiogenic molecules. This may ultimately in-
hibit retinal neovascularization progression by exhibiting
novel antiangiogenic properties via impeding HIF-1- and
iNOS-mediated retinal pathologies; 2) YC-1 may selectively
inhibit pathological NV and concomitantly promote physio-
logical RV in a mouse model of ischemic retinopathy; 3) In

addition to being a potent HIF-1 inhibitor and because of its
pleiotropic effects, YC-1 could play a major role in the inhi-
bition of iNOS expression in the retina and may ultimately
become a potential candidate for the treatment of retinal
neovascularization. This article reveals that YC-1 selectively
inhibits pathological NV and concomitantly promotes physi-
ological RV in a mouse model of OIR. The current study
investigates the efficacy of YC-1 in modulating iNOS expres-
sion as a therapeutic modality to target retinal NV in vivo
and examines the therapeutic potentials of using YC-1 as a
HIF-1 and an iNOS inhibitor.

Materials and Methods
Reagents. YC-1 (Ko et al., 1994) was purchased from A.G. Scien-

tific (San Diego, CA) and dissolved in sterile dimethyl sulfoxide
(DMSO). Fluorescein isothiocyanate (FITC)-dextran (2,000,000 mol.
wt.) was purchased from Sigma-Aldrich (St. Louis, MO). Monoclonal
mouse anti-HIF-1� (clone H1�67) and monoclonal rabbit anti-VEGF
antibodies were both purchased from Millipore (Billerica, MA). Poly-
clonal goat anti-EPO antibody was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Polyclonal rabbit anti-ET-1 antibody
was purchased from Abbiotec (San Diego, CA). Monoclonal mouse
anti-MMP-9 antibody was purchased from Neuromab (Davis, CA).
For iNOS detection, monoclonal mouse anti-iNOS antibody (Abcam,
Cambridge, MA) was used in all Western blot and immunofluores-
cence staining, whereas monoclonal mouse anti-iNOS antibody (BD
Biosciences, San Diego, CA) was used in all immunohistochemistry
staining. Monoclonal rat anti-mouse platelet endothelial cell adhe-
sion molecule-1 (also known as CD31) antibody was purchased from
BD Biosciences (Franklin Lakes, NJ). Polyclonal rabbit anti-von
Willebrand Factor (vWF) antibody was purchased from Abcam
(Cambridge, MA). Polyclonal rabbit anti-�-actin antibody was pur-
chased from MBL International (Woburn, MA).

Animals and Experimental Design. C57BL/6J mice (The Jack-
son Laboratory, Bar Harbor, ME) were used in these experiments.
All animal protocols were approved by the Institutional Review
Board and conformed to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research statement of the Association for
Research in Vision and Ophthalmology. Mice were divided into four
separate groups: 1) nontreated mice grown under ambient conditions
(negative control); 2) nontreated hyperoxia-exposed mice (positive
control); 3) DMSO-treated hyperoxia-exposed mice (sham-treated);
and 4) YC-1-treated hyperoxia-exposed mice (drug-treated).

Mouse Model of Oxygen-Induced Retinopathy. As outlined in
Fig. 1, retinal NV was induced in newborn mice as described previ-
ously (Smith et al., 1994). In brief, P7 mice were exposed with their
nursing mother for 5 days (between P7 and P12) to hyperoxic condi-
tions, by incubating them in an airtight chamber (PROOX 110 cham-
ber O2 controller; Biospherix Ltd., Redfield, NY) ventilated by a
mixture of O2 and air to a final oxygen fraction of 75 � 2%. These
incubation conditions induced vaso-obliteration and subsequent ces-
sation of vascular development in the capillary beds of the central
retina (Smith et al., 1994). At P12, the mice were allowed to recover
under normal room air conditions and maintained for another 5 days
(until P17, the day in which peak disease occurs). A condition of
relative hypoxia resulted between P12 and P17, and extensive reti-
nal NV developed in 100% of the mice. Age-matched animals with
the hyperoxia-exposed groups were maintained identically, except
that they were exposed to room air (21% O2/79% N2) for the entire
duration of the experiment. All animals were examined and sacri-
ficed on the same days.

Intravitreal Injections. A group of hyperoxia-exposed animals
(n � 15) were injected intravitreally (into both eyes), immediately
after removal from 5-day treatment of 75% oxygen at P12 and P15
with 3 �l of YC-1 (100 �M) (drug-treated group). Another group of
hyperoxia-exposed mice (n � 15) were injected intravitreally (into
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both eyes), immediately after removal from 5-day treatment of 75%
oxygen, at P12 and P15 with 3 �l of DMSO [0.2% (v/v)] (sham-treated
group). Nontreated mice grown under ambient conditions, nontreated hy-
peroxia-exposed mice, DMSO-treated hyperoxia-exposed mice, and
YC-1-treated hyperoxia-exposed mice were all examined at different
critical time points for qualitative assessment of the retinal vascu-
lature by fluorescein angiography.

Retinal Fluorescein Angiography with High-Molecular-
Weight Fluorescein-Dextran. Mice were anesthetized with an
injection of a ketamine (100 mg/kg i.p.) and xylazine (15 mg/kg i.p.)
solution. Mice were then perfused through the left ventricle with 600
�l of high-molecular-mass (2 � 106 Da) FITC-dextran in PBS (50
mg/ml), which was allowed to circulate for 2 min before the animals
were euthanized and the eyes enucleated. Subsequent to retinal
extraction, all retinas were fixed in 4% paraformaldehye for 24 h at
4°C. A dissecting microscope was used to remove the cornea and lens
and gently separate the retina from the underlying choroid and

sclera. Microscissors were used to make four radial incisions of the
retinal eyecup to prepare retinal flat mounts on glass slides. Flat
mounts were immersed in Aquamount mounting medium (Poly-
sciences, Warrington, PA), coverslips were carefully placed over the
retina, and the edges of the coverslips were sealed.

Histological Analysis of Retinal Sections and Quantifica-
tion of Extraretinal NV. Mice were sacrificed using sodium pen-
tobarbital. After midline sternotomy was performed, the left ventri-
cle was injected with 4% paraformaldehyde in PBS. The eyes were
enucleated, placed immediately in optimum cutting temperature
embedding compound (Sakura Fine Tek, Torrence, CA), and frozen
at �70°C. Serial 5-�m sections of the eye were cut and stained with
hematoxylin and eosin. Sections from individual retinas were scored
in a masked fashion using light microscopy (Axiovert 135; Zeiss,
Thornwood, NY). Digital images of representative sites were ac-
quired at 63� or 200� magnification (AxioCam, NY). All nuclei
extending beyond the ILM into the vitreous were counted as de-

Fig. 1. A, timeline of study of retinal vasculature during normal development and oxygen-induced retinopathy. This diagram was based on the
protocol, which was developed by Smith et al. (1994). Experimental mice were placed in 75% O2 between P7 and P12. Mice were returned to room air
on P12, which triggered a relative ischemic condition in the retina. The retina then exhibited pathologic growth of vessels in the superficial layer, with
preretinal vascular tufts that extended through the ILM into the vitreous. Double intravitreal injections of YC-1 (100 �M) were administered
immediately after removal from 5-day treatment of 75% oxygen on P12 and P15. Mice were sacrificed on P12, P15, P17, P21, and P22. Solid blue line,
normal vessel growth under ambient conditions; solid red line, vessel growth under OIR conditions; needles, YC-1-injection time points. B, 1, image
represents nontreated OIR retina at P12 (n � 4); retinas prepared from P12 exhibited marked regression of the central vascular network (yellow
arrowheads) after exposure to 75% oxygen at P7. 2, image represents nontreated OIR retina at P15 (n � 4); retinas prepared from P15 displayed the
loss of central vasculature (yellow arrowheads) and the presence of tortuous blood vessels (orange arrowheads). 3, image represents nontreated OIR
retina at P17 (n � 8); retinas prepared from P17 showed partial revascularization from the periphery inward after return to normoxic conditions at
P12, accompanied by the formation of pathologic new vascular tufts (red arrowheads). Please note the avascular area (yellow arrowheads) in the
central segment of the retina and the presence of severe vessel tortuosity (orange arrowheads).
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scribed previously (Smith et al., 1994). Efficacy of treatment was
calculated as the percentage of average of nuclei per section in the
eyes of YC-1-treated mice versus nontreated ischemic retina. A min-
imum of 10 sections at least 50 �m apart were evaluated and counted
per eye and then averaged. The average neovascular nuclei � S.E.M.
per section per eye was used in the statistical analysis.

Quantification of Retinal Vasculature and Scoring of Ret-
inal NV. Retinopathy score of retinal whole mounts was performed
using fluorescent microscopy (Axiovert 135), and images were ac-
quired using a 10� and 100� objectives using a digital camera
(AxioCam). The extent of retinal NV was then by conducting a
combination of 1) retinal fluorescein angiography; 2) fluorescent
microscopy, to analyze the retinopathy score; 3) Metamorph imaging
software (Molecular Devices, Sunnyvale, CA), to quantify the extent
of retinal NV; and ultimately, 4) implementing the retinal NV scor-
ing system as described previously (Higgins et al., 1999). In brief, the
entire retina was outlined to distinguish the total retinal area of each
eye. Then, the images were thresholded to emphasize only the FITC-
perfused vessels. This permitted the measurement of total blood
vessel area of each retina and the percentage of each retina that is
engrossed with blood vessels. Furthermore, retinal NV scoring was
performed as described previously (Higgins et al., 1999). In brief, the
retinopathy scoring system was developed using a modification of a
described previously scoring system for the kitten (Phelps and
Rosenbaum, 1977, 1984; Higgins and Phelps, 1990) and the ICROP
(Anonymous, 1984) that is used clinically in the neonatal intensive
care unit. The scoring system is shown in Fig. 4B. Blood vessel
growth and central vasoconstriction (loss of central vasculature)
delineate the degree of immaturity seen postnatally in the mouse
and the degree of injury caused by the hyperoxia. Vasoconstriction or
loss of central vessels is manifested in human ROP as vasoconstric-
tion and vaso-obliteration in the growing vessel front followed by the
development of a retinopathy in the preterm infant. Neonatal retinal
vasoconstriction has been shown to occur at arterial oxygen tensions
above 100 mm Hg (Aranda et al., 1971). The healing or vasoprolif-
erative phase was scored based on 1) the size of the central avascular
area, 2) blood vessel tuft formation, 3) extraretinal neovasculariza-
tion, and 4) presence of blood vessel tortuosity. Degree of maturity
(i.e., distance of growth of the blood vessels from the center of the
retina to the periphery) is defined by arbitrarily dividing the retina
into three zones, similar to method used by the International Clas-
sification of Retinopathy of Prematurity (Anonymous, 1984). For the
purposes of this model, we divided the retina into three areas: zone
1, the inner circumferential third of the retina around the optic disc;
zone 2, the middle third of the retina; and zone 3, the outer third of
the retina. The extent of disease was specified by clock hours or
distance around the retina (number of twelfths similar to a clock) in
the same fashion as the ICROP method (Anonymous, 1984). The
scoring was performed in a masked fashion, by employing fluores-
cence microscopy (Axiovision; Zeiss), evaluating and scoring each
retina in a blinded manner by three observers. The minimum score
according to this method is 0, and the maximum score is 13. Maximal
vasoproliferation in this mouse model has previously been reported
to occur from P17 to P21 (Smith et al., 1994). The average retinop-
athy score for each animal was used for statistical analysis.

Quantitative Assessment of Vascular Density in the Retinal
Microvasculature. Retinas were harvested at various time points
and fixed with 4% paraformaldehyde and methanol followed by
blocking in 50% FBS/20% normal goat serum for 1 h at room tem-
perature. To stain retinal vasculature, retinas were incubated with
anti-CD31 or anti-vWF antibodies. The sections were washed with
Tris-buffered saline/Tween 20 and incubated with EnVision Polymer
HRP secondary antibody (Dako North America, Inc., Carpinteria,
CA) for 30 min. Light microscopy (Axiovert 135) was employed and
images were acquired using a digital camera (AxioCam) at 63�
objectives.

Quantitative RT-PCR by Molecular Beacon Assays. mRNA
levels for all genes (HIF-1�, VEGF, EPO, ET-1, MMP-9, and iNOS)

were quantified by real time RT-PCR. We used the primers summa-
rized in Fig. 8G for RT-PCR. Gene-specific molecular beacons and
primers were designed to encompass the genes of interest, with
beacon’s annealing site to overlap with the exon-exon junctions for
additional specificity (Beacon Designer 6.0; Premier Biosoft Interna-
tional, Palo Alto, CA) (Fig. 8G). Threshold cycle (Ct) values for the
different samples were used for the calculation of gene expression
fold change using the formula 2��(�CT). Fold changes in the (HIF-1�,
VEGF, EPO, ET-1, MMP-9, and iNOS) gene relative to the �-actin
endogenous control gene were determined by the following equation:
fold change � 2��(�CT), where change in threshold cycle (�CT) � CT

(gene of interest) � CT (�-actin) and �(�CT) � �CT (treated) � �CT

(untreated).
Retinal Immunohistochemistry. Mouse retinas were dissected

and prepared for immunohistochemical analysis, fixed in 4% para-
formaldehyde in 0.1 M PBS for 15 min at room temperature and
embedded in paraffin, sectioned (5 �m). Tissue sections were depar-
affinized, hydrated, and later exposed to heat-induced antigen re-
trieval using a microwave oven (three 5-min cycles in citrate buffer,
pH 6.0), endogenous peroxidase was abolished with methanol, and
hydrogen peroxide and nonspecific background staining was blocked
by incubating the tissue sections for 5 min in normal swine serum.
Subsequently, all slides were washed three times in PBS, and incu-
bated for 1 h with primary anti-HIF-1�, anti-VEGF, anti-EPO, anti-
ET-1, anti-MMP-9, anti-iNOS, and anti-�-actin antibodies. The sec-
tions were washed with Tris-buffered saline/Tween 20 and incubated
with EnVision Polymer HRP secondary antibody (DAKO North
America) for 30 min. All slides were stained with diaminobenzidine
solution and counterstained with hematoxylin. Slides were cover-
slipped (Permount; Thermo Fisher Scientific, Waltham, MA) and
examined by light microscopy. Negative controls were performed by
omitting the primary antibodies. Sections were photographed under
a microscope (Zeiss Axiovert 135), and images were acquired with a
digital camera (AxioCam). All retinas were examined at 60� mag-
nification. The staining intensity in our series ranged from a weak
blush to moderate or strong. The amount of cells staining with the
antibody was further categorized as focal (�10%), patchy (10–50%),
and diffuse (�50%). Equivocal staining was defined as focal and/or
weak staining, whereas patchy or diffuse staining was subcatego-
rized as either moderate or strong. All immunohistochemical analy-
ses were measured by Metamorph digital image analysis software
(Molecular Devices).

Quantitative Image Analysis of Retinal and Cellular Immu-
nohistochemical Staining. After IHC staining, micrographs were
analyzed with Metamorph 7.1 image analysis software (Molecular
Devices). This software was used to identify and quantitate the
HIF-1�-, VEGF-, EPO-, ET-1-, MMP-9-, and iNOS-immunopositive-
stained retinal cells, as described previously by Nishijima et al.
(2007). In brief, each retinal section was scanned and 30 to 45 1-mm2

regions were chosen from each retinal section for analysis. Color
thresholding was used to distinguish the brown diaminobenzidine
signal representing positive immunoreactivity. Images were pro-
cessed using ImageJ (http://rsbweb.nih.gov/ij/) and Metamorph 7.1
image analysis software (Molecular Devices). To assess background
readings, we have quantified all of the above proteins in the retinal
sections of nontreated normoxic retinas. The background of images
was subtracted, and they were converted to grayscale and binarized
using a threshold value derived by: threshold � (average intensity of
image 	 1 S.D. of the intensity of image). Background noise and
debris were removed using a one-step erosion procedure, and then all
remaining objects were counted. The number of immunopositive-
stained cells per image was expressed as cells per micrometer
squared, and the average number per retinal flat mount was deter-
mined among five separate fields.

Assessments of the Retinal Immunohistochemical Analyses
for HIF-1�, VEGF, EPO, ET-1, MMP-9, and iNOS Expression.
All micrographs from our IHC staining were analyzed as described
above using Metamorph 7.1 image analysis software (Molecular De-
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vices). HIF-1�-, VEGF-, EPO-, ET-1-, MMP-9-, and iNOS-immunopo-
sitive stained retinal cells were identified, quantified, and analyzed.
Protein intensities were scored as weak, moderate, or intense.

Glial Cells Culture. R28 cells are immortalized retinal neuoro-
glial progenitor cells, by transfection with Adenovirus 12S E1A into
the neonatal retinal tissue. The cells were a kind gift from Dr. Gail
M. Seigel. R28 cells express genes characteristic of neurons, as well
as functional neuronal properties. R28 cells were cultured in Dul-
becco’s modified Eagle’s medium/Ham’s F12 medium in a 1:1 mix-
ture, supplemented with 5% FBS, 1.5 mM L-glutamine, 7.5 mM
sodium pyruvate, 0.1 mM nonessential amino acids, 1� minimal
essential medium, 0.37% sodium bicarbonate, and 10 �g/ml genta-
micin. Cells were incubated at 37°C in the presence of 5% CO2.

A transformed Müller (glial) cell line (rMC-1) was kindly sent to us
by Dr. V. J. Sarthy. Müller cell cultures were grown in Dulbecco’s
modified Eagle’s medium supplemented with 15% FBS, as well as
with a fungicide mixture and 0.5% gentamicin in a humidified
atmosphere of 5% CO2/95% air. Medium was changed every 2 to 3
days, and cells were grown to confluence in a 150-mm dish. Cells
were split into 60-mm dishes and were used in the experiments
when confluent.

In Vitro Hypoxia. Cells were placed in airtight chambers (Bio-
Spherix, Redfield, NY), and the O2 tension was maintained at 1.2%
by using Pro-Ox model 110 O2 regulator (BioSpherix, Redfield, NY).
The chamber was purged with a gas mixture of 5.32% CO2 and
93.48% N2. By employing Trypan Blue dye exclusion assay, we have
confirmed that these conditions do not affect viability of the viability
of rMC-1 and R28 retinal glial cells (data not shown).

Western Blot. Müller cells (rMC-1) and R28 cells were seeded
overnight in six-well plates (105 cells/well). Cells were treated with
either YC-1 (25–100 �M) or DMSO [0.2% (v/v)] for 48 h under
normoxic or hypoxic environments. Reactions were terminated by
addition of lysis buffer (Cell Signaling Technology Inc., Danvers,
MA). Protein content of the cell lysates was determined according to
the Bradford method (Bio-Rad Laboratories, Hercules, CA). Aliquots
(40 �g) of whole-cell lysates were separated on 10% SDS-PAGE, and
electrotransferred onto polyvinylidene membranes (GE Healthcare,
Chalfont St. Giles, Buckinghamshire, UK). After blocking with 5%
nonfat dry milk in TBS-T, the blots were incubated overnight with
anti-iNOS and anti-�-actin (internal control) antibodies. Blots were
subsequently incubated with peroxidase-conjugated anti-mouse IgG
secondary antibody. The signals were obtained by enhanced chemi-
luminescence (GE Healthcare) and visualized by exposure to X-ray
film. Upon completion of chemiluminescence, equal lane loading was
checked by Ponceau S solution (Sigma, St. Louis, MO).

Densitometric Analysis of Western Blot. For quantitative
evaluation, the bands were subjected to densitometry. X-ray films
were scanned by densitometry (model G-710; Bio-Rad Laboratories)
to quantify band optical density (Quantity One software; Bio-Rad
Laboratories).

Cellular Immunohistochemistry. Müller cells (rMC-1) and R28
cells (2 � 104 cells per well) were grown on eight-well chamber slides
and cultured in 300 �l of their growing media, which contained YC-1
(25–100 �M) or DMSO [0.2% (v/v)] and incubated under normoxia or
hypoxia for 48 h at 37°C. YC-1 or DMSO was added 5 min before the
hypoxic incubation. The cells were fixed 48 h later with 3.7% para-
formaldehyde and permeabilized with 0.2% Triton X-100 in PBS.
The cells were incubated for 2 h with anti-iNOS antibody. Negative
control experiments consisted of omission of the primary antibody.
Cells were then incubated with HRP-conjugate working solution,
followed by the addition of the tyramide solution (tyramide signal
amplification kits 2 and 4 for rMC-1 and R28 staining, respectively;
Invitrogen) at 1:100 dilutions. Digitized images were acquired using
AxioVision software (Zeiss Axiovert 135 and AxioCam). Intensity
values of immunofluorescence staining of iNOS in rMC-1 and R28
cells was analyzed and quantified using Metamorph imaging analy-
sis software version 7.1 (Molecular Devices). The staining intensity
in our series ranged from a weak blush to moderate or strong. All

immunocytochemical analyses were measured by Metamorph digital
image analysis software (Molecular Devices), which was thoroughly
described above.

Scoring Assessments of the Cellular Immunohistochemical
Analysis for iNOS Expression in rMC-1 and R28 Cells. All
micrographs from our immunocytochemical staining were analyzed
as described above using Metamorph 7.1 image analysis software
(Molecular Devices). iNOS-immunopositive stained retinal cells were
identified, quantified, and analyzed. Protein intensities were scored
as weak, moderate, or intense.

Statistical Analysis. Analysis of variance using the Kruskal-
Wallis test was performed to test for differences in retinopathy score
among the various treatment groups. Mann-Whitney U tests using
the Bonferroni method were used to compare the total retinopathy
scores and retinopathy subscores. Student’s t tests were used to
compare the mean number of neovascular nuclei on retinal sections
between individual groups. Analysis of real-time RT-PCR data, immu-
nohistochemistry data, and Western blot data was performed with
ANOVA for multiple variables and with t tests. Data are expressed as
mean � S.E.M. from at least three independent experiments.

Results
Double Intravitreous Injections of YC-1 Signifi-

cantly Reduced Retinopathy in a Mouse Model of OIR.
Double injection-regimen of YC-1 (100 �M) were adminis-
tered intravitreally immediately after removal from 5-day
treatment of 75% oxygen, on P12 and P15. The extent of
ischemia-induced retinopathy was first assessed by fluores-
cein angiography. Retinal angiograms of FITC-dextran in-
jected flat-mounts were evaluated at P12, P15, P17, P21, and
P22.

Angiogram of P12 FITC-dextran-perfused retinal flat
mount preparations displays the effects of 5 days of hyperoxic
exposure. P12 retinas exhibit typical signs of central nonper-
fusion in the center of the retina and a drastic regression in
the vascular network, leaving only the major vessels and
practically no capillary network (Fig. 1B, 1). The peripheral
retina still showed evidence of a vascular network, but, in
general, the deep vascular plexuses had completely failed to
form.

On P12 (Fig. 1B, 1), mice were returned to room air (nor-
moxic conditions). As a consequence, a relative hypoxia of
ambient atmospheric conditions results in a relative state of
ischemia in the poorly vascularized retina, which prompted
the excessive re-growth of superficial vessels, and were pri-
marily manifested in the severely hypovascular central ret-
ina, causing abnormal vascular growth and quantifiable neo-
vascular response. The term “relative” here refers to an
imbalance of the amount of oxygen being delivered to the
tissue compared with the amount of oxygen that the tissue
needs. In other words, the demand for oxygen exceeds the
supply of oxygen. The result is that the tissue becomes hy-
poxic and does not function at its maximum (or even normal)
potential. These pathological conditions are exhibited after
return to ambient conditions, because of reduced diffusion of
oxygen from the choroid. These pathologic conditions will
lead to abnormal sprouting at the interface between retina
and vitreous (pre-ILM vascular tufts), angioproliferation,
and neovascularization in the immature retina over the next
3 to 5 days. These vessels breach the inner limiting mem-
brane into the vitreous in a manner closely resembling reti-
nopathy of prematurity that also shares several characteris-
tics with diabetic retinopathy.
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Based on 1) retinal fluorescein angiography, 2) fluorescent
microscopy, and 3) Metamorph imaging analysis, our data
indicate that between P15 (Fig. 1B, 2) and P17 (Fig. 1B, 3),
approximately 10 to 20% of the total retinal area was covered
by neovascular tufts, peaking at P17. These numerous neo-
vascular tufts were seen protruding from the retina into
the vitreous. This was evidenced by formation of more and
larger neovascular tufts, thickening of the vessels, and
heightened staining of the vasculature with the fluores-
cent dye in these animals compared with mice raised under
ambient conditions.

On P17, nontreated normoxic retinas exhibited virtually com-
plete vascularization of the retina; there were no avascularized
regions and no blood vessel tufts, and the main vessels were
straight and showed no dilation or tortuosity (Fig. 2A, 1–3).
However, the vascular network of the O2-injured retinas and
DMSO-treated retinas were significantly altered as demon-
strated by an increase in retinal NV (Fig. 2B). These retinas
displayed the features indicative of a strong ongoing vasopro-
liferative response: vessel tortuosity and blood vessel tufts.
Moreover, these retinas have exhibited avascular regions that

arose within the central retina and appeared as dark regions
that were unperfused by fluorescein and occupied 24 and 22% of
the size of the total retina, respectively (Fig. 2B, yellow arrow-
heads) and (Fig. 2C, yellow arrowheads) as confirmed by a
combination of retinal fluorescein angiography, fluorescent mi-
croscopy, and Metamorph imaging analysis. High-power mag-
nification of the avascular regions demonstrated extensive
“popcorn like” neovascular tufts, which were eventually formed
within the superficial capillary network of the neovascularized
retinas (Fig. 2, B, 2 and 3, and C, 2 and 3, red arrowheads).
Abnormal preretinal neovascular tufts were seen in the mid-
periphery, at the interface between the hypovascular central
retina and the more vascularized periphery. These neovascular
tufts protruded above the inner limiting membrane (ILM) of the
retina into the vitreous and often persisted until P21 or
later. Furthermore, neovascular lesions from nontreated
and DMSO-treated P21 ischemic retinas exhibited sprout-
ing endothelial cells with multiple filopodia growing at
multiple angles at the tips of new vessel spouts, including
both along and above the plane of the section (Fig. 5A,
orange arrowheads).

Fig. 2. Quantitative assessment of NV in P17 mice exposed to a cycle of hyperoxia and room air (OIR). A to D, representative images of whole-mount
retina preparations on P17 of different mice groups. A, retina from P17 “control” room air-reared mouse (n � 22 retinas) shows a homogeneous normal
delicate vessel pattern throughout the retina. The retina is completely vascularized without avascularized areas. No blood vessel tufts are present. The
main vessels show no tortuosity and no dilation. Certain portions (A2 and A3) of the image were enlarged (white frames). B, retina from P17
nontreated oxygen-injured group (n � 8 retinas) shows an engorged tortuous appearance of the blood vessels, large central avascular area (yellow
arrows), and high presence of blood vessel tufts (red arrows). Certain portions of the neovascular regions (B2 and B3) of the image were enlarged (white
frames). C, retina of oxygen-exposed mouse that was injected with the DMSO, immediately after removal from 5-day treatment of 75% oxygen, on P12
and P15 and sacrificed on P17 (n � 11). The retinas show profound vascular engorgement with apparent vaso-obliteration and neovascular tuft
formation. The avascularized area has the same size after injection of the vehicle. The size of the central avascularized areas remained almost
unaffected by DMSO. Certain portions (C2 and C3) of the neovascular and vaso-obliterated regions were enlarged (white frames). D, retina from P17
mice that have undergone the oxygen-induced model of retinopathy, subsequently given double injections of YC-1 on P12 and P15 and later sacrificed
on P17 (n � 11). The retinas display a normal vascular pattern similar to that in A. Compared with nontreated ischemic retinas, the structure of the
retinal vasculature was significantly better preserved; the avascularized areas and the growth of new vascular tufts were significantly decreased after
a double intravitreal injection-regimen of YC-1. Certain portions of normal vascular pattern (D2 and D3) of the image were enlarged (white frames).
Please note that there is a significant decrease in the degree of retinal NV in YC-1-treated retina compared with nontreated oxygen-injured and
DMSO-treated mice (���, P � 0.001). Scale bars: A1, B1, C1, and D1, 200 �m; A2, A3, B2, B3, C2, and C3, 100 �m.
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Angiograms from P22 mice have demonstrated that de-
spite the natural regression of neovascular tufts (Fig. 5B)
and the healing in the retina, the neovessels, which were
formed by physiological revascularization in nontreated OIR
retinas, still appear largely abnormal, as characterized by
their tortuosity and several remaining neovascular tufts.

Angiograms from P17 mice demonstrated that the double-
intravitreal-injection regimen of YC-1 (100 �M) on P12 and
P15 significantly reduced the clinical manifestations of the
retinal neovascular response, and the retinal vascular tree of
these retinas appeared significantly less affected (Fig. 2D). In
marked contrast, the double-injection regimen of DMSO
[0.2% (v/v)] on P12 and P15 had no influence on the extent of
NV (Fig. 2C) compared with the YC-1-treated group. YC-1
significantly reduced the cluster area and the number of
neovascular tuft formation on P17 (Fig. 2D) and on P21 (Fig.
5C) compared with DMSO-treated group. In addition, YC-1
displayed a statistically significant reduction in the degree of
retinopathy compared with the DMSO-treated injured reti-
nas (Fig. 2, D versus C). Furthermore, compared with the
DMSO-treated, O2-injured retinas, YC-1-treated retinas had
more preserved and enhanced vasculature on P17 (Fig. 2D)
and P21 (Fig. 5C). DMSO-treated and nontreated ischemic
retinas exhibited larger avascular areas, more blood vessel
tufts, and severe extraretinal NV as well as more pronounced
retinal vessel tortuosities compared with YC-1-treated reti-
nas. As confirmed by a combination of retinal fluorescein

angiography, fluorescent microscopy, and Metamorph imag-
ing analysis, YC-1-treated retinas manifested virtual disap-
pearance of the ischemic areas in the injected eyes, and it
significantly decreased the avascular areas by 97% compared
with ischemic controls (Fig. 2D). The mean retinal neovascu-
lar response inhibition in the YC-1-treated group compared
with values in the DMSO-treated retinas was 73%.

Effects of YC-1 on Preretinal Neovascular Nuclei. To
assess quantitatively the extent of preretinal NV, vascular
nuclei anterior to the ILM were counted at P17. As expected,
in the animals that were grown under ambient conditions, no
nuclei were extended into the vitreous (Fig. 3A). In marked
contrast, all mice that were exposed to hyperoxia from P7 to
P12 and recovered in room air until P17 developed pathologic
neovascular tufts extending beyond the ILM into the vitreous
(Fig. 3B). Treatment of mouse pups with double intravitreal
injection-regimen of YC-1 (100 �M) resulted in a significant
reduction in preretinal nuclei (Fig. 3D), compared with non-
treated oxygen-injured retinas (Fig. 3B), and significantly
less than those in the DMSO-treated group (Fig. 3C). No
neovascular cell nuclei anterior to the internal limiting mem-
brane were observed in the control group maintained in
ambient air (normoxia control) (n � 8 retinas). In the non-
treated oxygen-injured retinas (n � 8), the average number
of neovascular nuclei extending into the vitreous was 87 �
4.2, whereas the average number of neovascular nuclei in the
DMSO-treated retinas (n � 8) was 83 � 3.7, compared with

Fig. 3. YC-1 suppresses the development and progression
of pathological retinal NV. Hematoxylin and eosin-stained
cross-section from the retina of a mouse exposed to 75%
oxygen for 5 days followed by room air for additional 5 days.
Neovascular tufts were confirmed by extending into the
vitreous (marked with circles). Retinal NV was determined
by counting the number of retinal neovascular cell nuclei
anterior to the ILM on P17. The double-intravitreal-injec-
tion regimen of YC-1 shows a significant reduction of the
number of retinal neovascular cell nuclei (D), compared
with the nontreated ischemic group (B) and the DMSO-
injected ROP group (C), but more than that of the non-
treated normoxic group (A). Tissue sections were visualized
at 63� and 200� (original magnification). These experi-
ments were repeated at least three times with eyes from
five P17 mice (n � 8 retinas per group). Scale bars: A1, B1,
C1, and D1, 200 �m; A2, A3, B2, B3, C2, C3, D2, and D3,
500 �m).
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12.65 � 1.8 nuclei in YC-1-treated mouse retinas (n � 8).
YC-1 double intravitreal injection-regimen yielded approxi-
mately 85.4 and 84.7% reduction of neovascular nuclei ante-
rior to the ILM compared with nontreated O2-injured retinas
and the DMSO-treated retinas, respectively (Fig. 4, A and B,
Extra Retinal NV).

Assessment of Retinopathy Damage and Severity.
The retinopathy scoring criteria (Fig. 4B) measure the reti-
nopathy scores that were obtained from nontreated normoxic
retinas (n � 30), nontreated ischemia-injured retinas (n �
30), DMSO-treated O2-injured retinas (n � 30), and YC-1-
treated O2-injured retinas (n � 30). Lower retinopathy scores
(less retinopathy) represent the status in which the thera-
peutic modality of YC-1 was highly effective compared with
the DMSO-treated O2-injured retinas. The maximal retinop-
athy score was 13. Nontreated normoxic retinas had a me-
dian retinopathy score of 1, compared with nontreated O2-
injured retinas, which scored 12. Pups treated with YC-1 had
a median retinopathy score of 3 compared with DMSO-
treated ischemic retinas, which scored 11 (Figs. 4C and 7B).

YC-1 Promotes Physiological Revascularization in a
Model of Ischemic Retinopathy. To investigate the possi-
ble effects of YC-1 on retinal NV, the mouse model of OIR was
employed. To assess the vascular repair and physiological
revascularization mechanisms after hyperoxia-induced oblit-
eration, the obliterated areas were quantified in all animal
groups. Mice eyes subjected to this model undergo a repro-
ducible vasodegeneration (P7–P12), followed by acute hyp-
oxia (P12–P15) leading to aggressive retinal NV (P15–P18),
which resembles proliferative diabetic retinopathy. Double
intravitreal injections of YC-1 promoted vascular repair and
significantly enhanced physiological revascularization com-
pared with nontreated ischemic retinas. At P17, the obliter-
ated areas in YC-1-treated retinas were reduced by 84%,
compared with the obliterated areas of nontreated ischemic
retinas (Fig. 5C versus Figs. 1B 3 and 2B). This was assessed
by conducting 1) retinal fluorescein angiography, 2) fluores-
cent microscopy, to analyze the retinopathy score, 3) Meta-
morph imaging software, to quantify the extent of retinal NV,
and 4) retinal NV scoring as described previously (Higgins et
al., 1999). In addition, at P17, the vascular morphology of
YC-1 treated retinas appears nearly normal (Fig. 2D). The
revascularization process was again significantly enhanced
in YC-1-treated retinas at P21, and the retinas appeared
fully revascularized (Fig. 5C), whereas the delay in the re-
vascularization process was even more apparent in the non-
treated ischemic retinas at P17 (Fig. 1B 3 and 2B). These
data demonstrate that YC-1 treatment promotes vascular
recovery in the ischemic retina.

OIR Modulates the Vascular Density Profile in the
Retinal Microvasculature. Histological analysis of P17
retinal sections stained with endothelial cell-specific antibod-
ies (anti-CD31 and -vWF) demonstrated that there was a
significant increase in the vascular density (the number of
CD31- and vWF-immunopositive endothelial cells per 100-
�m2 reticle square) of YC-1-treated retinas (141.1 � 3) com-
pared with the nontreated ischemic retinas (94.2 � 2), and
DMSO-treated group (97.1 � 1) (Figs. 6 and 7A). Therefore,
the mean vascular density level of the YC-1-treated group
was returned to basal homeostatic level, which was compa-
rable with those of the nontreated normoxic retinas (Figs. 6
and 11A), which displayed a vascular density of 147.4 � 5.

YC-1 concomitantly and significantly enhanced physiological
retinal microvascular repair by promoting intraretinal revas-
cularization. By contrast, DMSO neither inhibited patholog-
ical NV nor enhanced RV.

Effects of YC-1 on Gene Expression Levels in the
Oxygen-Injured Retinas. To elucidate the molecular mech-
anisms involved in the regulation of retinal vascularization,
the retinal HIF-1�, VEGF, EPO, ET-1, MMP-9, and iNOS
mRNA gene expression levels were evaluated on P17, by
quantitative real time RT-PCR. Data were normalized to
�-actin mRNA levels. Our data revealed that there were no
significant differences between HIF-1� message levels of nor-
moxic retinas (Fig. 8A, blue bar) and nontreated oxygen-
injured retinas (Fig. 8A, red bar). Double intravitreal injec-
tion-regimen of DMSO [0.2% (v/v)] or YC-1 (100 �M) had no
influence on HIF-1� message levels (Fig. 8A, orange and
green bars, respectively), compared with nontreated ischemic
retinas. Furthermore, data analysis of VEGF, EPO, ET-1,
MMP-9, and iNOS mRNA levels exhibited systematic varia-
tion in gene expression patterns among various groups of
retinal specimens. The minimum gene expression was in the
retinas from animals that were placed under ambient condi-
tions, which displayed low gene expression levels (Fig. 8,
B–F, blue bars). In sharp contrast, there was a significant
enhancement of VEGF, EPO, ET-1, MMP-9, and iNOS gene
expression levels by the relative hypoxia exposure in the
nontreated ischemic retinas, compared with normoxic group
(Fig. 8, B–F, red bars). The effects of sham treatment on the
gene expression patterns paralleled those seen in the non-
treated ischemic group (Fig. 8, B–F, orange bars). Treatment
of retinas with YC-1 during the ischemic insult resulted in
significant attenuations in the message levels of VEGF, EPO,
ET-1, MMP-9, and iNOS expression compared with non-
treated ischemic retinas (Fig. 8, B–G, green bars) but their
expression level remained slightly higher than that of the
nontreated normoxic group.

YC-1 Inhibits HIF-1�, VEGF, EPO, MMP-9, ET-1, and
iNOS Protein Levels In Vivo. Nontreated normoxic reti-
nas (Fig. 9) expressed detectable basal levels of HIF-1� in the
ganglion cell layer (GCL) and INL. It displayed weak immu-
noreactivity for VEGF, which was present in the GCL and
INL. Furthermore, there was weak to moderate EPO stain-
ing that was primarily localized in the neurosensory retina
and the GCL. ET-1 was primarily detected in the inner
plexiform layer (IPL), whereas weak to moderate staining
signals were observed in the GCL and nerve fibers layer
(NFL) (Supplementary Fig. 1). Normoxic retinas also exhib-
ited a very low level of MMP-9 immunoexpression that was
detectable in the GCL. iNOS immunostaining revealed very
weak but detectable immunoreactivity that was primarily
expressed in the GCL.

Nontreated oxygen-injured retinas (Fig. 9) exhibited the
presence of patchy strong HIF-1� overexpression, primarily
in the INL and GCL of the ischemic retinas. There was
marked elevation of VEGF expression in the NFL and GCL
and, to a lesser extent, in the IPL of the retinas. VEGF was
primarily expressed in the retinal vessels. In addition, EPO
immunoreactivity was up-regulated within the GCL and
INL. There was an up-regulation in ET-1 immunoexpression
within the GCL, IPL, and INL, as well as strong staining
signals, which were localized in the innermost region of the
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Fig. 4. A, histological analysis of ischemia-induced NV of the mouse retina. Extraretinal nuclei count from retinal sections. The blue bar graph
represents the mean number of extraretinal neovascular nuclei in room air-reared animals. The red bar represents the mean number of extraretinal
neovascular nuclei in 75% O2-exposed animals. The orange bar represents the mean number of extraretinal neovascular nuclei in DMSO-treated
animals. The green bar represents the mean number of extraretinal neovascular nuclei in YC-1-treated animals. Preretinal nuclei were counted in a
masked fashion. Intravitreal injection of YC-1 significantly reduced (��, P � 0.01) the number of preretinal nuclei by 85.45% compared with nontreated
ischemic control retinas. There was no statistically significant difference between nontreated ischemic controls and DMSO-treated retinas. Data in
each bar are the mean number of vascular cell nuclei in four mice (eight retinas per group). Values are presented as mean � S.E.M. Statistical
significance was analyzed using ANOVA. B, scoring system to assess the severity of retinopathy in oxygen-induced retinal damage. The retinopathy
scoring criteria measure the retinopathy scores that were obtained from all four groups. Lower retinopathy scores (less retinopathy) represent
the status in which the therapeutic modality of YC-1 was highly effective, compared with the DMSO-treated O2-injured retinas. The maximal
retinopathy score was 13. Nontreated normoxic retinas had a median retinopathy score of 1, compared with nontreated O2-injured retinas, which
scored 12 (��, P � 0.01). Pups treated with YC-1 had a median retinopathy score of 3 compared with DMSO-treated ischemic retinas, which scored
11 (��, P � 0.01). C, subcategories of the retinopathy scoring system. The blue bar represents the average retinopathy score of room air-reared mice.
The red bar represents the average retinopathy score of mice exposed to 75% oxygen. The orange bar represents the average retinopathy score of mice
exposed to 75% oxygen, and immediately after removal from 5-day treatment of 75% oxygen, they were injected on P12 and P15 with DMSO. The green
bar represents the average retinopathy score of mice exposed to 75% oxygen and immediately after removal from 5-day treatment of 75% oxygen, they
received a double-intravitreal injection regimen of YC-1 (100 �M) on P12 and P15. A significant decrease of central avascular area, neovascular tufts,
extraretinal NV, and vessel turtuosity, by double intravitreal injection regimen of YC-1. Please note the increase of the avascularization area,
proliferative neovascular tufts, extraretinal NV, and vessel turtuosity in the nontreated ischemic retinas. Intravitreal injection of the vehicle, DMSO,
on P12 and P15 did not have a significant impact on the level of NV. Data in each bar are the mean nonperfused area relative to whole area of each
retina in 15 mice (30 retinas per group). Values are presented as mean � S.E.M. (��, P � 0.01).
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IPL. Furthermore, there was a significant up-regulation of
MMP-9 immunoreactivity NFL, GCL, and IPL, which was
augmented and localized to the new vessels on the surface of
the retina. Moreover, there was a significant increase in the
level of iNOS expression in the GCL, IPL, and INL. Expres-
sion of iNOS was also observed in many of the blood vessels
in the NFL. In addition, there was a marked increase of iNOS
expression in the outer plexiform layer (OPL), outer nuclear
layer (ONL), and outer limiting membrane (OLM) (Supple-
mentary Fig. 1).

DMSO-treated oxygen-injured retinas (Fig. 9) displayed
immunoreactivities comparable with those of nontreated O2-
injured retinas. The staining intensity of HIF-1was strong
and significantly elevated by 31-fold compared with retinas
grown under normoxia. In addition, there was a significant
up-regulation in VEGF, EPO, ET-1, MMP-9, and iNOS im-
munoexpression compared with that in YC-1-treated retinas.

There was a significant increase in the level of iNOS expres-
sion in the GCL, IPL, and INL. iNOS immunolabeling was
also markedly observed in many of the blood vessels in the
NFL. There was a marked increase of iNOS expression in the
OPL, ONL, and the OLM. All proteins manifested an expres-
sion pattern that was comparable with the O2-injured retinas
(Supplementary Fig. 1).

In contrast, YC-1-treated oxygen-injured retinas (Fig. 9)
displayed a significant down-regulation in HIF-1� and VEGF
immunoexpressions. VEGF staining was weak “focal,” spo-
radic, and occurred primarily in the GCL region of these
retinas. In addition, EPO and iNOS immunoreactivities were
detectable, but moderate, and significantly down-regulated
compared with DMSO-treated retinas. YC-1 treatment
caused a significant inhibition in ET-1 and MMP-9 immuno-
labeling compared with DMSO-treated O2-injured retinas
(Supplementary Fig. 1).

Fig. 5. Qualitative assessment of NV in whole-mount retinas at different phases of progression through the OIR model. All mice were exposed to a
cycle of hyperoxia and room air (OIR), and later were perfused with fluorescein dextran. Retinal vessels at different stages present different
vasculature pattern from the normal retina. Each fluorescence image was collected using 20� and 100� objective lens. A, 1 to 3, characterization of
the endothelial tip cell filopodia in the OIR mouse model. High-power resolution imaging of P17-fluorescein dextran-stained retinas revealed that
neovascular areas exhibit sprouting endothelial cells that project numerous long filopodia (marked with orange arrowheads), which were seen at
sprouting tips of new vessel sprouts in the deeper retinal plexus and were uniform in thickness (
100 nm) but of variable length, with an average
length extending 20 to 30 �m, with the longest extending �100 �m (100� objective). B, 1 to 3, images represent nontreated OIR retinas at P22 (n �
6); revascularization of the retina is largely complete by P22, but resolving areas of NV in fluorescein dextran-stained retina demonstrate that tufts
were diminishing (red arrowheads), but the retinal vasculature was still abnormal, whereas vessel tortuosity (orange arrowheads) and the presence
of central avascular zones (yellow arrowheads) still persist. Certain portions (B2 and B3) of the avascular, neovascular and vaso-obliterated regions
were enlarged (white frames). C, 1 to 3, images represent YC-1-treated OIR retina at P21 (n � 11); images demonstrate the dissolution of neovascular
tufts and the complete disappearance of central avascular zones (inhibition of retinal NV). Despite the presence of a very mild tortuosity of the retinal
vessels (orange arrowheads), there was a significant growth and formation of new and healthy vessels (physiological RV) that occupied the entire
retina. YC-1 enhanced the process of faster retinal revascularization as demonstrated by a reduction in the area of obliteration, compared with
nontreated ischemic retina. The vasculature in OIR retinas treated with YC-1 looked relatively normal and lacked the characteristic of severe
tortuosities, which was one of the clinicopathological features of revascularized regions in nontreated OIR retinas. Scale bar: A1, B1, and C1, 200 �m;
A2, A3, B2, B3, C2, and C3, 100 �m. Certain portions (C2 and C3), which exhibit the therapeutic impact of YC-1 on the treated retinas, were enlarged
(white frames).
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YC-1 Inhibits iNOS mRNA Expression Level In Vitro.
YC-1 seemed to induce physiological revascularization in the
OIR model (Fig. 5C), and a significant segment of this process
seems to occur in the INL, OPL, ONL, and OLM retinal cell
layers. Therefore, in view of the fact that glial cells extend
from the INL to the OLM, the possibility existed that YC-1
might be acting directly on retinal glial cells. We therefore
used two cell lines to study the direct effects of YC-1 on iNOS
mRNA expression. Real time RT-PCR was employed to ex-
amine the presence and the changes of iNOS mRNA expres-
sion in the two types of cultured cells. After exposure to
hypoxia for 48 h, both rMC-1 cells (Fig. 10A) and R28 cells
(Fig. 10B) revealed statistically significant increases in iNOS
mRNA levels (Fig. 10, A and B, red bars), compared with cells
cultured under normoxia, which displayed an extremely low
iNOS mRNA levels (Fig. 10, A and B, blue bars). Under
hypoxia, the expression of iNOS in nontreated r-MC1 and

R28 cells had increased 2.3- � 0.9- and 1.98- � 0.1-fold,
respectively, compared with normoxia, under which the ex-
pression levels were 0.21 � 0.01 and 0.33 � 0.01, respec-
tively. Treatment with DMSO did not down-regulate iNOS
expression (Fig. 10, A and B, orange bars). The expression of
iNOS in DMSO-treated r-MC1 and R28 cells under hypoxia
was 1.98 � 0.2 times and 1.96 � 0.1 times, respectively.
Treatment of r-MC1 with 25, 50, 75, and 100 �M YC-1
resulted in a significant dose-dependent inhibition of iNOS
expression under hypoxia compared with the corresponding
nontreated hypoxic control cells (Fig. 10A, green bars). In
addition, treatment of R28 cell lines with 25, 50, 75, and 100
�M YC-1 resulted in a significant dose-dependent inhibition
of iNOS expression under hypoxia, compared with non-
treated hypoxic control cells (Fig. 10B, green bars).

YC-1 Inhibits iNOS Protein Levels in rMC-1 and R28
Cells. Western immunoblot analysis was performed. rMC-1

Fig. 6. A, quantification of vascular densities in normoxic,
nontreated ischemic, vehicle-treated and drug-treated isch-
emic retinas. We quantified the numbers of vWF-immuno-
reactive vessels (left column) and the CD31-immunoposi-
tive vessels (right column) in P17 retinal sections from
normoxic (blue blocks), nontreated ischemic (red blocks),
DMSO-treated (orange blocks), and YC-1-treated retinas
(green blocks). There was a significant decrease in the
vascular density (the number of CD31- and vWF-immu-
nopositive endothelial cells per 100-�m2 reticle square) of
nontreated oxygen-injured retinas (��, P � 0.01) and
DMSO-treated group (��, P � 0.01), compared with non-
treated normoxic control group. The mean vascular density
level of the YC-1-treated group was returned to basal ho-
meostatic level, which was comparable with those of the
nontreated normoxic retinas.
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and R28 cells cultured under normoxia showed extremely low
signals of iNOS, whereas this signal was overexpressed after
48 h of hypoxic exposure (Fig. 10: C and D; lane 1 versus lane
2, row 1). Western blot analysis indicated that iNOS protein
expression was significantly increased, as measured by den-
sitometry, compared with normoxia (Supplementary Fig. 2, A
and B). In both cell types and under hypoxia, YC-1 treatment
inhibited the hypoxia-induced iNOS protein levels in a con-
centration-dependent manner compared with nontreated hy-
poxic cells (Fig. 10, C and D; 4th through 7th rightmost lanes,
first row). In both cell lines, the levels of iNOS began to
decrease at 25 �M YC-1 and almost disappeared at 100 �M.
In the DMSO-treated cells, iNOS protein levels remained
relatively stable under hypoxia compared with nontreated

cells that were cultured under hypoxia (positive controls)
(Fig. 10, C and D, 3rd lane from left, first row). Because YC-1
treatment did not inhibit �-actin, this indicates that YC-1
influence on iNOS protein expression was specific. Direct
measurements of protein levels by Western blot indicated
that under hypoxic conditions, iNOS protein expression was
significantly increased by 10-fold compared with normoxia,
whereas treatment with 100 �M significantly inhibited iNOS
expression by 8- and 9-fold in rMC-1 and R28 cells, respec-
tively, compared with nontreated hypoxic cells (���, P �
0.001) (Supplementary Fig. 2, A and B).

YC-1 Reduces Fluorescent Immunoreactivity of
iNOS Protein in rMC-1 and R28 Cells. Nontreated rMC-1
and R28 cells cultured under hypoxia displayed enriched
iNOS protein immunoexpression, with strong staining in the
cytoplasms of both cell types (Fig. 11, A and B, positive
control). Positive controls exhibited significant increase in
iNOS protein levels compared with cells that were incubated
under normoxia, which exhibited limited areas of very weak
“blush” iNOS staining (Fig. 11, A and B, negative control).
Furthermore, there was a strong positive iNOS staining sig-
nals deposited over the cytoplasms of the DMSO-treated cells
cultured for 48 h under hypoxia (Fig. 11, A and B, DMSO).
This intense positive staining was diminished with increas-
ing concentrations of YC-1. No iNOS staining was observed
in experiments in which the primary antibody was omitted
(data not shown). rMC-1 that were treated with 25 �M YC-1
displayed the presence of cytoplasmic localization but then
with weaker equivocal “weak” staining intensity, whereas, a
stronger diffuse cytoplasmic iNOS staining was observed in
R28 cells. Our Metamorph quantification analysis have indi-
cated that treatment of rMC-1 and R28 cells with 25 �M
YC-1 under hypoxia for 48 h displayed 60 and 27% inhibition,
respectively, compared with nontreated controls cultured un-
der hypoxia (Supplementary Fig. 2, C and D) and (Fig. 11). At
50 �M YC-1, iNOS cytoplasmic staining levels were drasti-
cally reduced in both cell types compared with nontreated
controls cultured under hypoxia. Treatment of both cell lines
with 50 �M YC-1 for 48 h under hypoxia caused a significant
inhibition of 70 and 50%, respectively, compared with non-
treated hypoxic controls. At 75 �M for 48 h under hypoxia,
YC-1 had significant down-regulatory effects on iNOS pro-
tein expression in both cell types, whereas iNOS inhibition in
rMC-1 and R28 cells was 80 and 68%, respectively, compared
with nontreated hypoxic controls. At 100 �M, YC-1 displayed
significant 85 and 82% inhibition in rMC-1 and R28 cells,
respectively, compared with nontreated hypoxic controls
(Fig. 11; Supplementary Fig. 2, C and D). Only a few stained
regions were still detected in the cytoplasm of YC-1-treated
cells.

Discussion
Retinal neovascularization, abnormal formation of new

vessels from preexisting capillaries in the retina, is the hall-
mark of vascular vision-threatening retinal diseases, includ-
ing diabetic retinopathy, retinal vein occlusion, ROP, and
age-related macular degeneration, which eventually leads to
vision loss (Moss et al., 1994). There are two distinct types of
retinal neovascularization: physiological and pathological.
Although both types of neovascularization stem from retinal
ischemia, there is an essential difference in the direction of

Fig. 7. A, number of endothelial cells per 100-�m2 reticle square in
normoxic, nontreated ischemic, vehicle-treated ischemic, and drug-
treated ischemic retinas. Histological analysis of retinal sections stained
with anti-CD31 on P17 demonstrated that there was a significant in-
crease (��, P � 0.01) in the vascular density (the number of CD31-
immunopositive endothelial cells per 100-�m2 reticle square) of YC-1-
treated retinas, compared with the nontreated ischemic retinas and
DMSO-vehicle group, which both displayed a significant decrease in the
vascular density. The mean vascular density level of the YC-1-treated
group was returned to basal homeostatic level, which was comparable
with those of the nontreated normoxic retinas. B, total retinopathy scores
in the normal and the experimental OIR groups. Animals (P17) treated
with YC-1 after hyperoxia had significantly less total retinopathy scores
than oxygen-injured retinas. Average retinopathy score of room air-
reared mice (blue bar). Average retinopathy score of mice exposed to 75%
oxygen (red bar). Average retinopathy score of mice exposed to 75%
oxygen that had double-injections of DMSO (orange bar). Average reti-
nopathy score of mice exposed to 75% oxygen and had a double-injection
regimen of YC-1 (100 �M) on P12 and P15 (green bar). (���, P � 0.001)
and (��, P � 0.01) compared with DMSO-treated ischemic control.
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Fig. 8. YC-1 does not influence retinal HIF-1� transcriptional level, whereas it inhibits retinal VEGF, EPO, ET-1, MMP-9, and iNOS mRNA expression in vivo.
A to F, relative amount of VEGF, MMP-9, and iNOS mRNAs in the retinas of normoxic and OIR experimental animals as measured by real-time PCR.
In mice that were raised under ambient conditions, retinal HIF-1� mRNA was detected at very low level. On P17, and after exposure to relative
hypoxia for 5 days, there was a negligible up-regulation in HIF-1� mRNA levels (red bar) compared with the normoxic controls (blue bar).
Treatment of mice with 25, 50, 75, and 100 �M YC-1 had no influence on HIF-1� mRNA expression levels, compared with ischemic controls
(green bar versus red bar). Furthermore, the mRNA levels of VEGF, EPO, ET-1, MMP-9, and iNOS were increased in the nontreated ischemic
retinas (red bar), whereas nontreated normoxic retinas exhibited extremely low mRNA levels (blue bar). Treatment of ischemic retinas with 100
�M YC-1 resulted in a significant inhibition of VEGF (���, P � 0.001), EPO (���, P � 0.001), ET-1 (��, P � 0.01), MMP-9 (��, P � 0.01), and
iNOS (���, P � 0.001) mRNA expression (green bars). The message levels of VEGF, EPO, ET-1, MMP-9, and iNOS, display an efficient and
significant knockdown of genes expression after double-intravitreal-injection regimen of 100 �M YC-1 compared with nontreated ischemic
retinas. ANOVA was used for statistical analyses. Mean � S.E.M. of mRNA level normalized to �-actin were calculated (���, P � 0.001; ��, P �
0.01), compared with nontreated ischemic control. Data are representative of three independent experiments. G, sequence for molecular beacons
and the primer used for the quantitative real-time PCR analysis.
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vessel growth during physiological versus pathological neo-
vascularization. In the former, new vessels extend from the
optic disc toward the peripheral avascular retina, and follow
the guidance of VEGF-expressing retinal astrocytes to com-
pensate for the retinal ischemia (Stone et al., 1996). Because
simultaneous prevention of both types of retinal NV causes
retinal ischemia to be untreated, clinicians await the estab-
lishment of new therapeutic modalities that selectively tar-
get pathological neovascularization but spare compensatory
revascularization. During this investigation, we have chosen
P12 and P15 as critical time points to perform our double-
intravitreal-injection regimen because they represent the hy-
poxic phase of neovascularization; in addition, at approxi-
mately P15, the retinal ischemia initiates an aggressive
neovascular response at the interface of the perfused retinal
periphery and the ischemic central capillary beds (Medina et
al., 2008). Furthermore, the model of OIR is widely used to
analyze ischemia-induced retinal NV (Smith et al., 1994),
where exposure to 75% oxygen from P7 to P12 severely dis-
rupts the normal development of the retinal vasculature.
When the mice returned to normoxia at P12, relative hypoxia
ensued in the severely hypovascular central retina, causing
abnormal vascular growth. This is the pathological condition
that induces the release of various angiogenic growth factors
and stimulates pathological vasoproliferation at the junction
of the avascular and vascularized retina. Therefore, we have
employed the OIR mouse in this study for several reasons:
1) it is an “ischemia-dependent” model (i.e., the retinas in the
OIR mouse model overexpress HIF-1), 2) the OIR mouse
model develops retinopathy (retinal neovascularization), and
3) the OIR mouse model exhibits iNOS overexpression.

Data have indicated that attenuation of VEGF activity
could effectively suppress retinal NV. Prominent examples of
VEGF inhibitors are bevacizumab (Avastin) and ranibi-
zumab (Lucentis). Although antibodies are effective, they are
not efficient, because large numbers are needed to suppress
the targeted protein, and their inhibitory effects are tran-
sient unless these high doses are administered repeatedly.
Furthermore, intravitreal injections of VEGF antagonists
only partially inhibit retinal NV, suggesting that other
growth factors may also participate in the development and
progression of retinal NV.

YC-1, a small molecule, has been found to have a novel
effect on HIF-1 activity. Specifically, YC-1 reduced the cellu-
lar levels of erythropoietin (EPO) and VEGF mRNA in hy-
poxic Hep3B cells (Chun et al., 2001); in addition, YC-1
suppressed the DNA-binding activity of HIF-1 and HIF-1
protein expression and reduced HIF-1� accumulation by co-
balt or desferrioxamine (Kim et al., 2006). However, because
sGC inhibitors failed to block the effects of YC-1 and because
8-bromo-cGMP did not mimic actions of YC-1, the HIF-1-
inhibitory effect of YC-1 is probably provided by a novel
cellular process linked with the oxygen-sensing pathway
(Chun et al., 2001). In addition, Yeo et al., 2003 have dem-
onstrated that in immunodeficient mice grafted with five
kinds of human tumor cells, YC-1 effectively halted tumor
growth, and tumors treated with YC-1 showed reduced
HIF-1� expression and poor vascularization. In addition, the
same study has demonstrated that YC-1 blocked angiogene-
sis and inhibited tumor growth in mice via suppressing
HIF-1� accumulation and inhibiting the expressions of HIF-

Fig. 9. Immunohistochemical analysis for retinal HIF-1�, VEGF, EPO,
ET-1, MMP-9, and iNOS expression in mice with oxygen-induced reti-
nopathy. Representative photomicrographs of retinas from various OIR
groups that were immunostained for HIF-1�, VEGF, EPO, ET-1, MMP-9,
and iNOS. The expression of HIF-1�, VEGF, EPO, ET-1, MMP-9, and
iNOS was up-regulated in the nontreated ischemic and DMSO-treated
groups, compared with nontreated normoxic group. All protein immuno-
reactivities were down-regulated in the YC-1-treated group compared
with nontreated ischemic and DMSO-treated groups. Retinas were ex-
amined at 60� objective. Scale bar, 500 �m.
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1-regulated genes, such as VEGF, and glycolytic enzymes in
grafted tumors.

In our previous investigation (DeNiro et al., 2009), we
demonstrated that YC-1 possesses several antiangiogenic
properties, both in vitro and ex vivo, which could be exploited
as valuable therapeutic potentials to inhibit the formation
and growth of new retinal vessels in the hypoxic retina.
Previous data have indicated that YC-1 inhibits experimen-
tal choroidal NV in rats (Song et al., 2008). In this manu-
script, we have extended our findings to OIR, in vivo, and
demonstrated the effectiveness of YC-1 as an antiangiogenic
agent and the role it plays to attenuate the clinical severity
and pathogenesis of retinopathy. This study has demon-
strated that the hyperoxic “injury” phase prompted specific
retinal pathological alterations that were typical of retinas
that have developed and expressed a relentless high degree
of vaso-obliteration, central vasoconstriction, as well as ab-
sence of central retinal perfusion, increased perfusion at the
periphery, persistent dilation and tortuosity of radial vessels.
Furthermore, fluorescein angiography has demonstrated
that, compared with nontreated oxygen-injured and DMSO-
treated retinas, YC-1 has reduced major retinopathy alter-
ation criteria that contribute to pathological NV. These cri-

teria are 1) the size of the central avascular zones, 2) the
number of the total blood neovascular tufts, 3) the extra-
retinal NV, and 4) the retinal vessel tortuosity. In addition,
our study has shown that there was a highly significant
reduction of ischemic retinopathy in the YC-1-treated retinas
compared with DMSO-treated ischemic retinas. The inescap-
able conclusion is that a dual-injection regimen of YC-1 in-
hibits the extent of retinopathy. Despite the presence of
negligible and minor ischemic pockets, YC-1-treated retinas
exhibited a marked evidence of physiological angiogenesis
proceeding at the edges of the ischemic area. Histological
analysis of P17 retinal sections demonstrated a significant
increase in the vascular density of YC-1-treated retinas com-
pared with DMSO-treated group. The mean vascular density
level of the YC-1-treated group returned to a basal homeo-
static level that was comparable with those of the nontreated
normoxic retinas. It is therefore tentative to speculate that
YC-1 has concomitantly and significantly enhanced physio-
logical retinal microvascular repair by promoting intrareti-
nal revascularization. Based on the histological appearance
of the tissues, no obvious toxic effects, inflammation, or ab-
normal retinal neuronal or vascular development was de-
tected in retinas of animals receiving YC-1.

Fig. 10. YC-1 induces a significant down-regulation of
iNOS gene expression and protein levels in vitro. A and B,
the mRNAs were isolated, and iNOS mRNA levels were
measured by quantitative real-time RT-PCR. The expres-
sion profile of iNOS-mRNA significantly changed in rMC-1
and R28 cells. The expression of iNOS was significantly
increased at 48 h after hypoxic incubation. DMSO-treat-
ment had no influence on iNOS message level. YC-1-treat-
ment caused a significant dose-dependent down-regulation
of iNOS mRNA expression in both cell lines. ANOVA tests
were used for the analyses. ��, P � 0.01 (50, 75, and 100 �M
YC-1 versus nontreated positive control); �, P � 0.05 (25
�M versus nontreated positive contro)l. Data are represen-
tative of three independent experiments. Values are pre-
sented as mean � S.E.M. C and D, Western immunoblot
analysis using rabbit anti-iNOS polyclonal antibody was
performed on total protein extracts from rMC-1 and R28
cells cultured under normoxic or hypoxic conditions and
were either left untreated or treated under hypoxia with
DMSO [0.2% (v/v)] or YC-1 (25–100 �M) for 48 h. �-Actin
was used as a control protein. Lane 1, normoxic controls;
lane 2, hypoxic controls; lane 4, DMSO-treated cells under
hypoxic conditions; lanes 4 to 7, YC-1-treated group under
hypoxia. All signals were quantitated and normalized
against �-actin measurements. Data are representative of
three independent experiments. Protein expression levels
were elevated markedly in the nontreated hypoxic cells. In
YC-1-treated hypoxic cells, iNOS protein expression was
significantly decreased in a dose-dependent fashion, com-
pared with nontreated hypoxic cells (r-MC-1 and R28). Sta-
tistical significance was determined by ANOVA (��, P �
0.01).
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Although HIF-1 seems to play a major role in YC-1-medi-
ated effects on retinal NV, other mechanisms are likely to be
involved. Previous data have critically demonstrated that
there was an increased expression of iNOS immunoreactivity
and NO production in the retina of diabetic rats (Carmo et
al., 2000). Localization of iNOS in the ischemic retina leads
us to the postulation that the primary effect of iNOS expres-
sion is the inhibition of angiogenesis in the ischemic tissue
(Sennlaub et al., 2001). The same study has demonstrated
that iNOS plays a crucial role in retinal neovascular disease
by inducing retinal vaso-obliteration and enhancing patho-
logical intravitreal NV. The study also noted that iNOS de-
ficiency accelerates revascularization of the avascular retina
and significantly reduces vitreal invasion and preretinal
growth. In addition, data have demonstrated that oxygen-
induced retinal vaso-obliteration was significantly reduced
by NOS inhibitor, L-nitro-n-arginine, which strongly sup-
ports the putative role for NO in the retinal vaso-obliterative
process (Brooks et al., 2001).

Previous data have demonstrated that YC-1 inhibits iNOS
expression (Hsiao et al., 2004; Pan et al., 2005); in addition,
Lu et al. (2007) have demonstrated that YC-1 inhibited LPS-
induced production of iNOS and COX-2 in microglia. In this
study, the retinal revascularization process was taking place
in tandem with the inhibition of neovascular tuft formation.

These neovascular tuft areas were eventually resolved on
P17 and ultimately disappeared on P21 in the YC-1 treated
retinas. These data suggest that YC-1 possesses novel pleio-
tropic activities in which it inhibits pathologic retinal NV and
simultaneously promotes vascular repair and physiological
revascularization.

Müller glial cells are specialized radial cells that extend
from the INL to the OLM retinal cell layers (Newman and
Reichenbach, 1996). Previous data have demonstrated that
retinal ischemia induced iNOS expression in Müller cells and
retinal ganglion cells (RGCs) (Kobayashi et al., 2000). How-
ever, Kashiwagi et al., (2003) demonstrated that both retinal
glial cells and RGCs express three types of NOS-mRNAs, and
hypoxia increases NOS-mRNA expression and NO produc-
tion in retinal glial cells but not in RGCs. Moreover, it has
been postulated that the primary effect of iNOS expression is
the inhibition of angiogenesis in the ischemic tissue
(Sennlaub et al., 2001). During this investigation, YC-1 was
shown to inhibit iNOS expression in INL, OPL, ONL, and
ILM. In addition, our in vitro studies have revealed that YC-1
directly inhibited iNOS expression at both mRNA and pro-
tein levels in retinal neuoroglial cells and Müller cells. There-
fore, the possibility exists that under ischemic conditions,
glial cells are the predominant source of iNOS in affected
avascular zones of the ischemic retinas, and YC-1 may be

Fig. 11. Immunofluorescence analysis of
iNOS expression in vitro. Photomicro-
graphs showing immunofluorescence anal-
ysis of Müller cells (rMC-1) (A) or R28
cells (B). Cells were incubated for 48 h
with DMSO [0.2% (v/v)] under normoxic
(blue blocks; negative control) or hypoxic
conditions (red blocks; positive control).
In different wells, cells were treated with
either DMSO (orange blocks) or YC-1 (25,
50, 75, and 100 �M; green blocks) and
incubated under hypoxic conditions for
48 h. The cells were subsequently fixed
for immunocytochemistry. The cells were
immunocytochemically stained with rab-
bit anti-iNOS polyclonal antibody. The
signal was detected using tyramide work-
ing solution [tyramide signal amplifica-
tion kit 2 (green)] for rMC-1 staining and
[tyramide signal amplification kit 4 (red)]
for R28 staining. Intense staining was
considered a positive signal. Yellow ar-
rows indicate rMC-1 and R28 cells over-
expressing iNOS. Under hypoxic condi-
tions, nontreated hypoxic cells exhibited
extremely high iNOS immunoreactivity.
There was a strong iNOS-positive stain-
ing signals of iNOS deposited over the
cytoplasms and nuclei of the DMSO-
treated cells incubated under hypoxia.
Treatment of cells with various concen-
trations of YC-1 under hypoxic conditions
for 48 h resulted in a dose-dependent in-
hibition of iNOS expression. Images are
representatives of three independent ex-
periments. Scale bars, 0.3 mm.

364 DeNiro et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


inhibiting iNOS expression by acting directly on retinal glial
cells. Our data open the interesting possibility that glial
malfunction may contribute to the breakdown of the blood-
retinal barrier in diabetic retinopathy. Taken together, our
study demonstrates that the in vitro model of hypoxia in the
neuoroglial and Müller retinal cells shares common features
with the OIR mouse model, because both models exhibit the
induction and the accumulation of HIF-1� and the up-regu-
lation of its downstream molecules.

Because preretinal growth is the most damaging aspect of
retinopathy, this poorly understood event is an attractive
therapeutic target. Previous investigations have exhibited
that breaching the INL of the retina takes place after hy-
poxia-induced degeneration of astrocytes, which normally
serve as scaffolds for vessels spreading on the retina surface
(Stone et al., 1996). Other studies (Stellmach et al., 2001)
have indicated that vitreal invasion takes place upon down-
regulation of natural angiogenic inhibitors residing in the
vitreous. Pigment epithelium-derived factor, in particular,
prevents vessel invasion into avascular compartments of the
eye such as the vitreous, cornea, and ONL of the retina. It is
noteworthy that VEGF and pigment epithelium-derived fac-
tor are regulated by oxygen in an opposite manner. Hence,
the study of Sennlaub et al. (2001) is consistent with the
thesis that preretinal growth is elicited whenever the fail-
ure to restore retinal normoxia results in a continuous
build-up of VEGF in the vitreous. Therefore, these two
studies strongly suggest that the balance of pro- and antian-
giogenic activities in the vitreous determine the extent of
preretinal growth. Taken together, data from our study re-
veal that YC-1 enhanced the normal vascular development
and promoted a robust vessel regrowth (de novo vessel
growth) by inhibiting iNOS expression, as assessed by the
retinopathy score, results of retinal histological examination,
and iNOS immunohistochemistry.

Previous investigations have demonstrated that YC-1
stimulates the expression of heme oxygenase-1 in vascular
smooth muscle cells via the phosphatidylinositol 3-kinase
pathway (Liu et al., 2009). Heme oxygenase-1 is a cytopro-
tective, proangiogenic, and anti-inflammatory enzyme that is
strongly induced in injured tissues. The results reported in
the present study, taken together with the results described
above, imply that YC-1 may directly sculpt the microenviron-
ment within the vascular plexus—a mechanism that under
normal conditions would assure adequate local control of
oxygen and nutrient supply. During this study, we found that
the mean vascular density level of the YC-1-treated group
has returned to a basal homeostatic level, which was compa-
rable with those of the nontreated normoxic retinas. These
retinal pathologies seemed to be associated with ischemia
and the activation of HIF-1-signaling cascades. These cas-
cades play critical roles in regulating downstream pathways
that consequently induce the up-regulation of various growth
factors (VEGF, EPO, and ET-1), enzymes (iNOS), and gela-
tinases (MMP-9).

The formation of new blood vessels or angiogenesis is broadly
divided into three phases: vessel destabilization, proliferation/
migration, and vessel maturation (Carmeliet 2003). When ves-
sel growth is required, the regulatory balance tips toward
proangiogenic factors. Restoration of steady state is achieved
by increasing angiogenesis inhibitors (antiangiogenic) and
vessel stabilization factors. Breakdown of the tightly regu-

lated angiogenic balance leads to abnormal angiogenesis and
contributes to a variety of pathological disorders, including
cancer, retinal neovascularization, autoimmune conditions,
and cardiovascular disease (Carmeliet, 2003). Throughout
our investigation, YC-1 exhibited pleiotropic effects that in-
fluenced both mechanisms, angiogenesis and vascular repair,
via the inhibition of HIF-1�. YC-1 inhibited pathological
retinal neovascularization by exhibiting antiangiogenic ac-
tivities, which impaired ischemia-induced expression of
HIF-1 and its downstream angiogenic molecules, such as
VEGF, EPO, ET-1, leading to the inhibition of NV in the
retina. Concomitantly, YC-1 promoted revascularization and
exhibited vascular repair properties in the avascular retina
by impairing ischemia-induced expression by of HIF-1 and its
downstream antiangiogenic molecules in the avascular reti-
nas, such as iNOS. Our findings may be relevant to the use of
intravitreous YC-1 in the management of retinovascular dis-
eases, particularly those with ongoing intraretinal vascular
development, such as ROP. There may be a more favorable
therapeutic index for YC-1 in treating retinopathy than for
an antiangiogenic agent that suppresses all vessel growth.
Our data indicate that YC-1 exerted notable in vivo antian-
giogenic effects that could be exploited as valuable therapeu-
tic potentials to inhibit retinal NV in the ischemic retina.
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