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Sulodexide is a mixed glycosaminoglycan composed of hepa-
rin and demmatan sulfate. In this study, the anti-angiogenic
effect of sulodexide was investigated using an oxygen-induced
retinopathy (OIR) mouse model. The retinas of sham-injected
OIR mice (P17) had a distinctive central area of nonperfusion,
and this area was significantly decreased in sulodexide-in-
jected mice. The number of neovascular tufts measured by
SWIFT_NV and mean neovascular lumen number were sig-
nificantly decreased in sulodexide-injected mice. Hyperbaric
oxygen exposure resulted in increased levels of VEGF, MMP-2
and MMP-9, and when mice were treated with sulodexide, a
dose-dependent reduction in VEGF, MMP-2 and MMP-9 levels
was observed. Our results clearly demonstrate the anti-angio-
genic effect of sulodexide and highlight sulodexide as a
candidate supplementary substance to be used for the treat-
ment of ocular pathologies that involve neovascularization.
[BMB Reports 2014; 47(11): 637-642]

INTRODUCTION

The term “ischemic retinopathy” refers to a group of diseases
including retinopathy of prematurity, diabetic retinopathy and
retinal vein occlusion, where progressive irreversible visual
loss occurs as a consequence of pre-retinal neovascularization
(1). Among these diseases, retinopathy of prematurity (ROP) is
known as a major cause of blindness in children exposed to
high levels of oxygen soon after birth. Exposure to high levels
of oxygen at certain stages of retinal vascular development re-
sults in retinal neovascularization and retinal detachment.
Currently, the mainstay of ROP treatment is an attempt to halt
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retinal neovascularization by performing indirect laser photo-
coagulation and/or administering intravitreal anti-vascular en-
dothelial growth factor (anti-VEGF) agents (2). Although these
treatment strategies are somewhat effective, each carries a risk
of structural and systemic complications (3). Thus, the demand
for new and better treatment strategies continues to grow.
Substantial effort has been devoted to finding new treatment
modalities that confer less toxicity and more effectively im-
prove the microcirculation.

Sulodexide is a highly purified mixed glycosaminoglycan
preparation extracted from porcine intestines that has been
used in various vasculopathies such as myocardial infarction,
transient ischemic attacks, peripheral vascular insufficiency,
retinal thrombosis, and diabetic retinopathy (4-8). Sulodexide
consists of 80% low-molecular weight heparin and 20% der-
matan sulphate (9, 10). This unique composition results in
high bioavailability and a long plasma half-life. The compound
is generally well tolerated and the low molecular weight of
both fractions facilitates oral absorption (5, 10). Recently, sulo-
dexide was shown to be effective in inhibiting neo-angio-
genesis in a rat model of peritoneal perfusion (11). Sulodexide
is a strong candidate for the treatment of ischemic retinopathy,
as it not only possesses high bioavailability but may also pos-
sess anti-angiogenic properties to slow the formation of new
retinal vessels.

Little is known about the anti-angiogenic effect of sulodex-
ide in ocular tissues. However, sulodexide is currently pre-
scribed widely for patients with various vasculopathies, and
many of these patients have comorbid ocular diseases such as
diabetic retinopathy or retinal vein occlusion. Notably, many
of these comorbid ocular pathologies are related to ocular is-
chemia and neovascularization. Further research to character-
ize the compound is therefore essential. Moreover, determin-
ing whether sulodexide can attenuate new vessel formation in-
duced by ischemia may be of use in alternative treatments for
certain blinding diseases. In this study, in vivo models have
been used to investigate the hypothesis that sulodexide can act
as an anti-angiogenic agent. We show for the first time, to our
knowledge, that the intraperitoneal administration of sulodex-
ide reduced retinal neovascularization in a mouse model of
oxygen-induced retinopathy (OIR).

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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RESULTS

Quantification of the central area of non-perfusion and retinal
tufts in flat mounts

Retinal flat mount fluorescein staining was performed using
FITC-dextran to quantify retinal neovascularization. Retinal flat
mounts of samples obtained from the OIR group at P17 dem-
onstrated a clear central area of non-perfusion (Fig. 1A).
Retinas from the sham-injected group showed that 47.87 +
4.51% of the total retinal area was ischemic (Fig. 1B, Table 1),
whereas the retinas of low- (5 mg/kg) or high-dose (15 mg/kg)
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Fig. 1. FITC-dextran-perfused retinal flat mounts showing retinal
vascularization (left column), avascular area (middle column), and
neovascular tufts (right column). In the sham-injected group, a dis-
tinctive central ischemic area (A, B) and many neovascular tufts
were observed (C). However, the area of ischemia was clearly re-
duced in the low- (D, E) and high-dose (G, H) sulodexide groups.
Neovascular tufts were also significantly reduced in the low- (F)
and high-dose (1) sulodexide groups.

Table 1. Quantification of avascular area and neovascular tufts in each
group

Neovascular Tufts
(percentage of total
retinal area) + S.D.

Avascular Area
(percentage of total
retinal area) + S.D.

Sham-treated control 47.87 + 4.51 3.98 + 0.67
Sulodexide 5 mg/kg 37.75 + 3.61 2.56 + 0.22
Sulodexide 15 mg/kg 36.25 + 2.96 2.37 + 0.19
P value* <0.01 <0.01

*Statistical significance was tested by one-way ANOVA (Kruskal-
Wallis test).
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sulodexide-injected animals showed 37.75 + 3.61% and
36.25 + 2.96% ischemia, respectively. The central area of
non-perfusion was significantly reduced in size (P < 0.01).
Neovascular tufts on superficial vascular plexuses were also
prominent in the sham-injected group (Fig. 1C). In contrast, in
the pups treated with low- (5 mg/kg) or high-dose (15 mg/kg)
sulodexide, the number of neovascular tufts was significantly
reduced (Fig. 1F and 11, respectively). No statistical signifi-
cance was found when comparing the avascular area or the
number of neovascular tufts between the low- (5 mg/kg) and
high-dose (15 mg/kg) groups.

Vascular lumen measurement in hematoxylin and eosin
(H&E)-stained cross-sections

H&E staining revealed many neovascular lumens in the
sham-treated group (Fig. 2A). In the sham-treated group, the
average number of vascular lumens was 19.72 + 3.25, where-
as numbers in the low- (5 mg/kg, Fig. 2B) and high-dose (15
mg/kg, Fig. 2C) groups were 13.18 + 1.32 and 11.90 + 2.07,
respectively. Sulodexide significantly reduced the number of
vascular lumens in comparison to sham treatment (P < 0.05,
Fig. 2D). There was no significant difference in the number of
vascular lumens when the low- (5 mg/kg) and high-dose (15
mg/kg) groups were compared.

Number of vascular lumens

Control Sulodexide  Sulodexide
5 mg/kg 15 me/ke

Fig. 2. H&E staining of the retina for the counting of neovascular
lumens in each group. Numerous neovascular lumens were ob-
served in the sham-treated group (A). There was a significant reduc-
tion in the number of neovascular lumens in both the low- (B) and
high-dose (C) sulodexide groups compared to the control group (P
< 0.05). Sulodexide significantly reduced the number of vascular
lumens in comparison to sham treatment (D). Arrows indicate the
vascular lumens of new vessels growing into the vitreous. Data
shown are the mean + SD; lumens were counted at x40
magnification. Scale bars: 50 pum.
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Effect of sulodexide on the expression of vascular endothelial
growth factor (VEGF), matrix metalloproteinase (MMP)-2,
MMP-9, platelet-derived growth factor (PDGF)-1, and
PDGF-2

Changes in the expression of pro-angiogenic proteins such as
VEGF, MMP-2, MMP-9, PDGF-1, and PDGF-2 in the sham and
sulodexide groups were evaluated via western blot analysis
(Fig. 3A). In the sham-treated group, exposure to hyperbaric
conditions from P12 to P17 significantly increased the levels of
pro-angiogenic factors VEGF, MMP-2 and MMP-9. In the high-
dose treatment group, sulodexide significantly downregulated
the expression of MMP-2, although this effect was not ob-
served in the low-dose group (Fig. 3B). Both dosages of sulo-
dexide (5 mgkg, 15 mgkg) significantly inhibited the ex-
pression of MMP-9 and VEGF (Fig. 3C and 3D). However, at
both investigated concentrations, sulodexide did not affect the
expression of either PDGF-1 or PDGF-2.

DISCUSSION

Our results show that sulodexide can significantly attenuate
retinal neovascularization in vivo. The anti-angiogenic proper-
ties of sulodexide were investigated using a mouse model of
oxygen-induced retinopathy. The results presented here may
provide insight into the potential mechanisms by which this
compound exerts its anti-angiogenic effects. The inhibition of
angiogenesis mediated by sulodexide is not unlike that de-
scribed in a rat model of peritoneal perfusion (11). In that
model, sulodexide was effective in reducing the thickness of
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the submesothelial layer of the parietal peritoneum but did not
reduce VEGF levels in the dialysate. Remarkably, in our study,
sulodexide not only effectively attenuated retinal neo-
vascularization in a mouse model of OIR but also significantly
reduced the expression of various pro-angiogenic proteins
such as VEGF, MMP-2, and MMP-9. Although the reason for
these discrepancies remains unclear at present, potential ex-
planation include the specific characteristics of the organ itself
or a particular microenvironment induced by different angio-
genesis models.

Despite the clear demonstration of sulodexide’s efficacy as
an anti-angiogenic compound, the precise mechanism by
which this occurs is a matter for speculation. In our study, su-
lodexide significantly and dose-dependently inhibited the ex-
pression of VEGF, MMP-2, and MMP-9. VEGF is well known
to stimulate endothelial cell activation and proliferation (12). It
also alters endothelial cell gene expression, which results in
the increased production of several proteases such as inter-
stitial collagenase and matrix metalloproteinases (13-15). Pre-
vious research has also demonstrated positive feedback regu-
lation between MMP-9 and VEGF under pathologic conditions
(13). Thus, it is generally thought that the expression of MMP
is closely linked to that of VEGF. Our results suggest that sulo-
dexide inhibits neo-angiogenesis by blocking VEGF activity
and thus downregulating the expression of MMPs. Note, while
the levels of VEGF, MMP-2 and MMP-9 were significantly de-
creased by sulodexide, of the expression of PDGF-1 and
PDGEF-2 was not affected by low- or high-dose sulodexide. The
link between VEGF and PDGF, especially in ocular tissue, re-
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mains to be elucidated. However, recent studies have sug-
gested that VEGF may competitively block PDGF receptors, af-
fecting cell signaling (16), and treatment with an anti-angio-
genic compound inhibited the expression of PDGF-2 in a
mouse model of OIR (17). Our results suggest that although su-
lodexide, similarly to other anti-angiogenic compounds, is ef-
fective in inhibiting VEGF, the precise mechanism of its an-
ti-angiogenic activity may differ from those underlying the ef-
fects of other compounds.

In the Diabetic Nephropathy and Albuminuria Sulodexide
(Di.N.A.S.) study, various dosages (50-200 mg/d) of sulodexide
were administered to human subjects (18). No severe adverse
effect was observed. Another study that evaluated the
long-term efficacy and safety of sulodexide after acute my-
ocardial infarction showed that this compound is well tol-
erated and is unassociated with significant adverse events (4).
Although our in vivo experiments were performed in a mouse
model, sulodexide was used at concentrations as high as 15
mg/kg without inducing any biochemical or morphological
changes in the mouse retina. This finding is consistent with
previous observations that sulodexide is a relatively non-toxic
compound that could be used as a supplement in various
vasculopathies.

Although originally thought to increase the risk of vitreous
and retinal hemorrhage in diabetic retinopathy, sulodexide is
now widely used in patients with diabetic retinopathy. In pa-
tients with type 2 diabetes, oral sulodexide administration re-
stored vascular permeability (19). A large clinical study is now
underway to evaluate the effects of sulodexide in the treatment
of hard retinal exudates. Nonetheless, it was recently shown
that sulodexide has no therapeutic benefit in type 2 diabetic
nephropathy (20). The somewhat confusing nature of these re-
ports may be due to the organ-specific cellular distribution of
VEGF expression. Following ischemia, VEGF expression in the
ocular tissue is markedly elevated. For example, the vitreous
concentration of VEGF was significantly higher in patients with
diabetic retinopathy (812 + 1,108 pg/ml) compared to con-
trols (1.7 + 4.4 pg/ml) (21). However, both the plasma and
urinary concentrations of VEGF in patients with diabetic
nephropathy with proteinuria were relatively low (median
14.2 pg/ml, 245 pg/mg creatinine, respectively) (22). Thus, the
effect of inhibiting VEGF and other pro-angiogenic factors may
vary depending on the target tissue or organ.

In conclusion, sulodexide was shown to be effective, at least
in part, in inhibiting retinal neovascularization in a mouse
model of retinopathy. Sulodexide acts by inhibiting pro-angio-
genic proteins including VEGF, MMP-1, and MMP-9. Because
pathologic angiogenesis following retinal ischemia is one of the
leading causes of blindness, drugs with low toxicity and potent
anti-angiogenic activity are urgently needed. Our results show
that sulodexide fits these criteria and can be suggested as a sup-
plementary compound in the treatment of ocular pathologic
angiogenesis. Detailed information on the pharmacokinetics of
this substance in the eye will require further investigation.
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MATERIALS AND METHODS

Materials

Animals

Breeding pairs of ICR mice were originally purchased from
Daehan Biolink (Seoul, Korea). All mice were provided with
food and water ad libitum and kept on a 12-h light/dark cycle.
Experiments were designed and performed in accordance with
the guidelines of the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research. All experimental proto-
cols were approved by the Institutional Animal Care and Use
Committee of Incheon St. Mary’s Hospital.

Oxygen-induced retinopathy in mice

ICR pups were randomly divided into three groups: a normox-
ia group (control group), an oxygen-exposed group (OIR
group), and a sulodexide group; each group had one nursing
mother and 5-7 pups. Oxygen-induced retinopathy was in-
duced in ICR pups, as described previously (23). For the OIR
model, the newborn pups were transferred at post-natal day (P)
7 along with their mother to a chamber supplied with 75 +
2% oxygen, under continual monitoring with a ProOx 110
oxygen controller (Biospherix, Ltd., Lacona, NY, USA) for 120
h. On P12, the mice were returned to the room air and given
daily intraperitoneal (IP) injections of vehicle (saline) or 5-15
mg/kg of sulodexide dissolved in the vehicle. The mice in the
normoxia group were maintained in room air from birth until
P17.

Whole flat mount fluorescent staining

Retinal flat mount fluorescein staining was performed as pre-
viously described (24). Before injection, FITC-dextran (FD2000S;
Sigma-Aldrich, St. Louis, MO, USA) was dissolved in ultrapure
water at a concentration of 50 mg/mL, centrifuged at 10,000
x g for 5 min, and collected as the supernatant. The FITC-dex-
tran was protected from light during the preparation. In small
animals such as pups, the intravenous injection of FITC-dex-
tran is technically challenging. Moreover, direct injection of
the dye into the heart can directly damage the heart of this frail
animal. We therefore administered retro-orbital injections of
FITC-dextran according to a previously published protocol
(25). Mice were anesthetized on P17 with IP injections of ket-
amine (1%), xylazine (0.1%), and sodium chloride (0.9%) at a
concentration of 0.1 ml/10 g mouse body weight. A 27-gauge
needle with a 1-ml syringe attached was gently pierced 3 mm
into the mouse’s left orbital venous sinus with the bevel on the
needle facing forward at a 45° angle, allowing for the injection
of 100 ml FITC-dextran. Eyes were carefully harvested and
fixed in 4% paraformaldehyde for 40 min at room tempera-
ture. The cornea, iris, lens, and vitreous were gently removed
under a stereomicroscope (Leica, Wetzlar, Germany). After
making 4-6 radial incisions in the dissected retina, it was flat-
tened with a coverslip. The vessels of the retina in each P17
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OIR mouse were viewed under a confocal microscope (Carl
Zeiss, Jena, Germany). The retinal segments were merged to
generate an image of the total retina (Photoshop CS3; Adobe
Systems Inc., San Jose, CA, USA).

Quantification of retinal neovascularization

Retinal neovascularization and vaso-obliteration were quanti-
fied as reported earlier (26). Both neovascularization and vaso-
obliteration are represented as percentages of total retinal area.
Total retinal area and vasoobliteration were quantified using
Adobe Photoshop CS3 as previously described (26). Neovas-
cularization was quantified using a semi-automated computer
program, SWIFT_NV, which is a set of macros run on NIH’s
Image ) software. Artifacts such as hyper fluorescent retinal
ends, hyaloid vasculature, and cellular debris were excluded
from the analysis. SWIFT_NV divides the retinal image into
four quadrants, and a threshold was set to highlight the neo-
vascular tufts while excluding normal vasculature from the
quantification. The program thus calculates the area of the ne-
ovascular tufts to ultimately generate a stitched image high-
lighting the neovascular tufts on the original retinal image.

Tissue section preparation and HE staining

Pups from all groups were sacrificed on P17. Eyes of 4 mice
from each group were analyzed (each experiment was per-
formed minimum thrice, with 12 animal per group). Eyes were
removed and fixed in 4% paraformaldehyde in PBS for 24 h
and then embedded in paraffin. Sagittal sections of 8-um thick-
ness, each 32 um apart, were cut parallel to the optic nerve.
The sections were stained with H&E to assess the vascular lu-
mens of new vessels growing into the vitreous via light micro-
scopy (Carl Zeiss, Chester, VA, USA). Vascular lumens be-
tween the lens and the inner limiting membrane were counted
in at least 5 sections from each eye by two independent ob-
servers following a masked protocol. The mean number of ne-
ovascular lumens per section was calculated for each group.
Color photos were taken of histological sections obtained from
the posterior margin of the mouse ciliary body to the retina
(Fig. 2).

Western blot analysis

For immunoblot analysis, the entire retina was lysed in RIPA
buffer [150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, and 1x pro-
tease inhibitors] and incubated for 30 min at 4°C. These sam-
ples were then sonicated and centrifuged at 14,000 x g for 10
min at 4°C, and the supernatant was transferred to a new mi-
crocentrifuge tube. The protein concentration in the entire reti-
na was determined using a Bio-Rad Protein Assay kit (Life sci-
ence, Hercules, CA, USA). Next, an equal volume of 4 x sam-
ple buffer [200 mM Tris, pH 6.8, 8% SDS, 0.4% bromophenol
blue, 40% glycine, and 400 mM DTT] was added to the sam-
ples, followed by boiling for 3-5 min at 100°C. The protein
samples were subsequently separated via SDS-gel electro-
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phoresis on a 10-12% polyacrylamide gel and then transferred
to a polyvinylidenedifluoride (PVDF) membrane (Hybond-P;
GE Healthcare, Amersham, UK). After blocking with 5% skim
milk in PBST buffer [8 g/l NaCl, 0.2 g/l KCI, 1.44 g/l Na,HPOs,
0.24 g/l NaH;HPO,, and 0.1% Tween-20] for 30 min, the
membranes were incubated overnight at 4°C with the in-
dicated primary antibody diluted in PBST containing 1% skim
milk. Mouse monoclonal antibodies against VEGF (1:1000)
and PDGF (1:1000) were purchased from Abcam (Cambridge,
MA, USA). Rabbit monoclonal antibodies against MMP-2
(1:1000), MMP-9 (1:1000) and GAPDH (1:1,000) were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).
Subsequently, the membranes were incubated with the appro-
priate secondary antibody (horseradish peroxidase-conjugated
goat anti-rabbit or horse anti-mouse secondary antibody
[1:3,000, Santa Cruz Biotechnology, CA, USA]). The immunor-
eactive bands were visualized using enhanced chem-
iluminescence reagents (GE Healthcare, Amersham, UK) and
then quantified via densitometry using an LAS-4000 image
reader and Multi Gauge 3.1 software (Fuji Photo Film, Tokyo,
Japan).

Statistical analysis

Each experiment was performed at least three times, and the
data were expressed as the mean + standard deviation (SD).
The central area of non-perfusion and the number of neo-
vascular tufts were compared between groups using one-way
analysis of variance (ANOVA, Kruskal-Wallis test). Statistical
analysis was performed using STATA/IC (version 11.2; Stata-
Corp LP, TX, USA). P-values less than 0.05 were considered
statistically significant.
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