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Abstract

Background One of the early signs of diabetic retinopathy is
the alteration of the blood—retinal barrier (BRB), which may
involve the breakdown of endothelial cell tight junctions.
Methylglyoxal (MGO) is a cytotoxic metabolite that is pro-
duced from glycolysis in vivo. Elevated levels of MGO are
observed in a number of pathological conditions, including
neurodegenerative disorders and diabetic complications.
Herein, we hypothesize that increased levels of MGO disrupt
the tight junction protein known as occludin protein by matrix
metalloproteinases (MMPs), leading to breakage of the BRB.
Methods MGO was intravitreally injected into eyes of rats.
BRB leakage, MMPs activity, and occludin were investigated
in intravitreally MGO-injected eyes.

Results When normoglycemic rats were intravitreally injected
with 400 uM MGO, there was widespread leakage of fluores-
cein isothiocyanate—bovine serum albumin (FITC-BSA) from
the retinal vasculature when compared to control retinas. In
addition, MGO-injected retinas demonstrated increases of both
activity and expression of MMP-2 and MMP-9, and the deg-
radation of occludin was found in the MGO-injected retinas.
Conclusions The results suggest that the activation of MMPs
by elevated levels of MGO in the retina may facilitate an
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increase in vascular permeability by a mechanism involving
proteolytic degradation of occludin. These findings may have
implications for the role of MGO in the pathogenesis of
diabetic retinopathy.

Keywords Blood-retinal barrier - Matrix
metalloproteinases - Methylglyoxal - Occludin

Introduction

Diabetic retinopathy is associated with progressive damage of
the capillary basement membrane, loss of microvascular in-
tramural pericytes, and leaky dilation [1, 2]. A major clinico-
pathological hallmark of diabetic retinopathy is increased
capillary permeability culminating in an overt breakdown of
the inner blood-retinal barrier (BRB) [3, 4]. The pathogenic
mechanism of the compromise of the BRB during diabetic
retinopathy remains unclear.

One group of extracellular proteinases that have been
shown to play a role in the retinal neovascularization seen in
the later stages of diabetic retinopathy is the matrix metal-
loproteinases (MMPs). MMPs are a class of approximately 25
known proteinases that serve to degrade at least one compo-
nent of the extracellular matrix in addition to other substrates.
Recently, it was reported that an elevated expression of MMPs
in the retina facilitated an increase in vascular permeability by
a mechanism involving proteolytic degradation of the tight
junction proteins [5].

Endogenous reactive carbonyl species (RCS), such as 3-
deoxyglucosone (3-DG), glyoxal (GO), and methylglyoxal
(MGO), play an important role in mediating carbonyl stress in
various cells [6, 7]. RCS are highly produced where there is a
high level of glucose in the physiological system. RCS in the
cells can react with proteins, especially lysine and arginine
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residues, and with DNA to form a group of compounds called
advanced glycation end products (AGEs). Chemical modifi-
cations of the proteins and DNA cause structural damage to
cells and eventually lead to tissue injury. An accumulation of
MGO in diabetes may contribute to diabetic retinopathy [8].
Our recent study showed that the production of MGO in
retinal tissue was closely correlated with the loss of retinal
pericytes, an early sign of diabetic retinopathy. Interestingly,
MGO increases the expression of MMP-2 in the basement
membrane of peritoneal microvessels [9]. However, the un-
derlying mechanisms of MGO cytotoxicity in BRB breakage
have remained uncertain. Thus, in this study, we investigate
whether MGO can induce BRB dysfunction in rat retinas and,
if so, whether MGO-induced retinal vasopermeability occurs
via the enhanced expression of MMPs in the retina.

Materials and methods
Animals and induction of diabetes

Diabetes was induced by a single injection of streptozotocin
(STZ, 60 mg/kg, i.p.) in 7-week-old male Sprague-Dawley
(SD) rats. Age-matched control rats received an equal volume
of vehicle (0.01 M citrate buffer, pH 4.5). One week after the
STZ injection, the blood glucose level was measured from the
tail vein. Rats with a blood glucose level over 300 mg/dl were
considered to be diabetes-induced rats. The animals were then
divided into two groups: (1) normal SD rats (»=8) and (2)
STZ-induced diabetic rats (n=8). Five months after the induc-
tion of diabetes, the animals were fasted for at least 15 h and
immediately anesthetized and killed. Blood was obtained for
fasting blood glucose determination using a Beckman glucose
analyzer II (Beckman, CA, USA). Levels of MGO in the
retinal tissues were assessed by HPLC. Animals were deeply
anesthetized using ketamine/xylazine, and eyes were enucle-
ated. Retinas were isolated and homogenized in 300 pl of lysis
buffer (50 mM Tris-HCI pH 7.4, 250 mM NaCl and 1x
protease inhibitor cocktail), incubated for 1 h on ice and
briefly sonicated. Protein concentration was determined and
normalized. Subsequently, 100 pl of sample at a concentration
of 1 pg/ul was mixed with 100 ul HCI (0.2 M). The concen-
tration of MGO was determined according to a modification
of a previously reported method [10, 11]. All experiments
were approved by the Korea Institute of Oriental Medicine
Institutional Animal Care and Use Committee.

Intravitreal injection of MGO
Thirty-two male SD rats (7 weeks old) were used in this study.
Each rat was anesthetized with a 1:1 mixture of xylazine

hydrochloride (4 mg/kg) and ketamine hydrochloride
(10 mg/kg). A single dose of 24 mM MGO in a volume of
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3ul was injected into the vitreous of the right eye with a
microinjector (Hamilton Co., NV, USA) under a dissecting
microscope. Assuming the vitreous volume of an adult rat
eye to be approximately 56 ul [12], the final intravitreal
concentration of MGO was approximately 400 pM. For nor-
mal control, 3 pl of physiological saline was injected into the
left eye. The needle was left in position for 30—60 s and then
slowly withdrawn to minimize fluid loss from the eye. The rats
were monitored regularly for infection associated with the
injection site. Eyes with injection-damaged lenses or retinas
were excluded from the study. At 1 day after the intravitreal
injection, rats were anesthetized and killed. The 32 rats were
subjected to measurement of BRB permeability, trypsin-
digested vessel preparation, gelatin zymography, and extrac-
tion of protein, respectively. All experiments were approved by
the Korea Institute of Oriental Medicine Institutional Animal
Care and Use Committee.

Measurement of BRB permeability

Eight rats previously injected intravitreally with MGO or
saline were deeply anesthetized using ketamine/xylazine.
One hundred mg/kg each of fluorescein isothiocyanate—
bovine serum albumin (FITC-BSA, Sigma, St. Louis, MO) in
sterile PBS was injected into the left ventricle. The tracer was
allowed to circulate for 5 min and one eye was then enucleated
and immediately fixed in 4% paraformaldehyde for 2 h. The
retinas were dissected, flat-mounted onto a glass slide, and
viewed by fluorescence microscopy (BX51, Olympus, Tokyo,
Japan). For quantification of retinal vascular leakage, the eyes
were enucleated, embedded in an OCT compound (Sakura.
Finetechnical, Tokyo, Japan), and immediately frozen in liquid
nitrogen. The plasma was collected and assayed for fluores-
cence with a spectrofluorophotometer (Synergy™ HT, Bio-
Tek, VT, USA) based on standard curves of FITC-BSA in
normal plasma. Frozen retinal sections (4 to 8 wm thick) were
collected every 30 um and viewed with a fluorescence micro-
scope (BX51, Olympus). Six images from nonvascular retinas
(200 um?) in each section were collected. Quantification of the
FITC-BSA fluorescence intensity was calculated by Imagel
software (NIH) and normalized to the plasma fluorescence
intensity for each animal.

Trypsin-digested vessel preparation

The eyes were enucleated from eight rats previously injected
intravitreally with MGO or saline, and the retinas were isolated.
The retinal samples were then placed in 10% formalin for
2 days. After fixation, the retinas were incubated in trypsin
(3% in sodium phosphate buffer) for approximately 60 min.
The vessel structures were isolated from the retinal cells by
gentle rinsing in distilled water. The vascular specimens were
then mounted on a slide.
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Immunofluorescence staining

Immunofluorescence staining was performed on the trypsin-
digested retinal vessels. Antibody was rabbit anti-occludin
(1:200, Invitrogen Life Technologies, Carlsbad, CA, USA).
To detect occludin, the vessels were incubated with Texas red-
conjugated goat anti-rabbit antibody (1:500, Santa Cruz Bio-
technology, Inc., Santa Cruz, CA). The intensity of the fluo-
rescence was analyzed in five randomly selected 200-mm?
areas using ImagelJ software (NIH).

Gelatin zymography

The activities of MMP-2 and MMP-9 were measured by gelatin
zymography using human recombinant pro- and active MMP-
2/9 (Calbiochem, Gibbstown, NJ, USA) as standards. Retinal
tissues from eight rats previously injected intravitreally with
MGO or saline were homogenized in a lysis buffer (50 mmol/
1 Tris-HCI, pH 7.6, 150 mmol/l NaCl, 5 mmol/l CaCl,, 0.05%
BRIJ-35, 0.02% NaNj3, 1% Triton X-100), and centrifuged.
Aliquots containing equal amounts of protein from each sample
were incubated for 1 h with gelatin-Sepharose 4B (Amersham
Biosciences, NJ, USA) with constant shaking. The pellets were
washed with a working buffer (lysis buffer without Triton X-
100) and resuspended in 100 pl of elution buffer (working
buffer with 10% dimethyl sulfoxide) for 30 min and then
centrifuged. The samples were loaded on 10% zymogram
gelatin gels (Invitrogen, CA, USA). After electrophoresis, the
gels were incubated in renaturing buffer (Invitrogen) for 1 h at
room temperature followed by incubation in developing buffer
(Invitrogen) overnight at 37°C. The gels were stained for 1 h in
1% Coomassie blue (Invitrogen) and then washed with water to
obtain the clearest background for photography.

Western-blot analysis

Retinal proteins were extracted from eight rats previously
injected intravitreally with MGO or saline and then separated
by SDS—polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA).
The membrane was probed with rabbit anti-occludin antibody
(1:1000, Invitrogen) and mouse anti-MMP-2 (1:1000, Santa
Cruz) and anti-MMP-9 antibodies (1:1000, Santa Cruz), and
then the immune complexes were visualized with an enhanced
chemiluminescence detection system (Amersham Bioscience,
Piscataway, NJ, USA).

Statistical analysis

The results obtained in the studies were analyzed with non-
parametric statistics because the data were not normally dis-
tributed. Comparisons between two groups were performed
with the Mann—Whitney rank test. Statistical analysis was

performed by GraphPad Prism 4.0 (GraphPad, La Jolla, CA,
USA).

Results

Increased MGO in the retinas of diabetic rat
with hyperpermeable retinal vessels

Streptozotocin-induced diabetic rat with hyperglycemia
(Table 1) were examined for increases in retinal vascular
permeability using a FITC-BSA leakage assay. We observed
amodest increase in the dye leakage from the retinal vessels of
diabetic rats when compared to the control normoglycemic
rats (Fig. 1a and b). In addition, we examined the accumula-
tion of MGO in the retinas of the control and diabetic rats. The
retinas of diabetic rats have increased levels of MGO as
compared to control retinas (Fig. 1c).

An increase in retinal MGO causes increased retinal
vascular permeability in normoglycemic rats

To determine if the increase of MGO seen in diabetic rat could
contribute to increased retinal vascular permeability, we ex-
amined whether an increased concentration of MGO in the
retina could induce retinal vascular leakage in normal rats. To
evaluate increased vascular permeability in MGO-injected
retinas, fluorescein angiography was performed using FTIC-
BSA. Figure 2a shows representative fluorescence micro-
graphs of FITC-BSA in control and MGO-injected eyes.
The fluorescence intensity is limited to the vasculature in the
control retinas and diffusely increased throughout the retinal
parenchyma in the MGO-injected retinas. Figure 2b shows the
change in the fluorescence intensity in the control and MGO-
injected retinas after normalizing to plasma fluorescence.
MGO increased retinal fluorescence by 71% (p<0.01).

Tight junction protein loss and association with MGO
accumulation

Given the correlation between increased vascular permeability
and loosening of the tight junctions in MGO-injected retinas,
we investigated the expression of the tight junction protein

Table 1 Metabolic and physical parameters after 5 months of STZ-
induced diabetes

NOR DM
Body weight (g) 494.46+8.73 229.25+10.66"
Fasting blood glucose (mg/dl) 124.93+10.8 409.78+68.10"

NOR normal rats, STZ streptozotocin-induced diabetic rats. All data are
expressed as the mean+SD. ~ p<0.01 vs. normal rats
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Fig. 1 Blood-retinal barrier breakdown (a and b) and MGO intracel-
lular accumulation (¢) in normal rats (NOR) and STZ-induced diabetic
rats (DM). Retinal permeability as determined by the FITC-BSA
technique is increased in rats following 5 months of diabetes. The
intracellular accumulation of MGO in the retinal vasculature is nearly
twofold higher in diabetic rats compared to nondiabetic rats. Values in
the bar graphs represent the means+SE, n=8. *p<0.01 vs. normal rats

known as occludin. A marked decrease in occludin was
detected in the MGO-injected retinas (Fig. 3a). To confirm
whether expression of occludin decreases due to an increased
concentration of MGO, we also performed a Western-blot
analysis. With an injection of MGO, occludin was significantly
reduced (Fig. 3b). These results indicate that increased vascular
permeability of MGO-injected retinas is accompanied by a
decrease of tight junction proteins in retinal vessels.

Activation of retinal MMP-2 and MMP-9 in MGO-injected
eyes

Because MMPs are increased in the retinas of diabetic animals
and because the breakdown of occludin may be involved in
the activation of MMP-2 and MMP-9 in retinal endothelial
cells [5], we wished to determine whether the decrease in
occludin content observed in MGO-injected eyes could result
from the activation of these proteolytic enzymes. MGO-
injected retinas were analyzed by zymography and demon-
strated a marked increase in both the pro and active forms of
MMP-2 and MMP-9 (Fig. 4a). Figure 4b also shows the
retinal protein levels for MMP-2 and MMP-9 in the retinas
that were evaluated with a Western-blot analysis. The MMP-2
and MMP-9 levels increased approximately 1.5 fold and 1.8
fold, respectively, in the MGO-injected eyes compared to the
controls.
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Fig. 2 MGO-induced BRB breakdown. Normoglycemic rats were
intravitreally injected for 1 day with 3 mM of MGO. Control retinas
showed no leakage of the tracer into the retina as evidenced by the clear
delineation of retinal capillaries. MGO-injected retinas demonstrated a
widespread breakdown of their BRB with tracer leakage into the neural
retina and a loss of delineation of the retinal capillaries. Values in the bar
graphs represent the means+SE, n=8. *p<0.01 vs. control group

Discussion

In this study, the direct involvement of MGO in the develop-
ment of diabetic retinopathy was examined. The current study
has demonstrated that MGO can induce BRB dysfunction in
normoglycemic animals, an important hallmark and sight-
threatening lesion of diabetic retinopathy. Diabetic retinopa-
thy is a common complication of diabetes [13]. In diabetic
retinopathy, the earliest visible sign is capillary hyperperme-
ability. Increased capillary permeability results in the leaking
of fluid into the surrounding retinal tissue, which pools around
the macula, thus causing macular edema and visual loss. Our
results suggest that MGO contributes to increased retinal
vascular leakage in diabetes.

One of the major consequences of hyperglycemia is the
formation of MGO. MGO is a major precursor of advanced
glycation end products (AGEs) and is increased in diabetic
tissues [14]. MGO is associated with the formation of acel-
lular capillaries and a loss of pericytes in diabetic rats [15,
16]. Cytotoxicity induced by MGO has already been
reported in various cells (rat Schwann cells, human vascular
endothelial cells, rat mesangial cell and bovine retinal peri-
cytes) [17-20]. In this study, we show that the exposure of
retinas to MGO leads to an alteration of the BRB. The data
obtained in our intraocular injection systems are consistent
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Fig. 3 MGO-induced occludin loss. a Representative retinal vessels
from control and MGO-injected retinas stained with anti-occludin
antibody. Occludin expression was evident at the interfaces between
adjacent endothelial cells in the control retinas, while it was mostly
eliminated from the microvessels in the MGO-injected retinas (arrow).
b Total protein was isolated, and a Western blot was performed. The
MGO-injected retinas demonstrated less occludin than the control retinas.
Values in the bar graphs represent the means+SE, n=8. *p<0.01 vs.
control group

with observations in the retinas of a diabetic animal model
[5]. Altogether, data suggests that the MGO-induced MMP
activation increases the breakdown of endothelial cell tight
junctions, possibly contributing to BRB leakage in situa-
tions of an increased availability of MGO, such as diabetes.

The plasma methylglyoxal levels have been estimated to be
about 0.5 uM in healthy individuals and can increase twofold
in cases of diabetes [21], and others have demonstrated that
the plasma methylglyoxal concentration in poorly controlled
human diabetic patients is about 400 uM [22]. Cells produce
large amounts of methylglyoxal [23]. Intracellular levels are
probably much higher than plasma levels [14]. Moreover,
incubation of retinal epithelial cells with 3 mM MGO resulted
in an intracellular accumulation of MGO. This intracellular
level of MGO is consistent with the levels found in retinal
tissues of diabetic animals [11]. In our previous study, the
intravitreal injection of 400 pM MGO into normoglycemic rat
eyes induced the injury of retinal pericytes [24]. Based on

Fig. 4 Activation of MMP-2 and MMP-9 in MGO-injected retinas. a
Representative gelatin zymography of retinal samples. MGO increases
MMP-2 and MMP-9 activation in retinas. Following an MGO treat-
ment, an increase in production of both the pro and activated forms of
the enzymes was seen. b Protein expression of MMP-2 and MMP-9.
Western-blot analysis shows the increased expression of MMP-2 and
MMP-9 in the MGO-injected retinas. Values in the bar graphs repre-
sent the means+SE, n=8. *p<0.01 vs. control group

these previous reports, we chose a dose of 400 uM MGO to
mimic the exposure to elevated levels of MGO under diabetic
conditions.

Previous work demonstrated that the activation of MMP-2,
MMP-9, and MMP-14 by both high glucose in bovine retinal
endothelial cells and hyperglycemia in diabetic rats induced
alterations of tight junction function [5]. MGO increased the
expression of MMP-2 in the basement membrane of peritoneal
microvessels [9]. We also showed that MGO induced the
increases in both activity and expression of MMP-2 and
MMP-9 as well as the loss of occludin in retinas. These results
indicate that the harmful effect of MGO on the BRB could be
linked to the activation of MMPs.

MMPs are a family of proteolytic enzymes that degrade
extracelluar matrix (ECM) proteins such as collagen and
elastin and are essential for cellular migration and tissue
remodeling under physiological and pathological conditions
[25]. The major MMP species expressed in the vasculature
include MMP-1, MMP-2, and MMP-9, and both endothelial
and smooth muscle cells can synthesize these enzymes. The
major sources of MMPs in the vessel are endothelial and
vascular smooth muscle cells [26]. The expression of MMP
species is upregulated by a number of factors, including
growth factors, cytokines, and physical stress [27]. A recent
study demonstrated increased MMP-9 expression in aortic
tissue homogenates obtained from diabetic animals [28].
High glucose stimulated the synthesis of MMP-9 in endo-
thelial cells [27]. Conversely, MMP-2 gene expression is
downregulated in the glomeruli and tubulointerstitial tissue
obtained from patients with diabetes [29]. In experimental
diabetes, significant decreases in MMP-2 and MMP-9 in the
renal tissue have been reported [30]. Increased endothelial
permeability may involve the activation of MMPs [31, 32].
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Giebel et al. previously reported on the upregulation of
MMPs in the diabetic retina and their possible role in the
proteolytic breakdown of the important components of the
BRB [5]. On the basis of these observations, it has been
proposed that augmented MMP activity might contribute to
the alteration of the BRB in diabetes. The increase of MMPs
in diabetic animals may be partly due to the direct effects of
hyperglycemia [33], increased VEGF expression [34], or the
production of other diabetes-related products including re-
active oxygen species [28] and AGEs [35]. In the present
study, we confirmed that high levels of MGO resulted in an
increased production of MMP-2 and MMP-9 in retinas.

Next, to further investigate the role of MMPs in BRB
breakdown, we examined the integrity of occludin. In this
study, a loss of occludin was noted in MGO-injected retinas.
This suggests that the degradation of occludin within the tight
junction complex may result in an overall breakdown of the
barrier. Occludin is a 65-kDa protein specific to cells that
contain tight junctions, and it is thought to span the plasma
membrane, conferring the cell-to-cell interaction of tight junc-
tions [36]. The expression of occludin correlates with an
increased function in the barrier. Tight junction proteins are
expressed in the endothelial cells of the blood—brain barrier
and the BRB [37]. Occludin expression has been shown to be
specific for vascular endothelial cells with strong barrier prop-
erties [38]. Although occludin by itself cannot form a func-
tionally tight barrier, it likely plays an important role in the
organization and stabilization of the tight junction [39, 40].
Occludin cleavage by MMPs is another possible mechanism
underlying vascular barrier impairment [41].

In conclusion, the major findings of this study are (1) that
MGO is intracellularly accumulated in the retina in an animal
model of early diabetic retinopathy at a time when there is an
increase in BRB permeability, (2) that high levels of MGO
cause an increase of the activity and production of MMP-2
and MMP-9 in MGO-injected retinas, and (3) that MGO
affects the function of the vascular permeability barrier in
MGO-injected retinas via the degradation of the tight junction
protein known as occludin. Together, these findings suggest
that elevated levels of MGO in the retina of diabetic animals
may facilitate an increase in vascular permeability by a mech-
anism involving proteolytic degradation of occludin.
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