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Methylglyoxal (MG) is an intermediate of glucose metabolism and the precursor of advanced glycation end products (AGEs)
found in high levels in blood or tissue of diabetic patients. MG and AGEs are thought to play a major role in the pathogenesis of
diabetic retinopathy. In order to determine if zebrafish is valuable to help us understand more about retinopathy, we evaluate if
MG induces abnormal vascular change and angiogenesis in zebrafish in a short incubation period. We also used an inhibitor of
VEGFR (PTK787) to explore the mechanistic role of VEGF inMG-induced pathogenesis. A transgenic Tg(flk1:GFP) zebrafish line
was used, and the embryos were incubated with MG solution and in combination with glucose (to mimic hyperglycemia). Retinal
vascular structure visible with fluorescence signal was imaged using fluorescence microscopy.-e percentage of vascular area was
calculated and found elevated in the MG treatment groups than that in the control group (p< 0.01) which indicated increased
angiogenesis induced byMG treatment. PTK787 blocked the proangiogenic effects of MG treatment.-is study suggests that MG
has a potential proangiogenic effect via VEGF signaling in the retina of zebrafish embryos. -erefore, this zebrafish model may be
used to study neovascular retinopathy.

1. Introduction

Diabetic retinopathy (DR) is the major microvascular
complications of all forms of diabetes closely associated with
long-term hyperglycemia [1]. It is a major cause of acquired
blindness in people of working age all over the world [2–4].
-e incidence rate of DR increases with the development of
diabetes mellitus (DM). It develops in around 80% of pa-
tients of DM after they were diagnosed for 20 years [5]. -e
early stage of DR, nonproliferative diabetic retinopathy
(NPDR), is characterized by a loss of pericytes of retinal
capillaries, microaneurysm, and soft and hard exudates
caused by increased retinal capillary permeability. All of the
changes result in retina ischemia and nonperfusion area
formation. Accompanied by increased expression of the
vascular endothelial growth factor (VEGF) [6], proliferative

diabetic retinopathy (PDR) occurs mainly characterized by
neovascularization of the retina. PDR is the most serious
complication and the leading cause of blindness in diabetic
patients.

In addition, there are many other neovascular retinopa-
thy, including age-related macular degeneration (AMD),
retinopathy of prematurity (ROP), and retinal vein occlusion
(RVO), leading to severe visual impairment with major
pathological changes caused by angiogenesis. -erefore, the
study of animal models of neovascular ophthalmopathy is of
great significance.

Although many species of animal models have been
used in the study of diabetes, such as mice, rats, rabbits, and
dogs, there is no ideal animal model to mimic the clinical
progression and pathology of DR in human, especially dif-
ficult to show the proliferative angiogenesis in limited time.
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Over the past decade, zebrafish has been proved to be a
valuable vertebrate model to study the pathology of DR and
visual diseases [7–11]. -e significant advantages over the
other traditional animal model include their small size, high
fertility rate, and rapid development of the visual system
[12, 13]. Zebrafish also shares many similarities with the
retinal vasculature [14–17] and vascular pathology [18] in
mammals. For studying angiogenesis-related disease, zebra-
fish has unique advantages over other animal models [18, 19].

Methylglyoxal (MG), a reactive alpha-dicarbonyl inter-
mediate of glucose metabolism, is the precursor of advanced
glycation end products (AGEs) found in high levels in blood
or tissue of diabetic patients [20, 21]. AGEs can be derived
from nonenzymatic glycation of proteins and are thought to
play a major role in the pathogenesis of diabetic retinopathy
[22]. MG induced endothelial cell dysfunction [23, 24] and
has been proposed as a causative factor of retinal vascular
injury [25, 26]. It is reported that MG-derived hydro-
imidazolone has been found in increased levels in the target
organs and serum in animals and humans with type 2 di-
abetes [21, 27–29]. Moreover, patients with PDR had in-
creased serum levels of MG-derived hydroimidazolone
when compared to those with nonproliferative diabetic
retinopathy [30]. Many evidence suggested that human
ocular diseases such as glaucoma, cataract, diabetic reti-
nopathy and age-related macular degeneration can be
studied using the zebrafish [31, 32]. It suggested that MG
may play an important role in the proliferative stages of DR.
Jorgens and colleagues used zebrafish as a model to analyze
early vascular effects and mechanisms of MG in vivo [33].
-ey found MG-induced angiogenesis from intersomitic
blood vessels (ISVs) only within 4 days of treatment, in-
dependent of high glucose treatment. -ey demonstrated
that incubation with MG rapidly increased the bio-
availability of MG content in zebrafish embryos, confirming
this experimental approach as a useful strategy in the
zebrafish model to study potential effect of MG on reti-
nopathy. Here, we try to address the burden of animal
models which have extensive length of incubation period for
clinical symptom to appear, especially the difficulty to show
any proliferative angiogenesis in limited time, and we in-
vestigate if zebrafish embryo can be used to study abnormal
vascular change in retina to resemble one of the aspects of
the retinal defect in neovascular retinopathy. Since the
hallmark of PDR is neovascularization that occurs at the
vitreoretinal interface, the zebrafish embryos can be used to
evaluate the diabetic vascular retinal defects of short-term
exposure to methylglyoxal. However, the zebrafish embryo
has a limitation that it is not an adult whereas PDR usually
occurs in later stage of retinopathy in adults. In addition, the
progression of PDR is a lengthy process; our zebrafish
embryos are designed to evaluate acute responses of blood
vessels to methylglyoxal, which may be beneficial for large-
scale drug screen; however, the embryo model cannot
completely recapitulate the vascular pathology induced by
chronic hyperglycemia or methylglyoxal activation of the
vessels in PDR. Nevertheless, we take advantage of the
zebrafish model to evaluate the potential effect of MG on
abnormal retinal angiogenesis in the embryos to establish a

potential neovascular retinopathy model. During DR pro-
gression, increased local concentrations of VEGF are central
to the etiology of proliferative DR [6]; therefore, we also used
VEGFR inhibitor on MG-treated zebrafish to explore the
mechanism of pathogenesis.

2. Methods

2.1. FishMaintenance andHusbandry. A transgenic zebrafish
line Tg(flk1:GFP) in AB background, expressing green fluo-
rescent protein (GFP) in all vasculature including the retinal
vasculature, was maintained on a 14/10-h (light/dark) photo-
period in Aquaneering and Aquatic Habitat zebrafish housing
units. -e zebrafish embryos were maintained at 28.5°C in
0.3X Danieau’s solution (19.3mM·NaCl, 0.23mM·KCl,
0.13mM·MgSO4, 0.2mM·Ca(NO3)2, 1.7mM·HEPES, and pH
7.0) [34]. All experimental protocols and procedures were
approved by and conformed to the guidelines of the Animal
Care and Use Committee of North Carolina Central University
(Durham, NC) (NCCU IACUC Protocol # TCL-07-14-2008).

2.2. Drug Treatment. -e zebrafish eggs were incubated with
500 µM and 1000µM MG with or without 30mM glucose
starting from 10 hour-post-fertilization (hpf) to 4 day-post-
fertilization (dpf). MG plus glucose treatment was to mimic
the clinical condition of hyperglycemia in patients with di-
abetes. Likewise, GS4012 (1µM and 3µM) [35], a VEGF in-
ducer, was used to produce retinal angiogenesis as the positive
control. To study the effect of VEGF on MG-induced vascular
retinopathy, we used 0.5 µM PTK787 (Tocris Bioscience,
Minneapolis, MN), an inhibitor of vascular endothelial growth
factor receptor tyrosine kinase, from 1 to 4 dpf added into the
medium containing MG and glucose. A dose dependence
response study of various solutions (0.1–1µM) of PTK787 was
conducted preliminarily to determine the proper concentra-
tion of PTK787 for angiogenesis observation. Because of the
marked inhibition effect on MG-induced retinal vascular
change with no other observable abnormality at 0.5µM
PTK787, we used this concentration in subsequent analysis.
During all the periods of experimentation, no obvious mor-
phological toxicity was observed in the embryos when exposed
to 1000µM MG, 30mM glucose, 3µM GS4012, and 0.5µM
PTK787. Survival rates for all groups were 100% at 4 dpf.

2.3. Observations and Fluorescence Imaging Analysis.
Before observations, 4 dpf zebrafish embryos were anaes-
thetized with 0.168mg/mL tricaine (Sigma-Aldrich, Mil-
waukee, WI). Retina vascular fluorescence from 30 eyes/15
embryos per group was imaged and analyzed using Meta-
Morph TL for Olympus (Olympus, Center Valley, PA),
MVX10 MacroView Fluorescence Microscope (Olympus,
Center Valley, PA) and Hamamatsu C9300-221 high-speed
digital CCD camera (Hamamatsu City, Japan), coupled with
VAST BioImager Platform (Union Biometrica, Boston,
MA), for automating the handling of zebrafish larvae prior
to high-resolution imaging. -e vascular area of retina at
4 dpf was quantitated using Fiji-ImageJ software (Figure 1).
-e exact position of eye fundus of zebrafish larvae was
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positioned in VAST Imager glass capillary under the fluo-
rescence microscope, and the embryo was rotated until the
eye position allows the imaging from central to peripheral
regions of the retina; the position was standardized at the
angle to allow the imaging around the eye fundus, basically
equivalent in the midperiphery as described in Hamanaka’s
study [36]. Compared to the central large vessels near the
optic disc of the posterior pole, the midperipheral area have
higher density of blood vessel branches for better sensitivity
to detect any proangiogenic effect. In terms of the field of
view for the eye, the midperipheral region of the retina
receives light from the 30° to 60° of the field of view, whereas
the fovea/central region of the retina receives light from the
center of the visual field, i.e., 5° visual angle. Our assay for
detecting vascular changes in the retinal vessel is based on
2D fluorescent image at the midperipheral area.

2.4. Western Blot Assay of Proteins. Whole-protein lysates of
zebrafish eyes were homogenized and extracted using RIPA
buffer (25mMTris-HCl, pH 7.6, 150mMNaCl, 1% NP-40, 1%
sodium deoxycholate, and 0.1% SDS;-ermo Fisher Scientific)
supplemented with 1% protease inhibitor cocktail and 1%
phenylmethylsulfonyl fluoride. 30μg protein samples were
loaded onto a 10–12% sodium dodecyl sulfate polyacrylamide
gel. Antibodies of VEGF (R&D System,Minneapolis, MN) and
β-actin (Abcam, Cambridge,MA) and horseradish peroxidase-
conjugated antibody (Cell signaling, Danvers, MA, USA) were
used for chemiluminescent detection (-ermo Scientific,
Rockford, IL, USA).-e immunoblot bands were quantified by
densitometry analysis, and the ratio to β-actin was calculated
and presented, setting the values of control as one.

2.5. Statistical Analysis. Data of % vascular areas were
expressed as average with standard error of themean (±SEM).
Statistical analysis was performed by one-way ANOVA, and
then, the p values were calculated using Student’s t-test.

3. Results

3.1.MG-InducedVascularChanges in the Retina. It is known
that early diabetic retinopathy is correlated with the pericyte
loss of the retinal capillaries. Kim et al. suggested that MG
induced apoptosis on bovine retinal pericytes and produced
a progressive cytotoxic effect with increasing concentration
(200 to 800 µM) [37]. It was also demonstrated that external
MG at the concentration of 200 or 500 µM can rapidly
increase MG level in tissues of live zebrafish embryos and
MG can induce angiogenesis effect from the intersomitic
blood vessels (ISVs) independent of high glucose [33]. Based
on these previous reports, we incubated the zebrafish em-
bryos in 500 µM and 1000 µM MG from 10 hpf (after gas-
trulation is completed) to 4 dpf to induce retinal vascular
change and to mimic the diabetic conditions with elevated
levels of MG with and without 30mM glucose.

Images obtained by an optical microscope did not show
any gross morphological changes in MG-treated embryos
and controls (data not shown). -e fluorescent vasculature
in the transgenic TG(flk1:GFP) zebrafish can be detected by
fluorescence microscopy, and the vascular area of retina in
the midperiphery was quantitated by Fiji-ImageJ [38]
software in the 4 dpf embryos. When the zebrafish embryos
were exposed to 1000 µM MG with or without glucose, the
retinal vessels in the midperiphery exhibited higher density
in capillary networks resulted in increased vascular area than
controls (Figure 2(a)). -e percentage of vascular area and
branch points was quantitated as shown in Figure 1 and
found to be higher in the 1000 µMMGgroup than that in the
control group (p< 0.01) which indicated more angiogenesis
after MG treatment, whereas in the 500 µM MG group, the
percentage of vascular area had no significant difference in
comparison to the control (p> 0.05) (Figure 2(b)).

As to mimic the clinical situation of high glucose in
patients with diabetes, in a group of 1000 µM MG together
with 30mM glucose treatment, statistical analyses of the

(a) (b)

Figure 1: Quantification of the vascular area of retina at 4 dpf using Fiji-ImageJ software. An example of a retinal vascular image: use Fiji-
ImageJ “area measurement” function under “Analyze” to measure the relative vascular vessel area over the retinal area. (a) Total retinal area
by drawing a uniform circle of 120 pixel diameter� 11304 pixel area. (b) Draw and measure areas outside the vascular
vessels� 2393 + 1256 + 638 + 1640 + 259 + 366� 6552. -en, calculate % vascular vessel area of the retina� (11304− 6552)/11304×100%�

42.0%. ∗Branch point of retinal vessels.
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percentage of vascular area in retinal vessels also showed a
significant increase in comparison to the control (p< 0.01)
(Figure 2(b)). Moreover, it was also significantly higher in
MG+ glucose than that in the 1000 µMMGgroup (p< 0.05).
It is consistent with the result of the branch points of the
retinal vessels that MG (500 μM or 1000 μM), MG+ glu, and
VEGF inducer (1 μMor 3 μM) were significantly higher than
control (p< 0.01) (Figure 1(c)).

3.2. Effect of VEGF in Zebrafish Retinopathy. As a positive
control, GS4012, a VEGF inducer showed a prominent sign of
increased vessel branching, similar to MG and glucose
treatment, indicating dose-dependent angiogenic response as
expected in both the treatment groups at 1 µM and 3 µM
(Figures 2(a) and 2(b)). VEGF plays an important role in the
pathogenesis of DR through angiogenesis by binding to its
receptor VEGFR2 in endothelial cells [6, 39]. In order to
assess the role of VEGFR2 in our MG-induced neovascular
retinopathy model, a VEGFR tyrosine kinase inhibitor
PTK787 (0.5µM) was used to evaluate its effect on MG-
induced angiogenesis, from 1 to 4 dpf. As shown in
Figure 3(a), the vascular branches reduced significantly in
MG+0.5 µM PTK787 when compared to that in the MG
group with or without glucose. -e percentage of vascular

area in the “1000 µMMG+0.5 µM PTK787” group showed a
rescue in retinopathy or a significant decrease of retinal
angiogenesis than 1000 µMMG group (p< 0.01) and had no
statistical difference than the control. Similarly, when 0.5 µM
PTK787 was added to 1000 µMMGor 1000 µMMG+30mM
glucose treatment groups, the percentage of vascular area
decreased significantly (p< 0.01) and returned back to a level
similar to CTL (Figure 3(b)). Similarly, the branch points were
also significantly reduced after PTK787 treatment to CTL,
MG, and MG+Glu groups (Figure 3(c)).

-ese findings indicated the addition of the VEGFR in-
hibitor abolished the proangiogenic effects of 1000 µM MG
treatment with or without 30mM glucose.We argued that the
effect of MG and glucose may be mediated by induction of
VEGF. -erefore, we dissected the whole eyes from 4dpf
embryos from control and 1000µM MG with or without
30mM glucose and homogenized in RIPA extraction buffer
for western blot analysis. We detected a significant increase in
the amount of VEGF protein in the eyes after MG+glucose
treatment (Figure 4, western blot). However, the amount of
VEGF protein in the eyes of the MG alone group was not
significantly higher than that in the control. Although the
western blot cannot detect a higher level of VEGF protein, we
cannot exclude the VEGF-VEGFR signaling axis involved
because the VEGFR kinase inhibitor PTK787 can inhibit the

CTL

500µM MG

1000µM MG

1000µM MG
+ 30mM Glu

1µM GS4012

3µM GS4012

(a)

60.0

p < 0.01

40.0

50.0
∗

∗

∗

∗

10.0

20.0

30.0

%
 v

as
cu

la
r a

re
a

0.0
ctl 500µM MG 1000µM MG 1000µM

MG + 30mM Glu
GS4012 1µM GS4012 3µM

(b)

∗ ∗ ∗

∗

∗

6.0
7.0
8.0

p < 0.01

2.0
3.0
4.0
5.0

Br
an

ch
 p

oi
nt

s

0.0
1.0

CTL 500µM MG 1000µM MG 1000µM
MG + 30mM Glu

1µM GS4012 3µM GS4012

(c)

Figure 2: Effects of MG and glucose treatment on retinal angiogenesis in 4 dpf zebrafish. Zebrafish embryos were incubated with solution
containing MG with or without glucose from 10 hpf to 4 dpf. (a) Fluorescence microscope observations of the retinal vessels of drug-treated
embryos are shown at 4 dpf. -e 1000 µM MG treatment with or without 30mM glucose group induced retinal vessel branching and
vascular area compared with the untreated control in zebrafish embryos. As the positive control, zebrafish embryos treated with VEGF
inducer GS4012 (1 µM and 3 µM) showed severe branching and disorganization in the retinal vasculature. Quantification of the percentage
of vascular area (b) and the number of branch points (c) in midperiphral retina byMG, glucose, and GS4012 treatment in zebrafish embryos
at 4 dpf. n� 30 eyes of 15 zebrafish embryos per group; mean± SEM. ∗p< 0.05 and ∗∗p< 0.01 vs control group. Data were analyzed using the
one-way ANOVA and then Student’s t-test. Glu, glucose. Ctl, control.
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proangiogenic effect of MG and MG+glu in the retina. We
speculate the positive feedback mechanism of VEGF-VEGFR
axis is regulated by MG or MG+glu but the protein level of
VEGF is least affected by MG alone.

4. Discussion

Several studies reportedMG elevation in blood and tissues of
diabetic patients and animals [26, 39, 40]. MG has been

considered a causative factor for retinal vascular injury
[26, 39]. -e possible mechanism has been implied by the
early studies: MG leads to the damage of the blood-retinal
barrier by disrupting the tight junction protein [41] which is
associated with diabetic microvascular pathology [20, 42].
MG also induced apoptosis of bovine and rat retinal peri-
cytes [39, 43], in association with the formation of acellular
capillaries [44, 45]. -ese changes lead to the formation of
nonperfusion and ischemia of retina and increase in the
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Figure 3: Effect of VEGF receptor inhibitor (PTK787) in MG-induced zebrafish. (a) Fluorescence microscope observations shown added
0.5 µMPTK787 in 1 dpf in the 1000 µMMG and 30mM glucose treatment group reverted blood vessel hyperbranching in zebrafish embryos
at 4 dpf. -e proangiogenic effect induced by MG treatment was inhibited and exhibited no significant difference compared with the no-
treatment control. Quantification of the percentage of vascular area (b) and number of branch points (c) in midperiphral retina by PTK787,
MG, and glucose treatment in zebrafish embryos at 4 dpf. n� 30 eyes of 15 zebrafish embryos per group; mean± SEM. ∗p < 0.05, ∗∗p< 0.01
vs control group. p> 0.05 nonsignificant (NS). Data were analyzed using the one-way ANOVA and then Student’s t-test. Glu, glucose. CTL,
control.
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possibility of retinal angiogenesis. Jorgens et al. showed that
external MG can increase the bioavailability of MG in
zebrafish embryos and MG treatment (200 or 500 µM) can
induce angiogenesis of the trunk intersomitic blood vessels
in zebrafish embryos within only 4 days [33]. Culturing in
30mM glucose solution led to a threefold increase of MG in
zebrafish embryos, and high tissue glucose increased tissue
MG concentrations in zebrafish at 96 hpf. In addition, they
found that incubation with MG or glucose did not affect
structure of major blood vessels, including the dorsal aorta
(DA) in the zebrafish embryos. -e altered vascular
hyperbranches were observed only in ISV of trunk regions
starting at 72 hpf. By contrast, our study focused on the
retinal vasculature in the midperiphery and not the central
bigger vessels of the retina. Our goal is to study short ex-
posure time with 500 µM and 1000 µMMG and its potential
role in the pathogenesis of diabetic retinopathy and induced
retinal angiogenesis as a potential neovascular retinopathy
zebrafish model.

Our study found an increase of the retinal vascular area
in 4 dpf embryos when treated with 1000 µM MG in
comparison to the control indicated abnormal retinal
angiogenesis. -ese results are comparable to the similar
findings that MG might display a dosage-dependent
manner after exogenous methylglyoxal treatment [33].
To mimic the clinical condition of diabetic patients,
1000 µM MG+ 30mM glucose was shown effective leading
to increased retinal vascular area. -e angiogenesis effect
with the addition of 30mM glucose was indeed induced
even stronger than 1000 µM MG treatment alone. -ese
findings raised the possibility that elevated blood glucose
and increased MG in vivo may increase the risk for de-
velopment of diabetic complication of retinal vascular
angiogenesis.

Many species of animal models have been established to
examine the pathogenic mechanism or to evaluate thera-
peutics against DR. However, slow response limits the
usefulness for drug screening, such as 17 weeks for retinal
angiogenic changes in STZ-induced diabetic mice after
the onset of hyperglycemia [46] and 14–21 days for

neovascularization in rat eyes after intravitreal injection of
VEGF [47]. By contrast, hypoxia-induced retinal angio-
genic responses in zebrafish can be detected after only
3 days [48]. Here, we showed proangiogenic effect of MG
was observed in 4 dpf and we suggested that zebrafish
might be a potential alternative to study the effect of MG on
DR. We argue that zebrafish embryos may provide a dis-
tinctive and competitive advantage complimented to other
animal models, such as large-scale small-molecule screen,
automation for high-resolution in vivo screen, studying the
early event, shorter experimental time, and real-time live
observation [49–51]. It was shown that high glucose
treatment in zebrafish induced expression of VEGF [52].
VEGF is considered to be the primary factor of patho-
logical angiogenesis in the retina of DR [53]. Our
study showed that a known VEGFR inhibitor, PTK787,
reduced the severity of MG-induced retinopathy. Our
results are consistent with Jorgens and colleagues that
MG is proangiogenic in retina via VEGF-VEGFR signaling
pathway in the zebrafish. Based on the angiogenesis
effect of MG, future study of using MG-induced zebrafish
model may provide a feasible animal model to screen for
bioactive compounds to alleviate the risk of neovascular
retinopathy.
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