
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


의학박사학위논문

Aflibercept ameliorates retinal pericyte loss

and improves nonperfusion in streptozotocin-

induced diabetic mice

스트렙토조토신유도당뇨생쥐모델에서 aflibercept의망

막혈관주위세포소실억제와비관류호전효과분석

울산대학교대학원

의    학    과

서  의  종

[UCI]I804:48009-200000176933[UCI]I804:48009-200000176933[UCI]I804:48009-200000176933



Aflibercept ameliorates retinal pericyte loss

and improves nonperfusion in streptozotocin-

induced diabetic mice

지도교수       윤  영  희

이논문을의학박사학위논문으로제출함

2018년 12월

울산대학교대학원

의    학    과

서  의  종



서의종의의학박사학위논문을인준함

심사위원         고재영     인

심사위원         윤영희      인

심사위원         이주용      인

심사위원         김양희      인

심사위원         김윤전      인

울 산 대 학 교  대 학 원

2018년  12월



i

ABSTRACT

Purpose: To examine the efficacy of aflibercept against pericyte loss and perfusion block in 

relation with leukocyte recruitment in the early stages of streptozotocin-induced diabetic 

retinopathy (DR) in mice.

Methods: To model DR in mice, streptozotocin (STZ, 150 mg/kg) was intraperitoneally 

administered to eight-week-old C57BL/6N male mice. At 4 weeks after the STZ injection, 

the mice were divided into aflibercept-treated (25 mg/kg) and saline-treated groups. Eight 

weeks after STZ injection, vascular permeability/leakage was measured with fluorescein 

angiography in living mice. At 4, 6, and 8 weeks after STZ injection, the mouse eyes were 

enucleated, flat-mounted, and stained for platelet derived growth factor receptor-� (PDGFR-

�) to assess pericyte abundance, for CD45 to assess leukocyte abundance, and with 

fluorescein isothiocyanate dextran (FITC) to assess perfusion. Vascular endothelial growth 

factor (VEGF) level was quantified for each group. The effects of aflibercept on pericyte 

number, perfusion status, and leukocyte recruitment/accumulation were also evaluated.

Results: STZ injection successfully produced a DR model, which showed hyperpermeability 

of retinal vessels and hypoperfusion of the retina. There were fewer pericytes in the retinas 
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of mice in the aflibercept group relative to the control group. VEGF levels were upregulated 

in the retinas aflibercept-treated mice. Hypoperfusion of the peripheral retina became evident 

6 weeks after STZ injection. Accumulation of aggregated leukocytes increased during the 

same period and appeared mainly at the border between perfused and non-perfused areas, 

suggesting a possible cause-effect relationship. VEGF inhibition with aflibercept resulted in 

decreased leukocyte recruitment, aggregation, perfusion block, and eventual pericyte loss.

Conclusion: Aflibercept attenuated pericyte loss in STZ-induced DR in mice. Consequently, 

aflibercept was also effective in mitigating the early pathology associated with DR, such as 

hyperpermeability and hypoperfusion. With these findings, we suggest that anti-VEGF 

strategies should be considered and further evaluated as possible therapeutic options against 

the initial changes of DR.

Key words: Aflibercept, Diabetic retinopathy, Leukocyte aggregation, Retinal perfusion, 

VEGF
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INTRODUCTION

Diabetic retinopathy (DR), a retinal microvascular disease, is one of the leading 

causes of severe vision loss in the working-age population.1, 2) Major complications of DR 

that can lead to severe visual impairment include proliferative retinopathy and diabetic 

macular edema (DME).3) Laser photocoagulation, which mechanically destroys ischemic 

retina to decrease oxygen demand, has been the gold standard treatment for several decades 

in the management of advanced DR. However, recent advancements in treatment modalities 

for DR, such as intravitreal injection of anti-vascular endothelial growth factor (VEGF)

agents, have been made and widely used. 

The global increase in anti-VEGF use against DR has ushered in the so-called “era 

of anti-VEGF”. Inhibition of VEGF produces favorable treatment outcomes in decreasing 

DME.4) Among the several anti-VEGF agents, aflibercept is a powerful fusion protein with a 

higher binding affinity for VEGF than bevacizumab or ranibizumab.5) Importantly, recent 

clinical trials on the efficacy of aflibercept in the treatment of DME showed that aflibercept 

is effective at improving both DR severity scale scores and DME4, 6), suggesting a potential 

role for aflibercept on microvascular structures, such as retinal endothelial cells or pericytes. 

However, current clinical indications are mainly focused on the late stages of DR, and the 

mainstays of treatment in the early stages of DR are limited to blood glucose control and 

fundus examination.



2

The early stages of DR are characterized by a loss of retinal pericytes and 

disruption of the blood retinal barrier (BRB), resulting in retinal capillary hyperpermeability 

and occlusion.7, 8) Loss or dysfunction of retinal pericytes play important roles in the early 

pathogenesis of DR.2, 9, 10) Pericyte loss has been experimentally observed as an initial 

structural change in the DR using streptozotocin (STZ)-induced diabetic mice.11, 12)

Efforts have been made to clarify the relationship between the two key players in 

early DR pathology, VEGF and pericytes. However, the in vitro influences of VEGF on 

pericytes are still controversial. Along with pericyte loss, retinal inflammation also has also 

been highlighted in the early pathology of DR, which is characterized by a series of 

inflammatory cascades, including increased inflammatory mediator expression, macrophage 

infiltration, leukocyte adhesion, complement activation, and acute phase response protein 

expression. These processes result in BRB breakdown,13, 14) and these observations highlight 

that DR as an inflammatory disease or as being an example of “para-inflammation”.15, 16)

Such inflammatory cascades have been shown to be accelerated by VEGF upregulation.17, 18)

While oxygen-induced retinopathy mouse models or Kimba (trVEGF029) 

transgenic mouse models are commonly used for studying proliferative or advanced DR, 

STZ-induced diabetic mice typically present features of non-proliferative or early DR.9, 19)

Because the present study aimed to evaluate a potential therapy for the early pathology of 

DR, we adopted the STZ-induced rodent model to investigate early DR changes and the 

effects of VEGF in vivo. Accordingly, we tried to confirm the protective effects of 
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aflibercept on pericyte loss in the early stages of DR using an STZ-induced diabetes mouse 

model. 
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MATERIALS AND METHODS 

Chemicals and reagents

Aflibercept (Regeneron, NY, USA) was provided by Bayer (Leverkusen, Germany). 

STZ and fluorescein isothiocyanate dextran (FITC) were purchased from Sigma (St. Louis, 

MO, USA).

Animals

All experiments using animals adhered to the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research, and the experimental protocols were approved 

by the Internal Review Board for Animal Experiments of the Asan Life Science Institute, 

University of Ulsan College of Medicine, Seoul, Republic of Korea. Eight-week-old 

C57BL/6N male mice (22–25 g) were obtained from Orient Bio, Inc. (Seoul, Republic of 

Korea) and maintained at 24 ± 0.5℃ under 12-hours cycle of light and darkness. STZ (150 

mg/kg body weight in 50 mM citrate buffer, pH 4.5) or citrate buffer alone (control) were 

injected peritoneally to the animals after 4 hours of fasting.20) At 1 week after STZ injection, 

mice with blood glucose levels over 300 mg/dL were considered diabetic. Four weeks after 

the injection, the animals were divided into two groups and were injected with aflibercept 

(25 mg/kg) or saline intraperitoneally once weekly for 4 weeks.21-24) Body weights and blood 

glucose levels were measured at 1- and 2-week intervals, respectively. Eight weeks after STZ 
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injection, when vascular changes were prominent, as described in our previous report,11) the 

animals were sacrificed. 

Fundus photography and fluorescein angiography

At eight weeks after STZ injection, fundus photography and fluorescein 

angiography were performed using the Micron III retinal imaging system (Phoenix Research 

Laboratories, Inc., Pleasanton, CA, USA) under 1.5 % isoflurane inhalation anesthesia. 

Images were captured with a contact lens in the Micron III after intraperitoneal injection 

with 0.3 ml of 2% fluorescein sodium (Alcon Laboratories, Inc., Fort Worth, TX, USA). 

Early-phase images were obtained 3 minutes after dye injection while the late-phase images 

were collected 15 minutes after the injection. Image J software (NIH, Bethesda, MD, USA) 

was used for the quantification of leakage intensity averaged from 5 different measurements 

from vessels other than the main vessels.

FITC staining of retinal flat-mount

After eight weeks of STZ injection, the animals were sacrificed. The mice were 

anesthetized with intramuscular injection of 0.3 ml of Zoletil (diluted 1:5) and were injected 

with 0.5 mL of 15mg/mL fluorescein-dextran (2,000 kDa, #FD2000S, Sigma) into the left

ventricle. After 5 minutes, the mouse eyes were fixed using 4 % paraformaldehyde for 1 

hour. Retinal tissues were dissected and flat-mounted on glass slides with coverslips. 
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Photographs were taken with a confocal microscope (Carl-Zeiss, Oberkochen, Germany). 

Immunohistochemistry

Retinas were collected from enucleated eyes, which were fixed in 4 % 

paraformaldehyde, washed in PBS, and incubated with permeabilizing and blocking solution 

(PBS with 0.5 % Triton X-100 and 1 % bovine serum albumin). The presence of retinal 

pericytes was evaluated using retinal tissue immunostaining with antibodies against platelet 

derived growth factor receptor-� (PDGFR-�, 1:100; Epitomics, Burlingame, CA, USA) at 

4°C for 7 days. For staining leukocyte recruitment, antibodies against common leukocyte 

antigen, CD45, were used (1:150; Abcam, Cambridge, UK). Subsequently, incubation with 

Alexa Fluor conjugated secondary antibodies was performed at 4°C for 1 day (1: 250; Alexa 

Fluor 555-donkey anti-rabbit IgG, Invitrogen, Carlsbad, CA, USA).

Retinal sections were prepared using a cryostat and placed onto glass slides. After 

fixation in 4% paraformaldehyde, the retinal section slides were washed in PBS and 

incubated in a permeabilizing and blocking solution consisting of PBS, 0.2% Triton X-100, 

and 1% bovine serum albumin (BSA). After incubation with anti-VEGF (1:250; Santa Cruz, 

Dallas, TX, USA) primary antibody at 4°C for 24 hours, tissues were further incubated with 

Alexa Fluor-conjugated secondary antibodies (1:500; Invitrogen) and examined by LSM780 

confocal microscopy (Carl-Zeiss).
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Quantification of pericyte and leukocyte

Pericyte count was taken as the mean measurement from five different random 

areas on each eye. Leukocytes counts were conducted using Image J software. Among the 

stained leukocytes, aggregated leukocytes were defined when multiple cells attached to one 

another and occupied an area larger than 5 pixels, and these were also counted.

Western blot analysis

Eyes were enucleated at 8 weeks after STZ injection, and Western blot analysis 

was performed.11) Pericytes and whole eye tissues were lysed using 

radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris-Cl pH 7.4, 150 mM NaCl, 1mM 

EDTA, 1mM EGTA, 1 % Triton X-100, 2.5 mM sodium pyrophosphate, 1 �M Na3VO4, 1 

�g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride). Lysates were centrifuged, and 

supernatant protein concentrations were determined using DC Protein Assay Reagent 

(BioRad, Hercules, CA, USA). Samples containing equal amounts of protein were separated 

via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 

to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). Membranes were 

incubated overnight at 4°C with primary antibodies, followed by horseradish peroxidase-

conjugated goat anti-rabbit IgG or anti-mouse IgG, as appropriate (1:5000; Pierce, Rockford, 

IL, USA). The primary antibodies used were anti-VEGF (1:500; Santa Cruz), and anti-�-

actin (1: 2500; Sigma). Protein band intensities were quantified by densitometry using Image 
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J software.

Statistical analysis

All results are presented as means ± standard error of the mean (SEM). Statistical 

tests were performed using SPSS version 23.0 for windows (IBM Corp., Armonk, NY, 

USA). Student’s �-test or the Mann–Whitney � test was used to evaluate the significance of 

differences between groups, and � values < 0.05 were considered statistically significant. All 

statistical analyses and graphical presentations were conducted using Sigma Plot version 

10.0 software (Systat Software, Inc., San Jose, CA, USA).
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RESULTS

Vascular changes in STZ-induced DR in mice

To confirm that the animal model successfully induced early features of DR, retinal 

vasculature and permeability changes were photographed without sacrificing the animals 

using fundus photography and fluorescein angiography after 8 weeks of STZ induction. 

Diabetic mice showed more leakage of fluorescein dye—defined as increased blurring and 

reflecting due to the presence of fluorescein in the vitreous cavity—than control mice, 

especially in the late phase (15 minutes after fluorescein injection) (Fig. 1A). Quantification 

of the relative fluorescein intensity also confirmed a significant increase in hyper-

permeability in the diabetic retina (Fig. 1B).

We also examined vascular perfusion differences between diabetic mice and 

control mice with FITC cardiac perfusion in flat-mounted retinas. While normal perfusion 

was maintained to the very end of the peripheral retina in control mice, marked peripheral 

hypoperfusion and capillary obstruction were observed in the diabetic mice retinas (Fig. 2A). 

Quantitative analysis revealed significantly lower retinal perfusion in diabetic mice 

compared with control mice (Fig. 2B). To confirm whether hyperpermeability and 

hypoperfusion coincided with pericyte loss in the DR model, we immunostained the mice 

retinas at 8 weeks after STZ injection with an anti-PDGFR-β antibody, which is a pericyte

marker.9, 25) Immunostaining revealed significantly lower pericyte abundance and coverage in 
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diabetic mice compared with control mice (Fig. 2C and 2D). We, therefore, concluded that 

the mouse model of early DR was established successfully.

Increased VEGF in diabetic mice

We evaluated the VEGF levels for each group using quantitative Western blot 

analysis. In diabetic mice, upregulation of VEGF was noted (Fig. 3A and 3B) and considered

in relation with areas of increased hypoperfusion. In immunohistochemically stained retinal 

cross-sections, upregulation of VEGF and its receptors was observed to be prominent at the 

inner nuclear layer, which is the location of deep capillary vessel placement and the main 

location of microvascular changes (Fig. 3C). We then treated diabetic mice with weekly 

aflibercept, starting from 4 weeks after the STZ injection. After 4 weekly aflibercept doses, 

attenuation of VEGF upregulation in diabetic mice was noted, both via Western blot analysis 

and cross-sectional immunostaining (Fig. 3).

Mean body weight and blood glucose change in diabetic mice

We measured body weights weekly and blood glucose levels every other week. 

STZ-induced diabetic mice showed profound hyperglycemia and weight loss compared with 

the control mice. Among both diabetic mice and control mice, there was no difference in 

body weight between those that received aflibercept and those that received saline. However, 

among diabetic mice at 8 weeks after the STZ injection, those that received aflibercept had a 
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slightly lower mean blood glucose level than mice that received only saline (Fig. 4).

Leukocyte recruitment caused capillary obstruction and hypoperfusion

After 4, 6, and 8 weeks of STZ injection, flat-mounted retinas were immunostained 

with common leukocyte antigen, CD45, to evaluate whether the observed hypoperfusion was 

associated with inflammatory cell recruitment, which is integral to the pathophysiology of 

DR. As peripheral capillary obstruction progressed, leukocytes were recruited to the 

perivascular area (Fig. 5A and 5B). In detail, leukocyte recruitment was initiated at 4 weeks 

after the injection, while peripheral perfusion block became evident at 6 weeks after the 

injection, indicating that leukocyte recruitment preceded the peripheral hypoperfusion (Fig. 

5C and 5D). Further, recruited leukocytes were located at the border area between normally 

perfused and hypoperfused retinal tissue (Fig 5E). Also, there were more aggregated 

leukocytes (large stains of leukocytes over 5 pixels) in diabetic mice than in control mice, 

indicating that leukocyte aggregation might block capillaries (Fig 5F).

Attenuation of pericyte loss and hypoperfusion with aflibercept treatment

After 4 weekly aflibercept treatments, the peripheral hypoperfused areas were 

markedly diminished (resulting from inhibition of VEGF activity), with downregulation of 

leukocyte recruitment and aggregation proven in the immunohistochemistry of flat-mounted

retinal tissue (Fig. 6). Aflibercept could recover pericyte number and coverage in diabetic 
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mice immunostained with anti-PDGFR-β antibody. Accordingly, retinal vascular leakage was 

decreased, confirmed with fluorescein angiography at 8 weeks after STZ injection (Fig. 7).
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Figure 1. Representative images of fundus photographs and fluorescein angiographs of 

diabetic mice.

(A) Eight weeks after STZ injection, angiography revealed more prominent leakage at a late

stage in DR (n=12) than in control mice (n=16).

(B) Intensity differences between late and early stages were averaged from five separate 

points of the field. Quantification of the leakage confirmed significant late-stage leakage 

increases in diabetic mice versus control mice. ##p<0.001 versus control mice
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Figure 2. Perfusion reduction and pericyte loss in STZ-induced diabetic mice. 

(A) Representative images of FITC-stained retinas in control and diabetic mice. Original 

magnification: ´200; scale bar: 500 �m

(B) Non-perfusion area was significantly larger in diabetic mice (n=13) than in control 

(n=14) mice. ##p<0.001 versus control mice

(C) Representative images of PDGFR-� stained retinal pericytes in control and diabetic

mice. Original magnification: ´200; scale bar: 200 �m

(D) The number of pericytes was lower in diabetic mice than in control mice. Pericyte 

numbers were averaged for five preset areas of each retina in control (n=8) and diabetic 
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(n=15) mice. ##p<0.001 versus control mice
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Figure 3. VEGF changes in eyes of control (CTL), DM, and DM plus aflibercept-treated 

mice.

(A) Representative Western blots (n=9 for CTL, n=7 for DM, and n=8 for DM-aflibercept)

(B) Both VEGF dimers and monomers were significantly increased in diabetic mice 

compared to CTL. With aflibercept treatment, VEGF dimer levels decreased significantly, 

but monomer levels did not. *p<0.05

(C) In the retinal cross-section, VEGF upregulation was mainly observed in the inner nuclear 

layer region, where superficial and deep capillary plexuses exist. This change was attenuated

by aflibercept treatment.
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Figure 4. Temporal changes of mean body weight and blood glucose levels in STZ-

induced diabetic mice and control mice.

In diabetic mice, there was no difference in body weight between the aflibercept and saline

groups. However, a slight decrease in blood glucose level was observed 4 weeks after 

aflibercept treatment. In control mice, there was no statistically significant difference 

between the aflibercept and saline groups in terms of either body weight or blood glucose 

level (n = 26-40 for CTL, n=54-60 for DM and n=53 for DM-AFL).



18

Figure 5. Temporal changes of retinal perfusion and leukocyte accumulation. 

(A) Representative FITC angiographic images of retinal flat mounts for retinal perfusion 
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changes in control (CTL), or 4, 6, and 8 weeks after STZ injection. Perfusion reduction was 

unremarkable until 6 weeks, but then it became conspicuous. Original magnification: ´200; 

scale bar: 500 �m

(B) Representative images of anti-CD45 immunostained flat-mount retinas to assess 

leukocyte accumulation in CTL, or 4, 6, and 8 weeks after STZ injection. Leukocyte 

accumulation peaked at 4 to 6 weeks after the STZ injection. Original magnification: ´200; 

scale bar: 500 �m

(C) Quantitative analysis of perfusion images showed that hypoperfusion become prominent 

beginning at 6 weeks after STZ injection (n=14 for CTL, n=3 for 4 weeks, n=3 for 6 weeks,

and n=14 for 8 weeks after STZ injection). ##p<0.001 versus control mice

(D) Quantitative analysis showed that leukocyte recruitment was initiated from 4 weeks and 

reached a peak at 6 weeks after STZ injection and then slightly decreased (n=4 for CTL, n=4 

for 4 weeks, n=3 for 6 weeks, and n=6 for 8 weeks). #p<0.005 versus control mice

(E) Leukocyte accumulation occurs mainly at the border of hypoperfusion. Original 

magnification: ´200; scale bar: 500 �m

(F) Aggregated leukocytes, defined as larger than 5 pixels, were counted with Image J 

software. Aggregated leukocytes were more frequently observed in diabetic mice than in 

control mice. ##p<0.001
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Figure 6. Aflibercept effect on retinal perfusion and leukocyte recruitment / 

accumulation in diabetic mice.

(A) Representative FITC angiographic images of flat-mounted retinas after aflibercept 

treatment in diabetic mice. Original magnification: ´200; scale bar: 500 �m

(B) Quantitative measurements of non-perfused areas revealed aflibercept treatment 

significantly reduced the non-perfused area (n=21) relative to that in DM mice (n=13). 

##p<0.001 versus DM mice

(C) Representative images of flat-mounted retinas stained for CD-45, a marker for 

leukocytes, in DM mice without or with aflibercept treatment. Original magnification: ´200 ; 

scale bar: 500 �m

(D) Quantitative measurements of CD45-positive cells revealed aflibercept (n=6) 
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significantly reduced leukocyte aggregation/accumulation relative to that in control DM 

mice (n=6). ##p<0.001 versus DM mice
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Figure 7. Attenuation of leakage and pericyte loss in the diabetic retina by aflibercept.

(A) Late-stage leakage in the diabetic mice retina was decreased by aflibercept treatment. 

(B) Bars denote fluorescence intensity averaged from values of five separate points. Leakage 

in DM mice (n=12) was significantly reduced by aflibercept treatment (n=11). #p<0.005 

versus DM mice

(C) Representative images of PDGFR–�-stained retinal pericytes in DM and DM-aflibercept 

mice. Pericyte loss was attenuated with aflibercept treatment. Original magnification: ´200; 

scale bar: 200 �m

(D) Aflibercept treatment (n=9) increased the number of pericytes that would have been 
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reduced by STZ-induced DM (n=15). ##p<0.001 versus DM mice
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DISCUSSION

DR is one of the leading causes of preventable vision loss globally.26, 27) Of an 

estimated 285 million people with diabetes worldwide, about one-third have signs of DR. 

Moreover, one-third of these suffer from vision-threatening DR, including severe non-

proliferative DR or proliferative DR.28) The number of people living with diabetes is still 

increasing and is expected to reach 300 million by 2025.29)

The early vascular changes of DR include disruption of the BRB and loss of retinal 

pericytes, which subsequently induce hyperpermeability and obstruction of retinal vessels. 25, 

30, 31) This leads to the late complications of DR, such as DME and proliferative DR with 

neovascularization, which are major causes of visual impairment.8, 29, 32) Those late 

complications could be successfully managed with aflibercept. However, there are few 

published data regarding pericyte restoration via treatment of the early stages of DR, before 

irreversible photoreceptor damage occurs. In the present study, we aimed to investigate if 

aflibercept could also alter the early pathologic changes of DR, including pericyte loss.

The positive relationship between pericyte coverage loss and BRB breakdown was 

demonstrated in the present study via fluorescein angiography using the Micron III device. A 

pathologic breakdown of the BRB in DR could be visualized in live mice as leakage through 

the damaged endothelial tight junction. Pericytes, branched mural cells that partially cover 

capillary walls, play an important role in maintaining the BRB and maintaining capillary 
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integrity and function. They are especially abundant in the retina, highlighting their crucial 

role in retinal tissue,33) and they actively communicate with adjacent endothelial cells, 

astrocytes, microglia, and neurons as part of a functional unit.34) A loss of pericytes leads to 

endothelial destabilization, resulted in BRB breakdown and hyperpermeability.

We previously reported that a reduction in pericyte numbers and coverage is 

associated with DR,11, 12) and in the present study, we observed the attenuation of this effect 

via VEGF inhibition. Usually, pericyte death in DR is associated with an accumulation of 

advanced glycation end-products (AGE) or a decrease in PDGF. 33, 35) In vitro results of the 

influence of VEGF on pericytes remain controversial. Some reports show that bovine retinal 

pericyte do not proliferate in response to VEGF.36, 37) Other reports describe a dose-

dependent increase in bovine pericyte migration caused by VEGF.38) Observation of mRNA 

encoding for Flt-1 and KDR (which are VEGF receptors) in pericytes provided evidence that 

VEGF might act directly on these cells.39) Additionally, excessive VEGF expression has been 

shown to induce the formation of a VEGF-receptor 2/PDGFR-� complex, implying in the 

suppression of pericyte function.40) Because our experiments were in vivo, the direct 

influence of VEGF on pericytes was not conclusive. However, inhibition of VEGF seems to 

have enhanced pericyte survival in diabetic mice.

With Western blot analysis, we observed a significant decrease of dimeric VEGF 

expression after aflibercept treatment (Fig. 3A and 3B). Monomeric VEGF expression was 

also lower after aflibercept treatment, but this change did not reach statistical significance. 
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Because VEGF is a homodimeric member of the cystine knot growth factor superfamily, the 

majority of its natural presence is the dimeric form,41) but it also binds to the VEGF receptor 

as a homodimer. Aflibercept is a fusion protein that inhibits VEGF; its molecular design 

mimics the VEGF receptor and targets dimeric VEGF.42) This is a significant decrease was 

found in the dimeric form of VEGF but not the monomeric form.

With the cross-sectional immunohistochemistry analysis, we observed that excessive 

VEGF is found in the inner nuclear layer (Fig. 3C), where superficial and deep capillary 

plexuses are found. Clinically, capillary destruction in DME patients has been demonstrated 

in in this layer using optical coherence tomography angiography.43) Based on the fact that 

deep capillary plexuses provide approximately 15% of the oxygen supply of the 

photoreceptor, and that oxygen levels show a steadily decreasing gradient from 

choriocapillaris to the photoreceptor,44, 45) this layer is easily vulnerable to ischemia, possibly 

caused by leukocyte recruitment and aggregation.

Within 6 weeks after diabetic induction, peripheral nonperfusion became evident. 

Leukocytes were recruited into the retinal tissue beginning 2 weeks earlier, and their number 

peaked at 6 weeks (Fig. 5). During the initial pathologic stages of DR, densely accumulated 

AGEs could cause chemotaxis and recruit inflammatory cells into the retinal tissue. It has 

been suggested that AGE can directly stimulate the receptor for AGE (RAGE) thus activating 

key cell-signaling pathways, such as nuclear factor (NF)-kB, and modulating gene 

expression.46, 47) Yet, AGE and its signaling pathways also stimulate VEGF secretion from the 
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retinal endothelial cells and induce upregulation of intercellular adhesion molecule-1 

(ICAM-1) or vascular cell adhesion molecule-1 (VCAM-1), which cause leukostasis.48)

Consequently, AGE—in coordination with adhesion molecules—induces leukostasis and 

chemotaxis in the retina.49)

Interestingly, leukocyte recruitment peaked at 6 weeks, but leukocytes aggregation 

continued to increase until 8 weeks (Fig 5D and 5F). Leukocytes aggregate because of 

leukostasis caused by VEGF, and this leads to vascular occlusion. AGE and VEGF have also 

been reported to induce neutrophils to form platelet-leukocyte aggregates and obstruct 

peripheral capillaries.50) These aggregated leukocytes block the retinal peripheral capillary 

lumina and accelerate nonperfusion. The spatial distribution of leukocytes, which is at the 

border of normoperfusion and hypoperfusion, also strongly supports the idea that the 

leukocytes blocked capillaries and caused capillary nonperfusion (Fig. 5E).

Aflibercept inhibited VEGF activity in favor of AGE recruiting and aggregating 

inflammatory cells and eventually blocking the peripheral retinal capillaries. As shown in

Fig. 6D, it attenuated not only the total number of leukocytes but their aggregation even 

more significantly. The use of anti-VEGF agents has also been shown to result in retinal 

reperfusion in DR patients in clinical studies and at least one case report.51, 52)

Considering that leukocyte recruitment and aggregation cause hypoperfusion and 

induce hypoxia, aflibercept salvages pericytes by minimizing hypoxia in the retinal tissue 

environment. Because pericytes are highly vulnerable to the hypoxia,53) induced 



28

hypoperfusion resulted in pericyte diminution and then initiated the early pathogenesis of 

DR. Thus, aflibercept facilitated peripheral perfusion recovery and eventually attenuated 

pericyte loss in STZ-induced diabetic mice.
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CONCLUSION

The main finding of the present study was that aflibercept, a potent fusion protein 

and VEGF inhibitor, attenuated pericyte diminution by downregulating leukocyte 

recruitment and aggregation, and eventually downregulating VEGF, in STZ-induced diabetic 

mice. This means that aflibercept could mitigate the early pathologic changes associated with 

DR, such as hyperpermeability and hypoperfusion. Considering these findings, further 

evaluation of the management of the early stages of DR with anti-VEGF treatment is 

warranted.



30

REFERENCES

1. Ruta LM, Magliano DJ, Lemesurier R, Taylor HR, Zimmet PZ, Shaw JE. Prevalence 

of diabetic retinopathy in Type 2 diabetes in developing and developed countries. 

Diabet Med 2013;30(4):387-98.

2. Praidou A, Androudi S, Brazitikos P, Karakiulakis G, Papakonstantinou E, 

Dimitrakos S. Angiogenic growth factors and their inhibitors in diabetic retinopathy. 

Curr Diabetes Rev 2010;6(5):304-12.

3. Bandello F, Lattanzio R, Zucchiatti I, Del Turco C. Pathophysiology and treatment 

of diabetic retinopathy. Acta Diabetol 2013;50(1):1-20.

4. Wells JA, Glassman AR, Ayala AR, Jampol LM, Bressler NM, Bressler SB, et al. 

Aflibercept, Bevacizumab, or Ranibizumab for Diabetic Macular Edema: Two-Year 

Results from a Comparative Effectiveness Randomized Clinical Trial. 

Ophthalmology 2016;123(6):1351-9.

5. Papadopoulos N, Martin J, Ruan Q, Rafique A, Rosconi MP, Shi E, et al. Binding 

and neutralization of vascular endothelial growth factor (VEGF) and related ligands 

by VEGF Trap, ranibizumab and bevacizumab. Angiogenesis 2012;15(2):171-85.

6. Heier JS, Korobelnik JF, Brown DM, Schmidt-Erfurth U, Do DV, Midena E, et al. 

Intravitreal Aflibercept for Diabetic Macular Edema: 148-Week Results from the 

VISTA and VIVID Studies. Ophthalmology 2016;123(11):2376-85.

7. Mizutani M, Kern TS, Lorenzi M. Accelerated death of retinal microvascular cells in 

human and experimental diabetic retinopathy. J Clin Invest 1996;97(12):2883-90.

8. Cheung N, Tikellis G, Wang JJ. Diabetic retinopathy. Ophthalmology 

2007;114(11):2098-9; author reply 9.

9. Lai AK, Lo AC. Animal models of diabetic retinopathy: summary and comparison. J 

Diabetes Res 2013;2013:106594.

10. Fu D, Wu M, Zhang J, Du M, Yang S, Hammad SM, et al. Mechanisms of modified 

LDL-induced pericyte loss and retinal injury in diabetic retinopathy. Diabetologia 

2012;55(11):3128-40.



31

11. Choi JA, Chung YR, Byun HR, Park H, Koh JY, Yoon YH. The anti-ALS drug 

riluzole attenuates pericyte loss in the diabetic retinopathy of streptozotocin-treated 

mice. Toxicol Appl Pharmacol 2017;315:80-9.

12. Chung YR, Choi JA, Koh JY, Yoon YH. Ursodeoxycholic Acid Attenuates 

Endoplasmic Reticulum Stress-Related Retinal Pericyte Loss in Streptozotocin-

Induced Diabetic Mice. J Diabetes Res 2017;2017:1763292.

13. Joussen AM, Poulaki V, Le ML, Koizumi K, Esser C, Janicki H, et al. A central role 

for inflammation in the pathogenesis of diabetic retinopathy. Faseb j 

2004;18(12):1450-2.

14. Zhang J, Gerhardinger C, Lorenzi M. Early complement activation and decreased 

levels of glycosylphosphatidylinositol-anchored complement inhibitors in human 

and experimental diabetic retinopathy. Diabetes 2002;51(12):3499-504.

15. Adamis AP, Berman AJ. Immunological mechanisms in the pathogenesis of diabetic 

retinopathy. Semin Immunopathol 2008;30(2):65-84.

16. Xu H, Chen M, Forrester JV. Para-inflammation in the aging retina. Prog Retin Eye 

Res 2009;28(5):348-68.

17. Kim I, Moon SO, Kim SH, Kim HJ, Koh YS, Koh GY. Vascular endothelial growth 

factor expression of intercellular adhesion molecule 1 (ICAM-1), vascular cell 

adhesion molecule 1 (VCAM-1), and E-selectin through nuclear factor-kappa B 

activation in endothelial cells. J Biol Chem 2001;276(10):7614-20.

18. Reinders ME, Sho M, Izawa A, Wang P, Mukhopadhyay D, Koss KE, et al. 

Proinflammatory functions of vascular endothelial growth factor in alloimmunity. J 

Clin Invest 2003;112(11):1655-65.

19. Cai X, McGinnis JF. Diabetic Retinopathy: Animal Models, Therapies, and 

Perspectives. J Diabetes Res 2016;2016:3789217.

20. Furman BL. Streptozotocin-Induced Diabetic Models in Mice and Rats. Curr Protoc 

Pharmacol 2015;70:5.47.1-20.

21. Kim DY, Choi JA, Koh JY, Yoon YH. Efficacy and safety of aflibercept in in vitro 

and in vivo models of retinoblastoma. J Exp Clin Cancer Res 2016;35(1):171.

22. Holash J, Davis S, Papadopoulos N, Croll SD, Ho L, Russell M, et al. VEGF-Trap: a 



32

VEGF blocker with potent antitumor effects. Proc Natl Acad Sci U S A 

2002;99(17):11393-8.

23. Moroney JW, Sood AK, Coleman RL. Aflibercept in epithelial ovarian carcinoma. 

Future Oncol 2009;5(5):591-600.

24. Liu Y, Shen J, Fortmann SD, Wang J, Vestweber D, Campochiaro PA. Reversible 

retinal vessel closure from VEGF-induced leukocyte plugging. JCI Insight 

2017;2(18).

25. Hammes HP. Pericytes and the pathogenesis of diabetic retinopathy. Horm Metab 

Res 2005;37 Suppl 1:39-43.

26. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet 2010;376(9735):124-

36.

27. Lee R, Wong TY, Sabanayagam C. Epidemiology of diabetic retinopathy, diabetic 

macular edema and related vision loss. Eye Vis (Lond) 2015;2:17.

28. Yau JW, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek T, et al. Global 

prevalence and major risk factors of diabetic retinopathy. Diabetes Care 

2012;35(3):556-64.

29. Williams R, Airey M, Baxter H, Forrester J, Kennedy-Martin T, Girach A. 

Epidemiology of diabetic retinopathy and macular oedema: a systematic review. Eye 

(Lond) 2004;18(10):963-83.

30. Wisniewska-Kruk J, Hoeben KA, Vogels IM, Gaillard PJ, Van Noorden CJ, 

Schlingemann RO, et al. A novel co-culture model of the blood-retinal barrier based 

on primary retinal endothelial cells, pericytes and astrocytes. Exp Eye Res 

2012;96(1):181-90.

31. Ejaz S, Chekarova I, Ejaz A, Sohail A, Lim CW. Importance of pericytes and 

mechanisms of pericyte loss during diabetes retinopathy. Diabetes Obes Metab 

2008;10(1):53-63.

32. Resnikoff S, Pascolini D, Etya'ale D, Kocur I, Pararajasegaram R, Pokharel GP, et al. 

Global data on visual impairment in the year 2002. Bull World Health Organ 

2004;82(11):844-51.

33. Motiejunaite R, Kazlauskas A. Pericytes and ocular diseases. Exp Eye Res 



33

2008;86(2):171-7.

34. Klaassen I, Van Noorden CJ, Schlingemann RO. Molecular basis of the inner blood-

retinal barrier and its breakdown in diabetic macular edema and other pathological 

conditions. Prog Retin Eye Res 2013;34:19-48.

35. Kowluru RA. Effect of advanced glycation end products on accelerated apoptosis of 

retinal capillary cells under in vitro conditions. Life Sci 2005;76(9):1051-60.

36. Ikuno Y, Hibino S, Bando H, Kawasaki Y, Nakamura T, Tano Y. Retinal glial cells 

stimulate microvascular pericyte proliferation via fibroblast growth factor and 

platelet-derived growth factor in vitro. Jpn J Ophthalmol 2002;46(4):413-18.

37. Nadal JA, Scicli GM, Carbini LA, Scicli AG. Angiotensin II stimulates migration of 

retinal microvascular pericytes: involvement of TGF-beta and PDGF-BB. Am J 

Physiol Heart Circ Physiol 2002;282(2):H739-48.

38. Grosskreutz CL, Anand-Apte B, Duplaa C, Quinn TP, Terman BI, Zetter B, et al. 

Vascular endothelial growth factor-induced migration of vascular smooth muscle 

cells in vitro. Microvasc Res 1999;58(2):128-36.

39. Yamagishi S, Yonekura H, Yamamoto Y, Fujimori H, Sakurai S, Tanaka N, et al. 

Vascular endothelial growth factor acts as a pericyte mitogen under hypoxic 

conditions. Lab Invest 1999;79(4):501-9.

40. Greenberg JI, Shields DJ, Barillas SG, Acevedo LM, Murphy E, Huang J, et al. A 

role for VEGF as a negative regulator of pericyte function and vessel maturation. 

Nature 2008;456(7223):809-13.

41. Muller YA, Christinger HW, Keyt BA, de Vos AM. The crystal structure of vascular 

endothelial growth factor (VEGF) refined to 1.93 Å resolution: multiple copy 

flexibility and receptor binding. Structure 1997;5(10):1325-38.

42. Al-Halafi AM. Vascular endothelial growth factor trap-eye and trap technology: 

Aflibercept from bench to bedside. Oman Journal of Ophthalmology 2014;7(3):112-

5.

43. Lee J, Moon BG, Cho AR, Yoon YH. Optical Coherence Tomography Angiography 

of DME and Its Association with Anti-VEGF Treatment Response. Ophthalmology 

2016;123(11):2368-75.



34

44. Birol G, Wang S, Budzynski E, Wangsa-Wirawan ND, Linsenmeier RA. Oxygen 

distribution and consumption in the macaque retina. Am J Physiol Heart Circ Physiol 

2007;293(3):H1696-704.

45. Wangsa-Wirawan ND, Linsenmeier RA. Retinal oxygen: fundamental and clinical 

aspects. Arch Ophthalmol 2003;121(4):547-57.

46. Kislinger T, Fu C, Huber B, Qu W, Taguchi A, Du Yan S, et al. N(epsilon)-

(carboxymethyl)lysine adducts of proteins are ligands for receptor for advanced 

glycation end products that activate cell signaling pathways and modulate gene 

expression. J Biol Chem 1999;274(44):31740-9.

47. Schmidt AM, Stern D. Atherosclerosis and diabetes: the RAGE connection. Curr 

Atheroscler Rep 2000;2(5):430-6.

48. Mamputu JC, Renier G. Advanced glycation end-products increase monocyte 

adhesion to retinal endothelial cells through vascular endothelial growth factor-

induced ICAM-1 expression: inhibitory effect of antioxidants. J Leukoc Biol 

2004;75(6):1062-9.

49. Moore TC, Moore JE, Kaji Y, Frizzell N, Usui T, Poulaki V, et al. The role of 

advanced glycation end products in retinal microvascular leukostasis. Invest 

Ophthalmol Vis Sci 2003;44(10):4457-64.

50. Gawlowski T, Stratmann B, Stirban AO, Negrean M, Tschoepe D. AGEs and 

methylglyoxal induce apoptosis and expression of Mac-1 on neutrophils resulting in 

platelet-neutrophil aggregation. Thromb Res 2007;121(1):117-26.

51. Levin AM, Rusu I, Orlin A, Gupta MP, Coombs P, D’Amico DJ, et al. Retinal 

reperfusion in diabetic retinopathy following treatment with anti-VEGF intravitreal 

injections. Clinical Ophthalmology (Auckland, NZ) 2017;11:193-200.

52. Chandra S, Sheth J, Anantharaman G, Gopalakrishnan M. Ranibizumab-induced 

retinal reperfusion and regression of neovascularization in diabetic retinopathy: An 

angiographic illustration. American Journal of Ophthalmology Case Reports 

2018;9:41-4.

53. Gonul E, Duz B, Kahraman S, Kayali H, Kubar A, Timurkaynak E. Early Pericyte 

Response to Brain Hypoxia in Cats: An Ultrastructural Study. Microvascular 



35

Research 2002;64(1):116-9.



36

국문요약

목적: 스트렙토조토신(STZ) 유도 당뇨 생쥐를 이용한 초기 당뇨망막병증 모델에서,

aflibercept가 혈관 주위세포에 대해 보호효과를 가지는지 및 백혈구 모집과 관련하여

망막관류저하를호전시키는지확인하고자하였다.

방법: STZ를 150mg/kg 으로 복강내 주사하여 당뇨를 유도하였다. STZ주사 4주 후,

쥐를 두 그룹으로 나누어 각각 aflibercept와 생리식염수를 주 1회씩 총 4차례 복강내

주사하였다. STZ 주사 8 주 후, 살아있는 상태의 생쥐에서 플루레신 혈관 조영술을

이용해 혈관 투과성을 확인하였다. STZ 주사 4, 6, 8 주차에서는 안구를 적출하고

망막을편평면역형광염색하여혈관주위세포염색,관류정도및백혈구모집정도를

PDGFR-�, FITC및 CD45염색을 통해 확인하였다. 각 군의 VEGF 수치 또한 western 

blot을 통해 정량하였다. Aflibercept 주사 후 혈관 주위세포 생존 정도, 관류 회복 및

백혈구모집정도를평가하여그효과를분석하였다.

결과: STZ주사를통한당뇨 유도 후, 혈관 투과성증가 및관류 저하가 관찰되었으며,

따라서 초기 당뇨망막병증의 동물 실험 모델이 잘 확립되었음을 확인하였다. 혈관

주위세포의갯수는당뇨쥐에서대조군에비해감소해 있었으며,당뇨쥐에서 VEGF의

수치도 대조군에 비해 높게 관찰되었다. 당뇨 유도 6주 경과 시점부터 주변부 망막의

관류 저하가 명확해지는 것을 확인하였다. 같은 시기에, 모집 및 응집된 백혈구의
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개수가 증가하였고, 위치상으로 정상 관류지역과 관류 저하지역의 경계에서 많이

나타났으며, 따라서 이러한 변화가 주변부 관류저하의 원인으로 생각할 수 있었다.

Aflibercept 를 이용해 VEGF 를 억제하였을 때에는 백혈구의 모집과 응집 정도가

저하되었고, 주변부 관류가 회복되었으며, 최종적으로 혈관 주위세포의 소실이

완화되었다.

결론: Aflibercept는 STZ 유도 당뇨 생쥐 모델에서 혈관 주위세포 소실을 완화시켰다.

이는, aflibercept가 초기 당뇨망막병증의 병리진행과정에서 나타나는 혈관 투과성의

증가 및 관류의 저하를 억제할 수 있는 것으로 생각되며, 이로 인해 초기

당뇨망막병증의 치료에 있어 항 VEGF 인자의 역할에 대한 이해도가 높아지고,

재평가가가능할것으로생각된다.

중심단어: Aflibercept, VEGF, 당뇨망막병증, 망막관류, 백혈구응집
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