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ABSTRACT
Introduction Anti- vascular endothelial growth factor 
(VEGF) agents are used worldwide for advanced- stage 
diabetic retinopathy (DR). In contrast, apart from blood 
glucose control, there are no specific treatments that can 
limit the progression of early- stage DR that starts with 
pericyte loss and the destruction of the blood–retinal 
barrier. Here, we examined the efficacy of aflibercept, a 
potent anti- VEGF agent, against early- DR pathologies in a 
murine model of streptozotocin (STZ)- induced DR.
Research design and methods STZ was intraperitoneally 
administered in 8- week- old C57BL/6N male mice. After 4 
weeks, the mice were divided into aflibercept- treated and 
saline- treated groups. Eight weeks after the STZ injection, 
vascular permeability/leakage was measured with 
fluorescein angiography in live mice. At 4, 6, and 8 weeks 
after the STZ injection, the eyes were enucleated, flat- 
mounted, and stained for platelet- derived growth factor 
receptor-β to assess pericyte abundance, CD45 to assess 
leukocyte recruitment, and fluorescein isothiocyanate 
dextran to assess perfusion. VEGF levels were quantified in 
each group. The effects of aflibercept on pericyte number, 
perfusion status, and leukocyte recruitment/accumulation 
on mice with diabetes retina were evaluated.
Results Our murine model successfully replicated 
the salient pathologies of DR such as pericytes loss, 
hyperpermeability, and perfusion blockage. Interestingly, 
numerous leukocytes and leukocyte clumps were found 
in diabetic retinal capillaries, especially in the non- 
perfused border area of the retina, suggesting a possible 
mechanism for non- perfusion and related pericyte 
damage. Treatment with aflibercept in mice with diabetes 
inhibited the upregulation of VEGF and the associated 
adhesion molecules while reducing the defects in 
perfusion. Aflibercept also attenuated pericyte loss in the 
diabetic retina.
Conclusion VEGF inhibition through aflibercept treatment 
decreased leukocyte recruitment and aggregation, 
perfusion blockage, retinal hypoperfusion, and 
hyperpermeability in mice with diabetes and ultimately 
attenuated pericyte loss. Our findings suggest that anti- 
VEGF strategies may prove useful as possible therapies for 
limiting the progression of early- stage DR.

INTRODUCTION
Diabetic retinopathy (DR), a retinal neurode-
generative and microvascular disease, is one 
of the leading causes of severe but preventable 
vision loss in the working- age population.1 

Approximately 285 million people worldwide 
have diabetes, and this number is expected 
to reach 300 million by 2025.2 Retinal neuro-
degeneration and subsequent microvas-
cular deterioration are the basic pathogenic 
changes in DR, but their mutual relationship 
remains elusive.3 About one- third of patients 
with diabetes show signs of DR, and one- third 
of these patients can be categorized as vision- 
threatened due to severe non- proliferative 
diabetic retinopathy (PDR), PDR, or diabetic 
macular edema (DME).4 PDR and DME, 
which are the major complications of DR, 
can both lead to severe visual impairment.5 
For several decades, the gold standard for the 
management of advanced DR has been laser 
photocoagulation; however, recent reports 
have shown that intravitreal injection of 

Significance of this study

What is already known about this subject?
 ► Aflibercept, a potent antivascular endothelial growth 
factor (VEGF) agent, is globally used for advanced- 
stage diabetic retinopathy (DR), such as diabetic 
macular edema.

 ► Other than blood glucose control, there are no spe-
cific treatments that can limit the progression of 
early- stage DR, which starts with pericyte loss and 
blood–retinal barrier destruction.

What are the new findings?
 ► In a streptozotocin- induced diabetic mice model, 
which mimicked early- stage of DR, recruitment and 
aggregation of intravascular leukocytes blocked ret-
inal perfusion, and deterioration of pericytes caused 
vascular leakage from retinal capillaris.

 ► Intraperitoneal aflibercept could decrease retinal 
leukocyte recruitment/aggregation, restore retinal 
peripheral perfusion, and ameliorates retinal peri-
cyte loss in streptozotocin- induced diabetic mice.

How might these results change the focus of 
research or clinical practice?

 ► Anti- VEGF strategies may prove useful as possible 
therapies for limiting the progression of early- stage 
DR.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2020-001278 on 19 O

ctober 2020. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2020-001278 on 19 O

ctober 2020. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2020-001278 on 19 O

ctober 2020. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2020-001278 on 19 O

ctober 2020. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2020-001278 on 19 O

ctober 2020. D
ow

nloaded from
 

http://drc.bmj.com/
http://orcid.org/0000-0001-6574-7744
http://orcid.org/0000-0002-4318-495X
http://orcid.org/0000-0002-2849-7528
http://dx.doi.org/10.1136/bmjpo-2020-000755).
http://dx.doi.org/10.1136/bmjpo-2020-000755).
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjdrc-2020-001278&domain=pdf&date_stamp=2020-010-19
http://drc.bmj.com/
http://drc.bmj.com/
http://drc.bmj.com/
http://drc.bmj.com/
http://drc.bmj.com/


2 BMJ Open Diab Res Care 2020;8:e001278. doi:10.1136/bmjdrc-2020-001278

Pathophysiology/complications

antivascular endothelial growth factor (VEGF) agents is 
highly effective in ameliorating DME6 and is hence being 
widely used currently.

The worldwide increase in the use of anti- VEGF agents 
against DR has ushered in the so- called anti- VEGF era. 
Among the anti- VEGF agents, the fusion protein afliber-
cept stands out due to its higher binding affinity for 
VEGF.7 Aflibercept is a soluble VEGF decoy receptor 
generated with the trap technology and binds several 
members of the VEGF family: VEGF- A, VEGF- B and 
placental growth factor (PlGF), which activate the VEGF 
receptor-1 (VEGFR-1). Therefore, aflibercept can further 
inhibit VEGFR-1 signaling by trapping the PlGF ligand. 
The signaling pathway of VEGFR-1 modulates vascular 
development, angiogenesis, cell survival, inflammation, 
and chemotaxis of inflammatory cells. However, current 
clinical indications for aflibercept are mainly limited to 
advanced- stage diseases such as severe DME, which is 
characterized by leakage from the capillary endothelium. 
Prior to the development of vascular proliferation or wide-
spread non- perfusion, blood glucose control was consid-
ered the only measure for delaying the progression of DR 
to advanced stages. However, several recent clinical trials 
have shown that anti- VEGF agents, including aflibercept, 
are highly effective at improving not only DME but also 
the Diabetic Retinopathy Severity Scale (DRSS) scores or 
retinal non- perfusion, a condition mainly involving the 
microvasculature,6 8–11 thus suggesting the possibility that 
aflibercept may exert beneficial effects on microvascular 
structures such as retinal endothelial cells or pericytes. 
Recently, it has been demonstrated that aflibercept regu-
lates retinal inflammation elicited by high glucose via 
the PlGF/extracellular signal- regulated kinase pathway, 
and the effects of anti- VEGF agents such as aflibercept 
are related to molecular interactions and stabilizing 
energy.12 13 If the DR pathogenic cascade could be 
impeded earlier before the degree of vascular destruc-
tion becomes irreversible, more viable vessels can be 
salvaged and can halt the progression to advanced stages.

Recent pieces of evidence suggested that the primary 
diabetic retinal manifestation is neurodegeneration.3 14 
Then, the early stages of vasculopathic DR likely start with 
a loss of retinal pericytes and consequent disruption of the 
blood–retinal barrier (BRB), which then gradually leads 
to retinal capillary hyperpermeability and occlusion.15 16 
Since pericytes are located adjacent to blood vessels and 
regulate endothelial cell properties and contribute to 
the stability and maintenance of blood vessels, the loss of 
retinal pericytes is considered to play a critical role in the 
early pathogenesis of DR.17–19 Pericyte loss has also been 
experimentally observed as an initial structural change in 
DR using streptozotocin (STZ)- induced murine model of 
diabetes.20 21

Together with pericyte loss, retinal inflammation has 
also been highlighted as a contributing factor to the 
pathology of DR. Inflammatory changes associated with 
DR include increased inflammatory cytokine expres-
sion, macrophage infiltration, leukocyte adhesion and 

infiltration, complement activation, and acute phase 
reactant expression, which collectively lead to the break-
down of the BRB and compromised perfusion.22 These 
observations strongly suggest that DR may be an inflam-
matory or a parainflammatory disease,23 and it has been 
shown that such inflammatory cascades are accelerated 
by the upregulation of VEGF.24

Here, using an STZ- induced murine model of diabetes, 
we examined the protective effects of aflibercept against 
microvascular structural changes that occur in the early 
stage of DR, such as pericyte loss, hyperpermeability, 
perfusion blockage, and inflammation.

RESEARCH DESIGN AND METHODS
Chemicals and reagents
STZ and fluorescein isothiocyanate (FITC)- dextran 
were purchased from Sigma (St. Louis, Missouri, USA). 
Aflibercept (Regeneron, New York, USA) was provided 
by Bayer (Leverkusen, Germany).

Animals
Eight- week- old C57BL/6N male mice (22–25 g) were 
obtained from Orient Bio (Seoul, Republic of Korea) 
and maintained at 24°C±0.5°C under a 12- hour light–
dark cycle. Because the present study sought to evaluate 
the potential therapies for the early pathology of DR, 
we adopted the STZ- induced rodent model of diabetes 
that presents the features of non- proliferative or early 
DR17 instead of the Kimba (trVEGF029) transgenic 
mouse model used for studying proliferative or advanced 
DR and the oxygen- induced retinopathy model for 
studying retinal neovascularization and non- perfusion. 
To generate the STZ- induced model of DR, mice were 
intraperitoneally injected with STZ (150 mg/kg body 
weight in 50 mM citrate buffer, pH 4.5) after 4 hours of 
fasting; for control, mice were injected with citrate buffer 
alone.25 Mice with blood glucose levels greater than 
300 mg/dL at 1 week after STZ injection were considered 
as having diabetes. Four weeks after the injection, mice 
were injected with either aflibercept (25 mg/kg) or saline 
intraperitoneally once a week for 4 weeks.26–32 Body 
weights and blood glucose levels were measured at inter-
vals of 1 and 2 weeks, respectively. In total, 220 mice were 
sacrificed for the experiment. Animals were sacrificed at 
8 weeks after STZ injection when the vascular changes 
were prominent, as described in our previous report.20

Fundus photography and fluorescein angiography
Fundus photography and fluorescein angiography were 
performed at 8 weeks after STZ injection using the 
Micron III retinal imaging system (Phoenix Research 
Laboratories, Pleasanton, California, USA) under 1.5% 
isoflurane inhalation anesthesia. Images were captured 
using a contact lens in the Micron III system after intra-
peritoneal injection of 0.3 mL of 2% fluorescein sodium 
(Alcon Laboratories, Fort Worth, Texas, USA). Early- 
phase images were obtained at 3 min after dye injection, 
whereas late- phase images were collected 15 min after 
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injection. ImageJ software (National Institutes of Health, 
Bethesda, Maryland, USA) was used for quantification 
of leakage intensity, and the values from five different 
measurements from vessels other than the main vessels 
were averaged.

Cardiac perfusion and flat-mount retinal preparations
Eight weeks after STZ injection, the mice were anes-
thetized by intramuscular injection of 0.3 mL of zoletil 
(diluted 1:5 with saline). After creating an incision in 
the chest to expose the heart, 0.5 mL of 15 mg/mL fluo-
rescein–dextran (2000 kDa, Sigma) was injected into 
the left ventricle to evaluate retinal perfusion. After 
5 min, the eyes were harvested and fixed by incubating 
with 4% paraformaldehyde for 1 hour. With the same 
method, 0.5 mL of 50 µg/mL concanavalin A in 0.1 M 
sodium bicarbonate (tetramethylrhodamine conjugate; 
Molecular Probes, Eugene, Oregon, USA) was injected 
into the left ventricle to visualize intravascular leukocyte 
recruitment. After ex vivo staining with either fluores-
cein–dextran or concanavalin A, the retinal tissues were 
dissected and flat- mounted on glass slides with coverslips. 
Photographs were taken with an LSM780 confocal micro-
scope (Carl- Zeiss, Oberkochen, Germany).

Immunohistochemistry
Retinas were collected from enucleated eyes that 
had been fixed in 4% paraformaldehyde, washed in 
phosphate- buffered saline (PBS), and incubated with 
permeabilizing and blocking solution containing 0.5% 
Triton X-100% and 1% bovine serum albumin in PBS. 
The presence of retinal pericytes was evaluated by immu-
nostaining with antibodies against platelet- derived growth 
factor receptor-β (PDGFR-β, 1:100; Abcam, Cambridge, 
UK) at 4°C for 7 days. Retinal vessels were costained with 
an antibody against the endothelial cell marker, CD31 
(1:100; Millipore, Bedford, Massachusetts, USA). Leuko-
cyte recruitment was assessed by immunostaining with an 
antibody against the common leukocyte antigen, CD45 
(1:100; Abcam). Primary antibodies were subsequently 
detected by incubation at 4°C for 1 day with the appro-
priate Alexa Fluor- conjugated secondary antibody (Alexa 
Fluor 555- donkey anti- rabbit IgG or Alexa Fluor 488- 
goat anti- hamster IgG; Invitrogen, Carlsbad, California, 
USA) diluted at 1:250. Retinal tissue was also stained with 
Alexa Fluor 488- conjugated isolectin GS- IB4 (Molecular 
Probes) that binds to perivascular and endothelial cells.

Retinal sections were prepared using a cryostat and 
placed on glass slides. After fixation in 4% paraformal-
dehyde, slide- mounted retinal sections were washed with 
PBS and incubated in a permeabilizing and blocking 
solution (0.2% Triton X-100% and 1% bovine serum 
albumin in PBS) . After incubation with anti- VEGF 
(1:200; Santa Cruz, Dallas, Texas, USA), antivascular 
cell adhesion molecule-1 (VCAM-1; 1:250; Abcam), and 
anti- intercellular adhesion molecule-1 (ICAM-1, 1:250; 
Abcam) at 4°C for 24 hours, the tissues were further incu-
bated with Alexa Fluor- conjugated secondary antibodies 

(1:500; Invitrogen) and examined using an LSM780 
confocal microscope (Carl Zeiss).

Quantification of pericytes and leukocytes
Pericyte counts were determined from the averages 
obtained from five randomly selected areas in each eye. 
Leukocytes and aggregated leukocytes were counted 
using ImageJ software. Aggregated leukocytes were 
defined as cases in which multiple CD45- positive cells 
were attached to one another and occupied an area 
larger than 5 pixels.

Western blot analysis
Eyes were enucleated at 8 weeks after STZ injection, 
and western blot analyses were performed.20 Pericytes 
and whole- eye tissues were lysed using radioimmunopre-
cipitation assay buffer (20 mM Tris–Cl pH 7.4, 150 mM 
NaCl, 1 mM EDTA, 1 mM ethylene glycol tetraacetic 
acid, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 
1 µM Na3VO4, 1 µg/mL leupeptin, and 1 mM phenyl-
methylsulfonyl fluoride). Lysates were centrifuged and 
the protein concentrations in supernatants were deter-
mined using the detergent- compatible Protein Assay 
Reagent (BioRad, Hercules, California, USA). Samples 
containing equal amounts of protein were separated 
by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and transferred to a polyvinylidene difluoride 
membrane (Millipore). Membranes were first incubated 
with primary antibodies overnight at 4°C and then with 
horseradish peroxidase- conjugated goat anti- rabbit IgG 
or anti- mouse IgG, as appropriate (1:5000; Pierce, Rock-
ford, Illinois, USA). The primary antibodies used were 
anti- VEGF (1:500, Santa Cruz) and anti-β-actin (1:2500, 
Sigma). Protein band intensities were quantified by 
densitometry using ImageJ software.

Statistical analysis
All results are presented as mean±SE of the mean. 
Student’s t- test was used to evaluate the significance of 
differences between two groups, and one- way analysis of 
variance with post hoc analysis using Bonferroni correc-
tion was used to evaluate the significance of differences 
among three or more groups. Values of <0.05 were 
considered statistically significant. All statistical analyses 
and graphical presentations were conducted using the 
Sigma Plot V.10.0 software (Systat Software, San Jose, 
California, USA).

RESULTS
Changes in body weight and blood glucose level
The body weight and blood glucose level of mice were 
measured for 8 weeks following injection with normal 
saline (vehicle) or STZ. Whereas vehicle- injected control 
mice maintained normoglycemia and gained weight 
(~6 g) over this period, STZ- induced mice with diabetes 
were markedly hyperglycemic and failed to gain weight. 
Aflibercept treatment did not significantly affect the 
changes in glucose level or body weight in both vehicle 
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and mice with diabetes (online supplemental figure 
S1). Because the data on blood glucose, body weight, 
and other experimental results were not significantly 
different between the aflibercept- treated control mice 
and the vehicle- treated control mice, the control data 
were presented as a single group for simplified data 
presentation.

Changes in retinal vascular permeability in STZ-induced mice 
with diabetes
To determine whether the STZ animal model successfully 
recapitulated the salient features of DR, including the 
disruption of BRB leading to the leakage of fluid through 
the loose capillary wall, we non- invasively examined the 
changes in retinal vasculature structure and permeability 
using fundus photography and fluorescein angiography 
at 8 weeks after STZ injection. Compared with control 
mice without diabetes, mice with diabetes showed more 
leakage of the fluorescein dye, defined as increased blur-
ring and reflecting due to the presence of fluorescein in 
the vitreous cavity, especially in the late phase (15 min 
after fluorescein injection). In mice with diabetes treated 
with aflibercept, the degree of fluorescein leakage was 
lower than that in mice with diabetes without aflibercept 
treatment (figure 1).

Peripheral perfusion block and leukocyte recruitment in the 
diabetic mouse retina
Next, retinal perfusion was examined in flat- mounted 
retinas using the FITC cardiac perfusion method 
(figure 2A,C). While normal perfusion was maintained 
to the very edge of the peripheral retina in control mice, 
hypoperfusion became conspicuous in the periphery of 
diabetic mouse retinas at 6–8 weeks after STZ injection. 
Interestingly, leukocytes (ie, cells positive for the common 
leukocyte antigen CD45) were recruited to the peripheral 

retinal tissue during the same period (figure 2B,D) and 
not in the central area where the perfusion was intact. 
Under higher magnification (figure 2E), recruited leuko-
cytes were found mainly at the margins of retinal capillary 
perfusion. CD45+ cells showed a tendency to form large 
cell clumps at 8 weeks. When counting CD45+ cells, large 
cell clumps were counted as single cells because counting 
the exact number of overlapping cells in each clump was 
not feasible; as a result, we observed that the number of 
CD45+ cells was decreased at 8 weeks, whereas an abun-
dant amount recruited leukocytes was observed. Hence, 
aggregated leukocytes or leukocyte clumps were counted 
again separately. Aggregated leukocytes, defined as large 
leukocyte- stained areas covering more than five square 
pixels, were significantly increased in mice with diabetes, 
consistent with the possibility that leukocyte aggregation 
inside capillaries is responsible for blocking the blood 
flow within capillaries (figure 2F).

Changes in the expression of VEGF and adhesion molecules in 
the diabetic retina
Under certain circumstances, VEGF acts as a proinflam-
matory factor and recruits leukocytes, especially in the 
context of DR.33 We thus first examined whether VEGF 
levels were increased in the diabetic retina and whether 
aflibercept affected the elevated VEGF levels. Western 
blot analyses showed that VEGF was upregulated in mice 
with diabetes, an effect that was attenuated by aflibercept 
treatment (figure 3A,B); this VEGF- reducing effect of 
aflibercept was more prominent for the dimeric form of 
VEGF than for the monomeric form.

In immunohistochemically stained retinal cross 
sections, upregulation of VEGF was observed predomi-
nantly in the inner nuclear layer and the ganglion cell 
layer, which are where deep capillary vessels—the main 

Figure 1 Representative images and fluorescein angiography of mice with diabetes at 8 weeks after the induction of diabetes. 
(A) Early phase was taken at 3 min, and late phase was taken at 15 min after fluorescein injection. All images were obtained in 
the same light exposure condition. Fluorescein staining intensity was greater in the late stage in mice with diabetes (DM, n=12) 
than in CTL mice (n=16). Treatment with aflibercept in mice with diabetes (DM- aflibercept, n=11) reduced leakage compared 
with that in untreated mice with diabetes. (B) Quantification of fluorescein angiography results. Differences in intensity between 
late and early stages were averaged from five separate fields. *P<0.05, ##P<0.001. CTL, control; DM, diabetes mellitus.
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Figure 2 Changes in retinal perfusion and leukocyte accumulation. (A) Representative fluorescein angiographic images of 
retinal flat mounts showing retinal perfusion in CTL mice, and changes in perfusion 4, 6, and 8 weeks after diabetic induction 
with STZ injection. Perfusion decreased beginning at 6 weeks after STZ injection and was significantly lower at 8 weeks 
compared with CTL mice. Original magnification: ×200; scale bar: 500 µm. (B) Representative images of flat- mount retinas 
immunostained for CD45 to assess leukocyte accumulation at 4, 6, and 8 weeks after diabetic induction with STZ injection 
compared with CTL mice. Retinal leukocyte recruitment increased as the perfusion block progressed. Original magnification: 
×200; scale bar: 500 µm. (C) Quantitative analysis of retinal non- perfusion showing that hypoperfusion became prominent 
beginning at 6 weeks after STZ injection (CTL, n=14; DM, 4 weeks, n=3; 6 weeks, n=3; 8 weeks, n=13; #p<0.005, ##p<0.001 
compared with CTL). (D) Quantitative analysis showing that retinal CD45+ dots were increased as non- perfusion progressed 
(CTL, n=4; DM, 4 weeks, n=4; 6 weeks, n=3; 8 weeks n=6; *p<0.05, ##p<0.001 compared with CTL). (E) Leukocyte accumulation 
occurred mainly at the border of hypoperfusion, possibly providing the etiology of non- perfusion. Original magnification: ×200; 
scale bar: 500 µm. (F) Aggregated leukocytes, defined as CD45- positive cells occupying an area larger than five pixels, were 
counted using ImageJ software. Leukocyte aggregation greatly increased as non- perfusion progressed (CTL, n=4; DM, 4 
weeks, n=4; 6 weeks, n=3; 8 weeks n=6; *p<0.05, ##p<0.001 compared with CTL). CTL, control; DM, diabetes mellitus; FITC, 
fluorescein isothiocyanate; STZ, streptozotocin.
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vessels affected in DR—are located (figure 3C). Again, 
aflibercept treatment reduced the increases in VEGF in 
the diabetic retina, especially in the inner nuclear layer.

ICAM-1 and VCAM-1, the downstream molecules in 
the VEGF signaling pathway, play significant roles in the 
recruitment of leukocytes in the pathogenesis of DR.24 34 
We thus examined the changes in ICAM-1 and VCAM-1 
expression in the retina and found that similar to VEGF, 
both adhesion molecules were upregulated in mice with 
diabetes, and such increases were significantly inhibited 
by aflibercept treatment (online supplemental figure S2).

Recovery of perfusion by aflibercept treatment in mice with 
diabetes
Considering that aflibercept attenuated the down-
stream effects of VEGF signaling in the diabetic retina 
(ie, increased expression of ICAM-1 and VCAM-1), we 
next examined its effects on leukocyte recruitment and 
perfusion blockage. As shown in figure 4A,B, aflibercept 
reduced the peripheral perfusion blockage caused by 
diabetes, significantly decreasing the non- perfused area 

compared with that in mice with diabetes without afliber-
cept treatment. Leukocyte recruitment in the retinal 
periphery was also lower in aflibercept- treated mice with 
diabetes compared with that in control mice with diabetes 
without aflibercept treatment (figure 4C,D). Although 
CD45 staining was observed in leukocytes inside the capil-
lary as well as those that had been extravasated, only the 
former could be expected to contribute to the blocking 
of the blood flow. Hence, we stained leukocytes ex vivo 
with concanavalin A and then reinjected them to allow 
exclusive visualization of leukocytes within the capillary 
lumen. Concanavalin A staining revealed an increase in 
concanavalin A- positive leukocytes in the diabetic retina, 
and this change was attenuated by aflibercept treatment 
(figure 5A). Costaining for isolectin showed that intra-
vascular clumps of leukocytes indeed reduced perfusion 
by completely blocking multiple retinal capillaries, an 
effect that was again attenuated by aflibercept treatment 
(figure 5B).

Figure 3 Changes in VEGF in the retinas of control mice, mice with diabetes, and AFL- treated mice with diabetes. (A) 
Representative images of western blots for CTL mice (n=9), mice with diabetes (DM, n=7), and AFL- treated mice with diabetes 
(+AFL, DM- AFL; n=8). (B) Both VEGF dimers and monomers were significantly increased in mice with diabetes compared with 
CTL mice. AFL treatment significantly decreased VEGF level, mainly in dimers (*p<0.05). (C) In retinal cross sections, VEGF 
upregulation was strongly observed in the GCL and INL regions, where superficial and deep capillary plexuses exist. VEGF 
expression was not observed in the avascular ONL. This change was attenuated by AFL treatment. Original magnification: 
×400; scale bar: 100 µm. AFL, aflibercept; CTL, control; DM, diabetes mellitus; DAPI, 4′,6- diamidino-2- phenylindole; GCL, 
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; VEGF, vascular endothelial growth factor.
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Attenuation of pericyte loss with aflibercept treatment
Finally, we examined the changes in vascular endothe-
lial cells and pericytes in the retina. Retinal capillary 
endothelial cells constitute the capillary lumen, and 
retinal pericytes are crucial for the viability and regula-
tion of endothelial cells. Although a perfusion blockage 
was observed in mice with diabetes, endothelial cell 
survival was maintained in this early diabetic mice model. 
However, retinal pericyte destruction was clearly detected 
in these mice, an effect that was attenuated by aflibercept 
treatment (figure 6). The whole retina images stained 
by PDGFR-β and CD31 are presented in online supple-
mental figure S3.

DISCUSSION
The present study sought to examine the possibility that 
anti- VEGF treatment, which is widely used as a therapy 
for DME, might have therapeutic effects even against 
relatively early structural changes associated with DR, 

such as vascular leakage, perfusion blockage, inflamma-
tion, and pericyte loss. Using the STZ model of diabetes, 
we found that aflibercept, a potent anti- VEGF molecular 
trap, is highly effective in reducing these microvascular 
structural changes in DR. These results provide a possible 
explanation for the reduction in perfusion deficits shown 
in recent clinical trials10 11 35 and raise the possibility that 
anti- VEGF treatment could be efficacious even in the 
earlier stage of DR when capillaries are not completely 
destroyed and the damage is still reversible.

The Diabetic Retinopathy Clinical Research Network 
Protocol S study showed that monthly intravitreal treat-
ment with the anti- VEGF agent ranibizumab resulted in 
visual outcomes that were comparable to those with PRP, 
but with less development of neovascularization and the 
need for vitrectomy,9 thereby increasing interest in the 
clinical effects of anti- VEGF treatments on vascular struc-
tural changes and non- perfusion in DR. In a post hoc 
analysis of the VIVID/VISTA and RISE/RIDE studies, 

Figure 4 Aflibercept treatment ameliorates retinal hypoperfusion and reduces leukocyte recruitment in mice with diabetes. 
(A) Representative images of fluorescein angiograms of flat- mounted retinas of CTL, mice with diabetes (DM), and aflibercept- 
treated mice with diabetes (DM- aflibercept). Original magnification: ×200; scale bar: 500 µm. (B) Quantitation of non- perfused 
areas revealed that aflibercept treatment significantly reduced the non- perfused area compared with that in mice with diabetes 
(CTL, n=14; DM, n=13; DM- aflibercept, n=21; ##p<0.001). (C) Representative images of flat- mounted retinas immunostained for 
CD45, a marker for leukocytes, in mice with diabetes with or without aflibercept treatment. Original magnification: ×200; scale 
bar: 500 µm. (D) Recruited leukocytes were markedly increased in mice with diabetes compared with CTL mice, which was 
attenuated by aflibercept treatment (CTL, n=4; DM, n=6; DM- aflibercept, n=6; ##p<0.001). CTL, control; DM, diabetes mellitus; 
FITC, fluorescein isothiocyanate.
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which were designed to assess the viability of aflibercept 
and ranibizumab in the treatment of DME, anti- VEGF 
agents were associated with reduced progression of 
DRSS and reduced degree of macular non- perfusion in 
DR.10 11 35 However, two other clinical trials, RECOVERY 

and CLARITY, failed to demonstrate significant improve-
ments in non- perfusion in patients with PDR treated 
with aflibercept, although the zones of apparent reper-
fusion were detected in some patients.36 37 Discrepancies 
between these studies may reflect the fact that the latter 

Figure 5 Accumulation of intravascular leukocytes in mice with diabetes. (A) Accumulated intravascular leukocytes were 
stained with concanavalin A. Intravascular- attached leukocytes were abundant in mice with diabetes (DM), but their numbers 
declined on aflibercept treatment (CTL, n=3; DM, n=3; DM- aflibercept, n=4). Original magnification: ×200; scale bar: 500 µm 
(B) Costaining with isolectin revealed that the concanavalin A- stained leukocytes were blocking the retinal capillary lumen. 
Arrowheads indicate the total luminal blockades caused by leukocyte aggregates. On aflibercept treatment, intravascular 
perfusion- blocking leukocytes were reduced. Original magnification: ×200; scale bar: 100 µm. (C) Quantification of the number 
of concanavalin A- positive cells (CTL, n=3; DM, n=3; DM- aflibercept, n=4, *p<0.05, ##p<0.001). CTL, control; DM, diabetes 
mellitus.
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studies were performed mainly in the eyes of patients 
with PDR, which is an advanced stage of disease with 
irreversible retinal capillary destruction. In the present 
study, we tried to intervene in the process of diabetic 
perfusion block using aflibercept at an earlier stage of 
the disease when the retinal capillary endothelium was 
still intact (figure 6C). As a result, aflibercept was capable 
of reversing the perfusion deficit, along with the reduc-
tion of leukocyte aggregates and revitalization of peri-
cytes. In a similar context, clinical data from our group 
showed that intervention with aflibercept at an earlier 
stage before advanced PDR reduced non- perfusion, thus 
highlighting the importance of intervening at an early 
stage of the disease in which capillaries are still viable.38

In the current study, we first examined the possibility 
that aflibercept treatment might affect hyperglycemia 
in STZ mice. If aflibercept ameliorated hyperglycemia, 
its beneficial effects could simply be a consequence of 
improved glucose levels. This proved not to be the case, 
as aflibercept did not significantly alter the blood glucose 
levels or cause changes in body weight in control or 

STZ- treated mice. Because disruption of the BRB and 
leaky blood vessels are early pathogenic features of DR,15 16 
we next performed retinal angiograms to examine vessel 
leakage and found that fluorescein leakage was higher 
in mice with diabetes, which was successfully reduced 
on treatment with aflibercept. Notably, in VEGF assay, 
increases in VEGF levels in the inner nuclear layer where 
diabetic vascular changes mainly occur—and where 
capillary destruction in DME predominates39—were 
specifically reduced by aflibercept treatment. Because 
deep capillary plexuses that lie in the inner nuclear 
layer supply oxygen to the photoreceptor,40 41 this layer 
may be highly vulnerable to ischemia and thus prone 
to increases in VEGF expression under ischemic stress. 
This effect may explain how aflibercept reduces leakage 
in diabetic retinal blood vessels, a process that may be 
VEGF- dependent.8 42 Quantitative analysis showed that 
the anti- VEGF reducing effect was more prominent in 
dimeric VEGF than in monomeric VEGF. VEGF normally 
binds to its receptors as a homodimer or heterodimer, 
and aflibercept binds the VEGF dimer on both sides of 

Figure 6 Attenuation of pericyte loss in the diabetic retina by aflibercept. (A) Representative images of PDGFR-β staining for 
retinal pericytes. Pericyte numbers were decreased in mice with diabetes, and this decrease was attenuated by aflibercept 
treatment. Original magnification: ×200; scale bar: 200 µm. (B) Quantification of the number of pericytes (CTL, n=8; DM, n=15; 
DM- aflibercept, n=9; ##p<0.001). (C) Immunostaining of retinal flat mounts with antibodies for CD31. Endothelial cells were 
intact in mice with diabetes and showed no significant changes in aflibercept treatment. Original magnification: ×200; scale 
bar: 200 µm. (D) Quantitative data of the number of endothelial cells (CTL, n=3; DM, n=3; DM- aflibercept, n=4; p>0.05, N.S.). 
CTL, control; DM, diabetes mellitus; N.S., not significant; PDGFR-β, platelet- derived growth factor receptor-β.
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the dimer with a substantially stronger affinity compared 
with other anti- VEGF antibodies,43 which allows it to 
exhibit VEGF- binding stoichiometry and to form a stable 
and inert complex with VEGF.44 Thus, the structural 
design of aflibercept may explain its preferential effect 
on dimeric VEGF shown in the current study.

Another notable change in the DR model is inflamma-
tion, evidenced by the increase in leukocyte recruitment 
in vessels and the retina.22 Increased expression levels 
of adhesion molecules such as ICAM-1 and VCAM-1 in 
diabetes and their attenuation with aflibercept treatment 
are consistent with reports showing that these molecules 
are regulated by VEGF signaling.24 34 The density of 
recruited leukocytes was not the highest in the central 
area where the perfusion was intact—rather, the density 
was higher in the periphery where the perfusion reduced 
as time progressed. The far periphery, where the retinal 
perfusion was completely blocked, also showed CD45+ 
cells, indicating that there were previous leukocyte infil-
trations. Intriguingly, in high magnification images, 
leukocytes were abundantly observed at the margins of 
retinal capillary perfusion demarcated by FITC. However, 
we could not discern whether these CD45+ cells were 
intravascularly placed or extravasated in the retina tissue 
due to the staining method. Subsequent concanavalin A 
cardiac perfusion revealed that intravascular leukocytes 
clumps and aggregates were also increased in mice with 
diabetes, which may be a possible mechanism for the 
non- perfusion. Aflibercept treatment, which reduced the 
expression levels of ICAM-1 and VCAM-1, also decreased 
leukocyte recruitment as well as non- perfusion in the 
diabetic retina.

Pericytes are supporting cells that surround the retinal 
capillaries and actively communicate with adjacent endo-
thelial cells, astrocytes, microglia, and neurons as part of 
a functional unit.45 The loss of pericytes leads to endo-
thelial destabilization and result in BRB breakdown and 
hyperpermeability. Our results showed that pericyte 
loss in the diabetic retina was also attenuated by afliber-
cept treatment. We were unable to find direct evidence 
in the literature on the mechanism linking VEGF 
signaling and pericyte loss. Some studies reported that 
bovine retinal pericytes do not proliferate in response to 
VEGF,46 47 whereas others reported that VEGF caused a 
concentration- dependent increase in the loss of bovine 
pericytes.48 49 Greenberg et al50 reported that exces-
sive VEGF expression induces the formation of VEGF 
receptor-2 (VEGFR-2)/PDGFR-β heteromers, implying 
that abnormal receptor signaling may contribute to the 
suppression of pericyte function.

Aflibercept is able to target not only VEGF but also PlGF. 
Along with the changes in the VEGF level, the effects of 
aflibercept on PlGF can be linked to the attenuation of 
pericyte loss in mice with diabetes. In combination with 
the activity of VEGF on VEGFR-1 and VEGFR-2, PlGF 
plays a role in recruiting proangiogenic cells by stimu-
lating VEGFR-1.51 Furthermore, the inhibition of PlGF or 
VEGFR-1 leads to the improvement of pericyte survival, 

indicating that pericyte loss is mediated by VEGFR-1 
signaling.52–54 The effect of aflibercept on reducing both 
VEGF and PlGF may explain pericyte survival improve-
ment via the VEGFR-1 signaling pathway in the murine 
model of early- stage DR.

One of the fundamental questions in DR is what trig-
gers VEGF upregulation. The most likely candidates are 
high- glucose concentration and consequent upregula-
tion of glycated macromolecules that trigger inflamma-
tion and VEGF upregulation. Once VEGF upregulation 
ensues, ICAM and VCAM are also upregulated, resulting 
in leukocyte stasis within the capillaries in the retinal 
periphery. Stasis and clumping of leukocyte may slow 
blood flow in the region and cause perfusion blockage. 
The block in perfusion then further increases VEGF 
expression, thereby establishing a positive feedback loop 
in DR. Our findings suggest that anti- VEGF treatment 
in the earlier stages of DR might interrupt this vicious 
cycle and help prevent its progression to advanced 
stages. Further studies on the potential efficacy of anti- 
VEGF treatment for the early stages of DR are needed to 
confirm this possibility.
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Figure S1. Changes in mean body weight and blood glucose levels in STZ-induced diabetic mice 
and control mice.  

(A, B) Body weights and blood glucose levels in diabetic mice. There were no significant differences 
between aflibercept and saline-treated (veh) mice in both diabetic (DM) and nondiabetic control mice 
(CTL) at 8 weeks after the induction of diabetes (CTL-veh, n = 37; CTL-Aflibercept, n = 36; DM-veh, 
n = 68; DM-Aflibercept, n = 79).  
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Figure S2. Changes in the adhesion molecule expression in the diabetic mice retina. 

Changes in the expression of the adhesion molecules, ICAM-1 and VCAM-1. Diabetes-induced 
increases in ICAM-1 and VCAM-1 expression were attenuated by aflibercept treatment (CTL, n = 2; 
DM, n = 3; DM-Aflibercept, n = 3). Original magnification: 400; scale bar: 100 m.  
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Figure S3. Immunohistochemistry of pericytes and endothelial cells in the diabetic retina. 

Representative images of PDGFR- staining for retinal pericytes and CD31 staining for endothelial 
cells. Decreased densities of pericytes were attenuated with aflibercept treatment, while the density of 
endothelial cells was not significantly different according to aflibercept treatment. 
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