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A B S T R A C T   

Proliferative retinopathies, such as proliferative diabetic retinopathy (PDR) and retinopathy of prematurity 
(ROP) are major causes of visual impairment and blindness in industrialized countries. Prostaglandin E2 (PGE2) is 
implicated in cellular proliferation and migration via E-prostanoid receptor (EP4R). The aim of this study was to 
investigate the role of PGE2/EP4R signaling in the promotion of retinal neovascularisation. In a streptozotocin 
(STZ)-induced diabetic model and an oxygen-induced retinopathy (OIR) model, rats received an intravitreal 
injection of PGE2, cay10598 (an EP4R agonist) or AH23848 (an EP4R antagonist). Optical coherence tomography, 
retinal histology and biochemical markers were assessed. Treatment with PGE2 or cay10598 accelerated path-
ological retinal angiogenesis in STZ and OIR-induced rat retina, which was ameliorated in rats pretreated with 
AH23848. Serum VEGF-A was upregulated in the PGE2-treated diabetic rats vs non-treated diabetic rats and 
significantly downregulated in AH23848-treated diabetic rats. PGE2 or cay10598 treatment also significantly 
accelerated endothelial tip-cell formation in new-born rat retina. In addition, AH23848 treatment attenuated 
PGE2-or cay10598-induced proliferation and migration by repressing the EGF receptor (EGFR)/Growth factor 
receptor bound protein 2-associated binder protein 1 (Gab1)/Akt/NF-κB/VEGF-A signaling network in human 
retinal microvascular endothelial cells (hRMECs). PGE2/EP4R signaling network is thus a potential therapeutic 
target for pathological intraocular angiogenesis.   

1. Introduction 

Neovascularisation (NV) is essential for embryonic development. Rat 
retinal vessels grow postnatally from the central optic disk radially to 
the periphery in response to a VEGF-A gradient, as rats are born with 
avascular retinas. The primary superficial vascular network is estab-
lished within 7 days, and the established vascular plexus then undergoes 
remodelling to complete the vascular network (Stahl et al., 2010; Yang 
et al., 2015). This embryo-fetal programme reactivates at the adult, for 

instance, during tissue growth, wound healing or the menstrual cycle. 
However, uncontrolled or excessive vessel sprouting results in a lot of 
diseases (Chung and Ferrara, 2011). In eyes, proliferative vitreoretinal 
NV, including proliferative diabetic retinopathy (PDR), retinopathy of 
prematurity (ROP), and retinal vein occlusion, are the main causes of 
visual impairment and blindness in many countries (Reynolds, 2014; 
Fong et al., 2004; Laouri et al., 2011; Laatikainen et al., 2016). Rapidly 
growing vasculature is immature and lead to leakage an abundance of 
cellular contents including proangiogenic factors and proinflammatory 
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cytokines/chemokines (Sapieha et al., 2010). VEGF-A is a vasoactive 
factor mediated endothelial cell proliferation and tube formation, which 
has been implicated in angiogenesis and hyperpermeability processes. 
The employment of anti-VEGF-A agents is an emerging treatment for 
PDR or acute ROP; however, long-term effects of such drugs are still 
rare, and there is an urgent need to find novel interventional approaches 
(Hartnett, 2020). 

Prostanoids, a large family of bioactive lipids derived from the ac-
tivity of COX1 and COX2, is a crucial growth-factor inducer and a potent 
proangiogenic mediator (Capra et al., 2014). Thromboxane A2 (TXA2) is 
the prostanoid product of COX1 and works through the activation of 
TBXA2R. Besides TBXAS1 is a rate-limiting enzyme coupled with COX1 
in biosynthesis of TXA2 (Wang et al., 2018; Lucotti et al., 2019). COX2 
catalyzes the downstream production of prostanoids including PGE2, 
which therefore binds to its G-protein-coupled plasma membrane re-
ceptors (E-prostanoid1, 2, 3 and 4 receptors [EP1–4Rs]), inducing mul-
tiple signal transduction pathways activation that result in downstream 
responses (Hata and Breyer, 2004). The EP1R mainly recruits the Gαq 
protein and stimulates the level of intracellular calcium upregulation; 
the EP2R and EP4R bind to the Gαs protein, induce adenylate cyclase 
activation and upregulate intracellular cAMP production. In contrast, 
the EP3R couples with the Gαi protein, inactivates adenylate cyclase and 
inhibits the formation of intracellular cAMP (Wu, 2005). It has been 
reported that PGE2 significantly promotes cell growth and invasion via 
activation of the classical EP4R/GαS/AC/cAMP/PKA signaling pathway 
in hepatocellular carcinoma cells (Xia et al., 2014). However, recent 
findings have reported that PGE2 stimulates EP4R and induces the for-
mation of an EP4R-β-arrestin1-Src complex, which may result in the EGF 
receptor (EGFR) transactivation (Buchanan et al., 2003, 2006; Ansari 
et al., 2008; Tan et al., 2017). Growth factor receptor bound protein 2 
(Grb2) binds to EGFR, followed by the binding of Grb2-associated binder 
protein 1 (Gab1), and it continues to recruit p85 subunit of PI3K in order 
to prolong or amplify the activation of the Akt signaling pathway 
(Moran et al., 2004; Mouradian et al., 2014). These changes are 
concomitant with enhanced cell proliferation and differentiation in 
several cancer cell types and portal hypertensive gastropathy (Buchanan 
et al., 2003, 2006; Ansari et al., 2008; Tan et al., 2017). 

Recent studies have shown that COX2 and PGE2 are involved in the 
pathogenesis of retinal NV (Sennlaub et al., 2003; Schoenberger et al., 
2012; Yanni et al., 2009). In rat models of oxygen-induced retinopathy 
(OIR), cytosolic phospholipase A2, COX and VEGF-A are coordinately 
upregulated. Nonsteroidal anti-inflammatory drugs that inhibit COX and 
PG synthesis reduce the NV response in rodent models of OIR (Nandg-
aonkar et al., 1999; Sennlaub et al., 2003; Wilkinson-Berka et al., 2003; 
Castro et al., 2004). Moreover, the EP4R agonist promotes VEGF-A 
production and, subsequently, Muller cells and endothelial cell prolif-
eration in vitro (Cheng et al., 1998; Yanni et al., 2009). In receptor 
combination patterns, PGE2 exhibits various biological effects, and the 
specific E-prostanoid receptors of PGE2 that regulate endothelial cell 
proliferation and retinal NV have not been well illustrated. These find-
ings prompted us to determine whether the PGE2/EP4R cascade medi-
ates RMEC proliferation in retinal NV and to investigate the underlying 
molecular mechanisms. 

2. Materials and methods 

2.1. Animals and treatments 

All animal studies were maintained in accordance with the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision Research and 
were approved by the Nanjing Medical University requirements for 
humane animal care. Rats were purchased from the laboratory animal 
centre of The Academy of Military Medical Sciences (Beijing, China) and 
housed under standard conditions (22.5 ◦C and 42.5% humidity, under a 
12 h/12 h light–dark cycle, using heated wood chip litter as bedding 
material) in the SPF (specific pathogen free) animal centre of Wuxi 

People’s Hospital Affiliated to Nanjing Medical University, and 
permitted ad libitum consumption of water. Rats were ventilated on 
corresponding days after being anesthetized with a mixture of ketamine 
and xylazine. When adequacy of anesthesia was monitored by obser-
vation of slow breathing, loss of muscular tone, and no response to 
surgical manipulation, the retinas were harvested for corresponding 
analyzes. 

For the PDR model, male Sprague Dawley rats (220–250 g) at eight- 
week-old were randomly divided into groups: control; STZ + DMSO; 
STZ + PGE2; STZ + cay10598 and STZ + AH23848. Diabetic rats were 
induced with an i.p. injection of STZ (60 mg⋅kg− 1 in 10 mM citrate 
buffer at pH 4.6), as previously reported (Deliyanti et al., 2012; Wil-
kinson-Berka et al., 2009). The blood glucose levels of rats >16.7 mM, 
indicating that diabetes had been successfully established. The 
STZ-treated rats were anesthetized (ketamine/xylazine), and given an 
intravitreal injection at a volume of about 5 μl of the designated mixture 
for each eye using the 33-gauge needle every four weeks. Rats were 
sacrificed and their retinas collected at 5 months after diabetes was 
successfully established. 

The OIR model was generated as described previously (Shan et al., 
2017; Feenstra et al., 2019). Briefly, rat pups and their nursing mothers 
were exposed to 80% oxygen for 21 h/day and 20% O2 for 3 h/day 
between postnatal day (P)0 to P11, and subsequently returned to normal 
room air from P12 to P18. Directly after their return to room air, 
randomly selected rats were intravitreally injected under anesthesia 
with 5 mM PGE2, cay10598 (a PGE2/EP4R agonist) or AH23848 (an 
EP4R antagonist) mixed with saline solution (154 mM NaCl) 1:3, at a 
total volume of 2 μl for each eye with a 33-gauge needle (Hamilton, 
Bonaduz, Switzerland) under a surgical microscope in anesthetized rats 
on P12 of the OIR model. A mixture of one volume of saline solution with 
three volumes of DMSO was prepared for the vehicle control. Control 
animals received the same treatment of vehicle control and were housed 
under normal room air. Eyes were dissected under deep anesthesia at 
P18 to assess the effect of OIR. The five experimental groups were as 
follows: control; untreated OIR; OIR + PGE2; OIR + cay10598; OIR +
AH23848 and OIR + DMSO. 

For the physiological retinal angiogenesis assay, intravitreal injec-
tion of PGE2, cay10598 or AH23848 was performed in rat pups at P3. 
Two days later, the retinas were collected and fixed in ice-cold 4% 
paraformaldehyde (wt⋅vol− 1.) overnight. Samples were permeabilized 
in a permeabilising buffer (0.5% Triton X-100 in PBS) for 1 h and were 
blocked in a blocking buffer (10% donkey serum, 0.2% Tween-20) for 1 
h. Samples were then stained with isolectin B4 (IB4) antibodies (Invi-
trogen, Carlsbad, CA, USA, 1:1000) in PBS for 1 h. After the washing 
steps, the samples were mounted using a fluorescence mounting me-
dium (Beyotime Biotechnology, Shanghai, China). A confocal micro-
scope (Leica, Heidelberg, Germany) was used to acquire the digital 
images. 

2.2. Retinal imaging 

Rats were anesthetized. Cyclomydril (Alcon, Fort Worth, TX, USA) 
was used to dilated their pupils. Spectral domain optical coherence to-
mography (OCT) images were taken using the image-guided OCT system 
(Micron IV; Phoenix Research Labs, Pleasanton, CA, USA) with the 
guidance of a bright-field live fundus image. 

2.3. Histological and immunohistochemical analysis 

Rats were anesthetized (ketamine/xylazine), and their eyes were 
dissected and fixed in 4% paraformaldehyde (wt/vol.) overnight. The 
retinas and scleras were dehydrated in a graded ethanol series and 
embedded in paraffin. Standard immunohistochemical analysis using 
SABC and DAB kits (BOSTER, Wuhan, China) was performed to localize 
COX1 and COX2 expression as previously described (Han et al., 2020). 
For hematoxylin and eosin (H&E) staining, 5-m-thick sections were 
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taken along the vertical meridian. Digital images of H&E staining were 
observed under an Olympus BX-51 light microscope (Olympus, Tokyo, 
Japan). 

2.4. Immunofluorescence analysis 

Standard immunofluorescence analysis was performed to indicate 
Endoglin (CD105) (1: 1000, Abcam, MA, USA) expression, followed by 
Goat anti-Mouse IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa 
Fluor 555 and IB4 (1: 500, Life Technologies, CA, USA) in rat retinas as 
previously described (Han et al., 2020). DNA binding activity of NF-κB 
translocation from the cytoplasm to the nucleus was evaluated by 
immunofluorescence using anti-NF-κB subunit p65 (1: 400, Cell 
Signaling Technology, MA, USA). Monoclonal anti-Ki-67 antibody (1: 
1000, Abcam, MA, USA) was used to mark the cell cycle in human retinal 
microvascular endothelial cells (hRMECs). 

2.5. ELISA 

Blood samples was collected during necropsy after a 12-hr fast by 
retro-orbital puncture. PGE2 and TXB2 in the vitreous fluid of individuals 
with diabetic retinopathy vs healthy individuals was measured using 
commercial ELISA kits (PGE2: R&D Systems, Minneapolis, MN, USA and 
TXB2: Abcam, Cambridge, MA, USA). VEGF-A in the serum of diabetic 
rats was measured using commercial ELISA kits (Cusabio, Wuhan, 
China). 

2.6. Evans Blue 

The retinal vessels in rats were marked with Evans Blue, which was 
described previously by Shan and colleagues (Shan et al., 2017). Rats 
were administered Evans blue (100 mg kg− 1) via the femoral vein and 
kept on a warm pad for 60 min. The eyes were collected and fixed in 4% 
paraformaldehyde (wt⋅vol− 1) for 2 h. The retinal flat mounts were ac-
quired and mounted on glass slides and examined under an Olympus 
BX-51 light microscope (Olympus, Tokyo, Japan). 

2.7. Cell culture 

Human RMECs were >90% positive for acetylated low-density li-
poprotein and obtained from BeNa Culture Collection (Beina Chuanglian 
Biotechnology Institute, Beijing, China) and cultured in DMEM supple-
mented with 10% FBS (vol/vol) and 1% antimycotics and antibiotics 
(vol/vol). Mycoplasma contamination was not detected. Besides, cells 
grown in DMEM were incubated with PGE2 (10 μM; Cayman Chemical 
Company, Ann Arbor, MI, USA) for 24 h. In some experiments, a se-
lective NF-κB inhibitor Pyrrolidine Dithiocarbamate (PDTC, 5 μM) ob-
tained from MedChemExpress, USA, and AH23848 (an EP4R antagonist, 
10 μM), cay10598 (an EP4R agonist, 10 μM), SQ22536 (an adenylate 
cyclase inhibitor, 50 μM), H89 (a PKA inhibitor, 5 μM), LY294002 (a 
PI3K inhibitor, 10 μM), AG1478 (an EGFR inhibitor, 100 μM) obtained 
from Cayman Chemical Company (Ann Arbor, MI, USA) were added to 
cells 30 min before stimulation with PGE2. 

2.8. Electrophoretic mobility shift assay (EMSA) 

The analysis of NF-κB binding activity in nuclear proteins was per-
formed as described in our previous study (Wu et al., 2014). NF-κB 
binding activity was examined using a Light Shift Chemiluminescent 
EMSA kit (Thermo Fisher Scientific, Waltham, MA, USA) according to 
manufacturer’s instructions. Briefly, nuclear proteins (5 μg) were iso-
lated from hRMECs. Specific unlabeled NF-κB competitors (50- and 
100-fold molar excess) were used along with the binding reaction 
mixture for the competition assay. A biotin endlabeled DNA duplex of 
sequences containing the NF-κB binding site (5′-AGT TGA GGC GAC TTT 
CCC AGG C-3′, 3′-TCA ACT CCG CTG AAA GGG TCC G-5′) was incubated 

with nuclear proteins at room temperature for 20 min. The reaction 
mixture was loaded onto 6% non-denaturing polyacrylamide gels and 
subsequently transferred to a nylon membrane (Hybond N+, Amersham 
Corp., Arlington Heights, IL). The membranes were explored to ultra-
violet light to cross-link proteins for 1 min and incubated with con-
jugate/blocking buffer with stabilized streptavidin horseradish 
peroxidase conjugate. The signal on the membranes was detected with 
the enhanced chemiluminescence system (West Pico kit, Pierce, 
Loughborough, UK). The membranes were then exposed to X-ray film for 
2–6 min and the relative intensities were analyzed with Image J 
software. 

2.9. Viability and proliferation (WST-1) assay 

The cell proliferation reagent WST-1 (Beyotime Biotechnology, 
Shanghai, China) was used to assessed the viability in 96-well culture 
cell plates as described previously (Mynampati et al., 2017). Briefly, the 
treated cells (5 × 104) were stained with WST at 37 ◦C for 2 h and 
quantified by measuring the absorbance at 450 nm and normalized with 
the control absorbance at 690 nm. 

2.10. Dual-luciferase reporter assay 

HEK293T cells were co-transfected with indicated VEGF promoter 
and reporter plasmids. After incubation for 24 h, relative luciferase ac-
tivities were measured by Dual-Luciferase® Reporter (DLR™)Assay 
System (Promega, E1910) as described previously (Zhang et al., 2020). 

2.11. Cell migration assays 

Cell migration assays were performed in 12-well hanging insert units 
(Millipore, Billerica, MA, USA). Before the experiment, 1 ml DMEM was 
added to the lower chamber of the transwell and incubated overnight. 
HRMECs (5 × 104) were seeded to the upper chamber and 1 ml complete 
DMEM was added to the lower chamber of the transwell with pharma-
cological agents at the indicated time. After incubation at 37 ◦C for 12 h, 
the cells were fixed with 4% paraformaldehyde (wt/vol.) and then 
stained with 0.1% crystal violet for 30 min at room temperature. After 
the washing steps, the cells were removed by a moist cotton swab from 
the upper surface of the membrane. The cells that migrated to the lower 
surface of the membrane were solubilized with 300 μl of 10% acetic acid 
and observed under a fluorescence microscope (EVOS FL Auto Imaging 
System, Life Technologies). 

2.12. Small interfering RNA (siRNA) transfection 

Gab1 siRNA#1~#3 (three independent siRNA sequence) was 
employed to inhibit the Gab1 expression, which was obtained from 
Ribobio (Guangzhou, China). The target sense sequence is 5′- CCAA-
GAAGCCTATTCGTAT-3′. After hRMECs reached 70% confluence, cells 
were put on opti-MEM and subsequently transfected with siGab1 or siNC 
(non-genomic sequence) at concentrations of 20 nM for 4 h using the 
Lipofectamine 2000 transfection commercial kit (Invitrogen, Shanghai, 
China). Then opti-MEM was replaced by DMEM supplemented with 10% 
FBS. Subsequent experiments were performed 36 or 48 h later. 

2.13. Western blot and immunoprecipitation analysis 

Protein in cell lysates was analyzed by electrophoresis on an SDS- 
PAGE gel and transferred to PVDF membranes (Millipore, Billerica, 
MA, USA). Antibodies against p65, phospho-Akt (Thr308), 1: 1000; 
phospho-Akt (Ser473), 1: 1000; Akt, 1: 1000; phospho-EGFR, 1: 1000; 
EGFR, 1: 1000; phospho-Gab1, 1: 1000; Gab1, 1: 1000 were obtained 
from Cell Signaling Technology (Danvers, MA, USA). Antibody to the 
COX1, COX2, TBXAS1 (thromboxane A2 synthase), TBXA2R (throm-
boxane A2 receptor) and EP4 receptor (1: 1000) were obtained from 
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Abcam (Cambridge, MA, USA). The β-actin antibody (1: 5000, Sigma- 
Aldrich, St. Louis, MO, USA), Tubulin (1: 1000, Abcam, Cambridge, 
MA, USA) and the Lamin B antibody (1: 1000, Abcam, Cambridge, MA, 
USA) were used to confirm equal protein loading among samples. The 
signal on the membranes was detected with an enhanced chem-
iluminescence system (West Pico kit, Pierce, Loughborough, UK). Band 
density was analyzed using the Image J software (National Institutes of 
Health imaging software). 

For examination of the association of EGFR with EP4R, cell lysates 
were immunoprecipitated with 2 μg of anti-EP4R antibody overnight at 
4 ◦C. 25 μl of protein A/G agarose beads (GE Healthcare, Pittsburgh, PA, 
USA) was added and incubated at 4 ◦C for another 4 h. After washing 
steps, the immunoprecipitates were resuspended with 30 μl loading 
buffer and analyzed by western blot with EGFR antibody. The similar 
analysis was performed to examine of the association of Gab1 with 
EGFR. The list of antibodies is described in Supplementary Table 1. 

2.14. RNA quantification 

RNA was extracted and analyzed by way of quantitative RT-PCR as 
described previously (Wang et al., 2017). The data were analyzed by 
using the 2− ΔΔCt method and normalized to endogenous control β-actin 
(for rats) or GAPDH mRNA (for human), and the amount of target gene 
mRNA expression in each sample was expressed relative to that of 
control. Primer sequences for real-time quantitative PCR were designed 
by Primer Express Software (Thermo Fisher Scientific, Waltham, MA, 
USA; Supplementary Table 2). 

2.15. Statistical analysis 

The results are expressed as mean ± SEM. ANOVA was used for 
multiple group comparisons, followed by Tukey’s post hoc test. Tukey’s 
post hoc test was run only if the F value achieved P < 0.05 and there was 
no significant variance in homogeneity. The data were analyzed using 
the GraphPad Prisim-5 statistic software (Prism v5.0; GraphPad Soft-
ware, La Jolla, CA, USA). A P value < 0.05 was considered statistically 
significant. 

3. Results 

3.1. PGE2/EP4R signaling influences retinal NV in diabetic rat retina 

We evaluated the effect of prostanoids-associated signaling on 
pathological angiogenesis in STZ-induced diabetic rats. Interestingly, 
PGE2 was upregulated in the vitreous fluid of the PDR participants 
compared with the healthy controls. However, the concentrations of 
TXB2, a nonenzymatically produced stable metabolite of TXA2, showed 
no significantly change in the vitreous fluid of individuals with diabetic 
retinopathy vs healthy individuals (Fig. 1A). Moreover, COX2 were 
dramatically increased in the retinal vascular of STZ-treated rats, while 
there was no significant difference of COX1 expression between groups 
(Fig. 1B and C). High-glucose stress resulted in a significant increase in 
COX2 and EP4R expression compared with the control medium, and 
there is no significant difference in COX1, TBXAS1 and TBXA2R 
expression in the HG-treated cells (Fig. 1D–H). Taken together, this data 
suggests that COX2/PGE2 signaling pathway is involved in retinal 
microvascular abnormality under diabetic conditions. 

We further used intravitreal injection of PGE2, cay10598 and 
AH23848 in STZ-induced diabetic rats every four weeks. Five months 
after diabetes was successfully established, the number of hyper-
reflective dots, the outpouching of internal limiting membrane (ILM) 
and the breach of ILM in superficial portion of inner retina in OCT im-
ages were significantly increased in 5-month diabetic rats compared 
with the control rats, and further increased in the PGE2-and Cay10598- 
treated diabetic rats. In contrast, the AH23848 pre-treated group 
showed significantly improved morphology of the retinal layers under 

diabetic conditions (Fig. 2A). A histological examination also showed 
that retinal vessels were potently exacerbated in the PGE2-or cay10598- 
treated rats compared to the untreated diabetic rats. Moreover, rats 
pretreated with AH23848 demonstrated improved histological retinal 
changes under diabetic conditions (Fig. 2B and C). 

There is little or no expression of CD105 in quiescent endothelial 
cells, however, CD105 highly express in proliferating endothelial cells 
involved in active angiogenesis (Barnett et al., 2014; Dallas et al., 2008). 
It has been reported that retinal CD105 immunolocalization overlaps 
with nascent neovascular structures in OIR rats (Barnett et al., 2014). 
Thus, within the retina, CD105 could be a suitable target for imaging NV 
in retinal vascular diseases. Five months after successfully established 
diabetes, the PGE2-or cay10598-treated groups displayed significantly 
increased amounts of diabetes-induced retinal NV as assessed by stain-
ing for CD105 and IB4. Interestingly, the rats treated with AH23848 
exhibited decreased levels of retinal NV (Fig. 2D and E). Meanwhile, 
PGE2-treated diabetic rats displayed significantly increased levels of 
VEGF-A, which was alleviated in rats that were pre-treated with 
AH23848 (Fig. 2F). 

3.2. PGE2/EP4R signaling mediates postnatal retinal angiogenesis and 
VEGF-A expression in OIR rats 

We employed the rat model of OIR, which is often applied to examine 
therapeutic substances or other treatments in ischemic retinal angio-
genesis (Han et al., 2019, 2020). The fundus images showed that 
PGE2-or cay10598-treated OIR rats displayed an increased formation of 
pathological vessels, as compared with the untreated OIR rats (Fig. 3A 
and B). OCT showed that both the number of hyperreflective dots 
(arrow) in the superficial portion of retinas and the number of hypore-
flective spaces (triangle) in the inner retinal layers dramatically 
increased in the PGE2-or cay10598-treated OIR pups. In contrast, the 
AH23848-pretreated group exhibited significantly improved 
morphology of the retinal layers under OIR conditions (Fig. 3A–C). H&E 
staining consistently indicated increased formation of pathological 
vessels in the retinas of PGE2-or cay10598-treated rats and fewer 
pathological neovascular tufts in the retinas of the AH23848-treated rats 
(Fig. 3D and E). 

Hyperoxia results in central vascular obliteration or degradation, 
and the subsequent relative hypoxia of room air leads to retinal NV in 
the OIR model (Han et al., 2019, 2020). We therefore evaluated the 
potential role of PGE2/EP4R signaling in OIR-induced retinal NV in the 
Evans blue-labelled retinal vessels of rats. The area of retinal NV tufts in 
the PGE2-or cay10598-induced OIR rats was much greater than that of 
untreated OIR rats, whereas it is attenuated in AH23848-treated OIR 
rats. Further quantification showed that a 2.42-fold (N = 6, P < 0.05) 
and 2.63-fold (N = 6, P < 0.05) increase in the retinal NV tufts was 
observed in the PGE2-and cay10598-treated OIR rats, respectively. A 
0.8-fold (N = 6, P < 0.05) decrease in the retinal NV tufts was observed 
in the AH23848-treated OIR rats compared to the untreated OIR rats 
(Fig. 4A and B). This was consistent with the mRNA level of the vaso-
active factor Vegfa, implicated in proliferative retinopathies (Fig. 4C). 
Taken together, these data suggest that PGE2/EP4R signaling can 
accelerate the retinal NV. 

To further evaluate the effect of PGE2/EP4R signaling on blood 
vessels during sprouting angiogenesis, rats at were injected with PGE2, 
cay10598, AH23848 or vehicle control medium in the vitreous humor at 
P3. Two days later, the retinas were collected for analysis. Whole-mount 
immunostaining of IB4 showed an increase in the vascularized area in 
PGE2-or cay10598-treated retinas compared to the vehicle control 
treatment (Fig. 4D and E). Remarkably, the density of sprouting tips at 
the vascular front were also significantly increased in the PGE2-or 
cay10598-treated groups (Fig. 4D and E), indicating that PGE2/EP4R 
signaling promoted tip-cell formation. However, rats pretreated with 
AH23848 did not exhibit physiologically impaired postnatal retinal 
angiogenesis. Hence, PGE2/EP4R signaling specifically promoted the 
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formation of new vascular sprouts during retinal angiogenesis. Next, we 
sought to determine the functional significance of PGE2/EP4R signaling 
in mediating the expression of VEGF-A in hRMECs. Fig. 4F and G shows 
that PGE2 and cay10598 significantly increased the expression of VEGF- 
A. In contrast, AH23848 treatment prevented PGE2-induced VEGF-A up- 
regulation (Fig. 4F and G). 

3.3. PGE2/EP4R signaling promotes hRMECs proliferation and migration 
via Akt activation 

We examined the role of PGE2/EP4R signaling in hRMECs prolifer-
ation and migration using WST-1 assays and transwell migration assays 
as well as by observing the expression of cell cycle marker Ki67. The 
proliferation and migration were dramatically increased in PGE2-or 
cay10598-treated hRMECs and decreased in AH23848-pretreated 
hRMECs, whereas SQ22536 (an adenylate cyclase inhibitor) or H89 (a 
PKA inhibitor) pretreatment, inhibiting the classical EP4R/GαS/AC/ 
cAMP/PKA signaling pathway could not attenuate PGE2-or cay10598- 
induced proliferation and migration of hRMECs (Supplemental Figs. 
1A–E). Our results demonstrated that PGE2/EP4R-induced proliferation 
and migration of hRMECs were independent of AC/cAMP/PKA signaling 
pathways. Moreover, we examined the abnormal activation of Akt, 
which is indeed critical for proliferation and migration in several cells. 
PGE2 treatment potently induced phosphorylation of Akt at Thr308 and 
Ser473, which was reversed by pretreatment with AH23848 (Fig. 5A–D). 
Moreover, hRMECs pretreated with LY294002, a PI3K inhibitor, effec-
tively abolished the proliferation and migration induced by PGE2 and 
cay10598 exposure (Fig. 5E–I). 

3.4. PGE2 recruits EGFR to the EP4R and enhances cellular proliferation 
via Akt activation 

As noted above, PGE2-activating EP4R could cause the trans-
activation of EGFR. Here, we observed an augmented formation of the 
EGFR-EP4R complex in PGE2-or cay10598-treated hRMECs (Fig. 6A and 
B). PGE2 and cay10598 also induced a significant increase of phos-
phorylated EGFR (Fig. 6C and D). PGE2 induced phosphorylation of Akt 
at Thr308, and Ser473 was also diminished in the cells pretreated with 
AG1478 (Fig. 6E–G). In addition, pretreatment of the hRMECs with 
AG1478, an EGFR inhibitor, dramatically inhibited PGE2-and cay10598- 
induced the increase of VEGF-A expression (Fig. 6H and I). This was 
consistent with the proliferation and migration activity of hRMECs 
(Supplemental Figs. 2A–E). 

3.5. EGFR recruits Gab1 and results in the upregulation of activated Akt 

In addition, we observed an augmented formation of the Gab1-EGFR 
complex and an increased phosphorylation of Gab1 in PGE2-or 
cay10598-treated hRMECs (Fig. 7A and B). HRMCEs were transfected 
with siRNA-targeting Gab1 (siGab1) or a nontargeting siRNA control 
(siNC) for 48 h. The siRNA-expression vectors efficiently reduced the 
level of Gab1 in hRMECs (Supplemental Figs. 3A–C). Accordingly, the 
PGE2-or cay10598-induced upregulation of Akt phosphorylation was 
reduced in siRNA-transfected cells (Fig. 7C and D). The distance in 
wound healing between the scorings in PGE2-or cay10598-treated 
groups was shorter than in the control group. Moreover, in 24 h, 

siGab1 pretreatment reduced the PGE2-or cay10598-induced gaps be-
tween the scorings compared to the siNC-pretreated group (Fig. 7E and 
F). 

3.6. PGE2/EP4R signaling increases NF-κB binding activity in hRMECs 

Next, a pharmacological approach was used to determine whether 
PGE2 regulated the expression of VEGF. Exogenous PGE2 significantly 
increased the VEGF-A promoter activity, while treatment of AH23848, 
or LY294002, or AG1478 downregulated VEGF-A promoter activity 
(Fig. 8A). It has been reported that DNA binding activity of NF-κB was 
involved in PGE2-induced VEGF-A production (Wu et al., 2013). In our 
study, treatment of the hRMECs with PGE2 could increase the NF-κB 
translocation from the cytoplasm to the nucleus (Supplemental Figs. 4A 
and B). Meanwhile, AH23848 treatment dramatically prevented PGE2 or 
cay10598 induced the p65 expression in the nucleus and DNA binding 
activity (Fig. 8B–F). Besides, a selective NF-κB inhibitor PDTC signifi-
cantly inhibited PGE2 and cay10598-induced VEGF-A expression in 
hRMECs (Fig. 8G and H). 

4. Discussion 

In the present study, we demonstrated the important role of PGE2/ 
EP4R signaling pathway in hRMECs proliferation and retinal NV. We 
found that pathological retinal angiogenesis was ameliorated by inhi-
bition of the PGE2/EP4R and EGFR/Gab1/Akt signaling network. This 
was associated with a decreased VEGF-A level. In Graphical Abstract, we 
demonstrated that the underlying mechanism of the effects of PGE2/ 
EP4R signaling in pathological retinal NV. 

STZ-induced diabetic model is one of the most commonly used 
models for many aspects of research in diabetes mellitus and displays 
phenotypical and histopathological features in consistent with PDR 
(Olivares et al., 2017). In the STZ-induced diabetic rats, vascular 
leakage, pericyte loss, increased acellular vessels, blood-retinal barrier 
breakdown and reduced visual function were found in early stages of DR 
at 2–3 months (Tzeng et al., 2015). Pre-proliferative stage of diabetic 
retinopathy was detected in the diabetic rats as early as 5–6 months, and 
exhibited endothelial cell proliferation, capillary dilation, and varicose 
loop formation (Olivares et al., 2017; Naderi et al., 2019). This 
pre-proliferative stage of diabetic retinopathy, or end-stage non--
proliferative diabetic retinopathy in STZ-induced diabetic rats is corre-
sponding to the intraretinal microvascular abnormality (IRMA) seen in 
human DR. 

Recently, spectral domain OCT, a noninvasive imaging modality, has 
opened access to a broader sample of subjects, even diabetic retinop-
athy, infants and ROP subjects (Zepeda et al., 2018; Stoica et al., 2018; 
Bowl et al., 2016; Cernichiaro-Espinosa et al., 2016). In spectral-domain 
SD-OCT, the characteristics of IRMA in diabetic retinopathy were 
assessed for the presence of the following vitreous-retinal features: 
①hyperreflective dots in superficial portion of inner retina without 
evidence of the ILM breach; ②the outpouching of ILM without disrup-
tion in the ILM layer; ③the breach of ILM without the breach of pos-
terior hyaloid or further growth into the core vitreous. In our study, the 
number of hyperreflective dots, the outpouching of ILM and the breach 
of ILM in superficial portion of inner retina in OCT images were 
significantly increased in 5-month diabetic rats compared with the 

Fig. 1. COX2/PGE2 signaling is engaged in abnormal changes in the retinal microvasculature experiencing high-glucose stress. (A) PGE2 and TXB2 was detected in 
the vitreous of healthy controls and proliferative diabetic retinopathy participants by ELISA; N = 6. (B) Immunohistochemistry for COX1 or COX2 (brown) and a 
hematoxylin nuclear counterstain (blue) was performed on retinal tissues obtained after 5 months after diabetes was successfully established; scale bar, 25 μm. (C) 
The quantification results are expressed as the ratio of positive cells numbers to total nuclear numbers in the GCL sections of retina; N = 6. (D-G) The level of COX1, 
COX2, TBXAS1, TBXA2R and EP4R was determined by western blot. β-actin antibody was used to confirm equal protein loading among samples. Representative blots 
are shown, with quantification; N = 5. (H) Gene expression of EP4R in retina of each group was detected by real-time PCR. The results are presented as means ± SEM; 
N = 5. The results are presented as means ± SEM; *P < 0.05 for each pair of groups indicated. Con, vehicle control-treated nondiabetic rats; GCL, ganglion cell layer; 
IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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Fig. 2. PGE2/EP4R signaling regulates pathological angiogenesis in the retinas of STZ-induced diabetic rats. (A) Note the morphological changes in the color fundus 
images and the OCT images. (B) H&E staining in paraffin sections of rat retinas 5 months after establishment of the diabetes model; scale bar, 50 μm. (C) Quan-
tification of vessel numbers in the retinal sections; N = 6. (D) Representative images of the immunofluorescence staining of CD105 (red) in the retinal sections of each 
group of rats. Retinal vessels were counterstained with (IB4, green); scale bar, 25 μm. (E) Quantification of vessels of angiogenesis in the retinal sections; N = 6. (F) 
Rat VEGF-A levels were detected in the serum of each group; N = 6. The results are presented as means ± SEM; *P < 0.05 for each pair of groups indicated. Con, 
vehicle control-treated nondiabetic rats; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear 
layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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control rats, which are consistent with the characteristics of IRMA. Both 
PGE2 and cay10598 aggravated the deleterious effects in STZ-induced 
diabetic rats. Likewise, we observed that PGE2 and cay10598 treat-
ment accelerated the occurrence of retinal NV and increased the central 

proangiogenic factor VEGF-A. These effects were suppressed by 
AH23848 pretreatment. 

Moreover, ROP shares many hallmarks with PDR, and both are 
regarded mainly as angiogenesis models (Chen et al., 2018). As an 

Fig. 3. PGE2/EP4R signaling mediates retinal angiogenesis in the eyes of OIR rats. (A-C) Note the morphological changes in the color fundus images and the 
OCT images. Retinal images of the posterior retina and peripheral retina were taken at P18 in the OIR rat model (A, B). The number of hyperreflective structures 
(arrows) and hyporeflective space (triangles) in the OCT images was determined (C); N = 6. (D, E) H&E staining in paraffin sections of rat retina at P18. Histological 
features of retinal NV (D); scale bar, 25 μm. Neovascularisation was assessed quantitatively by counting the endothelial cell nuclei anterior to the inner limiting 
membrane (E); N = 6. The results are presented as means ± SEM; *P < 0.05 for each pair of groups indicated. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, 
inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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Fig. 4. PGE2/EP4R signaling mediates retinal NV and VEGF-A expression. 
(A, B) Rats were infused with Evans Blue dye for 2 h 
The fluorescence signal of NV (preretinal tufts) in the flat-mounted retina were detected using an Olympus BX-51 light microscope at × 4 objective (A); N = 6, scale 
bar, 100 μm. The quantification results are expressed as the ratio of NV area to total retinal area (B); N = 6. (C) Gene expression of Vegfa in retina of each group was 
detected by real-time PCR; N = 6. (D, E) Rat pups at P3 received PGE2, cay10598, AH23848 or vehicle control medium. The retinal vasculature was examined at P5 
by whole-mount IB4 (green) immunofluorescent staining. Representative images show the total retinal vasculature, retinal sprouting tips at the vascular front, and 
the enlarged intercapillary space (D); scale bar, 100 μm. Retinal vessel outgrowth measured as the total area from the central optic disk to the vascular front 
normalized to vehicle control treatment (E, left); N = 6. Number of sprouting tips per retina was determined (E, right); N = 6. (F) The level of VEGF-A was determined 
by western blot. β-actin antibody was used to confirm equal protein loading among samples; N = 5. (G) Gene expression of VEGF-A in hRMECs of each group was 
detected by real-time PCR; N = 5. The results are presented as means ± SEM; *P < 0.05 for each pair of groups indicated. Con, vehicle control-treated rats. . (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. The AKT activation was involved in PGE2/EP4R-signaling-mediated cellular proliferation and migration of hRMECs. (A-D) The levels of p-Akt (Thr308), p-Akt 
(Ser473) and Akt were determined by western blot. β-actin antibody was used to confirm equal protein loading among samples. Representative blots are shown, with 
quantification; N = 5. (E) Cell viability was assessed using the cell proliferation reagent WST; N = 5. (F, G) Migration of hRMECs in transwell assays was determined; 
N = 5. (H, I) A representative image was shown for Ki67 staining along with the quantification of Ki67 positive cells; scale bar, 25 μm; N = 5. The results are 
presented as means ± SEM; *P < 0.05 for each pair of groups indicated. 
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ocular disorder, ROP is characterized by an initial factor of relative 
ischemia, followed by abnormal NV that may culminate in the rapid 
outgrowth of pathological blood vessels from the retina to the vitreous 
humor and lens may lead to retinal hemorrhage, detachment and 
blindness (Wang et al., 2018). Both phases of ROP are reproduced by the 
rat OIR model, which can be used to test therapeutic substances or other 
treatments (Rivera et al., 2015). We treated rats with PGE2, cay10598, 
AH23848 and DMSO by intravitreal injection, suggesting that their 
retinal effects are independent of any systemic activity. We observed 
that both PGE2 and cay10598 could aggravate the deleterious effects of 
OIR-induced retinal angiogenesis, whereas the effects were ameliorated 
in the animal group that received the EP4R antagonist AH23848. 

The typical appearance of ROP as graded on spectral domain OCT is 
preretinal tissue and cystoid macular edema. The preretinal tissue on 
spectral domain OCT appears as a discrete hyperreflective laterally 
elongated structure with shadowing in the retinas of ROP subjects. The 
prevalence of cystoid macular edema in preterm infants screened for 
ROP is approximately 50%. These foveal cystoid structures appear as 
hyporeflective spaces in the inner nuclear layer (INL) in preterm infants. 
However, few studies have applied OCT to ROP rat pups (Erol et al., 
2014; Lee et al., 2011; Rothman et al., 2015). In our study, consistent 

with the histological examination, the OCT images revealed an 
increased number of discrete hyperreflective structures of preretinal 
tissues in the inner retina and hyporeflective spaces in the INL of foveal 
cystoid structures of PGE2-or cay10598-treated OIR rats in the pups at 
P18. 

In the OIR model, the NV (preretinal tufts) peaks at P18 (Han et al., 
2019, 2020). We showed that retinas of OIR rats developed obliteration 
of the developing excessive pathological NV driven by retinal hypoxia at 
P18. Both PGE2 and cay10598 aggravated the deleterious effects in OIR 
rats, whereas the effects were ameliorated in the animal group that 
received the EP4R inhibitor AH23848. 

Exaggerated sprouting angiogenesis is responsible for the rapid 
sprouting angiogenesis toward the vitreous body, which often results in 
vision loss (Sapieha et al., 2010; Yang et al., 2015). The shape, orien-
tation and adhesion of endothelial cells are indispensable for retinal 
vessel formation (Yang et al., 2015). Our results demonstrate that vas-
cularized area, vessel density and the number of sprouting tips at the 
vascular front of retinas were significantly increased in PGE2-or 
cay10598-treated rat pups compared to the vehicle control group, 
whereas there was no significant difference in the AH23848-treated 
retinas. This demonstrates that exaggerated secretion of PGE2, like 

Fig. 6. PGE2/EP4R signaling promotes the proliferation and migration of hRMECs via transactivation of EGFR. (A, B) Immunoprecipitation was performed with anti- 
EP4R antibody followed by immunoblotting with EGFR antibody. Representative blots are shown, with quantification; N = 5. (C, D) The levels of p-EGFR and EGFR 
were determined by western blot. Tublin antibody was used to confirm equal protein loading among samples. Representative blots are shown, with quantification; N 
= 5. (E-G) The levels of p-Akt (Thr308), p-Akt (Ser473) and Akt were determined by western blot. Representative blots are shown, with quantification; N = 5. (H, I) 
The level of VEGF-A was determined by western blot; N = 5. The results are presented as means ± SEM; *P < 0.05 for each pair of groups indicated. 
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that of VEGF-A, PDGF-BB, Erythropoietin and Angiopoietin-2 and 
metabolic factors like succinate, is involved in the excessive retinal NV 
during ROP. 

It has been reported that PGE2 receptor EP4 subtype plays a role in 
PGE2-mediated cancer invasiveness by stimulating G alpha protein (Gαs) 
to activate the cAMP/PKA/PKA response element-binding protein 
signaling pathway (Xia et al., 2014; Parida et al., 2015). However, in our 
study, blocking the PI3K/Akt pathway or EGFR, but AC or PKA, reversed 
PGE2-or cay10598-induced proliferation and migration of hRMECs. This 

demonstrates that activated EP4 is able to phosphorylate and trans-
activate the EGFR receptor, thus promoting Akt activation required for 
NF-κB binding activity and cellular proliferation in hRMECs. 

When Gab1 is tyrosine-phosphorylated and recruited by activated 
EGFR, it goes on to recruit p85α, the regulatory subunit of PI3K, and to 
amplify or prolong PI3K activity (Moran et al., 2004; Mouradian et al., 
2014). Likewise, we observed that PGE2 or cay10598 treatment signif-
icantly increased the association of EGFR with Gab1 and the phos-
phorylation of Gab1. Furthermore, siRNA-mediated knockdown of Gab1 

Fig. 7. EGFR recruited Gab1 to mediate the PGE2-induced Akt activation and cellular proliferation and migration in hRMECs. (A, B) Immunoprecipitation was 
performed with anti-Gab1 antibody, followed by immunoblotting with p-EGFR and EGFR antibody; N = 5. (C, D) The specific role of Gab1 in Akt phosphorylation of 
hRMECs. Cells were transiently transfected with the expression vector encoding Gab1 siRNA or the empty vector. Lysates of the cells were immunoblotted with the 
anti-Gab1 antibody, a phospho-Akt (p-Akt) antibody, an anti-Akt antibody, and an anti-β-actin antibody; N = 5. (E, F) Cell migration was assessed using a wound- 
healing assay. Images were taken 0, 6 and 24 h after treatment. Migration was estimated by measuring cell numbers within the wounded region. The data are shown 
as the relative change compared to the control group without treatment. Scale bar, 100 μm; N = 5. The results are presented as means ± SEM; *P < 0.05 for each pair 
of groups indicated. 
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Fig. 8. PGE2/EP4R signaling promotes NF-κB binding activity and VEGF-A production in vitro. (A) HEK 293T cells were transfected with VEGF promoter. After 24 h, 
the relative luciferase activity was measured and normalized by firefly luciferase activity and renilla luciferase activity; N = 5. VEGF pro, VEGF promoter. (B, C) The 
levels of nuclear p65 were determined Western blot. Lamin B antibody was used to confirm equal nuclear protein loading among samples; N = 5. (D) Immuno-
fluorescence assay evaluation of NF-κB nuclear translocation in hRMECs of each group; scale bar, 25 μm. (E, F) The nuclear proteins were isolated from hRMECs. NF- 
κB binding activity was determined by EMSA. Representative EMSA results are shown in the left panel (E). The pixel values of the NF-κB binding activity (F); N = 5. 
(G, H) The levels of VEGF-A in response to different treatments as indicated were determined by western blot. Representative blots are shown, with quantification; N 
= 5. The results are presented as means ± SEM; *P < 0.05 for each pair of groups indicated. 
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reversed PGE2-or cay10598-induced Akt activation and migration of 
hRMECs. These data suggest that Gab1 is a critical component of 
PGE2/EP4R-mediated EGFR transactivation and Akt activation in pro-
liferation and migration of hRMECs. 

To summarize, the present study provides strong evidences that 
disruption of the PGE2/EP4R signaling pathway contributes to the 
attenuation of the pathogenesis of retinal NV. The underlying mecha-
nism is manifold. Treatment of PGE2 resulted in transactivation of EGFR 
and recruitment of Gab1, enhancing cellular proliferation in the ROP 
model via the Akt signaling pathway. These results indicate that PGE2/ 
EP4R mediated hRMECs proliferation by promoting the activation of the 
EGFR/Gab1/Akt signaling network and that this network may represent 
a potential therapeutic target for postnatal retinal angiogenesis. 
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NV Neovascularisation 
PDR Proliferative diabetic retinopathy 
ROP Retinopathy of prematurity 
PGE2 Prostaglandin E2 
COX cyclooxygenase 
OIR Oxygen-induced retinopathy 
TXA2 Thromboxane A2 
TBXA2R thromboxane A2 receptor 
TBXAS1 thromboxane A2 synthase 
EP1–4Rs E-prostanoid1–4 receptors 
EGFR EGF receptor 
Grb2 Growth factor receptor bound protein 2 
Gab1 Grb2-associated binder protein 1 
STZ Streptozotocin 
IB4 Isolectin B4 
OCT Optical coherence tomography 
H&E Hematoxylin and eosin 
CD105 Endoglin 

HRMECs Human retinal microvascular endothelial cells 
INL Inner nuclear layer 
ILM internal limiting membrane 
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