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Abstract: Diabetic retinopathy is major cause of vision loss during working age. Breakdown of blood-retinal barrier 
is an early event in pathogenesis of DR. RPE is the major part of outer BRB. Apelin, an endogenous ligand of APJ, 
mediates angiogenesis. Our previous study showed that apelin induced proliferation, migration, and collagen I 
mRNA expression in human RPE cells via PI-3K/Akt and MAPK/Erk signaling pathways. Now we investigate the con-
nection between apelin and RPE in vascular permeability of diabetic retinopathy and its working mechanism. Our 
study showed that apelin promotes the proliferation, migration and expression of cytoskeleton and tight junction 
proteins in human RPE cells using MTS and transwell chamber assay. Apelin also activated the expression of PI-3K/
Akt and MAPK/Erk signaling pathways proteins, such as PLCγ1, p38, Akt and Erk phosphorylation in RPE cells us-
ing laser scanning confocal detection, PCR and western blot. Pretreatment with the inhibitor of apelin receptor APJ, 
F13A, abolished the apelin-induced activations of the proliferation, migration and expression of cytoskeleton, tight 
junction and PI-3K/Akt and MAPK/Erk signaling pathways proteins in human RPE cells. It suggested that apelin as 
a promoter in retinal vascular permeability during early stage of DR, provides further evidence for neurovascular 
crosstalk in pathogenesis of DR, which may offer a new target in early prevention and treatment of DR. 
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Introduction

Diabetic retinopathy (DR) is one of the most 
serious and highly specific microvascular com-
plications of diabetes mellitus [1] and the lead-
ing cause of new emerging blindness in adults 
between 20 to 74 ages worldwide [2]. The prev-
alence of diabetic macular edema (DME), the 
early stage of DR, was between 1.4-12.8% [3], 
remains the predominant cause of vision loss 
in the highly prevalent type 2 diabetes mellitus 
(T2DM) [4] and is definitely present in patients 
with T2DM with proliferative diabetic retinopa-
thy (PDR) [5]. In addition to vision loss, DR and 
DME have also been shown to contribute to the 
development of other diabetes-related com- 
plications including peripheral neuropathy, 
nephropathy and cardiovascular events [1]. 

Anatomical and functional changes present in 
the retina and prior to clinical symptoms of dis-
ease and retinal pigment epithelium (RPE), as 
the key part of the outer blood retinal barrier 
(BRB), plays a critical role in the pathogenesis 
of DR [6]. The outer BRB is responsible for 
transport of nutrients, ions, and water; absorp-
tion of light and protection against photo-oxida-
tion; the visual cycle; phagocytosis of shed pho-
toreceptor membranes; and secretion of essen-
tial factors for preservation of the structural 
integrity of the retina. It also contributes to the 
immune-privileged status of the eye [7]. The 
BRB leakage and the extravasation of blood 
constituents into the retina have been attribut-
ed in part to direct injury to the tight junction 
structure. The tight junctions are important 
structural and functional components for main-
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tenance of BRB integrity. The tight junction pro-
teins zonular occluden-1 (ZO-1) and occluding 
[8] have been identified as marker proteins. 
Changes in their distribution and expression 
have direct impacts on the state of the tight 
junction, and thus influence BRB permeability. 
The actual mechanism of DR is not yet com-
pletely clarified. So far, the primary research of 
signaling pathways, including PI-3K/Akt, p38 
MAPK, Akt/eNOS and MAPK/Erk. Since the 
therapeutic methods are under distinct restric-
tion, it becomes urgent to explore an efficient 
intervention for DR.

Apelin is a recently isolated bioactive peptide 
growth factor from bovine gastric extract 
regarding as an endogenous ligand for APJ, and 
able to mediate angiogenesis and vascular for-
mation [6]. Current investigations demonstrat-
ed that Apelin played critical roles in the occur-
rence and development of diabetes mellitus 
and its complications. A sequence of apelin 
cDNA encodes a preproprotein of 77 amino 
acids, which can generate several active poly-
peptides: the long (42-77) and the short (65-
77) forms of apelin, apelin-36, apelin-17, and 
apelin-13 [9]. The relative potency of the apelin 
peptides varies between experimental sys-
tems, (Pyr1) apelin-13 and apelin-13 being the 
most potent activators of apelin receptors 

expressed in cell lines [6, 9], whereas apelin-36 
is the most potent inhibitor of HIV infection of 
cells in vitro [10]. However, (Pyr1) apelin-13, 
apelin-13, and apelin-36 are equipotent media-
tors of vascular tone and cardiac contractility in 
human tissues in vitro [11]. Our previous study 
has already demonstrated that apelin-13 could 
promote proliferation and migration of retinal 
Müller cells [12, 13], human RPE cells [14], 
pericytes [15] and retinal microglial BV2 cells 
[16]. Apelin has been reported to promote the 
phosphorylation of extracellular signal-regulat-
ed kinases (ERKs), protein kinase B (Akt), and 
p70S6 kinase in umbilical endothelial cells [17]. 
However, there is no information about the role 
of apelin in the expression of cytoskeleton and 
tight junction proteins in human RPE cells. 

In this study, we researched the response and 
effect of apelin-13 to cytoskeleton and tight 
junction proteins under high glucose conditions 
in human RPE cells and found that apelin-13 
might be an early protector of vascular perme-
ability in diabetic retinopathy. By the analysis of 
downstream signaling pathways, we also dem-
onstrated that apelin was upregulated by 
PI-3K/Akt and MAPKs/Erk stimulation of 
human RPE cells, which suggested the mecha-
nism of apelin involved in the process of early 
stage of diabetic retinopathy. 

Table 1. Antibodies used in the present study 

Antibody Cat. NO Source Manufacturer Western 
dilution

Immunofluorescence dilution
HRMECs Retina 

Anti-actin #4970S Rabbit* CST 1:1000

Anti-FAK #3285S Rabbit* CST 1:1000

Anti-p-FAK #8556S Rabbit* CST 1:1000

Anti-Src #2108S Rabbit* CST 1:1000 1:100

Anti-p-Src #6943S Rabbit* CST 1:1000

Anti-PLCγ1 #5690S Rabbit* CST 1:1000

Anti-p-PLCγ1 #8713S Rabbit* CST 1:1000

Anti-p38 #8690S Rabbit* CST 1:1000

Anti-p-p38 #4511S Rabbit* CST 1:1000

Anti-p-Akt #4060S Rabbit* CST 1:1000

Anti-Akt #4691S Rabbit* CST 1:1000

Anti-VE-Cadherin ab33168 Rabbit* Abcam 1:1000 1:200

Anti-Occludin No. 331588 Mouse* Invitrogen 1:1000 1:1000 1:1000

Anti-ZO-1 ab150266 Mouse* Abcam 1:1000 1:1000 1:1000

FITC-conjugated donkey anti-rabbit-tetramethyl  
rhodamine isothiocyanate

ab6881 Abcam 1:5000 1:1000 1:1000

TRITC-conjugated donkey anti-rabbit-tetramethyl 
rhodamine isothiocyanate

ab6799 Abcam 1:5000 1:1000 1:1000

CST: Cell signaling technology (Danvers, MA, USA); Abcam (Cambridge, MA, USA); Invitrogen (Carlsbad, CA, USA); FAK: focal adhesion kinase; Akt: protein kinase B; Erk: 
extracellular signal-regulated kinase; VE-Cadherin: vascular endothelial (VE)-Cadherin; ZO-1: zonula occludens-1; PLCγ1: phospholipaseCγ1; *: monoclonal; #: polyclonal.
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Materials and methods

Reagents 

Human exogenous recombinant apelin peptide 
(No. 057-30, St. Louis, MO, USA) and the spe-
cial antagonist of apelin receptor APJ, F13A (No. 
427197, St. Louis, MO, USA), were purchased 
from Sigma. Antibodies used in the present 
study were shown in Table 1. All experiments 
were performed in accordance with the 
Research Ethics Committees of People’s Hos- 
pital Peking University and with the approval of 
People’s Hospital Eye Institute. 

Cells culture and treatments 

The human retinal pigment epithelial cells 
(ARPE-19; CRL-2302) were obtained from the 
American Type Culture Collection (ATCC; Mana- 
ssas, VA) and cultured in Dulbecco’s Modified 
Eagle Media (DMEM; Gibco, Invitrogen, Grand 
Island, NY) with 10% fetal bovine serum (FBS, 
Gibco, Invitrogen), 100 units/ml penicillin, and 
100 μg/ml streptomycin (Sigma) at 37°C under 
5% CO2 and 95% ambient air. Exogenous 
recombinant apelin (0, 1, 10, 100 and 1000 
ng/mL) [13] stimulated ARPE-19 for 24 h before 
determination. ARPE-19 were pretreated with 
high glucose (25 mmol/L) [18] for 48 h and 
then stimulated with F13A (0, 0.2, 2, 20 and 
200 ng/mL) for another 48 h before test. The 
ARPE-19 was used for each experiment at 80%-
90% confluence and was passaged after being 
grown for 3 days in cultured media. The cells 
were used between passages 3 and 6 and were 
seeded in a 25 cm2 flask at a density of 3 × 106. 

Cell viability/cell proliferation

Cell proliferation was assessed using MTS dye 
according to manufacturer’s instructions (Cell- 
Titer96 Aqueous One Solution Assay; Promega, 
Madison, WI, USA). 1 × 104 ARPE-19 were sub-
cultured into 96-well plates per well. Cells were 
pretreated in DMEM with 10% FBS for 12 h, 
before incubated in DMEM (with apelin or F13A) 
with 10% FBS, and 1% P/S in T25 flask for 24 h. 
MTS reagent (10 μl/per well) was added to the 
culture medium, and the cells were incubated 
for an additional 24 h. The absorbance was 
measured at 490 nm. Values of the treated 
cells were compared with the control cells, 
reported as percentage cell viability. 

Cell migration/transwell assay

Transwell assay, also known as cell migration 
assay, was undoubtedly used for evaluating cell 
migration capabilities. Briefly, ARPE-19 starved 
for 12 h were released from T25 culture flask 
and resuspended in DMEM with 10% FBS and 
1% P/S at the density of 5 × 104/ml. 100 μL of 
ARPE-19 suspension was added to the upper 
chamber and 600 μL medium containing apelin 
or F13A, high glucose DMEM, or DMEM (con-
trol) to the lower chamber, respectively. The 
chambers were incubated for 6 h at 37°C and 
5% CO2 in the humidified incubator. The filters 
were fixed within 4% paraformaldehyde (PFA) 
for 30 min and we subjected the nuclei to DAPI 
(1:5000; No. D9542, Sigma, USA) staining for 
5-10 min. The remaining cells on the upper sur-
face of the filter were removed by wiping with a 
cotton swab gently and washed in PBS three 
times. The number of migrated cells were quan-
tified by counting in five random fields (200 × 
magnification), using a Nikon 50i fluorescence 
microscope. 

Laser scanning confocal detection

The cells cultured on cover glasses (Fisher, US) 
were washed in 1 × phosphate-buffered saline 
(PBS, 5 min × 3) and then fixed with 100% ace-
tone [19] for 5 min at room temperature (RT), 
washed in 1 × PBS (5 min × 3). Blocking was 
performed with 1% bovine serum albumin (BSA, 
30 min-1 h, RT). Primary antibodies were diluted 
into 1% BSA according to the instruction and 
incubated 3 h at RT or overnight at 4°C. The 
primary antibodies used for immunofluores-
cence staining were rabbit anti-VE-Cadherin, 
FITC-conjugated anti-ZO-1 and FITC-conjugated 
anti-occludin. After blocking, the sections were 
washed (1 × PBS, 5 min × 3) and then incubat-
ed with secondary antibodies (2 h RT). 
Secondary antibodies were used the relevant 
FITC-conjugated donkey anti-rabbit-tetramethyl 
rhodamine isothiocyanate. The samples were 
counterstained with DAPI (1:5000, D9542, 
Sigma, USA) and then washed (1 × PBS, 5 min 
× 3), at last they were covered by a non-fluores-
cent sealant. The cells were viewed using a 
Laser scanning confocal microscope (DS-Ri1- 
U2, Nikon, Japan) under 400 × magnifications.

Quantitative real-time PCR

Total RNA was extracted from the RPE cells with 
an extraction reagent, Trizol reagent (Invitrogen, 
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CA, US), and we determined the concentration 
and integrity of total RNA with UV spectropho-
tometry (NANODROP 2000C, Thermo, US). We 
used the Thermo Revert Aid TM First Strand 
cDNA Synthesis Kit (K1622, Thermo, US) to 
reverse RNA (2 μg) into first strand cDNA, using 
a real-time PCR system (PikoReal 96 PCR sys-
tem, Thermo Scientific). We converted 2 μg of 
RPE cells RNA into cDNA in a total reaction vol-
ume of 20 μl, containing 1 μg Oligo (dT), 4 μl 
M-MLV 5 × reaction buffer, 2 μl dNTP, 1 μl 
Recombinant RNasin Ribonuclease Inhibitor, 
and 1 μl M-MLV reverse transcriptase. The mix-
ture was incubated for 60 min at 42°C and ter-
minated by heating at 95°C for 5 min. The PCR 
solution system contained 1 μL of cDNA (1:20 
diluted), specific primers 1 μL (10 pmol), 3 μL 
DEPC water, and 5 μL of 2 × SYBR Select 
Master Mix (Invitrogen), with a final volume of 
10 μL. Each sample was measured in triplicate. 
The standard PCR conditions included 2 min at 
50°C and 10 min at 95°C, followed by 35 cycles 
of extension at 95°C for 15 s, 60°C for 30 s, 
and 72°C for 30 s. The target gene primers are 
shown in the Table 2. The mRNA expression 
was normalized to the expression level of ACTB. 
Each run included one synthetic template con-
trol and one no-template control for each tar-
get. Apelin, APJ, VE-Cadherin, FAK, Src, ZO-1 
and occludin were normalized to GAPDH 
expression. We calculated the changes in 
mRNA expression according to the 2-ΔΔCT meth-
od, with ΔCT = CTarget gene-CTACTB and ΔΔCT = 
ΔCTreatment-ΔCTControl. 

Western blot analysis

Briefly, ARPE-19 cells were harvested, washed 
once with ice-cold PBS and lysed in 100 μL 

RIPA lysis buffer (1% Nonidet P-40, 0.5% sodi-
um deoxycholate, 0.1% SDS in PBS) including 
15 μL protease inhibitor and gently shaken on 
the platform for 30 min and then centrifuged at 
12,000 rpm for 20 min at 4°C. ARPE-19 cells 
were homogenized in 300 μL RIPA lysis buffer 
(1% Nonidet P-40, 0.5% sodium deoxycholate, 
0.1% SDS in PBS) including 45 μL protease 
inhibitor, lysis with gently shaken on the plat-
form for 30 min and then centrifuged at 12,000 
rpm for 20 min at 4°C. Protein concentrations 
determined using a Bio-Rad protein assay (Bio-
Rad, Hercules, CA, USA). Samples were ana-
lyzed on 10% and 8% NuPAGE Bis-Tris gels 
according to the manufacturer’s protocol, then 
transferred to PVDF membranes (Millipore, 
Billerica, MA, USA), and blocked with 5% BSA or 
fat-free milk for 1 h and incubated with primary 
antibodies overnight on ice on the platform. 
The primary antibodies were used at the follow-
ing dilutions in Table 2. The PVDF membranes 
were incubated with goat anti-rabbit horse-rad-
ish peroxidase- (HRP-) conjugated secondary 
antibody for 1 h at room temperature or 4 h on 
ice on the platform and processed for analysis 
using an enhanced chemiluminescence (ECL) 
substrate (PerkinElmer, Inc., MA, USA). The 
density of each band was analyzed with Image 
J software. Relative changes in protein expres-
sion were calculated in relation to normal group 
and expressed as a fold-change. 

Statistical analysis

All statistical analyses were performed using 
SPSS version 17.0 (SPSS for Windows, version 
17.0, USA). The results were expressed as 
mean ± SD. Differences among groups were 

Table 2. Gene subtype oligonucleotide primers
Gene ID Protein Name Gene Name Resource Oligonucleotide Primers, 5’-3’ Size, base pairs (bp)
1003 VE-Cadherin CDH5/CD144 Human F: GGACATAACACCACGAAACG 120

R: CGGTCAAACTGCCCATACTT
5747 FAK PTK2 Human F: GGCACCATCCCTAACCATT 118

R: AGCCCGTTCACCTTCTTTCT
6714 Src SRC Human F: GCTTGTGGGTGATGTTTGAC 105

R: CCTGGACTCTTGGCTCTTCT
100506658 Occludin OCLN Human F: TGCTCATTATTGTGATGTG 173

R: GCCATAGCCATAACCATA
7082 ZO-1 TJP1 Human F: GTAGGAGATTCTTTCTATATTAGA 199

R: CAGCTCTGTTCTTATTAGG
2597 GAPDH GAPDH Human F: TTG ACG CTG GGG CTG GCA TT 117

R: TGG AGG CCA TGT GGG CCA TGA
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assessed using one-way analysis of variance 
(ANOVA), followed by Dunnett’s test. A value of 
P < 0.05 was considered statistically signifi-
cant. Experiments were performed at least 
three times and representative experiments 
are shown.

Results

Apelin induces cell proliferation and migration 
in human rpe cells 

Our previous study has already demonstrated 
that apelin-13 could induce the proliferation, 
migration, and expression of collagen I mRNA 

in human RPE cells via PI-3K/Akt and MAPK/
Erk signaling pathways [14] and played a role in 
progression of DR to a proliferative phase [20]. 
Experiments were performed to evaluate 
whether apelin-13 produced an effect on 
human RPE cells proliferation and migration. 
According to the MTS assay results. The human 
RPE cells proliferation capability was increased 
in a dose-dependent manner, significantly high-
er in the apelin group (1, 10, 100, 1000 ng/
mL), compared with the control one, and the 
optimum concentration was 100 ng/mL (con-
trol versus apelin, P < 0.05, 100 ng/mL versus 
control, P < 0.01, 1000 ng/mL versus control, 
P < 0.05) (Figure 1A-C). 

Figure 1. Apelin induced proliferation and migration expression in human RPE cells. A: RPE cell proliferation was 
determined with MTS after 24 h incubation with concentrations of apelin (0, 1, 10, 100, 1000 ng/mL). B, C: RPE cell 
migration in response to apelin treatment was measured using a transwell assay (200 × magnification). The values 
were assessed by the mean number of migrated cells. The number of migrated cells per high power field (HPF) is 
shown. *P < 0.05, #P < 0.01 versus untreated control. 
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Apelin promotes the expression of cytoskel-
eton and tight junction proteins in human RPE 
cells 

Lots of studies performed cytoskeleton and 
tight junction on RPE cells in diabetes [21-23]. 
However, research of apelin on the effect of 
RPE cytoskeleton and tight junction is relatively 
rare. In order to indicate the relationship 
between apelin and cytoskeleton and tight 
junction proteins, we performed the detection 
to verify the expression of cytoskeleton and 
tight junction proteins using QRT-PCR, laser 
scanning confocal staining and western blot 
with apelin of different concentrations (1, 10, 
100, 1000 ng/mL). PCR results revealed that 
the mRNA expression of VE-Cadherin, FAK, Src, 
occludin and ZO-1 were increased significantly 
with apelin treated group, compared with the 
control ones (Figure 2A-E). Our laser scanning 
confocal detection results showed that 
VE-Cadherin and occluding was increased after 
treated with apelin in human RPE cells (Figure 
3A, 3B). Western blot results showed that the 
protein expression of cytoskeleton and tight 
junction were also up-regulated in a dose-
dependent way after stimulated with apelin 
(Figure 4A-E).

F13A reduces cell proliferation and migration 
in human RPE cells under high glucose condi-
tion 

High glucose was added to the normal glucose 
DMEM medium with 10% FBS for 48 h after 

human RPE cells were starved for 12 h, and 
then cells were incubated with F13A of differ-
ent concentrations (0.2, 2, 20, 200 ng/mL) for 
another 24 h. According to the MTS and tran-
swell assay results, the HRMECs proliferation 
and migration capability were decreased in a 
dose-dependent manner, significantly lower in 
the F13A group, compared with the control one, 
and the optimum concentration was 20 ng/ml 
(Figure 5A-C). 

F13A inhibits the expression of cytoskeleton 
and tight junction proteins in human RPE cells 
under high glucose condition 

Our laser scanning confocal staining showed 
that occludin and VE-Cadherin was down-regu-
lated after treated with F13A in HRMECs under 
high glucose conditions (Figure 6A, 6B). 
Western blot results showed that the protein 
expression of cytoskeleton and tight junction 
were also decreased in a dose-dependent way 
after stimulated with F13A (Figure 7A-E). 

Apelin plays role on human RPE cells via PI-
3K/Akt and MAPK/Erk signaling pathways 

The PI-3K/Akt and Erks are the most significant 
signaling factors involved in stimulated endo-
thelial cells and also appear to play critical 
roles in angiogenesis [18]. Phosphorylation of 
Akt and Erk is involved in proliferation, migra-
tion, vascular remolding, and angiogenesis 
[24]. In order to illuminate the mechanism of 

Figure 2. The mRNA expres-
sion of cytoskeleton (VE-Cad-
herin, FAK and Src) and tight 
junction proteins (ZO-1 and 
occludin) in human RPE cells 
by RT-PCR. The mRNA expres-
sion of VE-Cadherin (A), FAK 
(B), Src (C), ZO-1 (D) and oc-
cluding (E) were increased 
significantly in apelin-treated 
groups, compared with the 
normal ones. *P < 0.05, #P < 
0.01 versus untreated control.  



Apeiln-13 is a promoter in human RPE cells of DR

10717 Int J Clin Exp Pathol 2017;10(11):10711-10729



Apeiln-13 is a promoter in human RPE cells of DR

10718 Int J Clin Exp Pathol 2017;10(11):10711-10729

Figure 3. The expression of cytoskeleton (VE-Cadherin) (A) and tight junction (occludin) (B) in human RPE cells by laser scanning confocal detection. Staining intensi-
ties of apelin in RPE cells were stronger significantly, compared with control ones (A and B). *P < 0.05, #P < 0.01 versus untreated control. 
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Figure 4. Western blot evaluation of cyto-
skeleton and tight junction proteins in hu-
man RPE cells. VE-Cadherin (A), FAK (B), 
Src (C), occludin (D) and ZO-1 (E) proteins 
expression were increased with apelin treat-
ment, compared with the control ones. *P 
< 0.05, #P < 0.01 versus untreated control. 
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apelin to human RPE cells and retinal vascular 
permeability in the genesis and development of 
diabetic retinopathy, we detected the protein 
expression of the PI-3K/Akt and MAPK/Erk sig-
naling pathways using western blot. The results 
suggested that elevated expression of phos-
phorylated PLCγ1, p38, Akt and Erk in apelin-
treated human RPE cells (Figure 8A-D), mean-
while F13A inhibited the phosphorylation of 
PLCγ1, p38, Akt and Erk (Figure 9A-D). 
Pretreatment with the PI3K inhibitor LY294002 
(10 μM) and MAPK inhibitor PD98059 (20 μM) 
for 30 min blocked the activation of Akt and Erk 
in human RPE cells (Figure 10A, 10B), indicat-

ing that the phosphorylation of Akt and Erk 
depends on PI3K and MAPK. After treatment 
with apelin (100 ng/mL) for another 30 min 
increased the expression of Akt and Erk (Figure 
10A, 10B), suggested that apelin played roles 
on human RPE cells via PI-3K/Akt and MAPK/
Erk signaling pathways. 

Discussion

To the best of our knowledge, the current study 
is the first to investigate the impact of apelin 
expression on RPE cell barrier function. There 
are three main findings in the present study. 
First, we detected that apelin induced the pro-

Figure 5. F13A reduces cell proliferation and migration in human RPE cells under high glucose condition. A: RPE cell 
proliferation was determined with MTS after 24 h incubation with concentrations of F13A (0, 0.2, 2, 20, 200 ng/
mL). B, C: RPE cell migration in response to apelin treatment was measured using a transwell assay (200 × magni-
fication). The values were assessed by the mean number of migrated cells. The number of migrated cells per high 
power field (HPF) is shown. *P < 0.05, #P < 0.01 versus untreated control. 



Apeiln-13 is a promoter in human RPE cells of DR

10721 Int J Clin Exp Pathol 2017;10(11):10711-10729



Apeiln-13 is a promoter in human RPE cells of DR

10722 Int J Clin Exp Pathol 2017;10(11):10711-10729

Figure 6. F13A inhibits the expression of cytoskeleton and tight junction proteins in human RPE cells under high glucose condition. The expression of cytoskeleton, 
VE-Cadherin (A) and tight junction, occluding (B) in human RPE cells by laser scanning confocal detection. Staining intensities of apelin in RPE cells were decreased 
significantly, compared with control ones (B). *P < 0.05, #P < 0.01 versus untreated control. 
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Figure 7. Western blot evaluation of cy-
toskeleton and tight junction proteins 
in human RPE cells under high glucose 
condition. VE-Cadherin (A), FAK (B), Src 
(C), occludin (D) and ZO-1 (E) proteins 
expression were decreased with F13A 
treatment, compared with the control 
ones. *P < 0.05, #P < 0.01 versus un-
treated control. 
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the circulation component leak into the eye. It 
is strongly suggested that the inner BRB is the 
primary site of the vascular leak that results in 
DME in both human and animal studies [25, 
26]. Thus, the relation between apelin/APJ in 
DME is further studied on human RPE cells in 
the present study. 

The blood-retina barrier (BRB) is composed of 
both an inner and an outer barrier. The outer 
BRB refers to the barrier formed at the retinal 
pigment epithelial (RPE) cell layer and func-
tions, in part, to regulate the movement of sol-
utes and nutrients from the choroid to the sub-
retinal space. The tight junctions located 
between these cells mediate highly selective 
diffusion of molecules from the blood to the 
retina and the barrier is essential in maintain-

liferation and migration of human RPE cells; 
Second, we found that apelin promoted the pro-
tein expression of cytoskeleton and tight junc-
tion under both normal and high glucose condi-
tion; Finally, we demonstrated that apelin acti-
vated the PI-3K/Akt and MAPK/Erk signaling 
pathways in playing role on human RPE cells. 
Above all, apelin/APJ system involved in the 
pathology of DR, and apelin is an early promot-
er of vascular permeability in DME via PI-3K/
Akt and MAPK/Erk signaling pathways.

As stated before, DME is derived from break-
down of blood-retinal barrier (BRB). The BRB 
has two components, the retinal vascular endo-
thelium (inner BRB) and the retinal pigment epi-
thelium (RPE) (outer BRB). This physiological 
barrier has tight junctions which can prevent 

Figure 8. Apelin induced phosphorylation of PI-3K/Akt and MAPK/Erk signaling pathways. Levels of phosphorylated 
and total PLCγ1, p38, Akt and Erk were determined with western blot analysis, respectively. *P < 0.05, #P < 0.01 
versus untreated control.
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that spatiotemporally regulated apelin/APJ sig-
naling participates in retinal vascularization in 
a cooperative manner with vascular endothelial 
growth factor (VEGF) or fibroblast growth factor 
2 (FGF2), and contributes to normal ocular 
development [29]. Yonem A et al. demonstrat-
ed that apelin is upregulated at the leading 
edge of retinal vessel formation [30]. Our previ-
ous study demonstrated that apelin is normally 
expressed in the retina and various retinal cells 
including RPE cells and was upregulated in 
human and mouse retina during diabetes [12-
16, 20]. Additionally, the overexpression of ape-
lin demonstrated proliferation and migration 
effect in cultured retinal endothelial cells [31], 
RPE cells [14] , Muller cells [12, 13] and peri-
cytes [15] suggesting apelin as a potential play-
er in the pathogenesis of DR. Here we investi-
gated whether apelin also contributes to hyper-

ing retinal homeostasis. BRB capillary endothe-
lial and RPE cells exhibit regulated transcytotic 
activity and a tight junctional network that, 
aided by the cytoskeleton, restricts paracellular 
permeability.

Apelin is a recently isolated bioactive peptide 
growth factor from bovine gastric extract 
regarding as an endogenous ligand for the oligo 
G protein coupled receptor APJ, and able to 
mediate angiogenesis and vascular formation 
[9]. Its localization expression in tissues was 
mostly in vascular endothelial cells (ECs), adi-
pose tissue and epithelial cells. Likewise, the 
location of APJ is critical for Apelin/APJ signaling 
pathway to exert function in various cells and 
tissues [27]. In ocular diseases, Kasai first 
reported that apelin is an angiogenic factor in 
retinal endothelial cells [28], and suggested 

Figure 9. f13A inhibited the phosphorylation of PI-3K/Akt and MAPK/Erk signaling pathways. Levels of phosphory-
lated and total PLCγ1, p38, Akt and Erk were determined with western blot analysis, respectively. *P < 0.05, #P < 
0.01 versus untreated control. 
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os [37]. Src kinase (Src) is a proto-oncogene 
encoding a protein tyrosine kinase that regu-
lates cellular morphology, motility, metabolism, 
survival, migration and proliferation [38]. 

In the present study, through immunofluores-
cence, RT-QPCR and western blot, we first veri-
fied that APJ was positively expressed in RPE 
cells and play a critical role on vascular perme-
ability of diabetic retinopathy. Our findings 
showed that the expression of apelin was lower 
under high glucose DMEM medium, compared 
with normal glucose medium, which suggested 
the harmful role of high glucose on human RPE 
cells, and the dissociation of apelin in RPE. At 
the same time, we found that the protein 
expression of cytoskeleton and tight junction 
was decreased either. After added apelin (ng/
mL), the protein expression increased signifi-
cantly under high glucose condition, which sug-
gested the positive effect on vascular permea-
bility. Our study also found that the mRNA and 
protein expression of apelin and APJ in human 
RPE cells was lower in high glucose medium, 
compared with the normal one. It might indi-
cate that high glucose could destroy the cell 
structure. After added apelin, the protein 
expression of cytoskeleton and tight junction 
increased with statistically significance, which 
indicated that it was apelin that might protect 

glycemia-induced RPE barrier dysfunction, 
which constitutes the outer retinal barrier. 
However, the function of apelin in DME, which 
is the most common complication and early 
event of DR, is not fully understood. 

VE-cadherin is an endothelial-specific cell-cell 
adhesion protein of the adherens junction com-
plex, plays a critical role on endothelial barrier 
function and angiogenesis, and also involves in 
intracellular signaling pathways that control cell 
cycle progression and cell dynamics directly 
and indirectly [32]. VE-cadherin is expressed 
definitely by only endothelial cells to sustain the 
stability of adherens junction of the endothelial 
cells and also suppresses their apoptosis [33]. 
Focal adhesion kinase (FAK), a non-receptor 
protein tyrosine kinase, is the primary enzyme 
participated in the link up of integrins and 
installation of FA (focal adhesions) via the cata-
lyzing of several downstream signals and is 
mediated primarily through Src regulated tyro-
sine phosphorylation [34, 35]. In particular, 
FAK is a pivotal mediator of angiogenesis dur-
ing the development engineered to subsist the 
endothelial-specific deletion of FAK proved by 
the lethality of the early embryonic mice [36]. 
Increased vascular permeability and endotheli-
al apoptosis has been determined as a critical 
mechanism underlying lethality in these embry-

Figure 10. Apelin Plays Role on Human RPE Cells via PI-3K/Akt and MAPK/Erk Signaling Pathways. RPE cells were 
pretreated with 10 μM LY294002 or 20 μM PD98059 for 30 min and then incubated with 100 ng/mL apelin for 30 
min for assay of Akt and Erk phosphorylation. Levels of phosphorylated Akt and Erk were determined with western 
blot analysis. *P < 0.05, #P < 0.01 versus untreated control. 
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