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Abstract. Diabetic retinopathy (DR) occurs in almost all 
patients with diabetes and remains as one of the major causes 
of vision loss worldwide. Nevertheless, the molecular mecha-
nisms underlying the pathogenesis of DR remain elusive. The 
present study aimed to investigate the role and association 
of Notch signaling and NADPH oxidase 4 (Nox4)-mediated 
oxidative stress in high glucose (HG)-treated retinal cells. 
Human retinal endothelial cells were cultured for various 
durations in RPMI-1640 medium containing 30 mM glucose 
(HG) or 30 mM mannitol (MN) as an osmotic control; apop-
totic cell death and reactive oxygen species (ROS) levels were 
assessed, respectively. Alterations in the expression profiles 
of Nox and Notch proteins were evaluated using reverse 
transcription-quantitative polymerase chain reaction and 

western blot analysis. Knockdown of Nox4 and recombination 
signal-binding protein J (RBPj) was generated by transfection 
with specific small interfering (siRNA). Persistent activation of 
Notch signaling was induced via the overexpression of Notch 
intracellular domain (NICD). In the present study, time-depen-
dent increases in ROS production and cell death were detected 
in HG-treated cells. Depletion of ROS by diphenyleneiodonium 
decreased HG-induced cell death, and suppressed increases 
in caspase 3 activity and B-cell lymphoma 2-associated X 
protein levels. In HG-treated cells, Nox4 expression was 
upregulated at the mRNA and protein levels, and inhibition of 
Nox4 by GKT137831 or knockdown of expression by siRNA 
Nox4 significantly reduced ROS levels and cell death. In 
the presence of HG, Notch1 expression levels were elevated, 
and increased NICD abundance was detected in whole cell 
lysates and nuclear fractions. Additionally, HG-induced cell 
death was decreased by treatment with γ-secretase inhibitor 
(GSI), but increased via the overexpression of NICD. The 
application of GSI or knockdown of RBPj by siRNA RBPj 
prevented increases in Nox4 expression within HG-treated 
cells. The findings of the present study demonstrated that 
Nox4-mediated ROS serves an important role in HG-induced 
retinal cell damage, in which the activation of Notch signaling 
may be responsible for Nox4 upregulation. Therefore, inhibi-
tion of Notch signaling or Nox4 expression may be considered 
as potential therapeutic targets in patients with DR.

Introduction

Diabetic retinopathy (DR), a microvascular complication of 
diabetes mellitus, occurs in almost all patients with diabetes 
worldwide, leading to a severe consequence of blindness (1). A 
total of two types of DR have been identified: Non‑proliferative 
DR, which is characterized by microaneurysms and intraretinal 
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hemorrhage, and proliferative DR, which has been identified 
by vitreous hemorrhage and neovascularization of the eye 
fundus and iris (1). Previous studies have demonstrated that 
chronic inflammatory and oxidative stress is associated with 
the development and progression of DR (2-4).

Elevated levels of reactive oxygen species (ROS) and 
reduced antioxidant enzyme activity have been observed in 
DR (5). The levels of methylglyoxal, a reactive α-dicarbonyl 
compound of glucose metabolism, were elevated in patients 
with diabetes (6). In cultured bovine retinal pericytes, the 
application of methylglyoxal induced apoptosis via increases in 
ROS levels (6); however, the potential molecular mechanisms 
underlying increased ROS production in the pathogenesis 
of DR remain unclear. Mitochondria are the major source 
of superoxide production and are subject to direct attack by 
ROS (7). In diabetes, the dysfunction of retinal mitochondria 
has been reported, and overexpression of mitochondrial super-
oxide dismutase was observed to protect retinal and vascular 
cells against high glucose (HG)-induced increases in oxidative 
stress and DNA damage (8). Additionally, it was reported that 
hypoxic and hyperglycemic conditions increased the levels of 
NADPH oxidase (Nox) 2 and Nox 4 isoforms, which led to 
the overproduction of ROS (9). These findings suggest that 
increased Nox activity may serve a critical role in the develop-
ment of DR.

Notch signaling, an evolutionarily conserved pathway, has 
been demonstrated to serve pivotal roles in retinal develop-
ment and vascular homeostasis (10,11). Notch signaling 
involves five ligands, including δ-like 1, 3, 4; Jagged 1, 2 and 
four receptors, including Notch-1, 2, 3, 4 and the transcription 
factor, recombination signal-binding protein J (RBPj). Upon 
activation, Notch intracellular domain (NICD) is released 
and translocates to the nucleus where NICD binds RBPj (12). 
The resulting complex contributes to the regulation of the 
expression of downstream target genes (13). In diabetic mice 
and HG-treated human retinal vascular endothelial cells, it 
was reported that reduced expression levels of Notch1 were 
associated with the induction of apoptosis (14). The present 
study aimed to investigate the role and association of Notch 
signaling and Nox4-associated ROS in HG-induced injury of 
human retinal endothelial cells (HRECs). The results indi-
cated that Nox4 expression levels were significantly increased 
in HG-treated HRECs, and that Nox4-mediated ROS may 
serve a key role in HG-induced HREC death. In addition, the 
present study proposed that Notch1 signaling activation medi-
ated increases in Nox4 expression. Therefore, the inhibition 
of Notch signaling or Nox4 expression may be considered as 
potential therapeutic targets in patients with DR.

Materials and methods

Cell culture and treatment. HRECs (ACBRI 181; Cell 
Systems, Kirkland, WA, USA) were cultured at 37˚C in 5% 
CO2 incubator in a fibronectin‑coated plate with Dulbecco's 
modified Eagle's medium (cat. no. 11885‑084) supplemented 
with 10% fetal calf serum (cat. no. 16000‑044) and 100 U/ml 
of penicillin/streptomycin (cat. no. 15140‑122), all obtained 
from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA 
USA). HRECs of passages 3-6 were used for analysis in the 
present study. Cells were cultured for the indicated durations 

(0, 6, 12, and 24 h) in the presence of 30 mM glucose (HG; 
cat. no. G8270; Sigma-Aldrich, Merck KGaA, Darmstadt, 
Germany) or osmotic control mannitol (MN; cat. no. PHR1007; 
Sigma-Aldrich; Merck KGaA). In addition, cells were treated 
with 50 µM γ‑secretase inhibitor IX (GSI; cat. no. 565770; 
Merck KGaA), 5 µM diphenyleneiodonium chloride (DPI; 
cat. no. D2926; Sigma‑Aldrich; Merck KGaA), or 5 µM 
GKT137831 (cat. no. 17764; Cayman Chemical Company, Ann 
Arbor, MI, USA) at 37˚C for 24 h, which were added to the 
medium alone or in appropriate combinations (HG plus DPI, 
GKT or GSI).

Overexpression of NICD. In the present study, overexpression 
of NICD was generated by transfection of pCAGGS-NICD (a 
gift from Professor Nicholas Gaiano, cat. no. 26891, Addgene, 
Inc., Cambridge, MA, USA) using Lipofectamine® 2000 
(cat. no. 11668-027; Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocols. Transfection 
with a blank vector pCAGGS (a gift from Professor Phil 
Sharp; cat. no. 41583; Addgene, Inc.) was used as the control. 
Briefly, cells were grown in 6‑well plate and transfected with 
pCAGGS-NICD or blank vector pCAGGS using Lipofectamine 
2000 (2.5 µg plasmid DNA and 5.0 µl Lipofectamine 2000 
per well) when at 80% confluence. A total of 6 h following 
transfection, medium was changed and cells were cultured for 
24 h in the absence or presence of HG.

Cell death detection. Apoptotic cell death was determined by 
detection of cytoplasmic histone-associated DNA fragments 
using the Cell Death Detection ELISA kit (cat. no. 11 774 
425 001; Roche Diagnostics GmbH, Mannheim, Germany) 
according to the manufacturer's protocols. Experiments were 
conducted in triplicate in each condition as described above. 
The absorbance at 405 and 490 nm (reference wavelength) was 
determined with a microplate reader (Bio-Tec Instruments, 
Inc., Winooski, VT, USA). Signals of the wells containing the 
substrate alone were used as the background and the experi-
mental values obtained from analysis were subtracted.

Caspase 3 activity detection. The levels of activated caspase-3 
were measured using the Caspase-3 Colorimetric Protease 
Assay kit (cat. no. KHZ0022; Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocols. The 
fold change relative to the control was presented.

Knockdown assay. To downregulate the expression levels of 
Nox4 and RBPj, small interfering (si)RNA-Nox4 (siNox4; 
sc‑41586; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) 
and siRNA-RBPj (sc-38214; Santa Cruz Biotechnology, Inc.) 
were transfected (final concentrations, 10 and 20 nM) into 
cells with RNAiMAX (cat. no. 13778‑075; Invitrogen; Thermo 
Fisher Scientific, Inc.), respectively. Cells were then collected 
after 72 h following transfection. Non-targeted siRNA (siCTL; 
sc-37007, Santa Cruz Biotechnology, Inc.) and nontransfected 
cells were used as the control.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from nontreated and 
HG or MN alone as well as HG plus siRNA treated cells 
using an RNeasy Mini kit (cat. no. 74106; Qiagen GmbH, 
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Hilden, Germany) and the concentration was determined with 
an ND-1000 spectrophotometer (NanoDrop Technologies; 
Thermo Fisher Scientific, Inc., Wilmington, DE, USA). A 
total of three independent experiments were performed. A 
total of 2 µg RNA was reverse transcribed into cDNA for 
use with the SuperScript™ III First-Strand Synthesis kit (cat. 
no. 11752‑050; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's protocols. qPCR was then performed using 
a 7500 fast Real‑Time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The SYBR Green PCR Master 
Mix (cat. no. 1725270; Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA) was used, in which 1.5 µl cDNA and 0.2 µM of 
specific primer pairs (Table I) were included. A two-step 
PCR program was performed: Initial denaturation at 95˚C for 
10 min; 40 cycles of 95˚C for 15 sec and 60˚C for 45 sec. The 
mRNA expression levels of Nox1‑5 and Notch1‑3 as well as 
RBPj were normalized to the housekeeping gene GAPDH. 
The relative expression levels of the target genes were calcu-
lated using the 2-ΔΔCq method (15). The fold-change relative to 
the control was presented in the present study.

ROS detection. In nontreated and HG or MN alone as well 
as HG plus DPI or GKT treated cells, the levels of cellular 
ROS were measured using a DCFDA Cellular ROS Detection 
Assay kit (cat. no. ab113851; Abcam, Cambridge, MA, USA) 
according to the manufacturer's protocols; the fold change 
relative to the controls was compared.

Western blotting. Total cellular protein was extracted using 
radioimmunoprecipitation assay buffer (20 mM Tris-HCl 
pH 7.5, 150 mM NaCl, 1 mM EGTA, 1% NP‑40, 1% SDS, 
2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 
1 mM Na3VO4, 1 µg/ml leupeptin and 1 mM PMSF). 
Nuclear protein was isolated using the Nuclear Extraction kit 
(ab113474; Abcam). A total of three independent experiments 
were performed. Protein concentration was quantified using a 
Pierce™ bicinchoninic acid Protein Assay kit (cat. no. 23225; 
Thermo Fisher Scientific, Inc.). A total of 50 µg protein was 
separated using 7.5 or 12.5% SDS‑PAGE, and then transferred 
to a nitrocellulose membrane (Abcam). The membrane was 

blocked at room temperature for 1 h in 5% low‑fat milk prepared 
in Tris‑buffered saline containing 0.1% Tween‑20 (TBST), 
and then incubated for overnight at 4˚C with the following 
primary antibodies: Rabbit anti-B-cell lymphoma 2 (Bcl-2; 
1:500; cat. no. ab32124; Abcam), mouse anti‑Bcl‑2‑associated 
X (Bax; 1:1,000; cat. no. ab77566; Abcam), rabbit anti‑Nox4 
(1:200; cat. no. ABC459; Merck KGaA), mouse anti‑histone 
H3 (1:11,000; cat. no. 14269S; Cell Signaling Technology, 
Inc., Danvers, MA, USA), rabbit anti‑RBPj (1:500; cat. 
no. SAB1410700; Sigma-Aldrich; Merck KGaA), rabbit 
anti-Notch1 (1:400; cat. no. 3608S; Cell Signaling Technology, 
Inc.), rabbit anti‑Notch 1 Antibody N‑terminus (1:500; cat. 
no. 07-1232; Merck KGaA), and mouse anti-β-actin (1: 10,000; 
cat. no. A2228; Sigma-Aldrich; Merck KGaA). Histone H3 and 
β-actin was used as an internal reference for the expression 
level of nuclear protein and total cellular protein, respectively. 
Following five washes with TBST, the membranes were incu-
bated with horseradish peroxidase-conjugated goat anti-rabbit 
or goat anti‑mouse IgG antibodies (1:5,000; cat. nos. G‑21234 
and G‑21040; Invitrogen; Thermo Fisher Scientific, Inc.) for 
1 h at room temperature. Following five washes with TBST, the 
blots were developed using an Enhanced Chemiluminescence 
Western Blotting Substrate (cat. no. 32109; Pierce; Thermo 
Fisher Scientific, Inc.), and the intensity of the bands was quan-
tified using ImageJ software (version 1.51s; National Institute 
of Health, Bethesda, MD, USA).

Statistical analysis. A total of three independent experiments 
were performed in the present study. Data are presented as the 
mean ± standard deviation. One-way analysis of variance with 
the Turkey's post-hoc test was used to conduct statistical anal-
ysis (GraphPad Prism 6.0, GraphPad Software, Inc., La Jolla, 
CA, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Increased ROS production is associated with HG‑induced 
cell death in HRECs. It has been well reported that oxida-
tive stress serves a key role in the induction of cellular 

Table I. Primer sequences employed for reverse transcription-quantitative polymerase chain reaction.

Gene Forward primer Reverse primer

Nox1 5'‑CCACTGTAGGCGCCCTAAGTT‑3' 5'‑ATGACCGGTGCAAGGATCC‑3'
Nox2 5'‑GCCCAAAGGTGTCCAAGCT‑3' 5'‑TCCCCAACGATGCGGATAT‑3'
Nox3 5'‑CCTTCTGTAGAGACCGCTATGCA‑3' 5'‑GACCACAGGGCCTAAAATCCA‑3'
Nox4 5'‑GACTTTACAGGTATATCCGGAGCAA‑3' 5'‑TGCAGATACACTGGGACAATGTAGA‑3'
Nox5 5'‑CAGGCACCAGAAAAGAAAGCAT‑3' 5'‑TGTTGATCCAGATAAAGTCCACCTT‑3'
Notch1 5'‑CAATGTGGATGCCGCAGT TGTG‑3' 5'‑CAGCACCTTGGCGGTCTCGTA‑3'
Notch2 5'‑AAAAATGGGGCCAACCGAGAC‑3' 5'‑TTCATCCAGAAGGCGCACAA‑3'
Notch3 5'‑AGATTCTCATCCGAAACCGCTCTA‑3' 5'‑GGGGTCTCCTCCTTGCTATCCTGTG‑3'
RBPj 5'‑GCTGACTTATGCATTGCCTCAGGA‑3' 5'‑CCACTGCTGTGAACTGGCATGAAA‑3'
GAPDH 5'‑TGTGTCCGTCGTGGATCTGA‑3' 5'‑CCTGCTTCACCACCTTCTTGA‑3' 

Nox, NADPH oxidase; RBPj, recombination signal-binding protein J.
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apoptosis (16). Thus, the present study investigated the levels 
of ROS in HG-treated HRECs; MN-treated cells were used as 
the osmotic controls. A significant time‑dependent increase 
in cellular ROS levels was detected in HG-treated cells 
compared with in cells at 0 h and the MN group (Fig. 1A). To 
reveal the role of ROS overproduction in HG-treated HRECs, 
the generation of ROS was inhibited by the administration of 
DPI. Treatment with DPI has been applied to eliminate the 
production of ROS mediated by flavoenzymes, particularly 
by Nox (17). The results of the present study demonstrated 
that HG‑mediated increases in ROS levels were significantly 
inhibited by DPI treatment in a dose-dependent manner 
compared with in the control and HG groups; however, 10 µM 
DPI did not notably affect ROS production compared with 
in the control (Fig. 1B). As previously reported, increased 
apoptotic cell death was detected in HG-treated HRECs (18), 
which may be associated with the DPI-mediated depletion of 
ROS; however, 5 and 10 µM DPI exhibited a significant effect 
on cell apoptosis compared with in the MN and control groups 
(Fig. 1C). Caspase 3, a critical cellular apoptosis-inducing 
protease (19), demonstrated significantly elevated activity 
levels within HG-treated cells compared with in the MN and 
control groups, which was inhibited by DPI in dose-dependent 
manner; however 5 and 10 µM DPI did not significantly affect 
caspase 3 activity compared with in the MN and control 
groups (Fig. 1D). Consistently, the results from western blot 
analysis revealed significant reductions in the expression 
levels of cellular survival protein, Bcl-2 and upregulation of 
proapoptotic protein Bax in HG-treated cells compared with 
in the MN and control groups, which was inhibited by the 
addition of DPI (Fig. 1E). These data suggested that activation 
of oxidative stress signaling-associated proteins may serve a 
role in HG-induced HREC injury.

Nox4 upregulation is associated with HG‑induced HRECs 
injury. NADPH oxidase generates superoxide by transfer-
ring electrons from NADPH within the cell across the 
membrane and is coupled to molecular oxygen to produce a 
superoxide anion, a major source of ROS (9). In the present 
study, the mRNA expression levels of various isoforms of 
Nox were investigated, including Nox1, 2, 3, 4 and 5 within 
HG-treated HRECs. RT-qPCR demonstrated that only Nox4 
mRNA expression levels were significantly increased at 24 h 
in HG-treated cells compared with in the MN and control 
groups (Fig. 2A). Furthermore, a time-dependent increase 
in Nox4 mRNA and protein abundance was observed in 
HG-treated cells; however, the expression levels at 24 and 48 h 
were significantly elevated compared with 0 h (Fig. 2B and C). 
To investigate whether Nox4 serves a major role in the induc-
tion of ROS and cellular death within HG-treated HRECs, 
Nox4 activity was inhibited by using GKT137831. The results 
revealed that treatment with GKT137831 significantly inhib-
ited ROS levels and cell death, as well as the activity of caspase 
3 compared with in the HG group (Fig. 3A‑C). To specifically 
reveal the role of Nox4, knockdown of Nox4 expression was 
conducted by using siNox4. The results revealed that siNox4 
(10 and 20 µM) significantly reduced the protein and mRNA 
expression levels of Nox4 compared with in the control groups 
(Fig. 3D and E). As expected, depletion of Nox4 expression 
significantly decreased apoptotic cell death and caspase 3 
activity in HG-treated cells compared with in the control group 
(Fig. 3F and G). These findings indicated that Nox4‑mediated 
oxidative stress may serve an important role in HG-induced 
HREC injury.

Notch1 signaling is involved in HG‑induced cell death in 
HRECs. Notch signaling pathway is highly conserved and 

Figure 1. Increased ROS is associated with HG-induced cell death in human retinal endothelial cells. (A) Cells were cultured in the presence of HG or MN, 
and the ROS levels was evaluated. (B) Cells were cultured for 24 h in the presence of HG and treated with DPI. Cells cultured in standard glucose media 
were used as the CTL. The ROS levels were then evaluated. Cells were cultured for 24 h in the presence of HG or MN, and treated with DPI. (C) Cell death, 
(D) caspase 3 activity, and (E) protein expression levels of Bcl-2 and Bax were evaluated. Data are presented as the mean ± standard deviation. n=3. *P<0.05 
vs. 0 h, CTL or MN, #P<0.05 vs. HG. Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X; CTL, control; DPI, diphenyleneiodonium; HG, high‑glucose; MN, 
mannitol; ROS, reactive oxygen species.
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involves numerous different Notch receptors (12). It was 
reported that Notch signaling serves a crucial role in the 
regulation of apoptotic cell death (20). Compared with in 
the control groups, Notch1 mRNA expression levels were 
significantly increased in HG‑treated cells as determined by 
RT-qPCR; however, Notch2 and Notch3 exhibited no notable 
alterations in expression (Fig. 4A). Western blotting demon-
strated a significant time‑dependent increase in the abundance 
of NICD and reductions in total Notch1 following HG treat-
ment compared with 0 h treatment (Fig. 4B). Additionally, 
significantly increased NICD expression levels were also 
detected in the isolated nuclear fractions from HG-treated 
cells at 24 and 48 h compared with 0 h (Fig. 4C), indicating 
that NICD may act as a transcriptional factor.

To investigate the function of the Notch signaling pathway, 
in HG-treated HRECs, Notch activity was suppressed via the 
administration of GSI, which inhibits the cleavage of Notch 
and therefore NICD production. Western blotting revealed that 
the expression levels of Notch1 were significantly increased 
in GSI-treated cells compared with in the control, while that 
of NICD were significantly reduced (Fig. 5A). HG-induced 
apoptosis was also significantly inhibited in response to 
treatment with GSI (Fig. 5B). In addition, NICD was success-
fully overexpressed in HRECs following transfection with 
pCAGGS-NICD (Fig. 5C); apoptosis was significantly 

increased in cells overexpressing NICD compared with in the 
control groups (Fig. 5D). Consistently, HG-induced cell death 
was significantly enhanced by NICD overexpression compared 
with the HG groups and the control (Fig. 5E). These findings 
indicated that overactivation of the Notch signaling pathway 
may be associated with HG-mediated HREC injury.

Inhibition of Notch signaling suppresses Nox4 upregulation 
in HG‑treated HRECs. To determine the potential associa-
tion between Notch1 and Nox4, the effects of Notch signaling 
on Nox4 expression were investigated in the present study. 
HG-induced increases in Nox4 mRNA and protein expres-
sion were significantly inhibited via the application of GSI 
compared with the HG group (Fig. 6A and B), suggesting that 
the Notch signaling pathway may be required for the induction 
of Nox4 in HG-treated HRECs. Following Notch activation, 
NICD is produced by the cleavage of γ-secretase and is then 
translocated to nucleus, in which nuclear NICD associates with 
RBPj, leading to regulation of target gene expression (21). In 
the present study, RBPj expression was significantly reduced 
via siRNA‑RBPj (10 and 20 µM) compared with in the control 
groups (Fig. 6C and D). Knockdown of RBPj significantly 
decreased Nox4 expression levels within HG-treated cells 
compared with in the HG groups (Fig. 6E). These data demon-
strated that HG may enhance Nox4 expression potentially by 

Figure 2. Nox4 is increased in HG-treated human retinal endothelial cells. (A) Cells were cultured for 24 h in the presence of: Standard glucose as the CTL, 
HG or MN. The mRNA expression levels of Nox 1‑5 were quantitatively evaluated. (B) Cells were cultured for different durations in the presence of HG or 
MN; the mRNA expression levels of Nox4 was quantitated. (C) Cells were cultured for different durations in the presence of HG, and the protein expression 
levels of Nox4 were evaluated via an immunoblot assay. Data are presented as the mean ± standard deviation. n=3. *P<0.05 vs. CTL, MN or 0 h. CTL, control; 
HG, high-glucose; MN, mannitol; Nox, NADPH oxidase.
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increasing Notch activity. Over all, the results of the present 
study suggest that under the conditions of HG, nuclear NICD 
is produced and then induces upregulation of Nox4 expression, 
thus increasing ROS level and cell death (Fig. 6F).

Discussion

In the present study, a novel signaling pathway underlying 
increased ROS production and retinal vascular cell death was 
investigated under HG conditions. The findings of the present 
study demonstrated that activation of the Notch signaling 

pathway may promote Nox4 expression, which in turn lead 
to increased ROS production and cell death in HG-treated 
HRECs.

In patients with diabetes, increased oxidative stress has 
been recognized as a major cause of retinal inflammation (22). 
Providing that the retina requires high levels of oxygen (22), 
the retina and its vasculature may be susceptible to oxidative 
stress. It has been reported that oxidative stress and ROS serve 
critical roles in the pathogenesis of DR (23-25). Excessive ROS 
can cause endothelial dysfunction and apoptosis, leading to the 
loss of vascular cells (26). In the present study, exposure to 

Figure 3. Inhibition of Nox4 suppresses HG-induced cell death in human retinal endothelial cells. Cells were cultured for 24 h in the presence of: Standard 
glucose as the CTL, HG, or HG and GKT (5 µM). (A) ROS level, (B) cell death and (C) caspase 3 activity were assessed, respectively. Cells were cultured and 
transfected with siCTL (20 nM) or siNox4 (10 or 20 nM). (D) Protein and (E) mRNA expression levels of Nox4 were measured via an immunoblot assay and 
reverse transcription-quantitative polymerase chain reaction. Cells were cultured for 24 h in the presence of HG and treated with 20 nM of siNox4 or siCTL. 
(F) Cell death and (G) caspase 3 activity were assessed, respectively. Data are presented as the mean ± standard deviation. n=3. *P<0.05 vs. CTL or siCTL, 
#P<0.05 vs. HG or HG + siCTL. CTL, control; Nox4, NADPH oxidase 4; GKT, GKT137831, Nox4 inhibitor; HG, high‑glucose; siRNA, small interfering RNA; 
siCTL, control siRNA; siNox4, Nox4 siRNA.
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HG significantly increased the apoptosis of cultured HRECs. 
Following the addition of HG, a time-dependent increase in 
intracellular ROS levels was also detected, whereas depletion 
of ROS production by the administration of DPI significantly 
decreased HG-induced cell death. In HG-treated cells, 

increased caspase 3 activity and the proapoptotic Bax protein 
expression levels were decreased in response to DPI. These 
findings suggested that enhanced oxidative stress serves an 
important role in HG-induced HRECs injury, and that the use 
of specific antioxidant may be a potential therapeutic target to 

Figure 4. Notch signaling is activated in HG-treated human retinal endothelial cells. (A) Cells were cultured for 24 h in the presence of: Standard glucose as the 
CTL, HG or MN. The mRNA expression levels of Notch1‑3 were quantified. Cells were cultured for different durations in the presence of HG. (B) Expression 
levels of total Notch1 and NICD were evaluated via an immunoblot assay. (C) Nuclear fraction was isolated and the abundance of NICD was evaluated via an 
immunoblot assay. Data are presented as the mean ± standard deviation. n=3. *P<0.05 vs. CTL, MN or 0 h. CTL, control; HG, high‑glucose; HH3, histone H3; 
MN, mannitol; NICD, Notch1 intracellular domain.
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obtain optimal levels of ROS in DR. A major source of ROS 
is the NADPH oxidase system in endothelial cells (27,28). 
NADPH oxidase mainly comprises five isoforms, Nox1‑5 (29). 
The results of RT-qPCR in the present study revealed that 
Nox4 mRNA expression levels had increased significantly, 
whereas that of Nox1, 2, and 3 exhibited no notable change 
within HG-treated HRECs; however, within cultured bovine 
retinal endothelial cells (BRECs) stimulated with 20 mM HG, 
upregulated Nox2 mRNA expression levels and activity were 
reported (30). In the retinal microvasculature isolated from 
the retina of patients with DR, the expression of Nox2 was 
also increased (30). Additionally, it was reported that Nox2 
protein expression levels were increased in retinas isolated 
from rats with DR, and that inhibition of Nox2 mediated by 
simvastatin may be associated with normalization of ROS 
levels and reductions in retinal vascular injury (31). In the 
present study, 30 mM HG was applied to cultured HRECs, 
which increased the expression of Nox4 at the mRNA and 
protein levels; however, Nox2 expression levels did not exhibit 
significant alterations. Various concentrations of HG and 
cellular types may explain these controversial results. Of note, 
Nox4 expression levels were not investigated in HG-treated 
BRECs, and the retina of patients or rats with DR. In addi-
tion, as a limitation of the present study, in vivo investigations 
were not conducted. The varying expression levels of Nox 
isoforms require further investigation in animal models of 
DR. Previous studies have also reported that Nox4 is a major 
isoform of NADPH oxidase in retinal microvascular endothe-
lial cells (32,33). To investigate the role of Nox4 in HG-treated 
HRECs, a Nox4 inhibitor GKT137831 and an siRNA designed 
to target human Nox4 were employed in the present study. 
Inhibition of Nox4 prevented HG-induced increases in ROS 

production in HRECs. The induction of caspase 3 activity 
and apoptosis was also prevented by Nox4 inhibition and 
knockdown. Therefore, enhanced Nox4 expression may serve 
a critical role in HG-induced HREC apoptosis, and Nox4 may 
be considered as a therapeutic target to ameliorate vascular 
injury in DR. In addition, regarding the activation of Nox 
proteins, numerous signaling pathways have been identified 
to be associated with the progression of DR, including the 
activation of protein kinase C, the formation of advanced 
glycation end products, the peroxynitrite, hexosamine and 
polyol signaling pathways (9).

In the present study, the mechanisms by which HG induces 
the upregulation of Nox4 in HRECs were investigated. In 
renal tubular epithelial cells, Nox4 was reported to be involved 
HG-induced cell death via Notch signaling (34). Additionally, 
within primary human umbilical vein endothelial cells, inhibi-
tion of Notch signaling led to increases in intracellular ROS 
via Nox4 upregulation (35). These findings suggest a potential 
association between Nox4 and Notch signaling. The Notch 
signaling pathway is a highly conserved cell signaling system 
that is present in the majority of multicellular organisms (36). 
In mammals, there are four different Notch receptors, referred 
to as Notch1, Notch2, Notch3 and Notch4. In the angiogenic 
process, alternative and distinct roles for different Notch 
ligands have been identified in the retina (37). The present 
study reported that Notch1 mRNA expression levels were 
significantly increased in HG‑treated HRECs, whereas Notch2 
and Notch3 exhibited no notable change. The abundance of 
NICD was observed to increase in a time-dependent manner 
in whole cellular lysates and in the nuclear fractions from 
HG-treated cells. Notch is a transmembrane protein; NICD is 
produced from the cleavage of Notch by γ-secretase (37,38). 

Figure 5. Notch1 signaling is involved in HG‑induced cell death in human retinal endothelial cells. (A) Cells were cultured and treated with GSI to inhibit 
Notch signaling. The expression levels of NICD and Notch1 were evaluated via immunoblotting. (B) Cells were cultured for 24 h in the presence of: Standard 
glucose as the CTL, HG, or HG and GSI (50 µM). Cell death was assessed. (C) Cells were transfected with pBV or the pNICD. Overexpressed NICD was 
detected via an immunoblot assay; (D) the effect of NICD on cell death was assessed. (E) Cells were cultured for 24 h in the presence of HG and pBV or 
pNICD. Cell death was then evaluated. Data are presented as the mean ± standard deviation. n=3. *P<0.05 vs. 0 µM, CTL or pBV, #P<0.05 vs. HG or HG + pBV. 
CTL, control; GSI, γ-secretase inhibitor; HG, high-glucose; NICD, Notch1 intracellular domain; pBV, black vector; pNICD, overexpressing NICD vector.
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Figure 6. Inhibition of Notch signaling suppresses Nox4 expression in HRECs. Cells were cultured for 24 h in the presence of: Standard glucose as the CTL, 
HG, or HG and GSI (50 µM). The expression of Nox4 at the (A) mRNA and (B) protein levels was evaluated. Cells were cultured and transfected with siCTL 
or siRBPj (10 or 20 nM). (C) Protein and (D) mRNA expression levels of RBPj were measured via immunoblotting and reverse transcription-quantitative 
polymerase chain reaction, respectively. (E) Cells were cultured for 24 h in presence of HG alone, or HG and 20 nM siRBPj. Nox4 protein expression levels 
were evaluated. Data are presented as the mean ± standard deviation. n=3. *P<0.05 vs. CTL or siCTL, #P<0.05 vs. HG or HG+siCTL. (F) Schematic of the 
role of the Notch-Nox4-ROS signaling pathway in HG-induced HRECs injury. Under the conditions of HG, NICD is expressed and is then translocated to the 
nucleus; NICD induces the upregulation of Nox4 via complex formation of NICD and RBPj. Increased Nox4 upregulates ROS production that is responsible 
for the induction of cell death. CTL, control; GSI, γ-secretase inhibitor; HG, high-glucose; HRECs, human retinal endothelial cells; NICD, Notch1 intracel-
lular domain; RBPj, recombination signal-binding protein J; Nox4, NADPH oxidase 4; ROS, reactive oxygen species; siRNA, small interfering RNA; siCTL, 
control-siRNA; siRBPj, RBPj-siRNA.
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The released NICD then enters the cell nucleus to regulate the 
expression of specific genes associated with the control of cell 
fate (38).

In retinal pigment epithelium cells, Notch2 was demon-
strated to be the major Notch receptor, and inhibition of Notch2 
markedly attenuated intracellular ROS production and cellular 
apoptosis in ultraviolet B-induced damage (39). To reveal the 
role of Notch signaling in HG-induced HRECs apoptosis or 
cell death, GSI was used to prevent the cleavage of Notch and 
NICD production in the present study. GSI was observed to 
significantly decrease NICD abundance and HG‑induced cell 
death. Apoptosis was significantly increased in HG‑treated 
HRECs overexpressing NICD. The results of the present study 
suggested that the activation of the Notch signaling pathway 
serves a pivotal role in HG-mediated HRECs injury. In retinal 
ganglion cells, hypoxia-induced Notch1 expression and 
signaling activation, and inhibition of Notch signaling signifi-
cantly aggravated hypoxia-induced cell apoptosis (40). In a 
co-culture system of ligand-dependent Notch activation using 
primary cultured retinal pericytes and a mesenchymal cell line 
derived from an inducible mouse model expressing δ-like 1 
Notch ligand, ligand-mediated Notch activity was observed to 
protect retinal pericytes from light-induced cell death (41). It 
has been reported that Notch signaling is highly pleiotropic 
and can affect differentiation, proliferation and/or apoptotic 
events in numerous ways that depend on their integration with 
other signaling pathways (42). The present study investigated 
the effects of inhibiting Notch activity on Nox4 expression 
levels in HG-treated HRECs. The results study revealed that 
treatment with GSI significantly suppressed HG-induced 
upregulation of Nox4 at mRNA and protein levels, suggesting 
that HG may enhance Nox4 expression via the activation of the 
Notch signaling pathway in HRECs. To further confirm the 
role of Notch activation in HG-induced Nox4 expression, the 
expression of RBPj was downregulated with a specific siRNA. 
RBPj is a co-activator that can promote gene expression by 
associating with Notch (43). The constitutive activation of 
Notch enhanced retinal pigment epithelium cell proliferation, 
which was dependent on the presence of the transcription 
factor RBPj (44). In the present study, knockdown of RBPj 
prevented HG-induced increases in the expression levels of 
Nox4.

Collectively, the results of the present study demonstrated 
that HG upregulates Nox4 expression via the activation of 
Notch signaling, resulting in increased ROS production and 
cell death in HRECs. Inhibition of Notch signaling or Nox4 
expression may be potential therapeutic strategies for the 
treatment of DR. However, to further confirm the role of the 
Notch-Nox4-ROS signaling pathway in the pathogenesis of 
DR, future investigations with primary cultured HRECs, or 
conditional Notch or Nox4 knockout mice may be conducted.
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