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Abstract

The stimulation of angiotensin II (Ang II), the effector peptide of renin–angiotensin system, has 

been reported to increase the expression of vascular endothelial growth factor (VEGF) through the 

activation of the Ang II type 1 receptor (AT1R). In this study, we investigated whether 

hyperglycemia (HG, 33 mM glucose) in ARPE-19 cells could promote the expression of VEGF 

independently of Ang II through prorenin receptor (PRR), via an NADPH oxidase (Nox)-

dependent mechanism. ARPE-19 cells were treated with the angiotensin converting enzyme 

(ACE) inhibitor perindopril to block the synthesis of Ang II. Treatment with HG induced VEGF 

expression in ARPE-19 cells, which was attenuated by pretreatment with the inhibitors of Nox, but 

not those of nitric oxide synthase, xanthine oxidase and mitochondrial O2 synthesis. In addition, 

Nox-derived O2
− and H2O2 signaling in the regulation of VEGF was determined by using both 

polyethylene glycol (PEG)-catalase (CAT) and PEG-superoxide dismutase (SOD). We 

demonstrated that small interfering RNA (siRNA)-mediated knockdown of PRR, Nox2 and Nox4 

significantly reduced the HG-induced stimulation of VEGF. On the other hand, Nox4 

overexpression significantly potentiated PRR-induced stimulation of VEGF under hyperglycemia 

in ARPE-19 cells. Furthermore, Nox4 was shown to be associated with enhanced activities of 

ERK1/2 and NF-κB (p65), indicating their involvement in PRR-induced activation of VEGF under 

HG in ARPE-19 cells. Our results support the hypothesis that Nox4-derived reactive oxygen 

species (ROS) signaling is implicated in the hyperglycemia-induced increase of VEGF expression 

through PRR in ARPE-19 cells. However, further work is needed to evaluate the role of PRR and 

Nox-s in HG-induced stimulation of VEGF in vivo.
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Introduction

The classic renin–angiotensin-system (RAS) is involved in the regulation of blood pressure 

and electrolyte homeostasis [1]. All components of the RAS have been detected in the eye, 

including retinal pigment epithelium (RPE) [2,3], a tissue that underlies the photoreceptor 

cells. Angiotensin (Ang) II, the effector peptide hormone of RAS, is known to mediate its 

function through Ang II Type 1 (AT1R) and Type 2 (AT2R) receptors [4] and the stimulation 

of Ang II has been reported to increase the expression of vascular endothelial growth factor 

(VEGF) through the activation of the AT1R [5]. Oxidative stress is a key pathogenic factor 

in diabetic retinopathy (DR) [6]. Nicotinamide adenine dinucleotide phosphate (NADPH)-

oxidase (Nox) isoforms Nox1 and Nox4 have been reported to be involved in vascular 

oxidative stress in response to Ang II [7] both in vitro as well as in vivo. Recently, much 

attention has been focused towards understanding the biological roles of prorenin, a 

precursor or renin, and its recently identified receptor named as ATPase, H+ transporting, 

lysosomal accessory protein 2 (ATP6AP2) or prorenin receptor (PRR) [8]. It is known that 

prorenin binds PRR three times more efficiently than renin [9]. Interestingly, it was shown 

that the soluble PRR protein level in vitreous fluids was higher in proliferative diabetic 

retinopathy (PDR) than in non-diabetic control eyes, and this correlated significantly with 

the levels of vitreous prorenin and VEGF [10].

Oxidative stress induced by diabetes and activated RAS may lead to both impaired 

antioxidant protection [11] and increased production of reactive oxygen species (ROS) 

[12,13]. Hyperglycemia (HG)-induced increase of ROS plays a crucial role in ocular 

diseases, including DR [14]; however, its underlying molecular mechanisms remain 

unknown. ROS such as superoxide inion radical ( O2
−) and hydrogen peroxide (H2O2) 

function as signaling molecules in many aspects of growth factor-mediated physiological 

responses including angiogenesis [15]. The major source of ROS in the retina and 

endothelial cells has been reported to be Nox [7], where Nox4 as a major catalytic subunit 

plays an important role in endothelial angiogenesis [16] and diabetes-associated 

complications [17]. Nox4 activation in a diabetic db/db mouse model has been reported to 

upregulate VEGF and reduce the integrity of the endothelial blood–retinal barrier [18]. 

Diabetes-induced stimulation of VEGF expression, leukocyte adhesion and breakdown of 

the blood-retinal barrier are all reported to be associated with increase in ROS [19]. Also, 

Nox4-generated ROS in endothelial cells has been reported to contribute to the VEGF-

induced angiogenesis [20].

In this study, we address the hypothesis that hyperglycemia promotes the expression of 

VEGF independently of Ang II through the PRR, via a Nox-dependent mechanism and 

investigate whether ROS derived from Nox functions as the signaling molecule in the 

stimulation of downstream factors such as VEGF and VEGF receptor (R). VEGF is known 

to induce angiogenesis primarily through the receptor tyrosine kinase VEGFR2 [21]. 

Understanding these mechanisms may provide insight into the Nox and redox signaling 

components as potential therapeutic targets for treatment of angiogenesis-dependent retinal 

diseases, including DR.

Haque et al. Page 2

J Recept Signal Transduct Res. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and methods

Cell culture and treatment

ARPE-19 cells were purchased from the American Type Culture Collection (Manassas, VA, 

USA). ARPE-19 cell line was authenticated by a short tandem repeat (STR) analysis as 

shown in Supplementary Appendix 1. ARPE-19 cells were grown in Dulbecco’s Modified 

Eagle’s medium (DMEM): F12 supplemented with 10% (v/v) fetal calf serum (FCS) and a 

mixture of streptomycin (100 µg/mL)-penicillin (100 IU/mL) (LONZA), and passaged twice 

a week. ARPE-19 cells were incubated at 37 °C, and 5% CO2 and 90% relative humidity. 

For glucose treatment, cells were exposed to 5.5 mM (normoglycemia, NG) as control or 33 

mM D-glucose (hyperglycemia or high glucose, HG) and cultured for 48 h. To study HG-

mediated induction of PRR signaling independently of Ang II, cells were treated with 

angiotensin converting enzyme (ACE) inhibitor perindopril (10 µmol/L, Sigma-Aldrich, St. 

Louis, MO, USA) for 24 h, followed by stimulation with human prorenin (Cayman 

Chemical, Ann Arbor, MI, USA, Item # 10007599) at a final concentration of 10 nmol/l and 

HG for 48 h. Specificity of ROS generation by Nox was assessed by treating hyperglycemic 

cells with the inhibitors of NADPH oxidase [diphenyleneiodonium, (DPI), 10 µM], nitric 

oxide synthase [NG-nitro-L-arginine methyl ester (L-NAME), 500 µM], mitochondrial O2 

synthesis (Rotenone, 10 µM), and xanthine oxidase (Allopurinol, 100 µM) for 24 h.

RNA interference (RNAi)

Following our previous protocol [22], transfection of small interfering RNA (siRNA) for 

targeting endogenous genes was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, 

CA, USA). The pre-designed siRNAs from Santa Cruz Biotechnology, Inc. (Dallas, TX, 

USA, cat# sc-41586 [Nox4]; and Ambion (Life Technologies, Grand Island, NY, USA, cat#. 

s19790) were used to knockdown endogenous Nox4 and PRR, respectively. The siRNA 

sequences used in the knockdown of the human PRR/Nox4gene were: Nox4-sense: 5′-
AACGAAGGGGUUAAACACCUCtt-3′, antisense: 5′-GAGGUGU 

UUAACCCCUUCGUUtt-3′; PRR- sense: 5′-GGUCUGUUGUUUU CCGAAATT-3′, 
antisense: 5′-UUUCGGAAAACAACAGACCCT-3′. The scrambled siRNA (Santa Cruz 

Biotechnology, Inc., Dallas, TX, USA, sc-44230: Sense, 5′-
CGAACUCACUGGUCUGACCtt-3′; Antisense, 5′-GGUCAGACCAGUGAGUUCGtt-3′) 
was used as the negative control (NC). ARPE-19 cells were grown to 80% confluence and 

transfected with 20 nM of PRR/Nox4 siRNA, or 20 nM of NC. The siRNAs were 

transfected using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) 

according to the manufacturer’s instructions. Cells were harvested for RNA analysis 48 h 

after siRNA transfection.

Nox4 overexpression

To determine the signaling role of Nox4 in the regulation of VEGF expression, 

hyperglycemic cells were transfected with pcDNA3.1 plasmid containing the coding 

sequence of human Nox4 (pcDNA3.1-Nox4, a kind gift from Dr. David Lambeth, Emory 

University School of Medicine, Atlanta, GA) or pcDNA3.1 empty vector (control) for 48 h 

and treated with 100 U/ml polyethylene glycol (PEG, Sigma, St. Louis, MO, USA, cat# 

88440) alone, PEG-superoxide dismutase (SOD, Sigma, St. Louis, MO, USA, cat# S9549), 
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or PEG-CAT (CAT, Sigma, St. Louis, MO, USA, cat# C4963) for the last 24 h before 

harvesting. Cells treated with 5.5 mM glucose, scramble siRNAs, and PEG alone were 

maintained as controls.

RNA isolation and quantitative real-time PCR (qRT-PCR)

Following our previous protocol [23], cDNA synthesis on 200 ng of total RNA extracted 

from ARPE-19 cells using QIAzol lysis reagent and RNeasy Mini kit (cat# 74104) was 

carried out using a combination of oligo (dT) and random primers following the instruction 

of the QuantiTect Reverse Transcription Kit (Cat no. 205313; Qiagen Inc., Valencia, CA, 

USA). The mixture was incubated at 42 °C for 15 min followed by incubation at 95 °C for 5 

min to inactivate reverse transcriptase. The qRT-PCR reactions were conducted in MyiQ 

Cycler (Bio-Rad Laboratories Inc., Hercules, CA, USA) in a 25 µL PCR master mix 

containing 2 µL cDNA, 1 × Quantifast SYBR Green PCR Master mix (Qiagen Inc., 

Valencia, CA, USA), and 300 nM gene-specific primers. The qRT-PCR amplification was 

performed in two-step cycling protocol, with a denaturation step at 95 °C and a combined 

annealing/extension step at 60 °C. Briefly, the protocols were as follows: 5 min at 95 °C, 40 

cycles at 95 °C for 10 s (for denaturation) and 60 °C for 30 s (for combined annealing/ 

extension). The qRT-PCR data were normalized to the expression level of a reference gene, 

hypoxanthine-guanine phosphoribosyltransferase (HPRT). The primers were designed using 

the oligonucleotide properties calculator program (http://www.unc.edu/~cail/biotool/oligo/

index.html) and the BLAST algorithm. All primer sequences and the amplicon sizes are 

shown in Table 1. Finally, the primers specificity was verified by performing a melt curve 

analysis and also confirmed by 1% agarose gel electrophoresis. The delta cycle threshold 

(ΔCt) values were used to analyze the expression levels of mRNA as follows: ΔCt = average 

mRNA Ct – average of housekeeping gene (HPRT) Ct. Change in gene expression was 

calculated according to the ΔΔCt, where ΔΔCt = ΔCt of the treated group – ΔCt of control 

group. The fold change for mRNA expression level normalized against HPRT was calculated 

using 2−ΔΔCt [24].

Immunoblotting

ARPE-19 cells grown in 12-well plates were washed in ice-cold phosphate-buffered saline 

(PBS: 10 mM sodium phosphate, 150 mM sodium chloride, pH 7.8) and lysed in RIPA 

buffer (50 mmol/L Tris–HCl (pH 8.0), 150 mmol/L NaCl, 100 µg/mL phenylmethylsulfonyl 

fluoride, 1% NP-40, 50 mmol/L NaF, 2 mmol/L EDTA) supplemented with protease 

inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The cell lysates were centrifuged 

for 5 min at 14 000g and the protein concentration was determined by Lowry assay [25]. 

The aliquots containing equal amount of proteins (50 µg) were solubilized in XT sample 

buffer (Biorad, Hercules, CA, USA). Following our previous protocol [26], proteins were 

resolved on criterion (Biorad, Hercules, CA, USA) gels, and transferred to PVDF 

membranes (Millipore Corporation, Billerica, MA, USA) using Trans-Blot® semi-dry 

transfer cell (Bio-Rad, Hercules, CA, USA). After blocking the membrane with 5% fat-free 

milk at room temperature (~22 °C) for 2 h, the blot was incubated with specific primary 

antibodies: Nox4 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA, cat# sc-30141), 

p44/42 MAPK (Cell Signaling, Danvers, MA, USA, cat# 4695), phospho-p44/42 (Cell 

Signaling, Danvers, MA, USA, cat# 4370), p65 (NF-κB; Santa Cruz Biotechnology Inc., 
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Santa Cruz, CA, USA, 1:1000, sc-8008, a gift), and actin (Sigma, St. Louis, MO, USA, 

cat#A5441) overnight at 4 °C. Blots were washed three times with PBST (1 × PBS, 0.05% 

Tween-20), and incubated with a secondary antibody conjugated with horseradish 

peroxidases for 1 h at room temperature (~22 °C). Blots were washed again three times in 15 

min intervals with PBST. The western image was captured with ChemiDocTM MP imager 

(Biorad, Hercules, CA, USA) using Luminata Forte Western HRP substrate (WBLUF0100, 

EMD Millipore). For repeated immunoblotting, membranes were stripped in the Restore 

Western Blot Stripping Buffer (Thermo Scientific, Rockford, IL, USA).

Statistical analysis

Data were analyzed using Sigmaplot (Systat Software, Inc., San Jose, CA, USA). Unless 

stated otherwise, data are presented as means ± standard error of the mean (SEM). Statistical 

differences between groups were evaluated using either a Student t-test or a one-way 

analysis of variance (ANOVA) with Student–Newman–Keuls multiple comparison test. 

Values of p < 0.05 were considered statistically significant.

Results

High glucose-induced VEGF expression in ARPE-19 cells is dependent on Nox signaling 
pathway

Incubation of ARPE-19 cells in high glucose (HG) increases the expression of VEGF 

[27,28]. Several enzymes including NADPH oxidase are known to generate low levels of 

ROS [6,29]. To investigate the role of ROS generating enzymes in the VEGF response to 

HG, we tested inhibitors of them on the HG-induced increase of VEGF expression. 

Hyperglycemic ARPE-19 cells were treated with the inhibitors of NADPH oxidase (10 µM 

DPI), nitric oxide synthase (500 µM L-NAME), mitochondrial respiratory chain complex I 

(10 µM rotenone), and xanthine oxidase (100 µM allopurinol). The NADPH oxidase 

inhibitor, DPI, abolished the HG-stimulated increase of VEGF transcript level in ARPE-19 

cells (p < 0.001) (Figure 1). In contrast, inhibitors of nitric oxide synthase, xanthine oxidase, 

and mitochondrial respiratory chain complex I had no effect on the HG-mediated increase in 

VEGF expression (Figure 1).

Hyperglycemia induces PRR and Nox signaling independent of Ang II

In perindopril-treated ARPE-19 cells, HG significantly upregulated the transcript levels of 

PRR (p < 0.001), VEGF (p < 0.01), VEGFR2 (p < 0.01), Nox2 (p < 0.05) and Nox4 (p < 

0.001), as compared to NG (Figure 2). The high expression level of Nox4 suggests that this 

isoform is the major catalytic component of NADPH oxidase in ARPE-19 cells. The Nox2 

homolog Nox3 was not detected in ARPE-19 cells. Also, hyperglycemia did not increase 

mRNA expression of AT1R in perindopril-treated cells, indicative of the involvement of 

PRR signaling. In order to examine if HG-induced PRR signaling is linked to Nox4 

induction, perindopril-treated ARPE-19 cells were transfected with scrambled control 

siRNA (Scr) or PRR siRNA in presence of HG. Compared to scrambled control, siRNA-

mediated silencing of PRR significantly reduced the expression of Nox2 (p < 0.05) and 

Nox4 (p < 0.001), but not Nox1, indicative of the involvement of PRR in the regulation of 
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Nox2 and Nox4 expression (Figure 3). The reduction of Nox4 expression was significantly 

greater (p < 0.001) than that of Nox2 (Figure 3).

Reactive oxygen species function as signaling molecules to mediate various biological 

responses such as gene expression, cell proliferation, migration, angiogenesis, apoptosis and 

senescence. In order to investigate if PRR-mediated induction of VEGF under diabetic 

conditions occurs via Nox-derived ROS signaling, ARPE-19 cells were transfected with 

Nox1, Nox2 or Nox4 siRNAs. Cells transfected with scrambled siRNA were used as control. 

In ARPE-19 cells exposed to HG, selective siRNA-mediated knockdown of Nox2 and Nox4, 

but not Nox1, led to a significant reduction in VEGF transcript level compared to cells 

treated with scrambled siRNAs (Figure 4). Moreover, the expression of VEGF was reduced 

further (p < 0.001) in cells transfected with both Nox4 and PRR siRNAs, indicating the 

involvement of both PRR and Nox4 in the HG-induced activation of these molecules (Figure 

4).

Nox4 overexpression potentiates PRR-induced stimulation of VEGF

To determine the relative role of Nox4-derived oxidant signaling species, O2
− and H2O2, in 

the regulation of VEGF in ARPE-19 cells, hyperglycemic cells were transfected with 

pcDNA3.1 plasmid containing the coding sequence of human Nox4 or pcDNA3.1 empty 

vector and treated with 100 U/ml PEG alone, PEG-superoxide dismutase (SOD), or PEG-

CAT for the last 24 h before harvesting. Cells treated with pcDNA3.1 empty vector alone 

under HG were maintained as control. Nox4 overexpression (Figure 5(A)) potentiated the 

HG-induced increase of VEGF mRNA in ARPE-19 cells (p < 0.001; Figure 5(B)). However, 

both PEG-CAT and PEG-SOD, but not PEG alone, attenuated the HG-mediated induction of 

VEGF and suppressed the Nox4-induced upregulation of VEGF mRNA under HG condition 

(p < 0.001), implicating Nox4-derived O2
− and H2O2 signaling in the regulation of VEGF 

(Figure 5(B)).

Nox4 regulates ERK1/2 activities and NF-jB p65 protein levels in ARPE-19 cells

We next examined whether Nox4 in ARPE-19 cells under HG was associated with the 

enhanced phosphorylation of ERK1/2. With the use of a specific antibody to p44/p42 

(ERK1/2), Western blot analysis of cell lysates showed that siRNA-mediated Nox4 

downregulation under HG condition significantly (p < 0.001) decreased the p42 

phosphorylation state when compared to HG alone or HG-control siRNA. However, Nox4 

inhibition did not affect the total protein level of p44/p42. Also, NF-κB protein level was 

affected with a significant decrease (p < 0.001) of the p65 subunit in cells transfected with 

Nox4 siRNA, when compared to HG alone or HG-control siRNA (Figure 6(A,B)).

Discussion

Oxidative injury to RPE and retinal photoreceptors is considered as one of the critical factors 

involved in the etiology of age-related macular degeneration (AMD) [30,31] and DR [32]. It 

is known that the RPE is at high risk for oxidative stress because it is exposed to high levels 

of phototoxic blue light and high oxygen tension [33]. Nox, which catalyzes the production 
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of superoxide ( O2
−) by the one-electron reduction of oxygen using NADPH as the reducing 

agent [34], is one of the major sources of ROS in many cell types and tissues, including the 

retina [35]. In the present study, DPI, an inhibitor of Nox, significantly prevented the HG 

stimulation of VEGF expression, indicating that Nox-mediated ROS production is involved 

in the regulation of VEGF in ARPE-19 cells.

We have examined the effect of high glucose on the expression of five subtypes of NADPH 

oxidase (Nox1–Nox5). Nox2 and Nox4, but not Nox1 or 5, expression have been found to 

be significantly induced by HG in ARPE-19 cells as compared to NG, with Nox4 being 

highly expressed. Nox3 was not detected in ARPE-19 cells. Consistent with our findings, 

Nox4 has been reported to be significantly overexpressed in human embryonic kidney cells 

(HEK) cells after a 24-h exposure to renin or prorenin, as compared to other Nox subtypes 

[36]. Increased activity and expression of Nox2 and Nox4 have also been found in the 

retinas of type 1 and type 2 diabetic animal models, and have been related to increased 

oxidative stress in the diabetic retina [18,20,37,38]. Accumulating evidence suggests that the 

increased production of ROS and subsequent pathological angiogenesis are critical factors in 

retinopathy [12,39].

The RPE maintains the choriocapillaris (CC) in the normal eye [40]. VEGF is produced by 

differentiated human RPE cells in vitro and in vivo and also involved in paracrine signaling 

between the RPE and the CC [40]. Hyperglycemia has been reported to induce the level of 

VEGF in the retina [41], RPE [42] and retinal endothelial cells [43]. Also, an increased level 

of VEGF mRNA in retina has been detected in DR and ROP [44]. In our current study, high 

glucose in perindopril-treated ARPE-19 cells also significantly induced the expression of 

PRR, VEGF and VEGFR2 as compared to NG. However, blockade of Ang II production by 

perindopril did not induce the expression of AT1R in hyperglycemic ARPE-19 cells. For the 

first time we are demonstrating in perindopril-treated ARPE-19 cells that silencing of PRR 

significantly blocked the HG-mediated induction of Nox2 and Nox4 indicating that the 

PRR-mediated signal transduction is linked to both Nox2 and Nox4, with Nox4 being the 

major candidate of PRR’s linkage to ROS production. Nox4 shares 39% sequence similarity 

with Nox2; however, unlike other isoforms of Nox, Nox4 has been reported to constitutively 

produce H2O2 rather than O2
− [45]. It is well known that Ang II influences the expression of 

Nox subunits, such as Nox1 [46], Nox2 [47], Nox4 [48] and Nox5 [49], and contribute to 

ROS-mediated damage in a number of pathologies, including hypertension and 

cardiovascular disease [50]. Using AT1R- and PRR-targeted siRNAs, we showed previously 

a much larger reduction in VEGF, VEGFR2 and TGFβ1 expressions upon knockdown of 

both receptors together as compared to the separate knockdown of AT1R or PRR, indicative 

of the role of PRR signaling in the regulation of VEGF, VEGFR2 and TGFβ1 expressions in 

hRECs [43].

In this study, we demonstrated that siRNA-mediated knockdown of Nox2 or Nox4, but not 

of Nox1, significantly inhibited HG-induced VEGF activation. However, the inhibition of 

VEGF by Nox4 siRNA was significantly greater than that of Nox2. The expression of VEGF 

was further reduced when ARPE-19 cells were transfected with both Nox4 and PRR 
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siRNAs, thus indicating that PRR-mediated signaling is linked to the Nox4-induced 

stimulation of VEGF expression under hyperglycemic condition in ARPE-19 cells.

Also, as compared to the pcDNA3.1 vector alone, Nox4 overexpression potentiated HG-

induced stimulation of VEGF in ARPE-19 cells that further confirmed the role of Nox4 in 

the regulation of VEGF. Nox4 overexpression has also been reported to promote endothelial 

cell proliferation, migration and tubulogenesis [16,51,52]. Diabetes is associated with 

upregulation of Nox4, a major isoform of NADPH oxidase in retinal endothelial cells, and 

the knockdown of Nox4 has been reported to ameliorate BRB breakdown and retinal 

vascular leakage in diabetic animals through a VEGF-dependent mechanism [53]. In vivo, 

Nox4 (−/−) mice exhibited attenuated angiogenesis and PEG-CAT treatment in control mice 

showed a similar effect [54]. Also, Nox4 (−/−) mice undergo less tubulogenesis in vitro and 

restored by low concentrations of H2O2 whereas PEG-CAT attenuated the tube formation in 

controls [54]. In ARPE-19 cells, we demonstrated here that Nox4-induced VEGF expression 

was attenuated by both PEG-SOD and PEG-CAT, suggesting the function of Nox4 as a 

source of both O2
− and H2O2 for the regulation of VEGF. Consistent with our results, 

overexpression of Nox4 in hRECs has been shown to significantly increase H2O2 

generation, resulting in intensified VEGF and VEGFR2 activation [53]. In contrast, 

silencing Nox4 expression or scavenging H2O2 by PEG-CAT inhibited endothelial 

migration, tube formation, and VEGF-induced activation of VEGFR2 signaling [53]. Ang II-

induced activation of AT1R has been reported to increase Nox4 expression and H2O2 

production in rat renal medulla, whereas PEG-CAT reduced these events, indicative of H2O2 

as the key mediator enhancing intrarenal RAS activation and renal medullary dysfunction 

[55]. For the first time, we are showing in ARPE-19 cells that HG-induced activation of PRR 

upregulates VEGF through Nox4-derived H2O2 and O2
−.

Oxidative stress responses are more complex and the molecular mechanisms underlying this 

phenomenon are not clearly understood. However, a growing body of evidence suggests that 

oxygen-derived radicals such as superoxide anions and hydrogen peroxide can act as 

intracellular signaling molecules for activation of diverse signaling pathways by oxidation of 

reactive cysteine on target molecules including kinases, phosphatases [56–58], and redox 

sensitive transcription factors [59], including nuclear factor (NF)-κB [60]. Overexpression 

of hNox4 transgene in mice is reported to activate NF-κB signaling by enhancing 

phosphorylation of p65 [61]. Also, this study demonstrated Nox4-mediated ROS enhances 

ERK1/2 phosphorylation and p65 levels in the HG-induced PRR signaling pathway in 

ARPE-19 cells. PRR/ Nox-induced ROS may prolong the activation of ERK-p65 and 

thereby enhance the downstream signaling including VEGF synthesis under hyperglycemic 

condition.

In summary, Nox2/4-derived ROS signaling is implicated in the hyperglycemia-induced 

increase of VEGF expression through PRR in ARPE-19 cells (Figure 7). Further work is 

needed to evaluate the role of PRR and Nox-s in high glucose-induced stimulation of VEGF 

and VEGF receptor, and to identify more downstream targets to develop therapeutic 

strategies in vivo.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nox is the major source of ROS signaling in HG-induced VEGF expression in ARPE-19 

cells. As described in “Materials and Methods”, cells were treated with ACE inhibitor 

perindopril (10 µmol/L) for 24 h, followed by stimulation with human prorenin at a final 

concentration of 10 nmol/l and HG for 48 h. NADPH oxidase inhibitor 

[diphenyleneiodonium (DPI), 10 µM], NOS inhibitor [NG-nitro-L-arginine methyl ester (L-

NAME), 500 µM], xanthine oxidase inhibitor (Allopurinol, 100 µM), or mitochondrial 

respiratory chain complex 1 inhibitor (Rotenone, 10 µM) were added for the last 24 h. 

Perindopril-treated cells incubated in HG alone were used as control. DPI, not other 

enzymes, significantly reduced the HG-mediated increase of VEGF expression. Values are 

presented as mean ± SEM; n = 4; p values vs. control (set to 1) by ANOVA.
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Figure 2. 
Effect of high glucose on AT1R, PRR, VEGF, VEGFR2 and Nox expression in ARPE-19 

cells. Perindopril (10 µM) treated cells were incubated with 33 mM glucose (HG) for 48 h. 

Cells incubated in 5.5 mM glucose were used as controls. Both the control and HG groups 

were treated with prorenin (10 nmol/l) as described in “Materials and Methods”. Cells were 

harvested for total RNA and each mRNA was measured by qRT-PCR. The levels of each 

transcript are normalized to that of HPRT. Compared to control, high glucose significantly 

expressed the transcript level of PRR, VEGF, VEGFR2, Nox2, and Nox4, but not the 

expression of AT1R, Nox1, and Nox5. The ratio is normalized to that of NG and is plotted 

as a percentage of control. Values are presented as mean ± SEM; n = 4; *p < 0.05, **p < 

0.001 vs. control (set to 100%) by ANOVA; #p < 0.05 compared with Nox2.
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Figure 3. 
PRR mediated signal transduction under HG condition is linked to Nox4 induction. 

Perindopril (10 µM)-treated cells were transfected with 20 nM of scramble control or PRR 

siRNA for 24 h, followed by stimulation with prorenin (10 nmol/l) and high glucose for 24 

h. The mRNA levels were measured by qRTPCR. The levels of each transcript are 

normalized to that of HPRT. Compared to control, PRR-specific siRNA significantly 

attenuated the expression of Nox2 and Nox4, but not Nox1. Values are presented as mean ± 

SEM; n = 3, mean ± SEM. *p < 0.05, **p < 0.001 compared with control-siRNA group, #p 
< 0.001 vs. Nox2 by ANOVA.
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Figure 4. 
Nox4-mediated signaling is linked to the stimulation of VEGF expression in ARPE-19 cells 

under HG condition. Perindopril (10 µM)-treated cells were transfected with 20 nM of 

control siRNA or Nox siRNA/PRR siRNAs for 24 h, followed by stimulation with prorenin 

(10 nmol/l) and high glucose for 24 h. The mRNA levels were measured by qRT-PCR. The 

levels of each transcript are normalized to that of HPRT. The mRNA levels of the samples 

treated with HG + scramble siRNA were arbitrarily set at 1. A representative western blot 

(A) shows the efficiency of the target-specific siRNAs. Compared to control, Nox2/ Nox4 

siRNA significantly reduced the expression of PRR at the transcript level, which was further 

reduced when both Nox4 and PRR were knocked down together (B). Values are presented as 

mean ± SEM; n = 4; *p < 0.05, **p < 0.001 vs. control siRNA; #p < 0.05 vs. Nox2; ¶p < 

0.05 vs. Nox4 siRNA by ANOVA.
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Figure 5. 
Nox4 overexpression potentiates PRR-induced stimulation of VEGF in ARPE-19 cells. 

Perindopril (10 µM)-treated cells were transfected with pcDNA3.1-Nox4 (1.0 µg) or 

pcDNA3.1 vector alone (1.0 µg), followed by stimulation with prorenin (10 nmol/l) and high 

glucose for 48 h. Cells were treated with 100 U/ml PEG, PEG-CAT or PEG-SOD for last 24 

h before harvesting. (A) A representative western blot showing vector-mediated 

overexpression of Nox4 protein. Actin was used as an internal control. (B) The mRNA levels 

were measured by qRT-PCR. The levels of each transcript are normalized to that of HPRT. 

The mRNA levels of the samples treated with HG + vector alone were used as control and 

arbitrarily set at 1. Compared to control, both PEG-CAT and PEG-SOD significantly 

attenuated the high glucose-mediated induction of VEGF and also significantly reduced the 

Nox4-induced upregulation of VEGF at the transcript level. Values are presented as mean ± 

SEM; n = 4; *p < 0.05, **p < 0.001 vs. control; $p < 0.001 vs. col. HG + PEG + Nox4 

vector; #p < 0.05 vs. HG + PEG-SOD + Nox4, by ANOVA.
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Figure 6. 
Nox4-mediated signaling is linked to the activation of ERK1/2 and p65 activities in 

ARPE-19 cells under HG condition. Perindopril (10 µM)-treated cells were transfected with 

20 nM of control siRNA or Nox4 siRNA for 24 h, followed by stimulation with prorenin (10 

nmol) and high glucose for 24 h. The protein levels and phosphorylation state were 

measured by immunoblotting. Compared to HG/HG-control siRNA, a representative western 

blot (A) and protein analysis (B) showed a Nox4 siRNA-mediated downregulation of p42 

phosphorylation, but not the total p44/p42 protein levels. The siRNA-mediated Nox4 

inhibition also significantly decreased the level of p65 as compared to control. The levels of 
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each protein are normalized to that of Actin. Values are presented as mean ± SEM; n = 3; 

**p < 0.001 vs. HG; #p < 0.001 vs. HG + Control siRNA, by ANOVA.
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Figure 7. 
Schematic representation showing PRR-induced Nox signaling for the regulation of VEGF 

under hyperglycemic condition. The intrinsic link between PRR and Nox-mediated 

induction of VEGF under hyperglycemic condition in ARPE-19 cells was investigated. 

Hyperglycemia stimulates PRR and NADPH oxidase, thereby promoting activation of redox 

signaling events and induction of redox sensitive transcription factors that induce the 

expression of VEGF and VEGFR2. Arrows indicate activation and T’s indicates inhibition.
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Table 1

Primers used for quantitative real-time PCR.

Gene Primer sequence Amplicon size (bp)

HPRT Forward: 5′-ACA GGA CTG AAC GTC TTG CTC G-3′ 87

Reverse: 5′-TAT AGC CCC CCT TGA GCA CAC-3′

AT1R Forward: 5′-TGC AGA TAT TGT GGA CAC GGC C-3′ 154

Reverse: 5′-GTG GGA TTT GGC TTT TGG GGG-3′

ATP6AP2 (PRR) Forward: 5′-CAG ACG TGG CTG CAT TGT CC-3′ 144

Reverse: 5′-CTG GGG GTA GAG CCA GTT TGT T-3′

Nox1 Forward: 5′-GTC GCA ATC TGC TGT CCT TCC T-3′ 113

Reverse: 5′-GCA GAT CAT ATA GGC CAC CAG CT-3′

Nox2 Forward: 5′-GAA TGG TGT GTG AAT GCC CGA GT-3′ 132

Reverse: 5′-CAG GCC TCC TTC AGG GTT CTT TAT-3′

Nox3 Forward: 5′-AAC GAG AGC TAC CTC AAC CCT G-3′ 140

Reverse: 5′-CTG ATG AAC TCA GTT GAC GAG GTC-3′

Nox4 Forward: 5′-TCA CTA CCT CCA CCA GAT GTT GG-3′ 134

Reverse: 5′-TCT GTG ATC CTC GGA GGT AAG C-3′

Nox5 Forward: 5′-GAG TCC TTC TTT GCA GAG CGA TTC-3′ 152

Reverse: 5′-TCG ATG TCA TAC ACC TGG AAG AGG-3′

VEGF-A Forward: 5′-TGC CAT CCA ATC GAG ACC CTG-3′ 156

Reverse: 5′-GGT GAT GTT GGA CTC CTC AGT G-3′

VEGFR2 Forward: 5′-CAG TCT GGG AGT GAG ATG AAG A-3′ 138

Reverse: 5′-ATG GAC CCT GAC AAA TGT GCT G-3′
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