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Advanced Glycation End Product (AGE)-
Mediated Reactive Oxygen Species 
Production in Cultured Endothelial Cells is 
Dependent on NADPH Oxidase Activation

INTRODUCTION
AGE formation is elevated under diabetic conditions and 
is increasingly evidenced in progression of cardiovascular 
complications in diabetes mellitus. Hyperglycaemic environment 
enhances the non-enzymatic reaction of glucose and other 
reducing sugars with free-amino group containing molecules such 
as proteins, lipids, and nucleic acids [1] leading to formation of 
AGE at an accelerated rate, which accumulate in blood and tissues 
[2]. AGEs have been implicated in the development of vascular 
complications via interaction with their specific receptor, the RAGE 
[3]. AGEs found in the plasma, accumulate in the vessel wall. The 
interaction of AGE with RAGE on the surface of endothelial cells 
enhances the production of intracellular ROS through activation of 
the NADPH oxidase that promotes oxidative stress [4]. AGE-induced 
oxidative stress is a major factor for the activation of downstream 
consequences such as activation of the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) [5] and production of 
pro-fibrotic factors which may lead to endothelial dysfunction [6].

ROS including superoxide (O2-), hydroxyl (OH), peroxyl (RO2), 
alkoxyl (RO), and certain non-radicals such as singlet oxygen (O2), 
and hydrogen peroxide (H2O2) are produced in endothelial cells via 
various mechanisms including mitochondrial electron transport 
chain, nitric oxide synthase, xanthine oxidase, cytochrome P-450 
enzymes as well as NADPH oxidase (NOX) [7-10]. In turn, when 
NOX is up-regulated, excess ROS leads to oxidative damage, which 

results in progression of various diseases like tumor pathogenesis, 
hypertension and diabetic nephropathy [11-14]. NOXs contains 
multicomponent enzymatic system that catalyses the conversion of 
molecular oxygen to superoxide anion radical [15-16]. Among the 
five known NOX genes (NOX1-5), NOX2 is expressed in phagocytic 
cells where it serves as the primary source of ROS. Literature 
suggests that NOX complex is functionally active in human 
endothelial cells and NOX2 is also expressed in endothelial cells. It 
has direct influence in the oxidative imbalance, which is considered 
a pivotal event in endothelial dysfunction [17-19].

Angiotensin Converting Enzyme Inhibitor (ACEI) and Angiotensin 
II Receptor Blocker (ARB) are anti-hypertensive drugs commonly 
prescribed for hypertension and Cardiovascular Diseases (CVD). It 
is reported that these drugs scavenge ROS production and lowers 
associated intracellular downstream effects [20]. Therefore, the 
potential role of ACEI and ARB as modulator of oxidative stress is 
currently an area of active research [21].

Resveratrol is a polyphenol present in grapes, berries, and peanuts 
that deliberates vaso-protection, improve endothelial function and 
prevent vascular complications of diabetes in animal models [22-
25]. Recent evidence also suggests that resveratrol suppresses 
ROS production via inhibition of NOX activity [26]. N-acetyl-
cysteine (NAC) is a glutathione precursor and thiol-containing 
free radical scavenger. It protects β-cells from glucose toxicity in 
both culture and in-vivo conditions, and preserve insulin synthesis 
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ABSTRACT
Introduction: The interaction of Advanced Glycation End-
product (AGE) with Receptor for Advanced Glycation End 
product (RAGE) on endothelial cells enhances the intracellular 
Reactive Oxygen Species (ROS) production. Activation of the 
NADPH Oxidase (NOX) is one of the important mechanisms for 
ROS generation in the endothelial cells.

Aim: To determine the role of AGE in ROS production via NOX 
activation in endothelial cells. To assess the ameliorating action 
of drugs, ramipril, and losartan, as well as the antioxidants, 
resveratrol and N-Acetyl-Cysteine (NAC) on AGE-mediated 
effects in endothelial cells.

Materials and Methods: The present experimental in-vitro 
study was conducted at Department of Biochemistry, University 
College of Medical Sciences and Guru Teg Bahadur Hospital, 
Delhi, India. The cultured Human Umbilical Vein Endothelial Cells 
(HUVECs) were treated with advanced glycation end product-
bovine serum albumin (AGE-BSA) 200 μg/mL and unmodified 
BSA in the same concentration for 24 hours. The HUVECs were 
also co-treated with losartan (5 μM), ramipril (5 μM), resveratrol 

(5 μM) and NAC (5 μM) with AGE-BSA for 24 hour. ROS generation 
was assessed by using 2’, 7’-dichlorodihydrofluorescein 
diacetate (H2DCFDA) method. For the activation of NOX, NOX 
p47phox subunit mRNA expression was analysed by Real Time 
Polymerase Chain Reaction (qPCR). Significant difference 
between the two groups was determined by the Student’s t-test. 
A value of p<0.05 was considered significant.

Results: A significant increase (p<0.01) in ROS production 
was observed at a concentration of 200 μg/mL of AGE-BSA 
as compared with control (cells treated with unmodified BSA). 
NOX expression in cells was found to be significantly increased 
(p<0.01) 2-fold at mRNA level after 24 hours treatment with 
AGE-BSA. Losartan, ramipril, resveratrol and NAC significantly 
scavenged ROS production, and decreased the AGE-mediated 
increased NOX mRNA expression was observed.

Conclusion: The present in-vitro study signifies the role of AGE 
in enhanced ROS generation by activation of NOX in endothelial 
cells. Losartan, ramipril, resveratrol, and NAC may attenuate 
the AGE-mediated endothelial dysfunction by counteracting the 
NOX-mediated increased ROS production.
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Target Direction Primer sequence

NADPH gene forward: 5´-GCTCCCCACGGACAACCAGAC 3’

reverse: 5´ TCTTCTCCACGACC TCCACCAC 3’

18S rRNA forward: 5’CGGAGGTTCGAAGACGATCAGATA 3’

reverse: 5’ TTGGTTTCCCGGAAGCTGCC-3’

[Table/Fig-1]:	 Forward and reverse primer sequence of both target gene and 
housekeeping gene.

Phosphate Buffered Saline (PBS), and scraped in potassium buffer (10 
mM pH 7.4) /methanol (v/v) completed with Triton X-100 (0.1%). An 
aliquot of 100 µL was incubated in a black 96-well plate, and relative 
fluorescence intensity was determined by Multimode Plate Reader 
(Molecular Devices, California, USA) at an excitation wavelength of 488 
nm and an emission wavelength of 520 nm.

AGE-Mediated NADPH Oxidase p47Phox 
mRNA Expression
Total RNA was extracted from HUVECs by using Trizol (Invitrogen, 
Carlsbad, CA) method. The concentration of total RNA and 
260/280 absorbance ratio were measured by Nano DropTM 
spectrophotometer (Thermo Fisher ScientificTM). c-DNA was 
synthesised using a Maxima First Strand Synthesis Kit (Fermentas, 
Germany). Quantitative Real Time PCR (qPCR) reaction was 
performed on the CFX ConnectTM Real Time PCR detection system 
(Bio-Rad, USA) to measure mRNA expression of NADPH oxidase 
p47phox using SYTO9 fluorescent dye. The PCR reaction mixture 
comprised of 4 µL of template c-DNA, 10 µL of Pyrostart Fast PCR 
master mix (Fermentas, Germany) and 10 pmoL of each primer of 
both target gene and housekeeping gene. The sequence of each 
primer is mentioned in [Table/Fig-1].

and secretion [27]. NAC also acts as an antioxidant by increasing 
the intracellular concentration of cellular antioxidant capacity and 
directly scavenging ROS [27-28]. However, studies on exact role 
and mechanism of resveratrol and NAC on AGE-mediated ROS 
production are limited.

Hence, the present study was designed to substantiate the notion 
that AGE increases ROS production in endothelial cells via activation 
of NOX. In addition, to assess the ameliorating role of ACE inhibitor-
ramipril, angiotensin II receptor blocker-losartan, polyphenolic 
compound-resveratrol and antioxidant-NAC on AGE-mediated 
vascular effects.

MATERIALS AND METHODS
The experimental in-vitro study was conducted between January 
2015 to February 2016 at Department of Biochemistry, University 
College of Medical Sciences and Guru Teg Bahadur Hospital, 
Delhi, India. The present study was approved by Institutional Ethics 
Committee-Human Research (IEC-HR dated-03/Feb/2014).

AGE-BSA (10 mg/mL) and BSA (10 mg/mL) were purchased from 
BioVision (Mountain View, CA). The glucose AGE-BSA was produced 
by reacting BSA with glucose under sterile conditions followed 
by extensive dialysis and purification steps as per manufacturer’s 
instructions [29]. Fluorescence of AGE was confirmed by fluorescence 
spectrophotometry with Ex/Em at 370/440 nm. Glycated BSA 
showed >50X increase in fluorescence compared to control BSA 
[30]. Trypsin-EDTA solution, 0.5% gelatin solution, antibiotic 
solution, dimethyl sulfoxide (DMSO) medium, endothelial growth 
factors, Foetal Bovine Serum (FBS) were purchased from Himedia 
Laboratories, Mumbai. Tissue-culture flasks and plates were also 
supplied by Himedia Laboratories, Mumbai. Ramipril, losartan, NAC 
and resveratrol were purchased from Sigma-Aldrich, USA.

Culture of Human Umbilical Vein Endothelial Cells 
Human Umbilical Vein Endothelial Cells (HiFiTM Umbilical Vein 
Endothelial cells, product catalogue code:CL002-0.5) were purchased 
from Himedia Laboratories, Mumbai, India. The endothelial cells 
were maintained in HiEndoXLTM endothelial cell expansion medium 
(reduced serum medium), supplemented with endothelial growth 
factor and 1% antibiotic-antimycotic solution. Cells were incubated 
in humidified atmosphere with 95% air and 5% carbon dioxide (CO2) 
at 37°C in an incubation cabinet. For experimental work, endothelial 
cells were seeded and harvested in gelatin-coated 25-cm2 culture 
flask and 24-well culture plates. The medium was changed after 
every 2 days interval. Confluency of HUVECs on different days such 
as 1st, 3rd and 5th day was checked. Cells were detached using 
trypsin-EDTA solution on reaching the confluency of 80-90%. Once 
80-90% confluency was reached, the cell numbers were counted by 
cell counter (Invitrogen) and viability of the cells was checked by 3-(4, 
5-Dimethylthiazol-2-YI)-2, 5-Diphenyltetrazolium Bromide (MTT) 
assay. The cultured cells were treated with AGE-BSA (200 µg/mL) 
and unmodified BSA in the same concentration, and were incubated 
for 24 hours. Ameliorating effect of losartan, ramipril, resveratrol and 
NAC were also studied and stock solutions for cell treatment were 
freshly prepared in DMSO.

Measurement of AGE-Mediated Intracellular 
ROS Production
The intracellular ROS generation from endothelial cells was assessed 
by using 2’, 7’-dichlorodihydrofluorescein diacetate (H2DCFDA) from 
Sigma-Aldrich, USA according to Ledirac N et al., method [31]. Briefly, 
the HUVECs were treated with AGE-BSA (200 µg/mL), unmodified BSA 
(200 µg/mL), losartan (5 µM), ramipril (5 µM), resveratrol (5 µM) and NAC 
(5 µM) in the presence of 100 µM H2DCFDA (the stock solution was made 
in ethanol to maintain the final concentration in the medium at 0.33%) 
for 90 minutes at 37˚C. However, cells were already pre-incubated with 
losartan (5 µM) ramipril (5 µM), resveratrol (5 µM) and NAC (5 µM) for 24 
hours. After the incubation period, cells were washed twice with cold 

The genes were amplified by 35 cycles of 95˚C for 45 seconds 
(denaturation step), 61ºC for 30 seconds (annealing step) and final 
extension step for 60 seconds at 72˚C. During thermal cycling, 
emission from each sample was recorded, and Rotor Gene Q 
software was used to process the raw fluorescence data to produce 
threshold cycle (Ct) values. The housekeeping gene (18S rRNA) 
was used for internal normalisation. The relative fold change was 
calculated by the 2-ΔΔCt method [32].

STATISTICAL ANALYSIS 
The data analysis was carried out using standard statistical 
methods (SPSS software version 20.0). Data were expressed 
as Mean±Standard Error of Mean (SEM). Statistical significant 
difference between two groups was determined by the Student’s 
Two-tailed t-test. A value of p<0.05 was considered significant.

RESULTS
HUVECs Morphology and Confluency Status
Confluency of HUVECs on 1st, 3rd and 5th day are presented in 
[Table/Fig-2].

[Table/Fig-2]:	 Human Umbilical Vein Endothelial cells (HUVECs) confluence on 1st, 
3rd and 5th day.

AGE-Mediated Intracellular ROS Generation
AGE-BSA treated HUVECs led to significantly increased ROS 
production (2.5-fold; p<0.01) in comparison to unmodified BSA. 
However, unmodified BSA had no effect on ROS production 
[Table/Fig-3].
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Ameliorating Effect of Drugs and Antioxidants on 
AGE-Mediated ROS Production
The drugs and antioxidants were co-treated with AGE-BSA to find 
out the degree of attenuation on ROS production [Table/Fig-3]. This 
ROS production was significantly (p<0.01) attenuated 50.5% by 
losartan, 53% by ramipril, 58% by resveratrol and 68% by NAC in 
comparison to cells treated with only AGE-BSA. 

NADPH Oxidase (p47phox subunit) Expression in 
HUVECs
AGE-BSA concentration (200 µg/mL) was significantly increased 
(p<0.01) NADPH oxidase p47 phox subunit mRNA expression 
in HUVECs at 24 hour incubation in treated cells as compared 
to control (cells treated with unmodified BSA). AGE-BSA had 
increased p47phox mRNA expression 2-fold as compared to 
control [Table/Fig-4].

DISCUSSION
This study was carried out to determine the effect of AGE-BSA on 
endothelial cells. The in-vitro result showed that exposure of HUVECs 
to AGE-BSA stimulates increased ROS production as compared 
to control (cells treated with unmodified BSA). These results were 
similar to various other studies that reported increased AGE-induced 
ROS production in human endothelial cells [33-34]. AGE-mediated 
enhanced production of ROS is associated with the activation of 
NF-κB transcription factor, pro-fibrotic factors such as TGF-β1 
and inflammatory markers [35]. Activation of these downstream 
signaling pathways caused by enhanced ROS production may help 
in explaining the AGE-associated endothelial dysfunction [6]. 

To assess whether AGE-mediated enhanced ROS production 
occurs via NOX pathway, AGE-treated HUVECs were evaluated for 
p47phox NOX mRNA expression. A significant two-fold increase in 
mRNA expression was found in AGE-BSA treated cells as compared 
to control cells. Wautier MP et al., also reported that activation of 
NOX in endothelial cells is associated with oxidative stress and AGE 
may be one of the important factors for vascular damage in diabetes 
by enhancing the ROS production in endothelial cells [36]. NOX-
induced ROS production is also involved in pathogenesis of various 
diseases including inflammation, diabetic nephropathy, endocrine 
disruption, endothelial dysfunction and kidney damage [37-38]. 
Greiber S et al., demonstrated ROS production by the expression 
of p47phox NOX, where ROS was primarily generated by NOX, and 
the NOX subunits such as p22phox, p47phox, NOX2, and p67phox 
were expressed in podocytes [39]. The translocation and binding of 
p47phox, a cytoplasmic subunit of NOX with membrane complex 
of NOX2 and p22phox are the key events that lead to the activation 
of NOX and generation of ROS [40].

In the present study, efficacy of drugs like; ramipril and losartan 
and antioxidants such as NAC and resveratrol in attenuation of 
AGE-mediated effects were also examined. Evidence indicates 
that the effect of ACE inhibitor (ACEI) and AT1R blocker (ARB) can 
be attributed to direct inhibition of NOX activity, and antioxidant 
properties of these drugs. It has also been suggested that the 
beneficial effect of antihypertensive drugs such as ACEI and ARB 
may be mediated, in part, by decreasing vascular oxidative stress 
[17, 41-42]. Fortuno J et al., also reported that losartan metabolite 
EXP3179 blocked NOX-mediated ROS generation which confers 
losartan have specific capacity to reduce oxidative stress through 
NOX regulation [43]. Protective role of antioxidants against AGE 
effects are well-studied and shows the involvement of resveratrol 
in inhibition of oxidative stress in aorta of diabetic mice and 
modification of human B lymphocyte proliferation and apoptosis 
[44]. Furthermore, NAC hinders the production of intracellular ROS 
and activation of JNK and p38 MAPK pathways, and thereby inhibits 
the process of apoptosis of AGE-treated HUCLs [45].

Limitation and future recommendation
The potential mechanism and signaling pathways that describe the 
AGE-RAGE-mediated endothelial dysfunction were not carried out 
in this study. Further, in-vitro research is required to investigate and 
uncover the possible mechanisms.

CONCLUSION
The present study demonstrated that AGE-induced ROS production 
mediated by increased NADPH oxidase activity could be responsible 
for the activation of intracellular downstream signaling pathways, 
which might lead to endothelial dysfunction. Losartan, ramipril, 
resveratrol and NAC could ameliorate AGE-mediated endothelial 
dysfunction by attenuation of both NADPH oxidase activation and 
its associated intracellular oxidative stress.
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[Table/Fig-3]:	 Effect of AGE-BSA on ROS production in HUVECs.
HUVECs were treated with AGE-BSA (200 μg/mL) and unmodified BSA (control) in same 
concentration. Drugs and antioxidants effectively decreased the AGE-induced ROS production in 
HUVEC. The concentrations of drugs and antioxidants which were used to attenuate AGE-mediated 
ROS production respectively, 5 μM of losartan, 5 μM of ramipril, 5 μM of resveratrol and 5 μM of NAC. 
Data represents mean±SEM of three independent experiments done in triplicate. #p<0.01 by two-
tailed t-test for comparison with the cells treated with unmodified BSA. *p<0.01 by two-tailed t-test for 
comparison with the cells treated with AGE-BSA

[Table/Fig-4]:	 AGE-BSA mediated NADPH oxidase mRNA expression in HUVECs.
HUVECs were treated with concentration of AGE-BSA (200 μg/mL) and unmodified BSA (control) 
in same concentration. Drugs and antioxidants effectively decreased the AGE-induced NADPH 
oxidase expression in HUVECs. The concentrations of Drugs and antioxidants which were used 
respectively, 5 μM of losartan, 5 μM of ramipril, 5 μM of resveratrol and 5 μM of NAC. Data 
represents mean±SEM of three independent experiments done in triplicate. #p<0.01 by two-tailed 
t-test for comparison with the cells treated with unmodified BSA. *p<0.01 by two-tailed t-test for 
comparison with the cells treated with AGE-BSA

Ameliorating Effect of Drugs and Antioxidants on 
AGE-Mediated NADPH Oxidase mRNA Expression 
in HUVECs
HUVECs co-treated with losartan (5 µM) showed significant (53%) 
decrease in expression of NADPH oxidase whereas when cells co-
treated with ramipril (5 µM) showed (55%) decreased expression 
of NADPH oxidase. Cells co-treated with antioxidants resveratrol 
(5 µM) and NAC (5 µM) showed significant inhibition of NADPH 
oxidase expression. AGE-mediated expression of NADPH oxidase in 
HUVECs was decreased by resveratrol and NAC respectively, 60% 
and 70%. The results indicate that NAC is more effective in lowering 
AGE-mediated NADPH oxidase mRNA expression [Table/Fig-4].
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