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Abstract. Over the past few decades, it has been demonstrated 
that hyperglycemia can promote lung carcinoma growth, 
potentially through significantly increased glucose 
metabolism; however, the underlying mechanism remains 
to be fully elucidated. In the present study, treatment 
with a high concentration of glucose (HG) significantly 
promoted the proliferation and migration of A549 cells. 
Receptor for advanced glycation end-products (RAGE) has 
previously been demonstrated to be associated with diabetes 
mellitus and oxidative stress, and nicotinamide adenine 
dinucleotide phosphate oxidases (NOXs) are considered to 
be initiating factors of oxidative stress. Therefore, an MTT 
assay, wound-healing assay, quantitative polymerase chain 
reaction and western blotting assays were used to analyze 
the RAGE-NOX-4 pathway and to determine its potential 
involvement in glycometabolism-associated tumorigenesis. 
The present study demonstrated that HG could increase 
the protein expression of RAGE and NOX-4, whereas the 
inhibitor of RAGE (anti-RAGE antibody) could suppress this 
effect. Futhermore, the inhibitor of NOX [diphenyl iodonium 
chloride (DPI)] could reduce the protein expression of RAGE 
and NOX-4. Furthermore, inhibition of RAGE led to the 
downregulation of vascular endothelial growth factor (VEGF) 
and hypoxia-inducible factor-1α (HIF-1α), thus suggesting that 
HG may influence angiogenesis and tumor metabolism via the 
RAGE-NOXs pathway. The present study also demonstrated 
that the RAGE-blocking antibody downregulated NOX-4 
and subsequently reduced the production of downstream 

inflammatory factors, whereas DPI did not affect the mRNA 
expression of RAGE but it did reduce the protein level 
of RAGE and then attenuate the inflammatory response. 
These results indicated that inhibition of RAGE or NOXs 
may promote the reduced expression of VEGF and HIF-1α, 
and NOXs may be downstream targets of RAGE, thus 
indicating a HG-RAGE-NOXs-VEGF/HIF-1α association. 
Furthermore, the results indicated that HG may serve a role 
in the development of lung adenocarcinoma, mediated by the 
RAGE-oxidative stress pathway; therefore, the regulation of 
this glucose-associated pathway may be a promising novel 
direction for oncotherapy. However, while certain antidiabetic 
agents have been verified to exert inhibitory effects on tumor 
growth, they can also have long-term adverse effects on the 
body, which may limit the value of these drugs as anticancer 
treatments. In conclusion, the present study suggested a novel 
attempt to suppress glucose-induced tumor growth using a 
RAGE inhibitor such as soluble RAGE while avoiding the risk 
of glucose fluctuation.

Introduction

Lung carcinoma is a prevalent disease, which is associated with 
a marked impact on global health and an increasing rate of inci-
dence (1). Tobacco smoking and environmental tobacco smoke, 
genetic factors, air pollution, and certain occupational exposures, 
including to asbestos and radon, are considered high risk factors 
for lung cancer (2-4). Accumulating evidence has suggested that 
there is an association between diabetes and lung cancer (5-7). 
In certain clinical trials, the combination of diabetes and lung 
cancer has been associated with an elevated mortality rate (8), 
whereas antidiabetic medication can improve the survival rate 
among such patients (9). In vitro, a high concentration of glucose 
(HG) has been demonstrated to promote the invasion and 
metastatic potential of A549 cells (10). These data indicate the 
potential association between diabetes and lung cancer.

Receptor for advanced glycation end-products (RAGE, 
also known as AGER), the ligands of which were initially 
identified as advanced glycation end products, serves a role in 
diabetes mellitus. RAGE has been reported to be downregu-
lated in non-small cell lung cancer (NSCLC) (11-13), which 
differs from other solid tumors, including liver cancer, which 
exhibit high levels of RAGE (14). In the present study, the 
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potential role of RAGE in the effects of HG on A549 cells was 
investigated.

Nicotinamide adenine dinucleotide phosphate oxidase 
(NOX)-4 is a member of the NOX family, which is associated 
with generation of endogenous reactive oxygen species (ROS) 
and mediation of inflammatory responses (15). The NOX-4 
protein may also be an intermediary agent in the association 
between RAGE and inflammation, which may influence the 
tumor cell microenvironment (16). Both RAGE and NOXs 
mediate the chronic inflammatory response, which may poten-
tially increase the risk of carcinogenesis; however, whether there 
is an association between the factors remains largely unknown. 
The present study aimed to clarify the possible mechanism of 
how glucose affects the growth and migration of cancer cells. 
Therefore, affecting glucose metabolism may be a potential 
target to suppress cancer cells, which would avoid the side effects 
that occur with the use of hypoglycemic drugs such as melamine.

Materials and methods

Cell culture. Human lung adenocarcinoma A549 cells, 
purchased from Shanghai Institute of Cell Biology of the 
Chinese Academy of Sciences (Shanghai, China), were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Servicebio, Inc., Woburn, MA, USA), for 24 h, supplemented 
with 10% fetal bovine serum (FBS; Servicebio, Inc.), 25 mmol/l 
glucose in the HG group or 5.5 mmol/l glucose in the normal 
concentration of glucose (NG) group, and 100 U/ml penicillin 
at 37˚C in a humidified atmosphere containing 5% CO2. The 
cells were used between passages 6 and 10.

NOX inhibitor and RAGE‑blocking antibody. The NOX 
inhibitor diphenyl iodonium chloride (DPI) was purchased 
from Tocris Bioscience (Bristol, UK; no. 4673-26-1) and was 
dissolved in dimethyl sulfoxide (DMSO), in order to provide a 
final concentration of 5 µM, which was stored at 4˚C. RAGE 
affinity‑purified antibody (5 µg/ml; cat. no. PB0530; Boster 
Biological Technology, Pleasanton, CA, USA) was dissolved 
in PBS, and used as a RAGE-blocking antibody.

Cell proliferation and viability. Cell proliferation and viability 
were assessed using an MTT assay. The cells were seeded at 
a density of 2x103 cells/well (in 5% FBS) or 5x103 cells/well 
(in 0.2% FBS) onto 96‑well plates in 100 µl DMEM overnight, 
after which the medium was removed. Following treatment with 
different concentrations of glucose (0, 5, 10 and 25 mmol/l), with 
or without 5 µM DPI or 5 µg/ml RAGE‑blocking antibody for 
24 h, 20 µl MTT solution (5 mg/ml; Servicebio, Inc.) was added 
and the cells were cultured for a further 4 h. Subsequently, the 
medium was removed and 150 µl DMSO was added to dissolve 
the purple formazan for 5-10 min. Absorbance was measured at 
a wavelength of 555 nm using an ELISA plate reader.

Cell migration assay. Cell migration was examined by 
wound-healing assay. Following treatment with HG or NG, 
with or without 5 µM DPI or 5 µg/ml RAGE‑blocking antibody 
for 24 h, A549 cells were seeded on 6-well plates at a density 
of 5x103/well and a straight scratch was made using a 200‑µl 
sterile pipette tip. Subsequently, the 6-well plates were washed 
with PBS three times and fresh medium was added. After 

18 h, migration was determined by comparing the wound area 
between the NG group and the HG group under an inverse 
fluorescent microscope. Distance change rate was calculated 
by initial distance‑final distance/initial distance.

RNA extraction, cDNA synthesis and qPCR. The cells were 
plated at a density of 1.5x105 cells/well in 12-well plates and 
were cultured for 24 h after treated with HG or NG. Total 
RNA was extracted using RNA rapid extraction solution 
(Servicebio, Inc.), according to the manufacturer's protocol. 
The quality and quantity of isolated total RNA were assessed 
using a NanoDrop™ 2000 Spectrophotometer (NanoDrop; 
Thermo Fisher Scientific, Inc., Wilmington, DE, USA). RNA 
was reverse transcribed to cDNA using a RevertAid First Strand 
cDNA Synthesis kit (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) according to the manufacturer's protocol. FastStart 
Universal SYBR-Green Master (Rox) (Roche Diagnostics, 
Basel, Switzerland) was used for qPCR analysis, according to the 
manufacturer's protocol. Fluorescence detection was conducted 
using an ABI StepOne Plus Real-Time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
The 2-∆∆Cq method was used to quantify the expression levels of 
target genes (17). The following primers were used in the present 
study (all 5'→3'): β-actin forward, CAC CCA GCA CAA TGA 
AGA TCA AGAT and reverse, CCA GTT TTT AAA TCC TGA 
GTC AAG C; RAGE forward, CAC TGG TGC TGA AGT GTA 
AGG G and reverse, CGG ACT CGG TAG TTG GAC TTG; NOX-4 
forward, ATT TAG ATA CCC ACC CTC CCG and reverse, CAC 
AGT ACA GGC ACA AAG GTCC; hypoxia-inducible factor-1α 
(HIF-1α) forward, TGA TTG CAT CTC CAT CTC CTA CC and 
reverse, GAC TCA AAG CGA CAG ATA ACA CG; and vascular 
endothelial growth factor (VEGF) forward, GGA GGG CAG 
AAT CAT CAC GA and reverse, GAC TCA AAG CGA CAG ATA 
ACA CG. Actin RNA levels were used as an endogenous control.

Western blot analysis. The cells were plated at a density of 
1.5x105 cells/well in 6-well plates and cultured for 24 h. The 
media were subsequently removed and fresh media containing 
NG or HG, with or without DPI (5 µM) or RAGE‑blocking 
antibody (5 µg/ml), were added for 24 h. Total protein was 
extracted with a RIPA Lysis Buffer (Servicebio, Inc.), 
according to the manufacturer's protocol. Proteins (20 µg) 
were separated by 10% SDS-PAGE and transferred onto 
polyvinylidene fluoride membranes. Following blocking by 
5% milk, made with skim milk powder (YIli, China) and 
Tris Buffered saline Tween buffer (0.1% Tween), at normal 
temperature for 1 h, monoclonal primary antibodies, namely 
anti-RAGE antibody (1:500; cat. no. PB0530; Wuhan Boster 
Biological Technology, Ltd., Wuhan, China), anti-NOX-4 
antibody (1:1,000; cat. no. ab109225; Abcam), anti-VEGF anti-
body (1:500; cat. no. GB11034), anti-HIF-1α antibody (1:1,000, 
rabbit; cat. no. GB11031) and anti-β-actin antibody (1:2,000; 
cat. no. GB13001-3; all Servicebio, Inc.), were added and incu-
bated overnight at 37˚C. Subsequently, the membranes were 
washed five times by Tris Buffered saline Tween buffer, and 
incubated with a goat anti-rabbit immunoglobulin G horse-
radish peroxidase-conjugated secondary antibody (1:3,000; 
cat. no. GB23303; Servicebio, Inc.) for 55 min. The membranes 
were subsequently washed five times by Tris Buffered saline 
Tween buffer. Finally, the protein bands were detected using 
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an EPSON Perfection V300 Photo scanner (Seiko Epson 
Corporation, Suwa, Japan) after processing with E Enhanced 
Chemiluminescence visualization reagent (G2014; Servicebio, 
Inc.).

Statistical analysis. Data are presented as the means ± standard 
error of the mean of three repeat. Unpaired t-test was selected 
to compare two groups, and analyses of multiple groups were 
performed using one-way analysis of variance, followed 
by least-significant-difference post hoc test. Analysis was 
performed using SPSS 22.0 software (IBM Corp., Armonk, 
NY, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

HG promotes proliferation and migration of A549 cells, and 
increases the mRNA and protein expression levels of RAGE 
and NOX‑4. The present study determined how various concen-
trations of glucose affected the proliferation and migration of 
A549 cells (Fig. 1). The results demonstrated that A549 cells 
survived well in response to glucose, and increased proliferation 
was detected when the concentration of glucose was increased 
(P<0.05; Fig. 1A and B). The migration rate increased signifi-
cantly in the HG group compared to NC (P<0.05; Fig. 1C).

Subsequently, 5 µg/ml RAGE‑blocking antibody and 5 µM 
DPI were added to the cells, in order to investigate whether 
RAGE and NOXs serve roles in HG-induced effects (Figs. 2-4). 
RAGE-blocking antibody inhibited the protein and mRNA 
expression levels of RAGE and NOX-4 under HG condition, 
which has the ability to promote the expression of the mRNA and 
protein of the RAGE and NOX-4 (Fig. 2A and B). Furthermore, 
treatment with RAGE-blocking antibody accelerated the 
proliferation (P<0.05; Fig. 3A) and suppressed HG-induced 
migration (P<0.05; Fig. 4A) of A549 cells, thus indicating that 

RAGE-blocking antibody may reverse HG-induced effects on 
cell metastasis. Similar effects were detected in cells treated 
with the NOX inhibitor DPI; briefly, HG‑induced proliferation 
(P<0.05; Fig. 3B) and migration (P<0.05; Fig. 4B) of A549 
cells were inhibited by DPI, which also suppressed the protein 
expression levels of NOX-4, (Fig. 2E) while having no signifi-
cant effect on the mRNA expression levels of RAGE (Fig. 2A).

RAGE‑blocking antibody and DPI inhibit the expression 
of HIF‑1α and VEGF, which are involved in mediating 
tumorigenesis, tumor growth and cancer metastasis. Finally, 
to determine how the RAGE-NOX-4 pathway affects the 
biological functions of tumor cells, variations in the expression 
levels of VEGF and HIF-1α were measured when RAGE and 
NOX-4 were suppressed by their respective inhibitors. The 
mRNA and protein expression levels of VEGF and HIF-1α were 
increased under HG conditions compared with NG, whereas 
treatment with the RAGE-blocking antibody and DPI reduced 
the expression levels of VEGF and HIF-1α, which indicated that 
these inflammatory factors may be downstream effectors in the 
glucose-associated cellular pathways (Fig. 2C-E). However, the 
mechanism by which the RAGE-blocking antibody and DPI 
act on VEGF and HIF-1α in the NG groups, remain unclear.

Discussion

The constant increase in diabetes mellitus-associated morbidity 
between 2002 and 2012 indicates that the occurrence of 
diabetes is associated with a diverse range of complications, 
which further increases the public health threat posed by this 
disease (18). Furthermore, recent studies have suggested that 
a pre-existing hyperglycemic condition, together with the 
time of diagnosis and insulin deficiency, may exert negative 
effects on patient prognosis and contribute to the local recur-
rence of a pulmonary neoplasm by impacting the signaling 

Figure 1. Effects of glucose on migration and proliferation. (A and B) Cell migration could be promoted by HG compared with in cells cultured under NG 
conditions. (C) MTT results of A549 cells treated with various concentrations of glucose (0, 5, 10 and 25 mmol/l). Increasing concentrations of glucose 
promoted the proliferation of A549 cells. *P<0.05 vs. the NG group. DMEM, Dulbecco's modified Eagle's medium; HG, high glucose; NG, normal glucose; 
OD, optical density.
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pathways of cancer cells (5,6). This viewpoint has been veri-
fied by another study, which demonstrated that metformin 
may improve the chemotherapy outcomes and survival rate of 
patients presenting with both diabetes and lung carcinoma in a 
dose-dependent manner (19). The present study confirmed that 
HG may promote the proliferation and migration of the human 
NSCLC cell line A549 in a dose-dependent manner, thus indi-
cating that HG may be a risk factor not only for metastasis, but 
also for the growth of lung adenocarcinoma tumor mass.

RAGE, which is a member of the immunoglobulin 
superfamily, is a pattern recognition receptor that can bind 
a diverse range of ligands with similar three-dimensional 
structures (12). Since the identification of RAGE on endothe-
lial cells, the role of RAGE has gradually been established in 
certain pathological processes associated with chronic inflam-
mation, including asthma, lung cancer and chronic obstructive 
pulmonary disease. It has previously been reported that 

RAGE exhibits acceleration of the growth and metastasis of 
pulmonary solid tumor tissue (20). Nevertheless, the signaling 
pathways of RAGE are yet to be elucidated. The results of the 
present study demonstrated that RAGE may be a protective 
factor in the growth of lung adenocarcinoma tumor tissues, but 
a potential risk factor for metastasis. Furthermore, its expres-
sion was increased in response to HG exposure; therefore, it 
may be hypothesized that RAGE potentially participates in 
HG-induced oxidative stress via activating NOXs.

NOXs are multi-protein complexes that give rise to the 
generation of ROS, which can in turn mediate oxidative stress 
and inflammatory responses (21). The effect of NOXs on ROS 
generation can also be initiated by HG, thus suggesting that an 
association may exist between NOXs and HG. In addition, NOXs 
may facilitate the proliferation and migration of tumor cells by 
activating certain signaling pathways, including nuclear factor-κB 
signaling (22). In the present study, NOX-4, a member of the 

Figure 2. HG increases the mRNA and protein expression levels of RAGE and NOX-4, whereas RAGE-blocking antibody inhibits these effects. DPI could 
suppress the protein expression of NOX-4 and RAGE induced by HG compared with the HG group. Individual treatment with DPI or the RAGE-blocking antibody 
decreases the mRNA expression levels of VEGF and HIF-1α in HG group. The protein expression levels of HIF-1α and VEGF were also decreased following 
treatment with the RAGE-blocking antibody or DPI in HG group. (A) RAGE mRNA, (B) NOX-4 mRNA, (C) VEGF mRNA and (D) HIF-1α mRNA expression 
was detected by qPCR. (E) RAGE, NOX-4, VEGF and HIF-1α protein expression was detected by western blotting. *P<0.05 vs. NG group; #P<0.05 vs. HG group. 
DPI, diphenyl iodonium chloride; HG, high glucose; NG, normal glucose; NOX-4, nicotinamide adenine dinucleotide phosphate oxidase-4; RAGE, receptor for 
advanced glycation end-products; HIF-1α, hypoxia-inducible factor 1α; VEGF, vascular endothelial growth factor; qPCR, quantitative polymerase chain reaction.
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NOX family, was induced in response to HG; it was suggested 
that this effect was mediated by RAGE in lung adenocarcinoma 
cells. Furthermore, the NOX inhibitor DPI served as a protec-
tive agent in HG-induced proliferation and migration of A549 
cells. These results revealed a potential mechanism underlying 
HG-induced ROS production via the RAGE-NOX-4 pathway.

Overexpression of HIF-1α has been observed in various 
types of solid tumors, and through its corresponding nuclear 
receptor, HIF-1α may regulate genes involved in cancer 
progression, and subsequently promote the proliferation and 

invasion of lung carcinoma cells (23). VEGF is a protein that 
mediates angiogenesis and, in turn, sustains the growth of 
tumor tissue; therefore, the abnormal expression of this factor 
may have a stimulatory effect on cancer development (24). In 
addition, VEGF and HIF-1α are associated with tumor growth 
and metastasis in various pathways, and are likely associated 
with the poor prognosis of patients. The present study unveiled 
a potential approach for controlling the expression of these 
factors through obstructing the glucose-RAGE-NOX-4 
pathway, in order to ultimately inhibit tumor progression.

Figure 3. Results of an MTT assay demonstrated that (A) RAGE-blocking antibody promoted HG-induced proliferation of A549 cells, whereas (B) DPI 
inhibited HG-induced proliferation of A549 cells. *P<0.05 vs. the HG group. DPI, diphenyl iodonium chloride; HG, high glucose; OD, optical density; RAGE, 
receptor for advanced glycation end-products.

Figure 4. Results of a wound-healing assay indicate that (A) RAGE-blocking antibody may inhibit HG-induced migration of A549 cells. (B) DPI also inhibited 
HG-induced migration of A549 cells. *P<0.05 vs. the HG group. HG, high glucose; DPI, diphenyl iodonium chloride; RAGE, receptor for advanced glycation 
end-products.
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In conclusion, abnormal glucose metabolism is a patho-
logical factor facilitating the oncogenic and biological behavior 
of lung cancer cells, which likely occurs through activation of the 
RAGE-NOX-4 pathway, and subsequent upregulation of VEGF 
and HIF-1α. Through binding of these inflammatory factors to 
their corresponding receptors to exert their specific biological 
effects, cancer cells may grow faster and their malignancies 
may be enhanced. Therefore, the significance of controlling 
blood glucose levels in patients with lung cancer combined with 
diabetes is evident, and RAGE and/or NOXs may be potential 
therapeutic targets for the treatment of patients with lung adeno-
carcinoma and comorbid diabetes. However, the method of 
administering antagonists rather than performing gene silencing 
may not be the preferred plan, due to its inconsistent effects 
during the present study. In addition, why the RAGE-blocking 
antibody promoted HG-induced proliferation of A549 cells, and 
whether RAGE-NOXs mediate other effects, as well as inducing 
the expression of VEGF and HIF-1α, remain unknown; there-
fore, we aim to address these issues in future research.
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