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Abstract. The aim of the present study was to determine the 
mechanism by which advanced glycation end products (AGEs) 
induce proliferation, invasion and epithelial‑mesenchymal 
transition (EMT) of human colon cancer SW480 cells. SW480 
cells were divided into groups as follows: i) Control; ii) cells 
treated with AGEs alone; and iii) cells treated with AGEs 
combined with LY294002. Proliferation, cell cycle progres-
sion, apoptosis, invasion and migration of SW480 cells were 
assessed using an MTT assay, flow cytometry, Transwell 
assays and a wound healing assay, respectively. The protein 
expression levels of PI3K, AKT and epithelial cadherin 
(E‑cadherin) were examined by western blot analysis in 
SW480 cells treated with various concentrations of AGEs. 
Proliferation, invasion and migration were enhanced, cell 
cycle progression was increased and apoptosis was decreased 
in SW480 cells treated with AGEs compared with the control. 
The PI3K inhibitor, LY294002, reversed the effects of AGEs. 
Western blot analysis data demonstrated that AGEs increased 
the protein expression levels of PI3K and AKT, and decreased 
the expression of E‑cadherin. The results suggested that AGEs 
exert a positive effect on the proliferation, invasion and EMT 
in SW480 cells through the PI3K/AKT signaling pathway.

Introduction

Colon cancer is the third most commonly diagnosed cancer 
and poses a serious threat to public health (1). Worldwide, 
608,700 individuals succumb to colon cancer and there are 
~1.4 million incident cases each year (2,3). The pathogenesis 

of colon cancer is complicated; therefore, despite efforts to 
understand its pathogenesis to improve treatment options, prog-
nosis and survival within 60 months have remained relatively 
unchanged. Understanding the pathogenesis of colon cancer 
may assist in developing effective therapeutics for patients.

Long‑term exposure to high concentrations of glucose may 
lead to glycoxidation of tissue proteins and lipids to produce 
advanced glycation end products (AGEs) (4‑6). Recently, several 
studies have demonstrated that AGEs and receptor AGEs 
(RAGEs) serve important roles in proliferation, invasion and 
epithelial‑mesenchymal transition of cells by activating multiple 
signaling pathways (7‑10). AGEs and RAGE may enhance the 
levels of proliferation and migration of breast cancer through 
the IKK/NF‑κB signaling pathway in mice (11). Qin et al (12) 
identified that AGEs promoted cell proliferation and migra-
tion through RAGEs and the PI3K/AKT pathway. Conversely, 
Li et al (13) revealed that AGEs and RAGEs decreased cell 
proliferation through the PI3K/AKT signaling pathway (13). 
Therefore, the effects of AGEs and RAGEs on proliferation and 
migration of cells are controversial.

Epithelial‑mesenchymal transition (EMT) of cancer cells 
results in an increase in migration and invasion of cancer 
cells (14). The PI3K/AKT, IκB kinase (IKK)/NF‑κB and Erk 
pathways were demonstrated to contribute to EMT (15‑17). 
Therefore, the hypothesis of the present study was that AGEs 
may affect proliferation, invasion and EMT in human SW480 
colon cancer cells through the PI3K/AKT signaling pathway. 
The aim of the present study was to determine the mechanism 
underlying the AGEs‑mediated induction of proliferation, 
invasion and EMT in SW480, and potentially highlight novel 
therapeutic targets for treating patients with colon cancer.

Materials and methods

Reagents. FBS, RPMI‑1640 medium, PBS and penicillin 
were obtained from Hyclone; GE Healthcare Life Sciences. 
LY294002, a commonly used broad‑spectrum inhibitor of PI3K, 
was obtained from Selleck Chemicals. AGEs were obtained 
from Shanghai Yuanmu Biotechnology, Co., Ltd.

Cell culture. SW480 colon cancer cells were purchased from 
the American Type Culture Collection. Cells were cultured 
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in RPMI‑1640 medium (cat. no. SH30809.01B) supplemented 
with 10% FBS (cat.  no.  SH30087.01) and 1% penicillin 
(cat. no. SH30010) with 5% CO2 at 37˚C. At 100% confluence, 
SW480 cells were passaged using trypsin‑EDTA.

MTT assay. Cell proliferation was evaluated using a CellTiter 
96® AQueous One Solution Cell Proliferation assay (MTT 
assay), purchased from Promega Corporation. SW480 cells 
were seeded in a 96‑well plate at a density of 1x104 cells per 
well and incubated in a 37˚C incubator for 12 h. Subsequently, 
cells were washed with PBS twice and treated with AGEs as 
aforementioned. The proliferation of SW480 cells was detected 
on days 0, 1, 2, and 3. A total of 10 µl MTT reagent was added 
to each well of the 96‑well plate for 4 h. Cell proliferation was 
measured at a wavelength of 490 nm at the different time points 
using a microplate reader (Thermo Fisher Scientific, Inc.). The 
inhibition rate was calculated as: 1‑[optical density (OD) value 
of experimental group/OD value of control group] x100, and 
the proliferation ratio was calculated as follows: [(mean OD 
value at time point/mean OD at day 0)‑1] x100.

Cell cycle progression and apoptosis. Following transfection 
for 48 h, SW480 cells were washed twice with pre‑cooled 
PBS and fixed with pre‑cooled 70% ethanol overnight at 4˚C. 
Subsequently, cells were resuspended in 500 µl PBS containing 
propidium iodide (PI; 50 µg/ml) staining solution with 0.2% 
Triton X‑100 and RNase A (100 µg/ml), and incubated for 
30 min at 4˚C in the dark. Cell cycle distribution was measured 
using a BD FACScalibur™ flow cytometer (BD Biosciences) 
and ModFit LT v.4.0 (BD Biosciences). To measure apoptosis, 
1.25 µl Annexin V‑fluorescein isothiocyanate were added 
to 500 µl 1X binding buffer, and cells were incubated with 
this solution in the dark and at room temperature for 15 min. 
Eventually, 10 µl PI was added to the cells that were left in the 
dark at room temperature for 15 min. Apoptosis was measured 
using flow cytometry as aforementioned immediately.

Transwell invasion assay. Transwell invasion assays were used 
to determine cell invasion. BD Matrigel™ (BD Biosciences), 
diluted 1:3 in RPMI‑1640 medium, was added to cold 
Transwell chambers (BD Biosciences) and incubated at 37˚C 
for 2 h. Following transfection, SW480 cells were resuspended 
in 100 µl serum‑free medium and added to the upper chamber 
of a Transwell insert, and allowed to incubate at 5% CO2 at 
37˚C for 24 and 48 h. Cells in the upper chamber were fixed in 
4% paraformaldehyde for 15 min. Following fixing, the cells 
were washed in PBS, stained with crystal violet for 10 min 
and counted at magnification, x400 on an inverted optical 
microscope imaging system.

Wound healing assay. Cell migration was determined using 
a wound healing assay. SW480 cells were seeded in a 6‑well 
plate at a density of 1x106 cells per well and incubated with 5% 
CO2 at 37˚C. At 80% confluence, SW480 cells were scratched 
to create a cell‑free area using a sharp edge. Cells were washed 
with PBS, serum‑free medium was added and the cells were 
incubated at 37˚C for 0, 24 and 48 h. Cell migration into the 
scratched area was imaged every 24 h following scratching 
using an inverted optical microscope (magnification, x100). 
The width of the scratched area was measured using Image 

Pro‑Plus version 6.0 (Media Cybernetics, Inc.). The migration 
rate was calculated using the following formula: 1‑(wound 
width at indicated time/wound width at day 0) x100.

Western blot analysis. Total protein was extracted from 
cultured SW480 cells using RIPA buffer (RIPA: 50  mM 
Tris‑HCL PH 7.4; 150 mM NaCL; 1 mM EDTA; 1% Triton 
X‑100; 0.5% sodium deoxycholate; 0.1% SDS; 100  mM 
PMSF) containing phosphatase and protease inhibitor 
cocktail (100X; cat. no. 539131; Calbiochem; Merck KGaA) 
4˚C for 15 min. Protein concentration was measured using 
Bicinchoninic acid assay (Thermo Fisher Scientific, Inc.). A 
total of 40 µg protein was loaded on a 12% SDS‑PAGE gel 
and transferred to a PVDF membrane (EMD Millipore). 
Membranes were blocked with 5% non‑fat milk in TBS‑Tween 
[TBST; 150 mmol/l NaCl, 10 mmol/l Tris‑HCl (pH 8.0) and 
0.1% Tween‑20] for 1 h at room temperature. Membranes were 
washed 3  times with TBST and incubated with one of the 
following primary antibodies: AKT (Abcam; cat. no. ab8805; 
1:1,000), PI3K (Abcam; cat. no. ab151549; 1:1,000), epithelial 
cadherin (E‑cadherin; Abcam; cat. no. ab194982; 1:1,000) and 
GAPDH (Abcam; cat. no. ab8245; 1:1,000) at 4˚C overnight. 
Membranes were washed 3 times with TBST, and subsequently 
incubated for 1 h at room temperature with either an immuno-
globulin G horseradish peroxidase conjugated‑anti‑rabbit or 
anti‑rat secondary antibodies (cat. no. BA1058, Wuhan Boster 
Biological Technology, Ltd.; 1:2,000). Following incubation 
with the secondary antibody, the membranes were washed 
with TBST, and signals were visualized using Immobilon 
Western Chemiluminescent Substrate (EMD Millipore).

Statistical analysis. Comparisons between the control and 
the experimental groups were performed using a one‑way 
analysis of variance followed by Student‑Newman‑Keuls post 
hoc test for pairwise comparison between groups using SPSS 
v.20.0 (IBM Corp.). Data are presented as the mean ± standard 
deviation. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effect of AGEs on proliferation of SW480 cells. SW480 cells 
were divided into three groups: i) Control; ii) cells treated with 
AGEs alone; and iii) cells treated with AGEs and LY294002 
(Fig. 1). Compared with the control group, the absorbance 
values of cells treated with AGEs was significantly increased, 
particularly on days 2 (P<0.001) and 3 (P<0.001). The absor-
bance values of cells treated with AGEs and LY294002 was 
significantly decreased compared with cells treated with 
AGEs alone on day 1 (P<0.001) and 2 (P<0.05) (Fig. 1A). The 
proliferation ratio of cells treated with AGEs alone was also 
significantly increased on days 1 (P<0.05) and 2 (P<0.001) and 
3 (P<0.001) compared with the control group. The proliferation 
ratio of cells treated with AGEs and LY294002 was also signifi-
cantly increased on days 2 (P<0.05) compared with the control 
group (Fig. 1B). Conversely, the proliferation ratio of cells 
treated with AGEs and LY294002 was significantly decreased 
compared with cells treated with AGEs alone on day 3 (Fig. 1B). 
As demonstrated in Fig. 1C, the inhibition rate of cells treated 
with AGEs alone was significantly decreased compared with 
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the inhibition rate of cells treated AGEs and LY294002. These 
results suggest that AGEs may enhance proliferation of SW480 
cells through the PI3K signaling pathway.

Effect of AGEs on cell cycle distribution and apoptosis in 
SW480 cells. Figs. 2 and 3 demonstrate the effects of AGEs on 
cell cycle distribution and apoptosis in SW480 cells. Compared 
with the control group, in cells treated with AGEs alone there 
was a decrease in the percentage of cells in G1‑phase and 
increase in the proportion of cells in S‑phase. Treatment with 
LY294002 abrogated the effects of AGEs on cell cycle distri-
bution (Fig. 2). As indicated in Fig. 3, treatment with AGEs 
alone decreased the apoptotic rate in cells, and similar to the 
effects on cell cycle distribution, LY294002 reversed this 
effect. These data suggest that AGEs decreased the number of 
cells arrested at G1/S phase and decreased apoptosis through 
the PI3K signaling pathway.

AGEs increases the migratory and invasive capacity of SW480 
cells. The results from the Transwell invasion assay suggested 
that treatment with AGEs increased the invasive capacity of 
cells compared with the control group, and LY294002 abro-
gated the effects of AGEs on invasion (Fig. 4A). Similarly, 
wound closure was increased in cells treated with AGEs 

compared with the control cells and cells treated with AGEs 
and LY294002 (P<0.001) on days 1 and 2 (Fig. 4B and C). As 
demonstrated in Fig. 4D, the migratory rate cells treated with 
AGEs was significantly increased compared with the other two 
groups on days 1 and 2 (P<0.001). Conversely, the migratory 
rate of cells treated with AGEs and LY294002 significantly 
decreased compared with the two groups on days 1 and 2 
(P<0.001). The results of the invasion and wound healing 
assays suggest that AGEs enhanced the invasive and migratory 
capacity of cells through the PI3K signaling pathway.

Analysis of the effects of AGEs on EMT. The protein expres-
sion levels of PI3K, AKT and E‑cadherin were assessed 
to determine the effects of AGEs on EMT through the 
PI3K/AKT signaling pathway in SW480 cells. AGEs increased 
the expression of PI3K and AKT, and decreased the expression 
of E‑cadherin in a concentration dependent manner (Fig. 5). 
These results suggest that AGEs may induce EMT in SW480 
cells through the PI3K/AKT signaling pathway.

Discussion

The effect of AGEs on cancer development has garnered 
increasing interest in recent years. In vitro assays in a number 

Figure 1. Effect of AGEs on proliferation of SW480 cells. (A) MTT assays were performed to measure cell proliferation on cells treated with AGEs alone or 
with LY294002 for 0, 1, 2 and 3 days. OD was measured at 490 nm. Data are presented as the mean ± standard deviation of 3 repeat experiments. *P<0.05 and 
**P<0.001 vs. control. (B) Proliferation and (C) inhibition rates of cells treated with AGEs alone or with LY294002 for 0, 1, 2 and 3 days. OD was measured 
at 490 nm. Data are presented as the mean ± standard deviation of 3 repeat experiments. *P<0.05 and **P<0.001 vs. control. AGEs, advanced glycation end 
products; OD, optical density.
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of studies have indicated that AGEs increase proliferation, 
invasion and migration in colon  (18,19), pancreatic  (20), 
liver  (21), breast  (22,23) and renal cancer  (24). Data from 
epidemiological and animal studies have also suggested that 
AGEs increase the risk of cancer development (25‑28). In the 
present study, the results demonstrated that AGEs increased 
proliferation, invasion and migration, and decreased apoptosis 
in SW480 cells. PI3K is a central protein involved in PI3K/AKT 
signaling. PI3K activates lipids on cell membranes through a 
number of signals, including hormones, growth factors and 
extracellular matrix components (29). LY294002 is the first 

synthetic molecule known to inhibit PI3Kα/β/δ function (12) 
and in cells treated with LY294002, Akt phosphorylation was 
decreased, resulting in inhibition of cell proliferation (30). 
A previous study demonstrated that LY294002 significantly 
inhibited growth and induced apoptosis of colon cancer 
cells in  vitro, by decreasing phosphorylation of Akt on 
Ser473 (31). In addition, LY294002 inhibits proliferation of 
ovarian cancer cells by inducing marked nuclear pyknosis 
and decreasing cytoplasmic volume in the tumor cells (32). 
The results of the present study indicated that the effects of 
AGEs on proliferation, invasion, migration and apoptosis were 

Figure 2. Effect of AGEs on cell cycle distribution of SW480 cells. Cell cycle distribution in SW480 cells was determined using flow cytometry in the 
(A) control group, (B) cells treated with AGEs alone and (C) cells treated with AGEs combined with LY294002. (D) Proportions of cells in the different phases 
of the cycle. AGEs, advanced glycation end products.
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abrogated by treatment with LY294002 in the SW480 cells. 
Therefore, PI3K/AKT signaling may underlie the mechanism 
by which AGEs regulates proliferation, invasion, migration 
and apoptosis in SW480 cells.

The PI3K/AKT signaling pathway is a significant intracel-
lular signaling pathway involved in regulation of a number 
of cellular behaviors, including proliferation, metabolism 

and apoptosis (33‑35), and is frequently activated in cancer 
cells (36). Boudot et al (37) and Granado et al (38) demon-
strated that AKT regulated cell migration through enhancing 
AKT signaling. Consistent with Boudot  et  al  (37) and 
Granado et al  (37,38) the expression of AKT protein was 
increased in SW480 cells treated with AGEs in the present 
study. Western blot analysis demonstrated that the expression 

Figure 3. Effect of AGEs on apoptosis of SW480 cells. Apoptosis of SW480 cells was measured using flow cytometry. Apoptotic rate in the (A) control group, 
(B) cells treated with AGEs alone and (C) cells treated with AGEs combined with LY294002. Proportion of healthy (D) normal cell and (E) apoptotic cells 
following treatment. AGEs, advanced glycation end products. AGEs, advanced glycation end products; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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of PI3K protein was also increased in SW480 cells treated 
with AGEs. These results suggest that AGEs may increase the 
protein expression levels of AKT by increasing the expression 

of PI3K, thereby inhibiting apoptosis and promoting prolifera-
tion in SW480 cells. Furthermore, expression of E‑cadherin 
was decreased in SW480 cells following treatment with 
various concentrations of AGEs.

E‑cadherin is a commonly used marker of EMT. EMT is a 
complex biochemical process underlying increased migration 
and invasion in cancer cells (39). Prieto‑García et al (40) demon-
strated that EMT increased migration in epithelial tumor cells. If 
expression of E‑cadherin is decreased, breast cancer cells undergo 
EMT through activation of the NF‑кB signaling pathway (41). In 
the present study, the western blot analysis data indicated that 
E‑cadherin expression was decreased following treatment with 
AGEs. Therefore, it is hypothesized that the PI3K/AKT signaling 
pathway serves an important role in AGEs‑mediated activation of 
EMT through decreasing expression of E‑cadherin.

In conclusion, to the best of our knowledge, the present 
study is the first to demonstrate that AGEs induce prolifera-
tion, invasion and EMT in SW480 cells through the PI3K/AKT 
signaling pathway. AGEs increased the expression of PI3K 
and AKT, which resulted in increased levels of proliferation, 
invasion and EMT, thus identifying an association between 
AGEs and colon cancer, and highlighting potentially novel 
therapeutic targets for treatment of colon cancer.
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