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Abstract
AIM
To determine the possibility that diabetes mellitus 
promotes pancreatic ductal adenocarcinoma via  
glyceraldehyde (GA)-derived advanced glycation-end 
products (GA-AGEs).

METHODS
PANC-1, a human pancreatic cancer cell line, was 
treated with 1-4 mmol/L GA for 24 h. The cell viability 
and intracellular GA-AGEs were measured by WST-8 
assay and slot blotting. Moreover, immunostaining 
of PANC-1 cells with an anti-GA-AGE antibody was 
performed. Western blotting (WB) was used to analyze 
the molecular weight of GA-AGEs. Heat shock proteins 
90α, 90β, 70, 27 and cleaved caspase-3 were analyzed 
by WB. In addition, PANC-1 cells were treated with 
GA-AGEs-bovine serum albumin (GA-AGEs-BSA), as a 
model of extracellular GA-AGEs, and proliferation of 
PANC-1 cells was measured.

RESULTS
In PANC-1 cells, GA induced the production of GA-AGEs 
and cell death in a dose-dependent manner. PANC-1 cell 
viability was approximately 40% with a 2 mmol/L GA 
treatment and decreased to almost 0% with a 4 mmol/L 
GA treatment (each significant difference was P  < 0.01). 
Cells treated with 2 and 4 mmol/L GA produced 6.4 
and 21.2 μg/mg protein of GA-AGEs, respectively (P  < 
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0.05 and P  < 0.01). The dose-dependent production 
of some high-molecular-weight (HMW) complexes of 
HSP90β, HSP70, and HSP27 was observed following 
administration of GA. We considered HMW complexes 
to be dimers and trimers with GA-AGEs-mediated 
aggregation. Cleaved caspase-3 could not be detected 
with WB. Furthermore, 10 and 20 μg/mL GA-AGEs-BSA 
was 27% and 34% greater than that of control cells, 
respectively (P  < 0.05 and P  < 0.01).

CONCLUSION
Although intracellular GA-AGEs induce pancreatic 
cancer cell death, their secretion and release may 
promote the proliferation of other pancreatic cancer 
cells.

Key words: Tumor promotion; Glyceraldehyde-derived 
advanced glycation-end products; Pancreatic ductal 
adenocarcinoma

© The Author(s) 2017. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: The mechanisms promoting pancreatic ductal 
adenocarcinoma (PDAC) in the pancreas of Type 2 
diabetes mellitus patients have not yet been elucidated. 
We hypothesized that glyceraldehyde (GA)-derived 
advanced glycation-end products (GA-AGEs) promote 
PDAC. PANC-1 cells were treated with GA, which 
induced the production of intracellular GA-AGEs and 
cell death. The high-molecular-weight complexes of 
heat shock proteins were produced after GA treatment 
in a dose-dependent manner. GA-AGEs-bovine serum 
albumin promoted the proliferation of PANC-1 cells. 
Although intracellular GA-AGEs induce pancreatic 
cancer cell death, their secretion and release may 
promote the proliferation of other pancreatic cancer 
cells.

Takata T, Ueda T, Sakasai-Sakai A, Takeuchi M. Generation 
of glyceraldehyde-derived advanced glycation end-products in 
pancreatic cancer cells and the potential of tumor promotion. 
World J Gastroenterol 2017; 23(27): 4910-4919  Available from: 
URL: http://www.wjgnet.com/1007-9327/full/v23/i27/4910.htm  
DOI: http://dx.doi.org/10.3748/wjg.v23.i27.4910

INTRODUCTION
Pancreatic cancer is a highly lethal disease with a 5-year 
survival rate of approximately 5%[1,2]. Pancreatic ductal 
adenocarcinoma (PDAC) accounts for approximately 
90% of malignancies in the pancreas[3]. The incidence 
of diabetes mellitus (DM) is increasing worldwide each 
year, and this condition may result in life-changing 
complications. A total of 415 million adults are already 
estimated to have DM (this will increase to 652 million 
adults by 2040)[4]. Type 2 DM (T2DM), the most common 

type of DM, has been shown to increase the risk of 
pancreatic cancer by more than 50%; furthermore, 
T2DM patients with pancreatic cancer have worse 
prognosis and shorter survival time than those without 
the disease[5,6]. 

However, the mechanisms promoting PDAC in 
the pancreas of T2DM patients have not yet been 
elucidated. Therefore, we focused on hyperglycemia, 
a characteristic of T2DM. Glucose and fructose have 
been shown to induce the production of advanced 
glycation-end products (AGEs)[7-12], which have, in 
turn, been implicated in the pathogeneses of a number 
of lifestyle-related diseases. Toxic and non-toxic AGEs 
exist among the various types of AGE structures 
generated in vivo. We previously identified AGEs 
derived from glyceraldehyde (GA), a glucose/fructose 
metabolism intermediate, also known as GA-AGEs[7-12]. 
We designated GA-AGEs as toxic AGEs (TAGE) 
because of their cytotoxicity and involvement in insulin 
resistance, hypertension, diabetic complications, 
cardiovascular diseases, dementia, non-alcoholic 
steatohepatitis, Alzheimer’s disease, and cancer[7-12]. 

We hypothesized that the production of GA-AGEs in 
pancreatic ductal cancer cells in the pancreas of T2DM 
patients promotes PDAC. In the present study, we 
incubated PANC-1, a human pancreatic ductal cancer 
cell line, with GA to generate intracellular GA-AGEs. We 
analyzed cell viability, intracellular GA-AGEs, cell death-
associated proteins, and the high-molecular-weight 
(HMW) complexes that appeared and increased in a 
GA dose-dependent manner. Then, we investigated 
whether secreted GA-AGEs from GA-AGEs-producing 
pancreatic cancer cells promoted tumors. In this study, 
we also examined the effects of GA-AGEs-bovine 
serum albumin (GA-AGEs-BSA) on the proliferation of 
PANC-1 cells. 

MATERIALS AND METHODS
Materials 
The human pancreatic cancer cell line PANC-1 (ATCC-
CRL-1469) was purchased from ATCC (VA, United 
States). Dulbecco’s Modified Eagle’s Medium (DMEM), 
penicillin-streptomycin solution, and L-glutamine 
solution were obtained from Sigma-Aldrich (MO, United 
States). 3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate (CHAPS) was obtained from Dojindo 
Laboratories (Kumamoto, Japan). GA was purchased 
from Nacalai Tesque, Inc. (Kyoto, Japan). The Western 
re-probe kit was purchased from Funakoshi Co., Ltd. 
(Tokyo, Japan). The protein assay kit for the BCA 
method was purchased from Bio-Rad (CA, United 
States). The protein assay kit for the Bradford method 
was obtained from Takara Bio, Inc. (Otsu, Japan). All 
other reagents and kits were purchased from Wako 
Pure Chemical Industries, Ltd. (Osaka Japan). The 
non-glycated control bovine serum albumin (BSA) 
and GA-AGEs-BSA were prepared as described 
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previously[13].

Cell culture, cell seeds, and GA treatment 
PANC-1 cells were grown in high glucose DMEM 
supplemented with 100 mL/L fetal bovine serum 
(FBS; Bovogen-Biologicals, VIC, Australia), 2.0 mmol/L) 
glutamine, 100 U/mL penicillin, and 100 mg/mL 
streptomycin under standard cell culture conditions 
(humidified atmosphere, 50 mL/L CO2, 37 ℃). Cells 
were seeded (1.9 × 104 cells/cm2) on various plates, 
culture dishes (Becton-Dickinson, NJ, United States), 
and glass chambers (Thermo Fisher Scientific Inc., 
MA, United States) and incubated for 24 h before GA 
treatment. GA was diluted in phosphate buffered saline 
(PBS) and filtered before being added to PANC-1 cells. 
The volume of PBS (including GA) was 2.0 μL/100 μL 
of the total medium volume. All experiments were 
performed 24 h after GA treatment.

Cell viability and proliferation 
Cell viability and proliferation were assessed by the 
WST-8 assay. Three hours after medium change 
and treatment with the WST-8 reagent solution, 
absorbance was measured at 450 nm and 650 nm 
using a microplate reader (Labsystems Multiskan 
ascent, Model No. 354; Thermo Fisher Scientific Inc., 
Kanagawa, Japan). A blank value was obtained (OD 
450 nm-OD 650 nm) from a well containing medium 
only. Cell viability and proliferation (%) = OD of GA-
treated cells/OD of control cells.

Slot blotting analysis for GA-AGEs
Lysis buffer for slot blotting (SB): A solution 
containing 2 mol/L thiourea, 7 mol/L urea, 40 g/L CHAPS, 
and 30 mmol/L Tris (hydroxymethyl) aminomethane 
(Tris) was diluted in ultra-pure water. Then, this 
solution and 30 g/L of ethylenediamine-N,N,N’,N’-
tetraacetic acid (EDTA)-free protease inhibitor cocktail 
(Roche Applied Science, Penzberg, Germany) solution 
was mixed (9:1) to prepare the thiourea/urea lysis 
buffer.

Preparation of rabbit anti-GA-AGE antibody: An 
immunoaffinity-purified rabbit anti-GA-AGE antibody 
was prepared as described previously[13]. The imm
unoaffinity-purified anti-GA-AGE antibody did not 
recognize well-characterized AGE structures such as 
Nε-(carboxymethyl) lysine, Nε-(carboxyethyl) lysine, 
pyrraline, pentosidine, argpyrimidine, imidazolone, 
glyoxal-lysine dimers, methylglyoxal-lysine dimers, 
or GA-derived pyridinium. Additionally, it did not 
recognize other AGEs including glucose- and fructose-
derived AGEs, the structures of which are currently 
unknown. This anti-GA-AGE antibody specifically 
recognized unique and unknown GA-AGE structures.

Neutralization of the anti-GA-AGE antibody for 
SB analysis: Tween 20 at a final concentration of 0.5 
mL/L (GE Healthcare, Tokyo, Japan) was dissolved 

in PBS (PBS-T). Non-fat skimmed milk (SM; Nacalai 
Tesuque) at a final concentration of 5.0 g/L was 
dissolved in PBS-T (5.0 g/L SM-PBS-T). The anti-GA-
AGE antibody (1:500) was incubated with a GA-AGEs-
BSA solution at a final concentration of 250 mg/L in 5.0 
g/L SM-PBS-T at room temperature for 1 h.

Preparation of cell lysates and SB analysis: 
Cells were washed with PBS and harvested with 
thiourea/urea lysis buffer. Protein concentrations were 
measured by the Bradford protein assay kit, using BSA 
as a standard. Cell lysates containing 2.0 μg of protein 
were maintained. Thiourea/urea lysis buffer was added 
to all samples to ensure equal final volimes. 

The standard GA-AGEs-BSA solution and a 
horseradish peroxidase (HRP)-conjugated molecular 
marker (HRP-MM; Bionexus, CA, United States) were 
dissolved in thiourea/urea lysis buffer. Then, a final 
volume of 200 μL was obtained by adding PBS.

The polyvinylidene difluoride (PVDF) membrane 
(Millipore, MA, United States), which was set on the 
SB instrument (BIO-DOT SF, Bio-Rad), was washed 
with PBS. Each sample, standard GA-AGEs-BSA 
solution, and HRP-MM solution was then added to the 
membrane under vacuum conditions. PBS was added 
to wash the membrane. The membrane was then 
washed with ultra-pure water for 1 min, and cut to 
prepare two membranes: (1) the membrane for the 
anti-GA-AGE antibody; and (2) the membrane for the 
neutralized anti-GA-AGE antibody. Both membranes 
were blocked at room temperature for 1 h using 50 
g/L SM-PBS-T. After being washed, each membrane 
was incubated with the anti-GA-AGE antibody (1:500) 
or the neutralized anti-GA-AGE antibody in 5.0 g/L 
SM-PBS-T at room temperature for 4 h. After being 
washed with 5.0 g/L SM-PBS-T, both membranes were 
incubated with an HRP-conjugated goat anti-rabbit 
IgG antibody (Dako, Glostrup, Denmark; 1:2000) in 
5.0 g/L SM-PBS-T at room temperature for 1 h. Then, 
membranes were washed with PBS-T. Immunoreactive 
complexes were visualized using the ImmunoStar 
LD kit. The band densities on the membranes were 
measured using the LAS-4000 fluorescence imager (GE 
Healthcare, Tokyo, Japan) and expressed in arbitrary 
units (AU). The densities of HRP-MM bands were 
used to correct for differences in densities between 
membranes. The amount of GA-AGEs in samples was 
calculated based on a standard curve for GA-AGEs-
BSA.

Immunostaining
PANC-1 cells were cultured in a glass chamber for 24 h. 
After removing medium and washing with PBS, fresh 
medium was added to the dish. Cells were then treated 
with GA and incubated at 37 ℃ for 24 h. Triton X-100 
and BSA were dissolved in PBS (TritonX-100-PBS and 
BSA-PBS). Cells were fixed in 16 g/L paraformaldehyde 
at room temperature for 20 min, rinsed with PBS, 
permeabilized with 1.0 mL/L Triton X-100-PBS for 10 

4912 July 21, 2017|Volume 23|Issue 27|WJG|www.wjgnet.com

Takata T et al . GA-AGEs promotes cancer?



4913 July 21, 2017|Volume 23|Issue 27|WJG|www.wjgnet.com

HSP90β antibody (Abcam; 1:20000; ab119833) and 
incubated at room temperature for 2 h. Then, proteins 
on PVDF were incubated in the secondary antibody at 
room temperature for 1 h. The anti-GAPDH antibody 
was used after the target antibody was removed by 
the Western re-probe kit.

Estimation of molecular weight of proteins
The molecular weight (MW) of proteins detected by 
(WB) was calculated based on a single logarithmic 
chart used by HRP-MM.

Statistical analysis
Stat Flex (ver. 6) software (Artech Co., Ltd.) was used 
for statistical analyses. Data are expressed as the mean 
± SD. When statistical analyses were performed on 
the data, except those in the experiment of GA-AGEs-
BSA, significant differences in the mean of each group 
were assessed by a One-Way Analysis of Variance. We 
then used a Dunnett’s test for an analysis of variance. A 
statistical analysis of the data shown in the experiment 
of GA-AGEs-BSA was performed using the Student’s 
t-test. In each statistical analysis, P values < 0.05 were 
considered to be significant.

RESULTS
Effects of GA treatment on cell viability and the 
production of GA-AGEs in PANC-1 cells
We employed the WST-8 assay to examine the viability 
of PANC-1 cells treated with GA for 24 h. The viability 
of PANC-1 cells decreased in a GA dose-dependent 
manner. PANC-1 cell viability was approximately 40% 
with a 2 mmol/L GA treatment and decreased to almost 
0% with a 4 mmol/L GA treatment (Figure 1A). We 
then measured intracellular GA-AGEs using an SB 
analysis and detected these products after 24 h. The 
production of GA-AGEs in PANC-1 cells increased in a 
GA dose-dependent manner (Figure 1B). Cells treated 
with 2 and 4 mmol/L GA produced 6.4 and 21.2 μg/mg 
protein of GA-AGEs, respectively. A large amount of GA-
AGEs was produced in cells treated with 4 mmol/L GA. 
The results of immunostaining using an anti-GA-AGE 
antibody are consistent with the SB results; namely, 
the production of GA-AGEs in PANC-1 cells increased in 
a GA dose-dependent manner (Figure 1C). Moreover, 
we observed areas lacking cells in 2 and 4 mmol/L GA 
treatment samples. The area without cells was larger 
in the samples treated with 4 mmol/L GA than in those 
treated with 2 mmol/L GA (Figure 1C). 

Investigation of GA-AGEs 
We performed a WB analysis on GA-AGEs. We 
compared the bands on PVDF membranes incubated 
with an anti-GA-AGE antibody and those on PDVF 
membranes incubated with a neutralized anti-GA-AGE 
antibody. The bands of GA-AGEs were confirmed and 
their MWs were analyzed. Bands were clearly observed 

min and then rinsed with PBS, followed by 1.0 g/L 
BSA-PBS. Finally, cells were incubated with 30 g/L 
BSA-PBS (blocking step) for 1 h. After being washed 
with 1.0 g/L BSA-PBS, cultured cells were incubated 
with the anti-GA-AGE antibody dissolved in 10 g/L 
BSA-PBS (1:100) for 1 h. Cells were then washed 
three times with 1.0 g/L BSA-PBS and incubated with 
the HRP-conjugated goat anti-rabbit IgG antibody 
(1:1000) for 1 h. After being washed with 1.0 g/L 
BSA-PBS and PBS, cells were incubated for 5 min 
with 0.2 g/L 3,3’-diaminoenzidine tetrahydrochloride 
(Dojindo) and 5.0 mL/L H2O2 in PBS. Cells were briefly 
counterstained with hematoxylin. Optical microscopic 
examination was performed using a microscope 
system (OLYMPUS Co., Ltd. Tokyo, Japan).

Western blotting analysis
Cells were harvested with a radioimmunoprecipitation 
assay (RIPA) buffer (Thermo Fisher Scientific Inc.) 
solution with 3.0 g/L protease inhibitor cocktail (Roche 
Applied Science) solution. Protein concentrations 
were assessed by the BCA assay kit, using BSA as a 
standard. Lysates (15 μg protein/lane) were mixed 
with sodium dodecyl sulfate (SDS) sample buffer (Bio-
Rad) and 2-mercaptoethanol (Sigma-Aldrich) and 
heated at 95 ℃ for 5 min. They were separated by 
SDS polyacrylamide gel electrophoresis (SDS-PAGE) 
with 40-150 g/L gradient polyacrylamide gels (Bio-
Rad). Proteins were transferred onto PVDF membranes 
using the semidry electron transfer system (ATTO Co., 
Ltd., Tokyo, Japan). The membranes were incubated 
in 50 g/L SM-PBS-T at room temperature for 30 min 
(blocking step). Proteins on PVDF membranes were 
probed with the following primary antibodies at 4 ℃ 
overnight: anti-GA-AGE antibody (1:1000), neutralized 
anti-GA-AGE antibody (1:1000), rabbit monoclonal 
[ERP3953] anti-HSP90α antibody (Abcam, Cambridge, 
United Kingdom; 1:2000; ab109248), rabbit polyclonal 
anti-HSP70 antibody (Abcam; 1:8000; ab94368), 
rabbit polyclonal anti-HSP27 antibody (Abcam 1:1000; 
ab1428), rabbit polyclonal anti-cleaved caspase-3 
(Asp175) antibody (Cell Signaling Technology Japan 
K.K.; 1:1000; #9661), and mouse monoclonal 
[6C5] anti-GA-3 phosphate dehydrogenase (anti-
GAPDH) antibody (Abcam; 1:10000; ab8245). PVDF 
membranes were washed four times with 5.0 g/L SM-
PBS-T and incubated with secondary antibody at room 
temperature for 1 h. The secondary antibodies were 
the following: HRP-conjugated goat anti-rabbit IgG 
antibody (Dako; 1:2000; REF0448), which was used 
to analyze GA-AGEs, HRP-conjugated goat anti-mouse 
IgG antibody (Thermo Fisher Scientific Inc.; 1:5000; 
Product Number 31458), and HRP-conjugated donkey 
anti-rabbit IgG antibody (Thermo Fisher Scientific 
Inc.; 1:2000; Product Number 31432). Band densities 
were measured as well as SB. When the detection of 
HSP90β was performed, proteins on PVDF membranes 
were probed with a mouse monoclonal [5G4] anti-
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at 33, 47, 54, 62, 88, 104, and 244 kDa (Figure 1D 
and Figure S1). The results of the WB indicated the 
production of GA-AGEs, and this was supported by 
the results of SB and immunostaining using an anti-
GA-AGE antibody. The density of the GA-AGEs bands 
appeared to increase in a GA dose-dependent manner.

Effects of GA treatment on HSP90α  and HSP90β
Expression levels of HSP90α and HSP90β, which 

are cell death-associated proteins that suppress the 
production of cleaved caspase-3 from pro-caspase-3, 
were analyzed by WB. Expression levels of the 
monomer HSP90α decreased in a GA dose-dependent 
manner (Figure 2A, B, and Figure S2), whereas that of 
the monomer HSP90β did not (Figure 2C, D and Figure 
S3). We only detected the 173 kDa band of HSP90β 
in PANC-1 cells treated with GA and the 173 kDa 
HSP90β/total HSP90β ratio increased in a GA dose-
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Figure 1  Analysis of cell viability, quantity of glyceraldehyde-derived advanced glycation-end products, immunostaining of glyceraldehyde-derived 
advanced glycation-end products, and molecular weight of glyceraldehyde-derived advanced glycation-end products in PANC-1 cells treated with 
glyceraldehyde for 24 h. A: Cell viability was assessed by the WST-8 assay. This assay was performed for three independent experiments. One assay was 
performed for n = 7. Data are shown as mean ± SD (n = 7); B: Slot blotting analysis of intracellular glyceraldehyde (GA)-derived advanced glycation-end products 
(GA-AGEs). Cell lysates (2.0 μg of protein/lane) were blotted onto polyvinylidene difluoride (PVDF) membranes. The amount of GA-AGEs was calculated based on a 
standard curve for GA-AGEs-BSA. Slot blotting was performed for three independent experiments. Data are shown as mean ± SD (n = 3); C: Immunostaining of GA-
AGEs in PANC-1 cells. Cells were treated with 0, 1, 2 and 4 mmol/L GA. The arrow indicates the area stained by the anti-GA-AGE antibody. The scale bar represents 
200 μm; D: Western blotting analysis of intracellular GA-AGEs in PANC-1 cells. Cell lysates (15 μg of proteins/lane) were loaded on a 40-150 g/L polyacrylamide 
gradient gel. Proteins on the PVDF membrane were probed with anti-GA-AGE and anti-GA-3-phosphate dehydrogenase (GAPDH) antibodies. The molecular weight 
of GA-AGEs was calculated based on a single logarithmic chart used by the molecular marker. GAPDH was used as the loading control. WB was performed for two 
independent experiments. A and B: P values were based on Dunnett’s test. aP < 0.05, bP < 0.01 vs control.
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dependent manner (Figure 2C and E). 

Effects of GA treatment on HSP70 and HSP27 
WB analysis of HSP70 and HSP27, which suppress 
the production of cleaved caspase-3, HSP90α, and 
HSP90β, was performed. Expression of the monomer 
HSP70 was not affected by GA treatment, similar to 
HSP90β expression (Figure 3A, B and Figure S4). 
Furthermore, 138, 155, 184, and 244 kDa HSP70s 
were detected in PANC-1 cells treated with GA 
(Figure 3A, C-F). The ratio of these HSP70 bands to 
total protein (HSP70/total HSP70) increased in a GA 
dose-dependent manner (Figure 3A, C-F). However, 
expression of the monomer HSP27 was only affected 
by the 4 mmol/L GA treatment, in which it decreased 
to 20% (Figure 3G, H and Figure S5). The band of 54 
kDa HSP27 was only detected in cells treated with GA 
and the 54 kDa HSP27/total HSP27 ratio increased in 
a GA dose-dependent manner (Figure 3G and I). The 
quantity of total HSP27 in cells treated with 4 mmol/L 
GA was 52% when compared to control cells (Figure 3G). 

Effects of GA treatment on cleaved capsase-3
The production of cleaved caspase-3 was analyzed 
with WB. Two types of Jurkat cell lysates were used 
to confirm that the anti-cleaved caspase-3 antibody 
was functioning correctly: one lysate was treated 
with cytochrome c, whereas the other was not. Cleaved 
caspase-3 was not detected in any of the lanes (0-4 
mmol/L) of PANC-1 cell lysates (Figure 4 and Figure S6). 

Proliferation of PANC-1 cells treated with GA-AGEs-BSA
PANC-1 cells were treated with 10 and 20 μg/mL of 
the non-glycated control BSA and GA-AGEs-BSA and 
then incubated for 24 h. Cell proliferation was analyzed 
using the WST-8 assay. The proliferation of PANC-1 
cells treated with 10 and 20 μg/mL GA-AGEs-BSA 
was 27% and 34% greater than that of control cells, 
respectively (Figure 5).

DISCUSSION
PDAC accounts for approximately 90% of pancreatic 
malignancies[3]. Another characteristic of pancreatic 
cancer is its association with T2DM, which increases 
the risk of pancreatic cancer by more than 50%[5,6]. 
However, the mechanisms through which T2DM 
promotes pancreatic cancer currently remain unknown. 
We consider PDAC to be one of the lifestyle-related 
diseases associated with T2DM. Therefore, we hypo
thesized that hyperglycemia, a characteristic of 
T2DM, contributes to the promotion of PDAC. Because 
hyperglycemia induces the production of AGEs, we 
herein investigated if AGEs promote PDAC. However, it 
is important to note that not all AGEs promote PDAC. 
GA-AGEs generated from GA (glucose and fructose 
metabolites) have been implicated in the patho
geneses of various diseases such as insulin resistance, 
hypertension, diabetic complications, dementia, car
diovascular diseases, non-alcoholic steatohepatitis, 
Alzheimer’s disease, and cancer[7-12]. Therefore, we 
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Figure 2  Western blotting analysis of HSP90α and HSP90β. PANC-1 cell lysates (15 μg of proteins/lane) were loaded on a 40-150 g/L polyacrylamide gradient 
gel. A: Proteins on the polyvinylidene difluoride (PVDF) membrane were probed with anti-HSP90α and anti-GAPDH antibodies; B: Expression levels of HSP90α were 
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in PANC-1 cells treated with GA; D: Expression levels of the monomer HSP90β were normalized with GAPDH; E: The 173 kDa HSP90β/total HSP90β ratio. A and C: 
Western blotting was performed for three independent experiments. GAPDH was used as the loading control; B, D and E: Data are shown as mean ± SD (n = 3). P 
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designated these GA-AGEs as TAGE[7-12]. In the present 
study, we hypothesized that GA-AGEs contribute to the 
development of PDAC. 

To prove this hypothesis, PANC-1 cells were 
incubated in high glucose medium, a model of T2DM 
blood, and treated with GA. We speculated that GA 
promotes the proliferation of PANC-1 cells. But our 
results indicated cell viability decreases in a GA dose-
dependent manner (Figure 1A). In contrast, SB 
analysis revealed that the production of GA-AGEs in 
cells increased in a GA dose-dependent manner (Figure 
1B), results that were supported by those obtained 
using immunostaining (Figure 1C). Our results 

indicated that cell death is induced by the production 
of GA-AGEs. Using WB, which was performed using 
an anti-GA-AGE antibody, we detected 7 clear 
bands (Figure 1D). Because the production of GA-
AGEs induced cell death, we investigated cell death-
associated proteins in PANC-1 cells. These proteins 
were selected from those with MWs of 33, 47, 54, 62, 
88, 104, and 244 kDa, which represent bands that 
were detected by WB analysis with an anti-GA-AGE 
antibody (Figure 1D). As a result, HSP90 was selected 
as a candidate cell death-associated protein. This 
protein has been identified as an apoptosis-associated 
HSP in PANC-1 cells[14,15]. A previous study reported 

Figure 3  Western blotting analysis of HSP70 and HSP27. PANC-1 cell lysates (15 μg of proteins/lane) were loaded on a 40-150 g/L polyacrylamide gradient gel. 
A: Proteins on the polyvinylidene difluoride (PVDF) membrane were probed with anti-HSP70 and anti-GA-3 phosphate dehydrogenase (anti-GAPDH) antibodies. We 
found four high-molecular-weight (HMW) complexes of HSP70s only in PANC-1 cells treated with GA. Their MWs were 138, 155, 184 and 244 kDa; B: Expression 
levels of the monomer HSP70 were normalized with GAPDH; C-F: The 138 kDa HSP70/total HSP70, 155 kDa HSP70/total HSP70, 184 kDa HSP70/total HSP70, and 
244 kDa HSP70/total HSP70 ratios; G: Proteins on the PVDF membrane were probed with anti-HSP27 and anti-GAPDH antibodies. A HMW complex with a MW of 54 
kDa appeared only in PANC-1 cells treated with GA; H: Expression levels of the monomer HSP27 were normalized with GAPDH; I: The 54 kDa HSP27/total HSP27 
ratio; A and G: WB was performed for three independent experiments. GAPDH was used as a loading control. B-F, H, I: Data are shown as mean ± SD (n = 3). P 
values were based on Dunnett’s test. aP < 0.05, bP < 0.01 vs control. GA: Glyceraldehyde.
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that GA-AGEs were generated from heat shock 
cognate 70 (Hsc70), which belongs to the HSP family, 
following treatment with GA in the human hepatic 
cancer cell line, Hep3B[16]. Apoptosis was induced in 
Hep3B cells because GA-AGEs induced the formation 
of Hcs70 aggregates, and therefore failed to exert its 
normal functions.

Furthermore, AGEs were shown to be produced 
from HSP27 by methylglyoxal, one of the by-products 
of glycolysis[17-19]. HSP90, HSP70, and HSP27 are 
important proteins in cell death because they suppress 
the production of cleaved caspase-3 from pro-caspase-3 
in PANC-1 cells[14,15,20,21]. Because bands at 70 and 27 
kDa were not clearly detected by WB with an anti-GA-
AGE antibody (Figure 1D), we only targeted HSP90.

WB results on HSP90α revealed that band density 
decreased in a GA dose-dependent manner (Figure 
2A and B). This result generally suggests a decrease 
in the expression or increase in the degradation of 
HSP90α; however, another possibility is that the GA 
derivative of HSP90α was generated and the epitope 
for the anti-HSP90α antibody lost its function.

However, the expression of the monomer HSP90β, 
an isomer of HSP90α[22], was not affected; furthermore, 
the 173 kDa HSP90β was detected and increased 
in a GA dose-dependent manner (Figure 2C-E). We 
were unable to confirm GA-induced modifications in 
the monomer HSP90β, but predicted that the 173 
kDa HSP90β is a GA-AGEs-mediated homodimer. If 
two HSP90βs combine with GA-derived modifications, 
their MW is expected to be approximately 176 kDa, 
which is close to 173 kDa. Because we confirmed the 
presence of a 173 kDa HSP90β, we hypothesized that 
the HMW complexes with GA-derived modifications in 
HSP70 and HSP27 (e.g., GA-AGEs-mediated dimers, 
trimers, and tetramers) may be generated and contain 
GA-AGEs detectable by WB (Figure 1D). These HMW 
complexes were generated in PANC-1 cells treated with 
GA (Figure 3A, C-G, I). We considered 138, 155, 184, 
and 244 kDa HSP70s to be the dimers and trimers 
containing the homo and hetero types with GA-AGEs-
mediated aggregation. The possibility of 244 kDa 
HSP70 being GA-AGEs is greater than that of another 
HMW complexes of HSP70s because a clear band for 
244 kDa GA-AGEs was detected in the WB analysis 
(Figure 1D).

Because a 54 kDa band was clearly detected by 
WB analysis using an anti-GA-AGE antibody, the 
54 kDa HSP27 was likely to be a GA-AGE (Figure 
1D). Moreover, we predict that 54 kDa HSP27 is a 
homodimer with GA-AGEs-mediated aggregation 
because its MW was twice that of a monomer. Monomers 
and total HSP27 only decreased with the 4 mmol/L 
GA treatment (Figures 3G-I). The production of GA-
AGEs in PANC-1 cells treated with 4 mmol/L GA were 
greater than that seen with any other GA dose, and 
most cells died. A decrease in monomers and total 
HSP27 may have been induced due to the abnormal 
cellular conditions caused by the excessive amount 
of GA-AGEs. Previous studies identified a number of 
different routes for cell death in PANC-1 cells including 
apoptosis, necrosis, and autophagy[23-25]. HSP90, 
HSP70, and HSP27 regulate apoptosis by suppressing 
the production of cleaved caspase-3[14,15,20,21]. We were 
interested in the decrease in the normal monomer 
HSP90α and increase in the HMW complex of HSP90β, 
HSP70, and HSP27 after GA treatment. Although we 
speculated an increase in the production of cleaved 
caspase-3, this was not observed in PANC-1 cells, 
which generated intracellular GA-AGEs (Figure 4).

PANC-1 cells that produced GA-AGEs may have 
undergone a non-apoptotic form of cell death. Cell 
death may induce the release of intracellular GA-AGEs 
into conditioned medium. Live cells may also secrete 
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Figure 4  Western blotting analysis of cleaved caspase-3. PANC-1 cell 
lysates (15 μg of protein/lane) and Jurkat cell lysates (10 μg of protein/lane) 
were loaded on a 40-150 g/L polyacrylamide gradient gel. Proteins on the PVDF 
membrane were probed with anti-cleaved caspase-3 and anti-GA-3 phosphate 
dehydrogenase (anti-GAPDH) antibodies. U: The lysate of Jurkat cells not 
treated with cytochrome c. T: The lysate of Jurkat cells treated with cytochrome 
c. Western blotting was performed for three independent experiments. GAPDH 
was used as a loading control. GA: Glyceraldehyde.
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GA-AGEs. After analyzing intracellular GA-AGEs and 
proteins associated with cell death, we hypothesized 
that extracellular GA-AGEs promote the growth of 
pancreatic cancer cells. The proliferation of PANC-1 
cells was promoted by both 10 and 20 μg/mL of GA-
AGEs-BSA, a model of secreted or released GA-AGEs 
(Figure 5). This phenomenon may also be associated 
with the receptor for AGEs (RAGE) and induced via 
the GA-AGEs-RAGE system. Several reports have 
already been published on the proliferation of Hep3B, 
HepG2, IL90, and HuH7 cells, which are derived 
from human liver cancer cell lines, treated with GA-
AGEs[26-28]. Although GA-AGEs-BSA did not promote 
the proliferation of Hep3B and HepG2 cells, it may 
promote the proliferation of IL90 and HuH7 cells. 
RAGE was previously shown to be weakly expressed 
in Hep3B and HepG2 cells[26]; therefore, the induction 
of proliferation did not appear to be induced via the 
GA-AGEs-RAGE system. On the other hand, high 
expression levels of RAGE in IL90 cells have already 
been demonstrated by WB[27]. RAGE was found to be 
weakly expressed in HuH7 and HepG2 cells; however, 
RAGE expression levels on the membrane of HuH7 
cells were approximately 4-fold those of HepG2 cells[28]. 
RAGE expression levels on HuH7 cell membranes may 
be sufficient to promote cell proliferation through the 
GA-AGEs-RAGE system.

RAGE has been detected in human pancreatic 
cancer cell lines[29,30]. WB revealed high expression 
levels of RAGE in PANC-1 and MIA-PaCa-2 cells, and 
low levels in BxPC-3 cells[30]. GA-AGEs-BSA may 
promote the proliferation of PANC-1 as well as IL90 
and HuH7 cells through the GA-AGEs-RAGE system.

 In conclusion, intracellular and extracellular GA-
AGEs induced PANC-1 cell death and proliferation, 
respectively. This suggests that, although intracellular 
GA-AGEs induce pancreatic cancer cell death, their 
secretion and release may induce the proliferation of 
other pancreatic cancer cells.

In this investigation, we did not examine GA-
AGEs; however, we consider the monomer HSP90α, 
monomer HSP90β, and HMW complexes of HSPs to be 
GA-AGEs. However, two recent studies identified GA-
AGEs generated by Hsc70 and heterogeneous nuclear 
ribonucleoprotein M in Hep3B cells treated with GA or 
fructose[16,31]. 

If the monomers and aggregates of HSPs are 
identified as GA-AGEs in the future, this indicates that 
GA-AGEs were first identified in human pancreatic 
ductal carcinoma cells. Identifying intracellular GA-
AGEs will reveal the mechanism of cell death. In 
addition, GA-AGEs secreted or released into the 
conditioned medium of cultured PANC-1 cells, which 
generate intracellular GA-AGEs, may demonstrate 
that extracellular GA-AGEs promote cancer. If the 
mechanism through which T2DM promotes PDAC 
relies on GA-AGEs as key factors, the current research 
on drug therapy for PDAC may change[1,32].
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