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Abstract. Advanced glycation end products (AGEs), which
accumulate in the body during the development of diabetes, may
be one of the factors leading to pancreatic 3-cell failure and
reduced (3-cell mass. However, the mechanisms responsible for
AGE-induced apoptosis remain unclear. This study identified
the role and mechanisms of action of tribbles homolog 3 (TRB3)
in AGE-induced p-cell oxidative damage and apoptosis. Rat
insulinoma cells (INS-1) were treated with 200 xg/ml AGEs for
48 h, and cell apoptosis was then detected by TUNEL staining
and flow cytometry. The level of intracellular reactive oxygen
species (ROS) was measured by a fluorescence assay. The
expression levels of receptor of AGEs (RAGE), TRB3, protein
kinase C 32 (PKCf2) and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 4 (NOX4) were evaluated by
RT-qPCR and western blot analysis. siRNA was used to
knockdown TRB3 expression through lipofection, followed
by an analysis of the effects of TRB3 on PKCB2 and NOX4.
Furthermore, the PKC[2-specific inhibitor, LY333531, was used
to analyze the effects of PKCP2 on ROS levels and apoptosis.
We found that AGEs induced the apoptosis of INS-1 cells
and upregulated RAGE and TRB3 expression. AGEs also
increased ROS levels in -cells. Following the knockdown of
TRB3, the AGE-induced apoptosis and intracellular ROS levels
were significantly decreased, suggesting that TRB3 mediated
AGE-induced apoptosis. Further experiments demonstrated
that the knockdown of TRB3 decreased the PKC[2 and NOX4
expression levels. When TRB3 was knocked down, the
cells expressed decreased levels of PKCB2 and NOX4. The
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PKCp2-specific inhibitor, LY333531, also reduced AGE-induced
apoptosis and intracellular ROS levels. Taken together, our data
suggest that TRB3 mediates AGE-induced oxidative injury in
[-cells through the PKCP2 pathway.

Introduction

Type 2 diabetes is one of the most prevalent chronic diseases
worldwide and has serious social and health consequences,
and poses a heavy economic burden. Its clinical characteris-
tics include insulin resistance, pancreatic (3-cell dysfunction
and reduced p-cell numbers (1). In the pathogenesis of type 2
diabetes, high blood glucose, inflammatory cytokines, high
free fatty acids (FFAs) and amyloid deposits are the important
factors in the progression of diabetes, all of which lead to (3-cell
apoptosis (2). The identification of the mechanisms responsible
for B-cell apoptosis are necessary in order to understand the
pathogenesis and to aid in the development of effective treat-
ments for patients with type 2 diabetes.

Recent studies have demonstrated that advanced glycation
end products (AGEs) may promote [3-cell apoptosis in the patho-
genesis of type 2 diabetes (1,3-5). AGEs are irreversible, complex
and ultimately form after a series of non-enzymatic reactions
of proteins, lipids and reducing glucoses. The production is
accelerated when blood glucose is high, thereby increasing the
accumulation of AGEs in the body (6,7). Previous studies have
demonstrated that AGEs are closely related to diabetic microangi-
opathy (7-10). After AGEs bind to the receptor for AGEs (RAGE)
on endothelial cells, they activate the signaling pathways of
glycogen synthase kinase 3p (GSK3p), p38 mitogen-activated
protein kinase (p38 MAPK), extracellular signal-regulated
kinase 1 and 2 (ERK1/2), c-Jun amino-terminal kinase (JNK)
and nuclear factor-xB (NF-«xB), all of which lead to endothelial
cell dysfunction and diabetic vascular disease (11-15).

Recent studies have also demonstrated that AGEs play an
important role in B-cell failure. The stimulation of AGEs in
in vitro and in vivo models has been shown to directly cause
the apoptosis of p-cells (3,6,16-18). AGEs stimulate reactive
oxygen species (ROS) generation, and, mediated by their
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receptor (RAGE), induce p-cell apoptosis (3,16). However,
these above-mentioned studies have not fully elucidated the
molecular mechanisms of action of AGEs in -cells. Therefore,
the roles of AGEs in p-cell apoptosis and their mechanisms of
action warrant further investigation.

Tribbles homolog 3 (TRB3) is one of the family members
of tribble homologous proteins. It inhibits mitosis and is a
regulatory factor of the protein kinase B (Akt) pathway (19).
Through the inhibition of Akt activity, TRB3 negatively
regulates the insulin-signaling pathway (20). Our previous
studies demonstrated that TRBs play an important role in
[3-cell apoptosis. High blood glucose, high fat and endoplasmic
reticulum (ER) stress upregulate TRB3 expression, which
mediates 3-cell apoptosis (21-23). The identification of TRB3
participation in AGE-induced p-cell apoptosis is worthy of
investigation. Studies on cardiomyocytes, epithelial cells and
retinal diabetic nephropathy have shown that the isoform of
protein kinase C (PKC) and PKC 32 (PKCf2) plays an impor-
tant role in AGE-mediated cell damage and kidney damage.
By increasing PKCB2 expression, AGEs enhance PKCf2
activity, as well as the effects and displacement of PKCf2,
increasing ROS formation, which ultimately causes oxidative
damage (24-27). Our previous study demonstrated that TRB3
activated PKCd and was involved in high-fat-mediated p-cell
apoptosis (22). In this study, we focused on AGE-mediated
[3-cell apoptosis. We also determined whether TRB3 triggered
the activation and isoform(s) of PKC, and whether it mediated
the damaging effects of AGEs.

Materials and methods

Cell culture. The rat insulinoma cell line, INS-1 (a gift from
Dr Haiyan Wang, University of Geneva, Geneva, Switzerland),
was maintained in RPMI-1640 containing 10% fetal bovine
serum (FBS) (both from Life Technologies, Waltham, MA,
USA), 10 mM HEPES, 2 mM glutamine and 1 mM sodium
pyruvate (all from Sigma-Aldrich, St. Louis, MO, USA), 50 uM
[-mercaptoethanol, 100 U/ml penicillin and 100 pug/ml strep-
tomycin in an incubator containing 5% CO, at 37°C. For the
experiments, the INS-1 cells were cultured with or without
200 pg/ml AGEs (ab51995; Abcam, Cambridge, MA, USA) for
48 h and collected for further examination following treatment.
INS-1 cells were pre-incubated with PKC inhibitor, LY-333531
(10 uM) (2362; Axon Medchem, Groningen, The Netherlands),
for 30 min and then co-treated with AGEs for 48 h.

RNA interference. Lipofectamine 2000 (Invitrogen, Waltham,
MA, USA) was used to transfect TRB3 small interfering
RNA (siRNA siTRB3; purchased from GenePharma Co., Ltd.,
Shanghai, China) and the negative control small interference
RNA (siNC) and into the INS-1 cells in accordance with the
manufacturer's instructions. Target gene sequences were
described in our previous study (23).

Detection of apoptosis. TUNEL staining and flow cytometry
were used to detect the apoptosis of INS-1 cells. A TUNEL
kit (Roche Diagnostics, Indianapolis, IN, USA) was used to
detect the apoptosis of the INS-1 cells seeded in 96-well micro-
plates following the individual treatments strictly according
to the manufacturer's instructions. Positively stained cells

were counted under a light microscope (DMI6000 B; Leica
Microsystems, Wetzlar, Germany). The apoptotic rate of the
INS-1 cells was examined by flow cytometry using an in situ
cell apoptosis detection kit (BD Biosciences, San Diego, CA,
USA), while strictly adhering to the manufacturer's instruc-
tions.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA wasextracted from the INS-1 cells after the corresponding
treatments using an RNA extraction kit (Qiagen, Hilden,
Germany). Two micrograms of total RNA were used to
synthesize the cDNA in a reverse transcription reaction (reverse
transcriptase was purchased from Promega, Madison, WI,
USA). The RT-PCR reaction and data were analyzed as previously
described (28). The MyiQ real-time PCR thermal cycler and
SYBR-Green PCR Master Mix kit (both from Bio-Rad
Laboratories, Inc., Hercules, CA, USA) were used for the gPCR
analyses. Target genes were quantified using MyiQ system
software. The specific sequences of the primers used in this
study were as follows: -actin forward, 5'-GACATCCGTAAA
GACCTCTATGCC-3' and reverse, 5-"ATAGAGCCACCAAT
CCACACAGAG-3'; RAGE forward, 5-GGAAGGACTGAAG
CTTGGAAGG-3' and reverse, 5-TCCGATAGCTGGAA
GGAGGAGT-3"; TRB3 forward, 5"TGTCTTCAGCAACT
GTGAGAGGACGAAG-3' and reverse, 5-GTAGGATGGCC
GGGAGCTGAGTATC-3"; nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 4 (NOX4 forward, 5"-TAGCTG
CCCACTTGGTGAACG-3' and reverse, 5-TGTAACCATGA
GGAACAATACCACC-3..

Western blot analysis of protein expression. Following the
corresponding treatments of the INS-1 cells, all cellular proteins
were lysed in RIPA lysis buffer (Roche Diagnostics) containing
protease inhibitors and the concentration was measured using
a BCA protein assay kit (Beyotime Institute of Biotechnology,
Shanghai, China). Total proteins (20-40 ug)were separated
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
The separated proteins were then transferred onto a PVDF
membrane followed by blocking the non-specific antigen and
incubating with the corresponding primary antibody overnight.
The primary antibodies used in this study were: a mouse anti-rat
[-actin antibody (A5316; 1:20,000) and a rabbit anti-rat RAGE
antibody (R5278; 1:1,000) (both from Sigma-Aldrich); a rabbit
anti-rat PKCf2 antibody (07-873-I; 1:1,000) and a mouse anti-
rat TRB3 antibody (ST1032; 1:1,000) (both from Calbiochem,
Billerica, MA, USA), and a rabbit anti-rat NOX4 antibody
(ab133303; 1:1,000; Abcam). The secondary antibodies used
in this study were a goat anti-mouse IgG antibody (A3682)
and a goat anti-rabbit IgG antibody (A0545) (1:20,000; both
from Sigma-Aldrich). An analysis of the protein bands was
performed using Quantity One gel analysis software (Bio-Rad
Laboratories, Inc.).

Detection of ROS levels. ROS levels in the INS-1 cells cultured
in 96-well microplates following the corresponding treatments
were measured using a ROS detection assay kit (Shanghai
Genmed Gene Pharmaceutical Technology Co., Ltd.,
Shanghai, China) with strict adherence to the manufacturer's
instructions. A fluorescence detection microplate reader was
used to measure the fluorescence intensity of the assay.
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Figure 1. Advanced glycation end products (AGE) induce the apoptosis of INS-1 cells. (A) TUNEL staining detected the apoptosis of INS-1 cells 48 h following

exposure to AGEs (200 ug/ml). Data are presented as the means + SEM (n=3).

Fhk

P<0.001, compared with the control group. Scale bar, 50 gm. (B) Flow cytometry

was used to detect the apoptosis of INS-1 cells. INS-1 cells were exposed to 200 yg/ml AGEs for 48 h, followed by Annexin V/PI staining assay to detect the
apoptosis of INS-1 cells by flow cytometry. Top left quadrant, necrotic cells; bottom left quadrant, live cells; top right quadrant, late apoptotic cells; bottom right

quadrant, early apoptotic cells.
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Figure 2. Advanced glycation end products (AGE) increase intracellular tribbles homolog 3 (TRB3) expression of INS-1 cells. (A) RT-qPCR was used to detect
the mRNA expression levels of receptor of AGEs (RAGE) and TRB3; (B) western blot analysis was used to measure the protein expression of RAGE and TRB3.
B-actin was used as a loading control. Optical densitometry quantified the brightness of protein bands. Our findings demonstrated the fold difference compared
to the control group. Data are presented as the means = SEM (n=3). "P<0.05 and “"P<0.01, compared with the control group.

Statistical analysis. In this study, data are presented as the
means = standard error of the mean (means + SEM). SPSS
16.0 software (SPSS, Inc., Chicago, IL, USA) was used for statis-
tical analysis. A comparison between 2 groups was performed
using the t-test. Comparisons among groups were performed
using analysis of variance (ANOVA). A value of P<0.05 was
considered to indicate a statistically significant difference.

Results

AGEs induce the apoptosis of INS-1 cells. Following exposure
to the AGEs (200 ug/ml) for 48 h, apoptosis was increased in
the INS-1 cells as compared to the control group, as shown by
TUNEL staining (Fig. 1A) and flow cytometry (Fig. 1B). A

statistically significant difference in INS-1 cell apoptosis was
observed between the AGE-treated group and the control group
(untreated group).

AGEs upregulate intracellular TRB3 expression in INS-1 cells.
To analyze the mechanism of action of AGEs, we first detected
RAGE expression in INS-1 cells following exposure to AGEs.
As shown in Fig. 2, the mRNA (Fig. 2A) and protein expres-
sion (Fig. 2B) levels of RAGE were upregulated following
exposure to AGEs, suggesting that AGEs mediated the apop-
tosis of INS-1 cells through RAGE. These findings further
validate the results of previous studies (3,9). In addition, AGEs
upregulated intracellular TRB3 expression levels at the mRNA
and protein level (Fig. 2).
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Figure 3. Advanced glycation end products (AGEs) increase intracellular reactive oxygen species (ROS) synthesis in INS-1 cells. (A) RT-qPCR was used to
detect the mRNA expression levels of nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4); (B) western blot analysis was used to detect the protein
expression of NOX4. 3-actin was used as a loading control measured the optical densitometry of the brightness of the protein bands. Our results represented
the relative fold change compared to the control group; (C) a ROS detection assay was used to measure the intracellular ROS levels. Data are presented as the

means + SEM (n=3). "P<0.05 and “P<0.01, compared with the control group.
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Figure 4. Effect of the knockdown of tribbles homolog 3 (TRB3) on the advanced glycation end product (AGE)-induced apoptosis of INS-1 cells. (A) Western
blot analysis confirmed the efficiency of intracellular TRB3 silencing in INS-1 cells; (B and C) TUNEL staining and flow cytometry were used to examine the
effect of TRB3 silencing on the AGE-induced apoptosis of INS-1 cells. Scale bar, 50 ym. (D) Effect of TRB3 silencing on AGE-associated intracellular reactive
oxygen species (ROS) levels in INS-1 cells. Data are presented as the means = SEM (n=3). “P<0.01, compared with the siNC group; “P<0.05 and *P<0.01,

compared the siNC + AGEs group.

AGEs increase intracellular ROS levels. Our previous study
demonstrated that the overexpression of TRB3 facilitated high-
glucose-induced oxidative stress (21). Thus, in this study, we
detected intracellular NOX4 expression and ROS levels. As
shown in Fig. 3A and B, AGEs upregulated the mRNA and
protein expression levels of NOX4. NOX4 is a major enzyme
for the synthesis of intracellular ROS (39). In this study, we
detected an increase in intracellular ROS levels in the cells
following exposure to AGEs (Fig. 3C). Our findings indicated
that AGEs promoted ROS synthesis, and further induced
INS-1 cell damage and apoptosis through TRB3.

The silencing of TRB3 expression by siRNA suppresses
AGE-induced ROS synthesis and the apoptosis of INS-1

cells. To further determine whether TRB3 participates in
AGE-induced cell damage and apoptosis, we knocked down
the expression of TRB3 in INS-1 cells using siRNA (Fig. 4A).
Both AGE-induced cell apoptosis (Fig. 4B and C) and the
intracellular ROS levels were significantly reduced in the
cells in which TRB3 was knocked down (Fig. 4D). This result
suggested that TRB3 is involved in AGE-induced oxidative
damage and the apoptosis of INS-1 cells.

TRB3 regulates AGE-induced ROS synthesis and the apoptosis
of INS-1 cells through the PKCf32 pathway. Previous studies
have demonstrated that the PKCB2 pathway plays a key role
in AGE-induced oxidative damage to non-islet 3-cells (26-29).
However, its exact role in -cells remains unclear. In this study,
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Figure 5. Inhibition of protein kinase C 2 (PKCp2) pathway protects INS-1 cells from advanced glycation end product (AGE)-induced apoptosis. (A) Western
blot analysis was used to detect the protein expression of tribbles homolog 3 (TRB3), PKCB2 and NADPH. (3-actin was the load control of the protein blot.
Optical densitometry quantified the brightness of protein bands; (B and C) TUNEL staining and FACS analysis detected apoptosis of the 48 h AGEs-treated
INS-1 cells with 10 nM LY333531 or without LY333531 invention. Scale bar, 50 ym. Data are as the means = SEM (n=3). "P<0.05, “P<0.01 and *"P<0.001,
compared with control or siNC group; “P<0.05, compared with the AGEs group.
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Figure 6. Inhibition of protein kinase C 32 (PKCp2) pathway reduces advanced glycation end product (AGE)-induced NADPH oxidase activity and reactive
oxygen species (ROS) synthesis. (A) Western blot analysis was used to examine the effect of PKCf2 inhibitor on AGE-associated NAPDH protein expression.
B-actin was used as the loading control of the protein blot. Optical densitometry was used to quantify the brightness of protein bands; (B) a ROS detection
assay was used to examine the effect of PKCf2 inhibitor on AGE-associated intracellular ROS level in the cells. Data are presented as the means + SEM (n=3).
“P<0.01, compared with the control group; “P<0.05, compared with the AGEs group.

we observed an upregulated PKCB2 expression in INS-1 cells
following exposure to AGEs (Fig. 5A). Following the knock-
down of TRB3 expression, PKC[2 and NOX4 expression was
downregulated (Fig. 5A). Furthermore, following pre-treatment
with the PKCp2 specific inhibitor, LY333531, AGE-induced
INS-1 cell apoptosis, the activity of NOX4 and the intracellular
ROS levels were all significantly decreased (Figs. 5B and C,
and 6A and B). This result indicated that TRB3 was involved
in AGE-induced oxidative damage and the apoptosis of
INS-1 cells through the upregulation of PKCp2 activity.

Discussion

Studies using diabetic animal models and clinical specimens
from diabetic patients have demonstrated that, with the
progression of diabetes, the AGE levels in the body gradually
increase (18,26). It has also been demonstrated that AGEs play
an important role in diabetic retinopathy, kidney diseases,
neuropathy and cardiomyopathy (29). Previous studies have
shown that AGEs are the main factors which induce B-cell

dysfunction and apoptosis (3,16,18). Thus, it is important to
unravel the molecular mechanisms of action of AGEs in order
to protect B-cells from injury. In this study, we found that AGEs
upregulated TRB3 expression in INS-1 cells and mediated
oxidative damage and the apoptosis of p-cells through PKC[2.

AGEs bind with RAGE on cell membranes and trigger
cellular functional response. RAGE is a multi-ligand cell
surface receptor and belongs to the immunoglobulin super-
family (30). RAGE can be activated by binding with different
types of ligands, including AGEs, S100 proteins, HMGBI1s
and AP peptides (31-35). The activation of RAGE is associated
with a number of chronic diseases, including different types
of diabetic complications (e.g., neuropathy and nephropathy),
microvascular disease and chronic inflammation (7). In
this study, exposure to AGEs promoted the apoptosis of
INS-1 cells and increased the expression of their receptor,
RAGE,; thus, RAGE mediates the damaging effects of AGEs
on B-cells (3,16,18,36).

During the course of diabetes, oxidative stress and ER
stress are the direct factors causing B-cell dysfunction and
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apoptosis (37), which results in insulin resistance in type 2
diabetes and f-cell dysfunction (38). Factors involved in
oxidative stress include high blood glucose, FFAs and
cytokines (38). In recent studies, AGEs have been shown to
induce B-cell damage through oxidative stress (3,16,18). In
this study, following exposure to AGEs, the ROS levels in
INS-1 cells were significantly elevated. In addition, NOX
expression was downregulated. This result indicated that AGEs
induced oxidative stress in INS-1 cells. NADPH oxidases are
the major sources for intracellular ROS synthesis and generally
have NOX1, NOX2, NOX4 and NOXS types. A notable feature
of NOX4 is its constitutive activity and preferential generation
of a hydrogen superoxide anion that acts as an oxygen
sensor (39). In addition, NOX4 has been confirmed to play an
important role in glucocorticoid-induced INS-1 cell injury (28).
Our results indicated that the AGE-induced oxidative injury
to INS-1 cells may be an important cause of the apoptosis of
INS-1 cells.

Many pathways are involved in mediating oxidative damage
in cells. Our previous study showed that TRB3 was associ-
ated with oxidative stress in high-glucose-induced -cells
failure (21). TRB3 is a homolog of Drosophila tribbles protein
and mammalian protein. TRB3 is widely expressed in insulin
targeted tissues and is closely associated with insulin resistance
and glucose homeostasis (40). There is recent evidence to suggest
that TRB3 plays an important role in apoptosis. However, its
role remains controversial. Some studies have shown that TRB3
promotes the cytokine-induced apoptosis of pancreatic p-cells,
as well as the ER stress-induced apoptosis of 293 cells, PC-12
cells (rat neuronal cell line) (41-43). Other studies have shown
that TRB3 exerts an anti-apoptotic effect against the nutrient
starvation-induced apoptosis of human prostate carcinoma
PC-3 cells, and SaOS2 cells (44,45). These differences may
be due to different cell types and stresses caused by different
stimuli. Relevant studies on [3-cell apoptosis have indicated that
TRB3 plays a key role in high blood glucose, high fat, FFA and
cytokine-induced apoptosis in B-cells (21,22 ,41). In this study,
we found that AGEs stimulated INS-1 apoptosis and increased
the expression of TRB3. The knockdown of TRB3 expression
inhibited the apoptosis of INS-1 cells. Moreover, the NOX4 and
ROS levels were also decreased, indicating that TRB3 plays an
important role in the AGE-induced apoptosis of INS-1 cells by
affecting ROS levels. The study by Gorasia et al demonstrated
that B-cells were susceptible to injury caused by oxidative stress
and ER stress (46) and an increased effect between oxidative
damage and ER stress (47). TRB3 is an important regulatory
molecule in the ER stress-induced apoptotic pathways (42). In
this study, we also demonstrated that the knockdown of TRB3
expression affected AGE-induced ROS synthesis and provided
evidence of the interaction between oxidative damage and ER
stress in B-cells.

Several studies in the past have indicated that the PKC
pathway is associated with oxidative stress induced by ROS
synthesis (24-27,48,49). PKC regulates NADPH oxidase acti-
vity and induces ROS synthesis. In addition, PKC plays an
important role in AGE-induced oxidative damage in cells.
Studies using glomerular microvascular endothelial cells
and cardiomyocytes have demonstrated that AGEs enhanced
NADPH oxidase activity through PKCB2 and increased ROS
synthesis and cell damage (24-27). In this study, INS-1 cells

135

exhibited an elevated expression of PKCf2 following exposure
to AGEs. Following the knockdown of TRB3, the expression
of PKCP2 was decreased and the activity of NADPH oxidase
was also decreased. In addition, the application of specific
inhibitors to suppress PKCP2 activity significantly decreased
the intracellular ROS levels and the apoptosis of INS-1 cells.
TRB3 regulated NADPH oxidase and ROS levels which caused
damage to INS-1 cells by affecting the activity of the PKC[32
pathway. TRB3, as a related molecule of ER stress-induced
apoptosis, regulates PKC. PKC is the important regulatory
molecule in the pathway of ROS synthesis. Hence, this study
provided a new direction in determining the mechanisms
responsible behind the interaction between oxidative damage
and ER stress.

In conclusion, this study demonstrated that AGE mediated
oxidative stress through TRB3 to damage INS-1 cells and
resulted in the apoptosis of INS-1 cells. TRB3 regulated
NADPH oxidase activity, promoted ROS synthesis and resulted
in oxidative stress in INS-1 cells through the PKC2 pathway.
Our data provide a new understanding of the mechanisms
responsible for AGE-induced oxidative injury to (3-cells and
a new direction for studies aiming to identify methods with
which to protect B-cells from damage.
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