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Methylglyoxal (MG) is a highly reactive glucose metabolic intermediate and amajor precursor of advanced glycation end products.
MG level is elevated in hyperglycemic disorders such as diabetes mellitus. Substantial evidence has shown that MG is involved in
the pathogenesis of diabetes and diabetic complications.We investigated the impact ofMG on insulin secretion byMIN6 and INS-1
cells and the potential mechanisms of this effect. Our study demonstrates that MG impaired insulin secretion by MIN6 or ISN-1
cells in a dose-dependent manner. It increased reactive oxygen species (ROS) production and apoptosis rate in MIN6 or ISN-1
cells and inhibited mitochondrial membrane potential (MMP) and ATP production. Furthermore, the expression of UCP2, JNK,
and P38 as well as the phosphorylation JNK and P38 was increased by MG.These effects of MG were attenuated by MG scavenger
N-acetyl cysteine. Collectively, these data indicate that MG impairs insulin secretion of pancreatic 𝛽-cells through increasing ROS
production. High levels of ROS can damage 𝛽-cells directly via JNK/P38 upregulation and through activation of UCP2 resulting in
reduced MMP and ATP production, leading to 𝛽-cell dysfunction and impairment of insulin production.

1. Introduction

Diabetes mellitus is a chronic and progressive metabolic
condition characterized by hyperglycemia. According to
statistics from International Diabetes Federation, as of 2013
an estimated 382 million people worldwide had diabetes,
and an estimated 592 million are expected to have diabetes
by 2035 [1, 2]. About 90% of the cases are type 2 diabetes,
which features 𝛽-cell failure and chronic insulin resistance
[3].While type 1 diabetes is caused by loss of insulin secretion
due to destruction of pancreatic 𝛽-cells [4], progressive 𝛽-cell
failure, including disruption of 𝛽-cell function and reduction
of 𝛽-cell mass, is the central component of the onset and

progression of type 2 diabetes [5]. The mass reduction and
dysfunction of 𝛽-cells have been shown in many studies to
lead ultimately to insulin deficiency in patients with type
2 diabetes [3, 6]. Collectively, pancreatic 𝛽-cell dysfunction
and reduced insulin secretion play an important role in the
pathogenesis of both type 1 and type 2 diabetes.

Methylglyoxal (MG) is a highly reactive intermediate
metabolite that normally is produced only in small amounts
from basal carbohydrate, lipid, and protein metabolism [7,
8]. MG production is highly increased in hyperglycemic
disorders such as diabetes mellitus [9–11]. It is believed to
be a major precursor of advanced glycation end products
that are involved in the pathogenesis of diabetes and diabetic
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complications [8]. Several studies have proved that MG can
induce damage to tissues, including vascular endothelial and
smooth muscle tissue and cells, in diabetes [12, 13]. However,
data on the direct effects of MG on 𝛽-cells and insulin
secretion are scarce.

Uncoupling protein (UCP) is a mitochondrial inner
membrane protein that can decrease metabolic efficiency
by dissipating the proton gradient in the mitochondrion
from ATP synthesis [14]. UCP2, which was first described in
1997, is expressed in multiple tissues, including the pancreas
[15]. Earlier studies demonstrated that UCP2 can decrease
formation of reactive oxygen species (ROS) [16, 17] and
regulate free fatty acid metabolism and transport [14, 18].
Increased UCP2 expression under oxidative stress may be
a negative modulator of insulin secretion. Recent studies
have shown that increased expression of UCP2 can suppress
glucose-stimulated insulin secretion [19].

Oxidative stress, which may induce 𝛽-cell apoptosis and
decrease 𝛽-cell mass, is involved in the pathological process
of diabetes [20, 21]. Pancreatic 𝛽-cells are susceptible to
ROS, and the action of ROS on these cells is considered
a potential mechanism of glucose toxicity in diabetes [20].
ROS can activate the c-Jun N-terminal kinase (JNK) and
the P38 mitogen-activated protein kinase (MAPK), both of
which may induce mitochondrial dysfunction and then cell
apoptosis [22, 23]. We and others have shown that increased
MG production increases ROS production [24, 25].

Although the pathological effects of MG in diabetes and
diabetic complications are known, there is little evidence
showing whether MG has an impact on insulin secretion
by 𝛽-cells. In the present study, we investigated whether
MG impairs insulin secretion by 𝛽-cells and the potential
mechanisms involved. Furthermore, we examined whether
N-acetyl cysteine (NAC), anMG scavenger, could prevent the
deleterious effects of MG.

2. Materials and Methods

2.1. Cell Culture and Reagents. MIN6, a mouse insulinoma
cell line, purchased from Shanghai Bioleaf Biotech Com-
pany Limited (Shanghai, China), was cultured in Dulbecco
modified essential medium (Gibco, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (Gibco, Carlsbad,
CA), 2mM L-glutamine, 100U/mL penicillin, 100 𝜇g/mL
streptomycin, and 50 𝜇M 𝛽-mercaptoethanol at 37∘C in
5% CO

2
. INS-1, a rat insulinoma cell line, was obtained

from American type culture collection (ATCC, USA). The
cells were grown in RPMI-1640 medium (Gibco, Carlsbad,
CA) supplemented with 10% fetal bovine serum, 10mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
2mML-glutamine, 50𝜇M 𝛽-mercaptoethanol, 1mM sodium
pyruvate, 100U/mL penicillin, and 100 𝜇g/mL streptomycin
at 37∘C in atmosphere containing 95% air and 5% CO

2
.

MIN6 cells were used throughout of the whole experiments
to demonstrate our hypothesis while INS-1 cells were used
in some of the experiments to confirm the major findings.
MG, NAC, and hydrogen peroxide (H

2
O
2
) were purchased

from Sigma (St. Louis,MO).The following regents were used:
Mouse/Rat Insulin ELISA Kit (Shanghai Westang Biotech,

Shanghai, China); Reactive Oxygen Species Assay Kit, Mito-
chondrial Membrane Potential Assay Kit with JC1, and
caspase-3 Activity Assay Kit (all three, Beyotime Institute of
Biotechnology, Haimen, China); Cell Counting Kit-8 (CCK-
8; Dojindo Laboratories, Kumamoto, Japan); Annexin V-
FITC Apoptosis Detection Kit (Nanjing KeyGEN Biotech,
Nanjing, China); ATP Determination Kit (Invitrogen, Grand
Island, NY); UCP2 antibody (Beijing Biosynthesis Biotech-
nology, Beijing, China); p-JNK antibody, JNK antibody, p-
P38 antibody, and P38 antibody (all four, Cell Signaling
Technology, Beverly, MA); and 𝛽-actin antibody and goat
anti-rabbit IgG (both, Bioworld Technology, St. Louis Park,
MN).

2.2. Quantitation of Insulin Secretion. MIN6 or INS-1 cells
were plated in Corning 24-well tissue culture plates at 2 ×
105 per well and allowed to attach overnight. The medium
was then replaced with the same medium containing various
concentrations of MG (0.05mM or 0.1mM) with or without
NAC (0.6mM) and incubated for 3 h. The group that cells
were incubated without MG and NAC was defined as control
group.The cells were washed with Krebs Ringer Buffer (KRB;
5mM NaHCO

3
, 129mM NaCl, 1mM MgCl

2
, 4.8mM KCl,

1.2mM KH
2
PO
3
, 2.5mM CaCl

2
, 10mM HEPES, and 0.2%

bovine serum albumin; pH 7.4) and then incubated with
KRB for 30min. The medium was then replaced with KRB
containing 5mM glucose and the cells incubated for another
2 h. The supernatants were collected for determination of
insulin secretion. The cells then were maintained with KRB
containing 25mMglucose for 2 h, and again the supernatants
were collected for measurement of insulin secretion. The
insulin concentration in the supernatants was measured by
using the Mouse/Rat Insulin ELISA Kit according to the
manufacturer’s instructions. The results were normalized to
the protein concentrations detected by the Bicinchoninic
Acid (BCA) Protein Assay Kit (Beyotime Institute of Biotech-
nology).

2.3. Detection of Cell Apoptosis. MIN6 cells were plated
in 24-well plates and incubated with medium containing
various concentrations of MG (0.05mM or 0.1mM) or H

2
O
2

(0.2mM) with or without NAC (0.6mM) for 3 h. The cells
were then collected and washed twice with PBS. The cell
suspensions were incubated with Annexin Vwith fluorescein
isothiocyanate (FITC) and propidium iodide (PI) from the
Annexin V-FITC Apoptosis Detection Kit for 15min. Apop-
tosis was detected by a FACSCalibur Flow Cytometer (BD
Biosciences, San Jose, CA). Cells in the lower right quadrant
with FITC positivity but PI negativity were at early stage of
apoptosis. The rate of cells in the lower right quadrant was
considered as apoptosis rate.

Caspase-3 activity was evaluated with the caspase-3
Activity Assay Kit according to the manufacturer’s protocol.
In brief, MIN6 cells were subjected to lysis with the ice-
cold buffer provided in this kit and the supernatants were
incubated with caspase-3 substrate AC-DEVD-𝜌NA on a
96-well plate. The activity of caspase-3 was determined by
an Automatic Microplate Reader at 405 nm and the results
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were normalized to the protein concentrations detected
by the Bradford Protein Assay Kit (Beyotime Institute of
Biotechnology).

2.4. Determination of ROS Production and Mitochondrial
Membrane Potential. MIN6 or INS-1 cells were seeded in
Corning 24-well tissue culture plates at 2 × 105 per well
and allowed to attach overnight. Medium containing vari-
ous concentrations of MG (0.05mM or 0.1mM) or H

2
O
2

(0.2mM) with or without NAC (0.6mM) was applied and
the cells were incubated for 3 h. After that, cells were treated
with ROS Detection Solution (1 : 1000 dilution; Reactive
Oxygen Species Assay Kit) for 20min at 37∘C and then
washed according to the manufacturer’s protocol. The ROS
levels were determined by the fluorescence intensity of
dichlorodihydrofluorescein diacetate (DCF)with a FACSCal-
ibur Flow Cytometer and fluorescence microscope (Nikon,
Tokyo, Japan).

Mitochondrial membrane potential (MMP) was assayed
by using JC1 (from the Mitochondrial Membrane Potential
Assay Kit with JC1) according to the manufacturer’s protocol.
The fluorescence was determined with a FACSCalibur Flow
Cytometer. Cells in the bottom right gate have lowMMP, and
the rate of these cells that is lowMMP rate can reflect the level
of decreased MMP.

2.5. Measurement of ATP Production. MIN6 cells were plated
in Corning 6-well tissue culture plates at 1 × 106 per well
and allowed to attach overnight. The medium was then
replaced with medium containing various concentrations of
MG(0.05mMor 0.1mM)with orwithoutNAC (0.6mM) and
incubated for 3 h. Cells were collected and washed twice with
PBS. The sediment was resuspended with ATP extracting
solution (100mMTris, 4mMEDTA, pH adjusted to 7.75 with
glacial acetic acid) after centrifugation (500×g, 4min). This
cell resuspension was heated at 100∘C for 90 s and subjected
to centrifugation (10000×g, 1min). The supernatants were
extracted for detection of ATP production with the ATP
Determination Kit according to the manufacturer’s protocol;
ATP activity was determined by an Automatic Microplate
Reader.

2.6. Determination of Ucp2 mRNA. Total RNA from MIN6
cells treated with MG (0.05mM or 0.1mM) with or without
NAC (0.6mM) was extracted by using Trizol (Invitrogen)
and reverse-transcribed into cDNA with the PrimeScript RT
reagent Kit (Takara Biotechnology, Dalian, China) according
to the manufacturer’s instructions. Real-time quantitative
polymerase chain reaction (PCR) was performed with the
QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Ger-
many). Reactions were performed with the 7500 Stan-
dard program on a 7500 Fast Real-Time PCR System
(Applied Biosystems, Grand Island, NY). Cycling param-
eters were as follows: 95∘C 5min followed by 40 cycles
of 95∘C 10 s + 60∘C 30 s. The relative expression of Ucp2
mRNA was normalized by using the 2−ΔΔCt-method rel-
ative to 𝛽-actin. The specific primers were as follows:
forward 5-GTCGGAGATACCAGAGCACT-3, reverse

5-GTGACCTGCGCTGTGGTACT-3. The primers for 𝛽-
actin were forward 5-GAGACCTTCAACACCCCAGC-3,
reverse 5-CCACAGGATTCCATACCCAA-3. All primers
were synthesized by Sangon Biotech (Shanghai, China).

2.7. Determination of UCP2, p-JNK, JNK, p-P38, and P38
Protein Expression. After incubation with various concentra-
tions of MG (0.05mM or 0.1mM) or H

2
O
2
(0.2mM) with or

without NAC (0.6mM) for 1, 2, and 3 hours, MIN6 cells were
washed with PBS and subjected to lysis in radioimmuno-
precipitation assay (RIPA) lysis buffer (Beyotime Institute
of Biotechnology). Protein concentration was determined
by the BCA Protein Assay kit. Proteins were heated at
100∘C for 8min, separated with sodium dodecyl sulfate on
a 10% polyacrylamide gel by electrophoresis (SDS-PAGE),
and transferred to a nitrocellulose membrane (0.45𝜇m, Bey-
otime Institute of Biotechnology). The membrane blots were
blocked with 5% (w/v) nonfat dried milk for 2 h and incu-
bated at 4∘Covernight with the following primary antibodies:
anti-UCP2 antibody (1 : 400), anti-p-JNK antibody, anti-
JNK antibody (1 : 1000), anti-p-P38 antibody (1 : 1000), anti-
P38 antibody (1 : 1000), and anti-𝛽-actin antibody (1 : 1000).
The membranes were incubated with goat anti-rabbit IgG
(1 : 5000) for 1 h at room temperature. After washing for 1 h,
the membranes were visualized with electrochemilumines-
cence (ECL) reagent by theWestern blotting detection system
(Bio-Rad, Hercules, CA).

2.8. Statistical Analyses. Data were analyzed by analysis of
variance (ANOVA) and two-tailed Student’s 𝑡-test and results
are expressed as mean ± standard deviation. All experiments
were repeated independently at least three times. Statistical
analysis was performed by SPSS 17.0 software (Chicago, IL).
A 𝑝 value <0.05 was considered statistically significant.

3. Results

3.1. MG Reduced Insulin Secretion by MIN6/INS-1 Cells.
Incubation of MIN6 cells with 0.05 or 0.1mM MG for
3 h significantly reduced the cells’ insulin secretion under
conditions of low glucose (5mM) stimulation (0.75 ± 0.02 or
0.60±0.07, resp., versus 1.00±0.00 fold change over baseline,
𝑝 < 0.01; Figure 1(a)). The suppressive effect of MG on
insulin secretion was dose dependent. Coincubation of MG
with NAC reversed the impairment in glucose-stimulated
insulin secretion induced by MG (0.87 ± 0.12 versus 0.60 ±
0.07, 𝑝 < 0.05; Figure 1(a)). Likewise, MG (0.05mM or
0.1mM) decreased insulin secretion under conditions of
high glucose (25mM) stimulation compared with the control
group (1.26 ± 0.06 or 1.12 ± 0.08, resp., versus 1.73 ± 0.03
fold change over baseline, 𝑝 < 0.05 and 𝑝 < 0.01, resp.;
Figure 1(a)).This inhibitory effect of MG on insulin secretion
by MIN6 was attenuated by coincubation with NAC (1.44 ±
0.08 versus 1.12 ± 0.08, 𝑝 < 0.01; Figure 1(a)). However,
the effects of MG on insulin secretion stimulated by 5mM
glucose or 25mM glucose were not significantly different.
Similarly, insulin secretion of INS-1 under 5mM or 25mM
glucose stimulation was reduced after incubation with MG
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Figure 1: Effects of MG on insulin secretion by MIN6 (a) and INS-1 (b) cells. Insulin secretion stimulated by low glucose concentration
(5mM) or high glucose concentration (25mM) was reduced by preincubation with MG.The effects of MG on MIN6/INS-1 were dependent
on the concentration of MG and were reversed by coincubation with NAC. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 compared to control
group (0mM MG + 0mM NAC) with 5mM glucose stimulated. #𝑝 < 0.05, ##𝑝 < 0.01 compared to the higher MG group (0.1mM MG +
0mMNAC) with 5mM glucose stimulated. §𝑝 < 0.05, §§𝑝 < 0.01 compared to control group (0mMMG + 0mMNAC) with 25mM glucose
stimulated. ‖‖𝑝 < 0.01 compared to the higher MG group (0.1mMMG + 0mMNAC) with 25mM glucose stimulated.

(0.05mM or 0.1mM) for 3 h. The inhibitory effects of MG
were reversed by NAC in INS-1 cells (Figure 1(b)).

3.2. MG Increased Apoptosis of MIN6 Cells. Treatment of
MIN6 cells with 0.1mM MG for 3 h increased cell apoptosis
rate compared with the control group (1.52 ± 0.07 versus
1.00 ± 0.00 fold change over baseline, 𝑝 < 0.001; Figures
2(a) and 2(b)).This effect was prevented by coincubationwith
NAC (1.12 ± 0.10 versus 1.52 ± 0.07, 𝑝 < 0.001; Figures 2(a)
and 2(b)). Similarly, incubation of MIN6 cells with 0.1mM
MG for 3 h markedly increased caspase-3 activity compared
with the control group (1.24 ± 0.04 versus 1.00 ± 0.00 fold
change over baseline, 𝑝 < 0.01; Figure 2(c)). Again, the
increase of caspase-3 activity was attenuated by coincubation
with NAC (1.05 ± 0.04 versus 1.24 ± 0.04, 𝑝 < 0.01;
Figure 2(c)).

3.3. MG Increased ROS Production and Reduced MMP in 𝛽-
Cells. Incubation of cultured MIN6 cells with MG (0.05mM
or 0.1mM) for 3 h significantly increased the fluorescence
intensity of DCF, an indicator of ROS production, as shown
by fluorescence microscopy and flow cytometry (Figures
3(a) and 3(b)). The increased fluorescence intensity of DCF
was attenuated by coincubation with NAC (Figures 3(a) and
3(b)). Similarly, ROS production of INS-1 was increased after
incubation with MG (0.05mM or 0.1mM) for 3 h, which was
reversed by coincubation with NAC (Figure 3(c)).The rate of
low MMP was increased by exposure to 0.05 or 0.1mM MG

for 3 h, indicating that MG decreased MMP in MIN6 cells;
MMP was restored by coculturing with NAC (Figures 3(d)
and 3(e)).

3.4.MGReducedATPProduction inMIN6Cells. Theproduc-
tion of ATP was markedly reduced in MIN6 cells incubated
with 0.05 or 0.1mM MG for 3 h compared with the control
group (0.72 ± 0.03 or 0.60 ± 0.04, resp., versus 1.00 ±
0.00 fold change over baseline, 𝑝 < 0.001; Figure 4). The
inhibitory effect of MG on ATP production was attenuated
by coincubation with NAC (0.80 ± 0.06 versus 0.60 ± 0.04,
𝑝 < 0.01; Figure 4).

3.5. MG Increased UCP2 mRNA and Protein Expression in
MIN6 Cells. The Ucp2 mRNA level was markedly increased
in MIN6 cells incubated with 0.05 or 0.1mM MG for 3 h
compared with the control group (1.46 ± 0.12 or 1.63 ± 0.18,
resp., versus 1.00 ± 0.00 fold change over baseline, 𝑝 < 0.01;
Figure 5(a)). The effects of MG on Ucp2 mRNA expression
were attenuated by coincubation of NAC (1.20 ± 0.06 versus
1.63 ± 0.18, 𝑝 < 0.01; Figure 5(a)). Similar effects were
observed in UCP2 protein levels between the group of cells
treated with 0.05 or 0.1mM MG and the controls (1.44 ±
0.18 or 2.13 ± 0.31, resp., versus 1.00 ± 0.00 fold change over
baseline, 𝑝 < 0.01; Figures 5(b) and 5(c)). Coincubation
of cultured cells with NAC restrained the increase of UCP2
protein levels induced by MG (1.21 ± 0.28 versus 2.13 ± 0.31,
𝑝 < 0.05; Figures 5(b) and 5(c)).
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Figure 2: Effects of MG onMIN6 cell apoptosis. Apoptotic rate was higher inMG-treatedMIN6 than in controls, and this effect was relieved
by coculturing with NAC. (a) Apoptosis was measured by Annexin V-FITC/PI assay, and FITC-positive but PI-negative cells were quantified
by flow cytometer. (b) Statistical results of (a). (c) Caspase-3 activity. ∗∗𝑝 < 0.01, ∗∗∗𝑝 < 0.001 compared to control group (0mM MG +
0mMNAC). ##𝑝 < 0.01, ###𝑝 < 0.001 compared to the higher MG group (0.1mMMG + 0mMNAC).

3.6. MG Increased Expression of p-JNK, JNK, p-P38, and P-38
in MIN6 Cells. Treatment of MIN6 cells with MG (0.05 or
0.1mM) for 3 h significantly stimulated the expression of p-
JNK protein (1.25±0.15 or 1.34±0.13, resp., versus 1.00±0.00
fold change over baseline, 𝑝 < 0.05 and 𝑝 < 0.01, resp.)
and JNK protein (1.29 ± 0.09 or 1.48 ± 0.11, resp., versus
1.00 ± 0.00 fold change over baseline, 𝑝 < 0.01 and 𝑝 <
0.001, resp.) compared to the control group (Figures 6(a)–
6(c)).The effects of MG on p-JNK or JNK were attenuated by
coincubation with NAC (for p-JNK: 1.08 ± 0.15 versus 1.34 ±
0.13,𝑝 < 0.05; for JNK: 1.30±0.08 versus 1.48±0.11,𝑝 < 0.05;

Figures 6(a)–6(c)). Similarly, there were parallel differences
in p-P38 protein and P38 protein expression between cells
treated with 0.05 or 0.1mM MG and controls (for p-P38:
1.24 ± 0.06 or 1.33 ± 0.07, resp., versus 1.00±0.00 fold change
over baseline, 𝑝 < 0.05; for P38: 1.28 ± 0.01 or 1.32 ± 0.03,
resp., versus 1.00 ± 0.00 fold change over baseline, 𝑝 < 0.01
and 𝑝 < 0.001, resp.; Figures 6(d)–6(f)). These effects were
diminished by coculturing with NAC (for p-P38: 1.06 ± 0.08
versus 1.33 ± 0.07, 𝑝 < 0.05; for P38: 1.16 ± 0.06 versus
1.32 ± 0.03, 𝑝 < 0.05; Figures 6(d)–6(f)). Indeed, MAPK
(p-JNK, JNK, p-P38, and P38) upregulation induced by MG
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Figure 3: Effects of MG on the production of ROS in MIN6/INS-1 cells and MMP in MIN6 cells. ((a), (b), and (c)) ROS production was
significantly increased by MG, as detected by fluorescence microscope ((a) for MIN6; 100x) and flow cytometer ((b) for MIN6; (c) for INS-
1). ((d) and (e) for MIN6) Incubation with MG for 3 h increased the rate of low MMP (the bottom right gate). This illustrated that MG
significantly decreased MMP.The effects of MG onMIN6 were reversed by coincubation with NAC. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001
compared to control group (0mMMG + 0mMNAC). #𝑝 < 0.05, ##𝑝 < 0.01 compared to the higher MG group (0.1mMMG + 0mMNAC).
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Figure 4: Effects of MG on the production of ATP by MIN6 cells. Reduction of ATP production by MG depended on MG concentration.
The effects of MG were reversed by coincubation with NAC. ∗∗∗𝑝 < 0.001 compared to control group (0mMMG + 0mMNAC). ##𝑝 < 0.01
compared to the higher MG group (0.1mMMG + 0mMNAC).

started after treatment with 0.1mMMG for 1 h and continued
to increase as the time prolonged (Figures 7(a)–7(e)).

3.7. H
2
O
2
Increased ROS Production, Apoptotic Rate, and

Expression ofMAPK inMIN6Cells. Incubation ofMIN6 cells
with 0.2mMH

2
O
2
for 3 h significantly increased cellular ROS

production (Figure 8(a)), apoptotic rate (Figure 8(b)), and
MAPK protein expression (Figures 8(c)–8(h)). These effects
were attenuated by coincubation with 0.6mM NAC (Figures
8(a)–8(h)). 0.6mM NAC may be not sufficient to offset the
effects of 0.2mM H

2
O
2
. The effects of NAC may be more

distinct if increasing the NAC concentration.

4. Discussion

Despite the recognized pathological role of MG in diabetes
and diabetic complications, little previous study has, to our
knowledge, investigated the possible impact ofMGon insulin
secretion or the mechanism underlying any such effect. In
this study, we provide evidence that MG impaired insulin
secretion in cultured MIN6 and INS-1 cells. The effects of
MG onMIN6 and INS-1 cells are dose dependent and can be
prevented byNAC, an antioxidant andMG scavenger [12, 26].

After demonstrating that MG suppressed insulin secre-
tion by MIN6 and INS-1 cells, we investigated the potential
mechanisms underlying this effect. We found that MG
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Figure 5: Effects of MG on Ucp2mRNA and UCP2 protein levels in MIN6 cells. The expression of Ucp2mRNA (a) and UCP2 protein ((b)
and (c)) was increased by treatment with MG. Cells were incubated with 0.05 or 0.1mM MG for 3 h. Results are fold change compared to
baseline (0mM MG + 0mM NAC). The effects of MG were reversed by coincubation with NAC. ∗∗𝑝 < 0.01 compared to control group
(0mMMG + 0mMNAC). #𝑝 < 0.05, ##𝑝 < 0.01 compared to the higher MG group (0.1mMMG + 0mMNAC).

increases ROS production and apoptosis in these cells and
that this increase of ROS production and apoptosis was
attenuated by NAC. These findings suggest that MG may
aggravate oxidative stress and apoptosis in pancreatic 𝛽-cells.
Previous studies have demonstrated thatMG can induce ROS
production and lead to oxidative stress in various cells [25,
27, 28]. Oxidative stress can induce apoptosis and increase
chemical modification of proteins and lead to tissue damage.
Oxidative stress and resultant tissue damage are hallmarks of
chronic disease and cell death, and diabetes is no exception
[29]. Furthermore, excessive ROS levels can damage 𝛽-cells
and induce 𝛽-cell dysfunction [30]. Thus, increased ROS
production and apoptosis byMG are responsible for theMG-
induced impairment of 𝛽-cells and insulin secretion.

Mitochondrial dysfunction is a central contributor to
𝛽-cell failure. UCP2 is a member of a family of proteins
that are located in the mitochondrial inner membrane and
act as proton channels to uncouple mitochondrial oxidative

phosphorylation [31]. UCP2 is involved in various physio-
logical and pathological processes including insulin secretion
[14]. Increased ROS can induce UCP2 upregulation [14].
UCP2 facilitates proton leak to reduce the MMP and thus
attenuates ATP synthesis. Reduced ATP production results in
the dysfunction of𝛽-cells [31]. It has been reported thatUCP2
negatively regulates ATP production and insulin secretion
[14]. Indeed, optimal ATP synthesis is necessary for efficient
activation of the triggering pathway of insulin secretion [32].
We have shown that MG increased UCP2 expression and
reduced MMP and ATP production. Our findings indicate
that ROS activate UCP2, which results in proton leak across
the mitochondrial inner membrane and reduced 𝛽-cell ATP
production, leading to impairment of insulin secretion.

JNK and P38 MAPKs are members of the complex
superfamily of MAP serine/threonine protein kinases, which
are activated by phosphorylation. JNK and P38 MAPKs are
stress-activated kinases and are responsive to stress-inducing
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Figure 6: Effects of MG on expression of p-JNK, JNK, p-P38, and P38 proteins in MIN6 cells. The expression of p-JNK and JNK (a) and
p-P38 and P38 (d) was increased by MG. Cells were incubated with 0.05 or 0.1mMMG for 3 h. Results shown in (b), (c), (e), and (f) are fold
change compared to baseline (0mM MG + 0mM NAC). The effects of MG on MIN6 were reversed by coincubation with NAC. ∗𝑝 < 0.05,
∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 compared to control group (0mMMG + 0mM NAC). #𝑝 < 0.05 compared to the higher MG group (0.1mM
MG + 0mMNAC).
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Figure 7: Time-dependent effects of MG on expression of p-JNK, JNK, p-P38, and P38 proteins in MIN6 cells. The expression of p-JNK and
JNK (a) and p-P38 and P38 (d) was increased after treatment with MG for 1 h. Cells were incubated with 0.1mMMG for 1, 2, and 3 h. Results
shown in (b), (c), (e), and (f) are fold change compared to baseline (0mMMG). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 compared to control
group (0mMMG).
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Figure 8: Continued.
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Figure 8: Effects of H
2

O
2

on ROS production (a), apoptotic rate (b), and expression of MAPK in MIN6 cells. Results shown in (a), (b), (d),
(e), (g), and (h) are fold change compared to baseline (0mM H

2

O
2

+ 0mM NAC). ∗∗𝑝 < 0.01, ∗∗∗𝑝 < 0.001 compared to control group
(0mMH

2

O
2

+ 0mMNAC). #𝑝 < 0.05, ##𝑝 < 0.01 compared to H
2

O
2

group (0.2mMH
2

O
2

+ 0mMNAC).

stimuli such as ROS [30, 33]. It has been reported that
oxidative stress induces damage to𝛽-cells by activating stress-
sensing pathways via JNK and P38 [23, 34]. When isolated
rat islets were exposed to oxidative stress, the JNK, P38,
and protein kinase C pathways were activated. Activation of
the JNK pathway can induce 𝛽-cell apoptosis and decrease
pancreatic and duodenal homeobox factor-1 (PDX-1) activity
and subsequent suppression of insulin gene transcription
and resultant inhibition of insulin secretion in the diabetic
state [34]. In the present study, we demonstrate that not
only MG increased apoptosis in MIN6 and INS-1 cells but
it also increased the expression and activation of JNK and
P38. The effects of MG on MAPK upregulation were earlier

than the biological effects and continued to increase as the
time was prolonged. We speculate, therefore, that increasing
the expression of JNK/P38 is another mechanism by which
MG can cause cell damage and impair insulin secretion.
Since H

2
O
2
can induce ROS production, MIN6 cells were

incubated with H
2
O
2
to verify the effects of ROS in MIN6

cells. Results showed that apoptotic rate and MAPK protein
expression were increased. These further confirmed that the
effects of MG in pancreatic 𝛽-cells might be related to ROS
production. Studies have shown that the effects of MG can
be attenuated by NAC [12, 35]. Our findings are consistent
with the previous studies. Our findings may explain the
previous observation that chronic infusion of MG reduces
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Mitochondrial
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(JNK/P38) ↑
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Insulin secretion ↓

ATP ↓

membrane potential ↓

Figure 9: Schematic representation of proposed signaling pathways
suggested by the results of this study. Methylglyoxal increases
production of reactive oxygen species (ROS),which then reduces the
mitochondrial membrane potential (MMP) and ATP production
via UCP2 upregulation. UCP2 upregulation in turn leads to 𝛽-cell
damage and, ultimately, impairment of insulin secretion. ROS also
may induce 𝛽-cell damage and impair insulin secretion directly via
upregulation of MAPKs (JNK/P38).

insulin secretion and the development of type 2 diabetes
in SD rats and expand the underlying mechanisms of MG-
induced impaired insulin secretion [36, 37].

In conclusion, the data presented here demonstrate
that MG can damage insulin secretion of pancreatic 𝛽-
cells through increased production of ROS and apoptosis,
mitochondrial dysfunction, and upregulation of UCP2 and
MAPKs. Based on our findings, we postulate that MG
induces increased production of ROS, which may trigger the
upregulation of both UCP2 and JNK/P38. Increased JNK
and P38 can directly damage 𝛽-cells causing cell dysfunction.
UCP2 can reduce MMP and ATP synthesis, resulting in 𝛽-
cell damage and impairment of insulin secretion (Figure 9).
These findings reveal a novel pathological role and potential
mechanisms of MG in the pathogenesis of diabetes. These
findings also provide evidence that MG could be a new ther-
apeutic target in diabetes management and that improving
𝛽-cell function should be given attention in the treatment of
diabetes.

Disclaimer

The authors alone are responsible for the content and writing
of this paper.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This research was supported in part by grants from the
National Natural Science Foundation of China (81170257).

References

[1] Y. Shi and F. B. Hu, “The global implications of diabetes and
cancer,”The Lancet, vol. 383, no. 9933, pp. 1947–1948, 2014.

[2] F. Aguiree, A. Brown, N. H. Cho et al., IDF Diabetes Atlas,
International Diabetes Federation, 2013.

[3] M. Stumvoll, B. J. Goldstein, and T. W. van Haeften, “Type 2
diabetes: principles of pathogenesis and therapy,” The Lancet,
vol. 365, no. 9467, pp. 1333–1346, 2005.

[4] J. S. Lee, Y. R. Kim, J. M. Park et al., “Mulberry fruit extract
protects pancreatic 𝛽-cells against hydrogen peroxide-induced
apoptosis via antioxidative activity,”Molecules, vol. 19, no. 7, pp.
8904–8915, 2014.

[5] M. Prentki andC. J. Nolan, “Islet𝛽 cell failure in type 2 diabetes,”
Journal of Clinical Investigation, vol. 116, no. 7, pp. 1802–1812,
2006.

[6] H. Sakuraba, H. Mizukami, N. Yagihashi, R. Wada, C. Hanyu,
and S. Yagihashi, “Reduced beta-cell mass and expression of
oxidative stress-related DNA damage in the islet of Japanese
Type II diabetic patients,”Diabetologia, vol. 45, no. 1, pp. 85–96,
2002.

[7] P. J. Thornalley, “The glyoxalase system in health and disease,”
Molecular Aspects of Medicine, vol. 14, no. 4, pp. 287–371, 1993.

[8] T. Rodrigues, P. Matafome, D. Santos-Silva, C. Sena, and
R. Seiça, “Reduction of methylglyoxal-induced glycation by
pyridoxamine improves adipose tissue microvascular lesions,”
Journal of Diabetes Research, vol. 2013, Article ID 690650, 9
pages, 2013.

[9] H. Wang, Q. H. Meng, J. R. Gordon, H. Khandwala, and L. Wu,
“Proinflammatory and proapoptotic effects of methylglyoxal on
neutrophils frompatients with type 2 diabetesmellitus,”Clinical
Biochemistry, vol. 40, no. 16-17, pp. 1232–1239, 2007.

[10] M.-P. Lu, R. Wang, X. Song, X. Wang, L. Wu, and Q. H.
Meng, “Modulation of methylglyoxal and glutathione by soy-
bean isoflavones in mild streptozotocin-induced diabetic rats,”
Nutrition, Metabolism and Cardiovascular Diseases, vol. 18, no.
9, pp. 618–623, 2008.

[11] J. Lu, E. Randell, Y. Han, K. Adeli, J. Krahn, and Q. H. Meng,
“Increased plasma methylglyoxal level, inflammation, and
vascular endothelial dysfunction in diabetic nephropathy,”Clin-
ical Biochemistry, vol. 44, no. 4, pp. 307–311, 2011.

[12] A. Dhar, I. Dhar, K. M. Desai, and L. Wu, “Methylglyoxal scav-
engers attenuate endothelial dysfunction induced by methyl-
glyoxal and high concentrations of glucose,” British Journal of
Pharmacology, vol. 161, no. 8, pp. 1843–1856, 2010.

[13] T. Chang, R. Wang, and L. Wu, “Methylglyoxal-induced nitric
oxide and peroxynitrite production in vascular smooth muscle
cells,” Free Radical Biology & Medicine, vol. 38, no. 2, pp. 286–
293, 2005.

[14] C. B. Chan, M. C. Saleh, V. Koshkin, and M. B. Wheeler,
“Uncoupling protein 2 and islet function,” Diabetes, vol. 53,
supplement 1, pp. S136–S142, 2004.

[15] R. E. Gimeno, M. Dembski, X. Weng et al., “Cloning and
characterization of an uncoupling protein homolog: a potential
molecularmediator of human thermogenesis,”Diabetes, vol. 46,
no. 5, pp. 900–906, 1997.



14 Journal of Diabetes Research

[16] T. Nishikawa, D. Edelstein, X. L. Du et al., “Normalizing
mitochondrial superoxide production blocks three pathways of
hyperglycaemic damage,” Nature, vol. 404, no. 6779, pp. 787–
790, 2000.

[17] D. Arsenijevic, H. Onuma, C. Pecqueur et al., “Disruption of the
uncoupling protein-2 gene in mice reveals a role in immunity
and reactive oxygen species production,” Nature Genetics, vol.
26, no. 4, pp. 435–439, 2000.

[18] S. Samec, J. Seydoux, and A. G. Dulloo, “Role of UCP homo-
logues in skeletal muscles and brown adipose tissue: Mediators
of thermogenesis or regulators of lipids as fuel substrate?” The
FASEB Journal, vol. 12, no. 9, pp. 715–724, 1998.

[19] C. B. Chan, P. E. MacDonald, M. C. Saleh, D. C. Johns, E.
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