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Metformin prevents methylglyoxal-induced apoptosis
of mouse Schwann cells

Kimiko Ota a, Jiro Nakamura a, Weiguo Li b, Mika Kozakae a, Atsuko Watarai a,
Nobuhisa Nakamura a, Yutaka Yasuda a, Eirtaro Nakashima a, Keiko Naruse c,

Kazuhiko Watabe d, Koichi Kato e, Yutaka Oiso a, Yoji Hamada f,*

a Department of Endocrinology and Diabetes, Nagoya University Graduate School of Medicine, Nagoya, Japan
b Department of Cellular Biology and Anatomy, School Medical College of Georgia, Augusta, GA, USA

c Department of Internal Medicine, School of Denistry, Aichi Gakuin University, Nagoya, Japan
d Department of Molecular Neuropathology, Tokyo Metropolitan Institute for Neuroscience, Tokyo, Japan

e Division of Endocrinology, Metabolism and Diabetology, Department of Internal Medicine, Aichi Medical University, Aichi, Japan
f Department of Metabolic Medicine, Nagoya University School of Medicine, 65 Tsuruma-cho, Showa-ku, Nagoya 466-8550, Japan

Received 15 March 2007
Available online 2 April 2007
Abstract

Methylglyoxal (MG) is involved in the pathogenesis of diabetic complications via the formation of advanced glycation end products
(AGEs) and reactive oxygen species (ROS). To clarify whether the antidiabetic drug metformin prevents Schwann cell damage induced
by MG, we cultured mouse Schwann cells in the presence of MG and metformin. Cell apoptosis was evaluated using Hoechst 33342
nuclear staining, caspase-3 activity, and c-Jun-N-terminal kinase (JNK) phosphorylation. Intracellular ROS formation was determined
by flow cytometry, and AMP-activated kinase (AMPK) phosphorylation was also examined. MG treatment resulted in blunted cell pro-
liferation, an increase in the number of apoptotic cells, and the activation of caspase-3 and JNK along with enhanced intracellular ROS
formation. All of these changes were significantly inhibited by metformin. No significant activation of AMPK by MG or metformin was
observed. Taken together, metformin likely prevents MG-induced apoptotic signals in mouse Schwann cells by inhibiting the formation
of AGEs and ROS.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Methylglyoxal; Metformin; Apoptosis; Advanced glycation end products; Reactive oxygen species; Oxidative stress
The pathogenesis of chronic diabetic complications is
complex and has not been fully elucidated. Among various
mechanisms suggested up to this point in time, glycation
and its related reactions have drawn attention as playing
a pivotal role [1].
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Methylglyoxal (MG) is a reactive dicarbonyl precursor
of advanced glycation end products (AGEs) [1]. MG is
formed from a glycolytic intermediate glyceraldehyde 3-
phosphate [2], from the early glycation process by degrada-
tion of glucose or Schiff’s base, or from Amadori products
in the intermediate stages of glycation [3]. MG is consid-
ered an important focal point at which glucose can go on
to form AGEs [4]. It is also known that MG is a potent
source of reactive oxygen species (ROS) [5,6] and inacti-
vates antioxidative enzymes [7], causing enhanced intracel-
lular oxidative stress.

Of interest, recent papers have reported that MG induces
apoptosis of rat Schwann cells [8] and human vascular
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endothelial cells [9]. It is also notable that the concentration
of methylglyoxal is increased not only in diabetic animal tis-
sues [10], but also in the plasma of diabetic patients, partic-
ularly in those showing evidence of early diabetic
retinopathy [11] and nephropathy [12,13]. These observa-
tions indicate that MG plays a significant role in the etiol-
ogy of diabetic complications, and thus compounds that
decrease MG may be beneficial in preventing the disease.

The guanidino compound aminoguanidine, the most
extensively investigated inhibitor of AGE formation [14],
is known to capture carbonyl compounds with its amino
groups. Oral hypoglycemic biguanides, such as metformin
and buformin, are guanidine compounds with chemical
structures similar to aminoguanidine, and a previous
report suggested that metformin directly reacted in vitro

with glyoxal and MG leading to the formation of stable
triazepinone derivatives [15]. Therefore, it may be postu-
lated that metformin is able to trap reactive carbonyl spe-
cies and lower their concentrations under physiological
conditions. As a matter of fact, metformin has been
reported to reduce systematic MG levels in patients with
type 2 diabetes [16]. Because the results of large-scale clin-
ical investigations have provided evidence that metformin
has preventive effects on diabetic complications indepen-
dent of its hypoglycemic action [17], the reaction between
metformin and carbonyl species may account at least in
part for the favorable effects of the agent. At present, the
detailed mechanisms of the MG-metformin interaction in
each complication remain to be clarified.

The present study was devised in order to elucidate the
mechanisms of MG-induced dysfunction of Schwann cells
and to clarify whether metformin is able to rescue it. The
signaling pathway of apoptosis and the involvement of oxi-
dative stress were investigated.

Materials and methods

Materials. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) was purchased from Promega
(Madison, WI, USA). Hoechst 33342 was obtained from Dojindo
(Kumamoto, JAPAN). Antibodies against caspase-3 (Asp175), c-Jun-N-
terminal kinase (JNK) and AMP-activated kinase (AMPK) were
purchased from Cell Signaling (Beverly, MA, USA) and 2 0,7 0-dichloro-
fluorescin-diacetate (DCFH-DA) was from Calbiochem (Darmstadt,
Germany). Anti-argpyrimidine antibody was obtained from NOF (Tokyo,
Japan) and fetal bovine serum (FBS) was from Moregate (BioTech,
Australia). DMEM and other chemicals were purchased from Sigma (St.
Louis, MO, USA).

Cell culture condition. Immortalized mouse Schwann cells (IMS),
established from adult mouse dorsal root ganglia [18], were used because
of their suitable properties as mature Schwann cells [19]. The cells in
passages between 34 and 39 were cultured in DMEM containing
5.5 mmol/L glucose, penicillin (100 U/ml)/streptomycin (100 mg/ml) with
5% FBS, pH 7.40 at 37 �C in a humidified 10% CO2/90% air atmosphere,
until IMS reached 80% confluency. Then the cells were starved in DMEM
with 2% FBS for 24 h, followed by incubation with 0–1000 lmol/L
methylglyoxal in the presence or absence of 250 –1000 lmol/L metformin
for the indicated periods in each experiment.

Cell proliferation assay. We examined cell proliferation by means of
MTS [20]. In brief, IMS were seeded in 96-well plates at a density of 7000
cells/well and grown for 24 h in DMEM with 5% FBS. The cells were
incubated with MG and metformin in 5% FBS for 48 h at each concen-
tration. Ten microliter of MTS solution was then added to 100 ll of
medium in each well. After 3 h incubation, the absorbance at 405 nm was
determined using a Powerscan HT spectrophotometer (Dainippon phar-
maceutical, Osaka Japan).

Detection of apoptotic cells by Hoechst 33342. Morphological evidence
of apotopsis in IMS was assessed by means of the fluorescent DNA-
binding dye, Hoechst 33342. IMS were starved by reducing FBS in the
medium to 2% for 24 h, and cultured under experimental conditions for
48 h. The cells were harvested using a cell scraper, washed with PBS and
fixed with 4% paraformaldehyde for 30 min. After centrifugation, the
supernatant was discarded and the cells were stained with 3 ll of 1 mg/ml
Hoechst 33342 solution in 20 ll of PBS. The sample was put on a slide-
glass and apoptotic cells were detected by means of a fluorescent
microscopy (Olympus BX51, Tokyo, Japan). The numbers of apoptotic
and total cells were counted in each visual field, and the percentages of
apoptotic cells were calculated in 15 visual fields for each condition.

Immunoblot analysis for caspase-3, JNK and AMPK. IMS grown in
10 cm dishes were treated with 1000 lmol/L MG in combination with
various concentrations of metformin for 6 h (JNK), 14 h (caspase-3) or 18 h
(AMPK) after 24 h starvation in 2% FBS medium. Cells were lysed on ice in
a buffer containing 50 mmol Tris–HCl, pH 7.4, 1% NP-40, 0.25% sodium
deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L PMSF,
1 lg/ml aprotinin, 1 lg/ml leupeptin, 1 lg/ml pepstatin, 1 mmol/L Na3VO4

and 1 mmol/L NaF. After determination of the protein concentration using
a BCA assay (Sigma, St. Louis, USA), 30 lg proteins were electrophoresed
on an SDS–PAGE gel (15% acrylamide gel for caspase-3, 10% for JNK and
AMPK) and transferred to a nitrocellulose membrane. The membrane was
blocked overnight with ovalbumin and incubated with a polyclonal cleaved
caspase-3 (Asp175) antibody, phospho-SAPK/JNK (Thr183/Tyr185)
antibody or with a polyclonal anti-phospho AMPK-a antibody overnight at
4 �C, followed by incubation with an anti-rabbit polyclonal IgG antibody.
The binding antibodies were visualized by using an ECL chemiluminesence
detection kit (Amersham, Buckinghamshire, UK).

Determination of intracellular ROS. Intracellular ROS generation was
measured using a flow cytometric assay by a modification of previous
methods [21]. IMS were cultured in 6 cm dishes for 48 h with 5% FBS. The
cells were incubated with metformin for 1.5 h followed by the addition of
1000 lmol/L MG. After additional incubation for 1 and 2 h, 10 lmol/L
DCFH-DA was then added to the wells and the wells were incubated for
45 min. After washing with ice-cold PBS, the cells were collected with a
scraper and were applied to flow cytometry. The generation of ROS was
detected as changes in fluorescence due to the oxidation of DCFH.

In vitro AGE production from MG. Ten mg/ml BSA and 1000 or
100 lmol/L MG were incubated with metformin at the concentrations of
10 lmol/L to 10 mmol/L at 37 �C for 48 h or 14 days after sterilization
using a MILLEX GV filter (Millipore, Cork, Ireland). AGE production
was detected by fluorescence at excitation/emission wavelengths of 320/
383 and 335/385 nm using the RF-1500 Spectro fluorophotometer (Shi-
madzu, Kyoto, Japan). Ten microgram proteins, after 14 days of incu-
bation, were also applied to SDS–PAGE gels (10% acrylamide) and
analyzed by Western blotting using anti-argpyrimidine antibody.

Statistical analysis. The differences among each experimental condition
were assessed by analysis of variance (ANOVA).

Results

Cell proliferation and apoptosis

Fig. 1A shows the absorbance of culture media after
incubation with MTS for 3 h, which is believed to be pro-
portional to the number of living cells. MG suppressed the
MTS-derived increase in absorbance by up to 80% in a
dose-dependent manner. Metformin significantly attenu-
ated the cytotoxicity of MG in a clear dose-dependent
manner (Fig. 1B).
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Fig. 1. Cell proliferation and apoptosis of IMS. (A) MTS assay after 24 h culture in the presence of MG; (B) the effect of metformin on the MG
suppression of cell proliferation; (C) the percentage of apoptotic cells measured after 48 h incubation with MG; (D) the attenuation of the MG-induced
apoptosis by metformin. Error bars express SD. *p < 0.001, **p < 0.0001, #p < 0.01.
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Apoptotic cells were identified as those with nuclear
condensation. In the control group, 0.7 ± 1.39% of the cells
per one view were scored as apoptotic. The ratio of the
apoptotic cell number to the total cell number was
increased to 16.2 ± 8.89% when treated with 1000 lmol/L
MG, with an apparent dose-dependency (Fig. 1C). This
enhanced apoptotic cell death by MG was significantly
suppressed by 26% with 500 lmol/L metformin and by
69% with 1000 lmol/L metformin, as shown in Fig. 2D.

Activation of caspase-3 and JNK

Caspase-3, a representative signaling molecule in the
apoptosis pathway, is known to be activated by cleavage
of itself. Western blot analysis of caspase-3 in IMS demon-
strated that MG induced the cleavage of caspase-3 in a
dose-dependent manner, and the induction by MG was
clearly inhibited by treatment with metformin (Fig. 2A).

JNK is located upstream of caspase-3 and its activation
has been linked to intracellular ROS production [22]. As
shown in Fig. 2B, JNK was phosphorylated by incubation
with 1000 lmol/L MG, and the addition of metformin
dose-dependently suppressed the activation of JNK.

We also examined AMPK phosphorylation in order to
clarify the possible involvement of AMPK in IMS apoptosis,
because AMPK activation has been suggested to induce
apoptosis in beta cells [23] and both oxidative stress and
metformin may influence AMPK activity [24,25]. In contrast
to caspase-3 and JNK, no significant increase of phosphory-
lated AMPK was observed by MG or metformin treatment
in IMS under this experimental condition (Fig. 2C).

Intracellular ROS generation

Fig. 3 depicts the intracellular DCF fluorescence on flow
cytometry. The cells incubated with MG for 1 and 2 h
exhibited evidently enhanced fluorescence as compared
with non-treated cells. The treatment with metformin nor-
malized the fluorescence in cells incubated with MG.

AGE production in vitro

The fluorescence at excitation/emission wavelengths of
320/383 and 335/385 nm is thought to reflect the amount
of argpyrimidine and pentosidine, respectively. The incuba-
tion of BSA with 1000 lmol/L MG for 48 h resulted in an
apparent increase in the fluorescence at both wavelengths,
and metformin inhibited the fluorescent augmentation in
a dose-dependent manner (Fig. 4A). Similar results were
observed after 14 days incubation of BSA with 100 lmol/
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L MG (Fig. 4B). In the presence of MG and metformin at
equal concentrations, the inhibition of fluorescent increases
was approximately 20%. Western blot analysis using anti-
argpyrimidine antibody showed comparable results to the
fluorescence examination, with complete disappearance of
argpyrimidine by 10 mmol/L metformin against
100 lmol/L MG (Fig. 4C).
Discussion

The present results of the MTS assay, nuclear staining and
caspase-3 assay clearly indicated that MG is a potent inducer
of apoptosis in IMS. The results seem comparable with previ-
ous observations that MG directed Schwann cells or vascular
endothelial cells to apoptosis [8,9]. Given the fact that MG is
increased in diabetic tissues [12] and the loss of Schwann cells
plays a pivotal role in diabetic nerve dysfunction [26–28], these
data appear to suggest the probable involvement of MG in the
pathogenesis of diabetic neuropathy.

To elucidate the mechanisms of MG-induced apoptosis
in IMS, we focused on JNK. This kinase is located
upstream of caspase-3 [29] and is activated by oxidative
stress [22]. MG and its products, AGEs, are known to be
potent sources of ROS that, in theory, stimulate JNK. As
expected, MG caused obvious phosphorylation of JNK
tometry. IMS were incubated with metformin for 1.5 h followed by the
mol/L DCFH-DA were added to the wells. The cells were incubated for
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in a dose-dependent manner. Although there is a report
that MG induces apoptosis in rat Schwann cells through
the activation of p38 MAPK [8], our findings indicate that
JNK is also involved in the signaling pathway of MG-
related apoptosis in IMS.

Of interest, metformin apparently prevented IMS from
apoptotic cell death caused by MG treatment. The inhibi-
tion of apoptosis was accompanied by the suppression of
JNK phosphorylation, suggesting that metformin may
block apoptotic signals toward JNK. The results of flow
cytometry after incubating cells with DCFH-DA gave a
possible explanation. The intercellular ROS formation
enhanced by MG was explicitly attenuated by the treat-
ment with metformin.

These anti-oxidant effects of metformin would be attrib-
utable to its structure as a biguanide [15]. Metformin, like
aminoguanidine, reacts, in theory, with MG to form triaz-
epinone derivatives [15], and our in vitro experiment clearly
demonstrated that the AGE formation from MG was
inhibited by the presence of metformin. The results may
be relevant to previous observations of metformin suppres-
sion of AGE formation from MG or glucose [30,31] and
seem to account for its antioxidant action, because MG
exerts itself as a potent pro-oxidant substance [5–7]. Never-
theless, the metformin scavenging of MG may not be an
exclusive mechanism for cell protection, considering that
the suppression of AGE formation from MG was partial
(Fig. 4). Another possible explanation may be a direct sup-
pression of oxidative stress by metformin independent of
trapping MG. Previous studies have shown that metformin
directly scavenges ROS or modulates the intracellular pro-
duction of superoxide anion [32,33].

These favorable characteristics of metformin against
carbonyl and oxidative stress in Schwann cells seem to give
theoretical support to previous data showing that metfor-
min ameliorated the peripheral nerve dysfunction in dia-
betic rats [34].

One may raise a question about the contribution of
AMPK activity in the present experiments, because metfor-
min is recognized as an AMPK activator [24] and an inter-
action between AMPK and oxidative stress has been
reported [25]. However, AMPK was not activated in our
study after 24 h incubation with either metformin or
MG, when apparent apoptosis was observed in IMS. We
thus reached the conclusion that AMPK was not involved
in the MG-related apoptosis process and its prevention by
metformin observed in IMS.

In conclusion, the results of the present study indicate
that metformin may have beneficial effects on chronic dia-
betic neuropathy, not only through blood glucose reduc-
tion, but also through the prevention of AGE formation
or ROS production from dicarbonyl compounds in
Schwann cells. Because metformin is widely used as a
hypoglycemic agent, its suppressive effects on diabetic com-
plications warrant further investigation.

Acknowledgments

The authors express sincere thanks to Ms. Yuko Maehata
and Ms. Michiko Yamada for excellent technical assistance.



K. Ota et al. / Biochemical and Biophysical Research Communications 357 (2007) 270–275 275
This study was partially supported by a Diabetes Research
Grant from the Ministry of Health and Welfare of Japan.

References

[1] M. Brownlee, Lilly lecture 1993. Glycation and diabetic complica-
tions, Diabetes 43 (1994) 836–841.

[2] S.A. Phillips, P.J. Thornalley, The formation of methylglyoxal from
triose phosphates. Investigation using a specific assay for methylgly-
oxal, Eur. J. Biochem. 212 (1993) 101–105.

[3] P.J. Thornalley, A. Langborg, H.S. Minhas, Formation of glyoxal,
methylglyoxal and 3-deoxyglucosone in the glycation of proteins by
glucose, Biochem. J. 344 (1999) 109–116.

[4] R. Singh, A. Barden, T. Mori, L. Beilin, Advanced glycation end
products: a review, Diabetologia 44 (2001) 129–146.

[5] H.S. Yim, S.O. Kang, Y.C. Hah, P.B. Chock, M.B. Yim, Free
radicals generated during the glycation reaction of amino acids by
methylglyoxal. A model study of protein-cross-linked free radicals, J.
Biol. Chem. 270 (1995) 28228–28233.

[6] S. Di Loreto, V. Caracciolo, S. Colafarina, P. Sebastiani, A. Gasbarri, F.
Amicarelli, Methylglyoxal induces oxidative stress-dependent cell injury
and up-regulation of interleukin-1beta and nerve growth factor in
cultured hippocampal neuronal cells, Brain Res. 1006 (2004) 157–167.

[7] N. Taniguchi, M. Takahashi, H. Sakiyama, Y.S. Park, M. Asahi, Y.
Misonou, Y. Miyamoto, A common pathway for intracellular
reactive oxygen species production by glycoxidative and nitroxidative
stress in vascular endothelial cells and smooth muscle cells, Ann. NY
Acad. Sci. 1043 (2005) 521–528.

[8] M. Fukunaga, S. Miyata, B.F. Liu, H. Miyazaki, Y. Hirota, S. Higo,
Y. Hamada, S. Ueyama, M. Kasuga, Methylglyoxal induces apop-
tosis through activation of p38 MAPK in rat Schwann cells, Biochem.
Biophys. Res. Commun. 320 (2004) 689–695.

[9] A.A. Akhand, K. Hossain, H. Mitsui, M. Kato, T. Miyata, R. Inagi,
J. Du, K. Takeda, Y. Kawamoto, H. Suzuki, K. Kurokawa, I.
Nakashima, Glyoxal and methylglyoxal trigger distinct signals for
map family kinases and caspase activation in human endothelial cells,
Free Radic. Biol. Med. 31 (2001) 20–30.

[10] E.W. Randell, S. Vasdev, V. Gill, Measurement of methylglyoxal in
rat tissues by electrospray ionization mass spectrometry and liquid
chromatography, J. Pharmacol. Toxicol. Methods 51 (2005) 153–157.

[11] D.S. Fosmark, P.A. Torjesen, B.K. Kilhovd, T.J. Berg, L. Sandvik,
K.F. Hanssen, C.D. Agardh, E. Agardh, Increased serum levels of the
specific advanced glycation end product methylglyoxal-derived
hydroimidazolone are associated with retinopathy in patients with
type 2 diabetes mellitus, Metabolism 55 (2006) 232–236.

[12] D.R. Sell, K.M. Biemel, O. Reihl, M.O. Lederer, C.M. Strauch, V.M.
Monnier, Glucosepane is a major protein cross-link of the senescent
human extracellular matrix. Relationship with diabetes, J. Biol.
Chem. 280 (2005) 12310–12315.

[13] P.J. Beisswenger, K.S. Drummond, R.G. Nelson, S.K. Howell, B.S.
Szwergold, M. Mauer, Susceptibility to diabetic nephropathy is related
to dicarbonyl and oxidative stress, Diabetes 54 (2005) 3274–3281.

[14] M. Brownlee, H. Vlassara, A. Kooney, P. Ulrich, A. Cerami,
Aminoguanidine prevents diabetes-induced arterial wall protein
cross-linking, Science 232 (1986) 1629–1632.

[15] D. Ruggiero-Lopez, M. Lecomte, G. Moinet, G. Patereau, M.
Lagarde, N. Wiernsperger, Reaction of metformin with dicarbonyl
compounds. Possible implication in the inhibition of advanced
glycation end product formation, Biochem. Pharmacol. 58 (1999)
1765–1773.

[16] P.J. Beisswenger, S.K. Howell, A.D. Touchette, S. Lal, B.S. Szwer-
gold, Metformin reduces systemic methylglyoxal levels in type 2
diabetes, Diabetes 48 (1999) 198–202.

[17] UK Prospective Diabetes Study (UKPDS) Group, Effect of intensive
blood-glucose control with metformin on complications in overweight
patients with type 2 diabetes (UKPDS 34), Lancet 352 (1998) 854–865.
[18] K. Watabe, T. Fukuda, J. Tanaka, H. Honda, K. Toyohara, O.
Sakai, Spontaneously immortalized adult mouse Schwann cells
secrete autocrine and paracrine growth-promoting activities, J.
Neurosci. Res. 41 (1995) 279–290.

[19] K. Sango, T. Suzuki, H. Yanagisawa, S. Takaku, H. Hirooka, M.
Tamura, K. Watabe, High glucose-induced activation of the polyol
pathway and changes of gene expression profiles in immortalized
adult mouse Schwann cells IMS32, J. Neurochem. 98 (2006) 446–458.

[20] C.J. Goodwin, S.J. Holt, S. Downes, N.J. Marshall, Microculture
tetrazolium assays: a comparison between two new tetrazolium salts,
XTT and MTS, J. Immunol. Methods 179 (1995) 95–103.

[21] G. Rothe, G. Valet, Flow cytometric analysis of respiratory burst
activity in phagocytes with hydroethidine and 2 0,7 0-dichlorofluores-
cin, J. Leukoc. Biol. 47 (1990) 440–448.

[22] J. Antosiewicz, A. Herman-Antosiewicz, S.W. Marynowski, S.V.
Singh, c-Jun NH(2)-terminal kinase signaling axis regulates diallyl
trisulfide-induced generation of reactive oxygen species and cell cycle
arrest in human prostate cancer cells, Cancer Res. 66 (2006) 5379–
5386.

[23] Y. Cai, G.A. Martens, S.A. Hinke, H. Heimberg, D. Pipeleers, M.
Van de Casteele, Increased oxygen radical formation and mitochon-
drial dysfunction mediate beta cell apoptosis under conditions of
AMP-activated protein kinase stimulation, Free Rad. Biol. Med. 42
(2007) 64–78.

[24] N. Musi, M.F. Hirshman, J. Nygren, M. Svanfeldt, P. Bavenholm, O.
Rooyackers, G. Zhou, J.M. Williamson, O. Ljunqvist, S. Efendic,
D.E. Moller, A. Thorell, L.J. Goodyear, Metformin increases AMP-
activated protein kinase activity in skeletal muscle of subjects with
type 2 diabetes, Diabetes 51 (2002) 2074–2081.

[25] S.L. Choi, S.J. Kim, K.T. Lee, J. Kim, J. Mu, M.J. Birnbaum, S. Soo
Kim, J. Ha, The regulation of AMP-activated protein kinase by
H2O2, Biochem. Biophys. Res. Commun. 287 (2001) 92–97.

[26] J. Valls-Canals, M. Povedano, J. Montero, J. Pradas, Diabetic
polyneuropathy. Axonal or demyelinating? Electromyogr. Clin.
Neurophysiol. 42 (2002) 3–6.

[27] R.A. Malik, A. Veves, D. Walker, I. Siddique, R.H. Lye, W. Schady,
A.J. Boulton, Sural nerve fibre pathology in diabetic patients with
mild neuropathy: relationship to pain, quantitative sensory testing
and peripheral nerve electrophysiology, Acta Neuropathol. (Berl).
101 (2001) 367–374.

[28] H. Kamiya, J. Nakamura, Y. Hamada, E. Nakashima, K. Naruse, K.
Kato, Y. Yasuda, N. Hotta, Polyol pathway and protein kinase C
activity of rat Schwannoma cells, Diab. Metab. Res. Rev. 19 (2003)
131–139.

[29] Y. Chen, X. Tang, X. Cao, H. Chen, X. Zhang, Human Nogo-C
overexpression induces HEK293 cell apoptosis via a mechanism that
involves JNK-c-Jun pathway, Biochem. Biophys. Res. Commun. 348
(2006) 923–928.

[30] P. Beisswenger, D. Ruggiero-Lopez, Metformin inhibition of glyca-
tion processes, Diab. Metab. 29 (2003) 6S95–6S103.

[31] T. Kiho, M. Kato, S. Usui, K. Hirano, Effect of buformin and
metformin on formation of advanced glycation end products by
methylglyoxal, Clin. Chim. Acta 358 (2005) 139–145.

[32] N. Ouslimani, J. Peynet, D. Bonnefont-Rousselot, P. Therond, A.
Legrand, J.L. Beaudeux, Metformin decreases intracellular produc-
tion of reactive oxygen species in aortic endothelial cells, Metabolism
54 (2005) 829–834.

[33] D. Bonnefont-Rousselot, B. Raji, S. Walrand, M. Gardes-Albert, D.
Jore, A. Legrand, J. Peynet, M.P. Vasson, An intracellular modula-
tion of free radical production could contribute to the beneficial
effects of metformin towards oxidative stress, Metabolism 52 (2003)
586–589.

[34] Y. Tanaka, H. Uchino, T. Shimizu, H. Yoshii, M. Niwa, C. Ohmura,
N. Mitsuhashi, T. Onuma, R. Kawamori, Effect of metformin on
advanced glycation endproduct formation and peripheral nerve
function in streptozotocin-induced diabetic rats, Eur. J. Pharmacol.
376 (1999) 17–22.


	Metformin prevents methylglyoxal-induced apoptosis of mouse Schwann cells
	Materials and methods
	Results
	Cell proliferation and apoptosis
	Activation of caspase-3 and JNK
	Intracellular ROS generation
	AGE production in blank vitro

	Discussion
	Acknowledgments
	References


